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Preface 

This workshop is occurring at a most appropriate time for us here at ORNL, as we plan for 
the facilities which will support our neutron science research into the early part of the next 
century. In particular, the opportunities for n-n experiments need to be explored now as we 
design these future facilities. 

I would remind you that this laboratory has a long tradition in research with neutrons, 
beginning at its very inception in 1943 with the graphite reactor. Out of that facility came 
the first accurate measurement of the neutron lifetime, the first medical radioisotopes, the 
birth of health physics as a discipline, and the field of neutron scattering for which Cliff 
Schull shared last year's Nobel Prize in physics. 

In the years that have followed, there has been a long series of reactors designed and built, 
for both applied and research needs, culminating in our present facility, the High Flux 
Isotope Reactor (€€FIR). 

Our plan to replace HFlR with a more powerful research reactor, the Advance Neutron 
Source, has not survived the present budget climate emphasizing reducing deficits and 
balancing the federal budget. Instead, we are now funded for the design of a less costly 
option, an accelerator driven spallation source, as our next neutron research facility. We are 
also optimistic that we will be funded for a significant upgrade of our HFIR facility. You 
will hear more about both of these, including their planned performance specifications, 
during the course of the workshop. 

How well will these facilities be able to address not only neutron science, but also all 
aspects of baryon instabilities that you will be discussing during this workshop? As we 
plan for these facilities carrying us into the next century, it is very important to consider all 
facets of science to which they can contribute. We are most interested to leam what 
promising possibilities will come from your discussions. 

Jim Ball 

Oak Ridge, Tennessee 
May 1996 
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Sexch for Nucleon Instability * 
(Origin and History) 

Maurice Goldhaber 
Brookhaven National Laboratory ** 

Upton, N.Y. 11973 

Abstract 
General considerations governing the search for proton decay 
- past, present, and future - are discussed. 

In attempting to fulfill the task set for me by the Organizing Committee 
I shall not try to give a definitive history of what I like to call “The Search 
for Proton Decay”, a shorthand term meant to include fkee and bound pro- 
tons as well as bound neutrons, which, when free, decay to protons by beta 
emission. Results from this search, begun more than four decades ago’, have 
been reported often. Here, I would like to give a personal perspective which 
emphasizes general principles that may also have a beaxing on many other 
“searches”, chiefly tests of conservation laws, which have since proliferated. 
I have not sifted through the literature systematically; rather, I have mainly 
consulted my memory. Thus, my story is far from “definitive”, a word which 
has quite an absolute ring to it, and absolutes, as we have so often learned, 
should be considered with caution. 

Fifty years ago there was a general belief in the existence of absolute 
conservation laws, including the conservation of baryons. What were usually 
considered to be absolute conservation laws were deduced either from a well- 
established theory, from a general principle, from a widely believed “a priori 
truth”, or from just a hunch, but not directly from experiments, which can 
only yield empirical conservation laws, some later absorbed into theories and 
then considered “absolute”. While an earlier generation of physicists believed 
in “null experiments”, we now like to give upper limits for any value which 
may be zero, a value which can be approached but not obtained directly fiom 
experiment, though it might be deduced from a theory. 

The absolute stability of the proton was first postulated in 1929 by Weyl 
as a hunch, by mology with charge conservation, and then, independently, 
in 1939 by Stueckelberg and in 1949 by Wigner. These gentlemen may have 
felt it in their bones that the proton is stable! But an empirical conservation 
law means only that there is an absence of evidence for non-conservation. 
Therefore, it is good to remember the old saying: the absence of evidence is 

* Talk given at the International Workshop on “Future Prospects of Baryon 
Instability Search in p-Decay and n - ?i Oscillation Experiments” at Oak 
Ridge, Tennessee, March 28-30, 1996 
** Supported by the Department of Energy under contract DE-AC02- 
76CH00 16 
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not the evidence of absence! If you ask the question: Is the proton stable?, a 
theory might answer either yes or no, whereas an experiment cannot answer 
yes. Several theoretical indications favor the answer no. Whenever an ex- 
periment cannot, a priori, answer either yes or no, one must beware: small 
systematic errors, statistical fluctuations or misinterpretations may give a 
wrong, but “interesting” answer.* When candidates for proton decay were 
occasionally reported, it was good to remember that the most important fact 
about a candidate is his background! 

If electric charges are absolutely conserved, as the well established gauge 
theory of electro-magnetism tells us, it would imply, microscopically, that 
electrons would have to be considered as absolutely stable because there are 
no known lighter charged particles into which they could decay. Thus, the 
most stringent tests of charge conservation turned out to be tests of the 
conservation of the charge of individual electrons or nucleons, as first carried 
out at Brookhaven in the 1950s and 60s, and later pursued in many places. 
(For references to early tests, as well as some later ones, see ref. 2, 3, and 4). 
Okun3, while emphasizing that charge non-conservation would lead to serious 
difficulties for QED, nevertheless encourages experimenters to continue such 
searches. 

. 

It is worth noting that if the absolute d u e  of the charge of the electron 
were not equal to that of the proton, then the chaige of its anti-particle, 
the positron, would differ from the charge of the proton, and charge conser- 
vation alone would exclude some proton decays. However, if we assume - 
compatible with experiments of considerable accuracy - that all the posi- 
tively charged particles lighter than the proton have charges equal to that 
of the proton, the possibility of proton decay into lighter particles can be 
considered (see ref. 2). 

While visiting Los Alamos Scientific Laboratory (as it was then called) 
in the summer of 1954, at a time when the Bondi-Gold-Hoyle theory of 
continuous creation was much discussed, I asked myself during a walk: If 
protons can be continuously created, might they not also continuously dis- 
appear? Ideas, whether right or not, can beget ideas! The disappearance 
of a nucleon from a nucleus would usually leave a “hole” behind, equivalent 
to an excitation energy sdicient to induce nuclear reactions, for example, 
u spontaneous” fission in 232Th. This allowed a disappearance time > 1020 
yr to be deduced (see ref. 1). However, it appeared more reasonable to go 
further and to assume that energy would be conserved in the disappearance 
of a nucleon, leading to the emission of energetic particles which could be 
directly detected in a counter. Though baryon number is clearly conserved 

* By contrast, in the much (re)searched field of neutrino oscillations, ex- 
periment cannot answer no to the question: Do neutrino oscillations exist? 
Here also, “interesting” answers have occasionally been reported. 
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in strong, electro-magnetic and weak interactions, it seemed worth testing 
numerically to what extent it is conserved. 

Fred Reines and Clyde Cowan had built a large scintillation counter at 
Los Alamos to search for atmospheric neutrinos, and we joined forces to look 
“parasitically” for proton decay. We deduced a mean lifetime r > 1021 yr 
for a free proton, and r > yr for a bound nucleon, provided at least 100 
MeV of the decay energy were deposited in the counter1. Over the years, 
experiments kept greatly extending the limits, both for the disappearance 
time and for the decay time. 

The concept of proton instability entered theoretical considerations 
slowly. In 1959, Yamaguchi5 considered the possibility of proton decay in- 
duced by superweak interactions. In the seventies, the unification of quarks 
and leptons, proposed by Pati and Salam‘ and the SU(5) grand unification 
theory (GUT) proposed by Georgi and Glashow7, led to predictions for a pro- 
ton lifetime8,’ of the order of lo3’ yr.* Here was the equivalent of a “moon to 
shoot for”, leading to intensified experimental efforts to search for proton de- 
cay. Several theorists discussed indications for non-conservation of baryons, 
though their deductions cannot be directly tested: black holes (Hawking), 
instantons (t’Hooft), baryon asymmetry in the universe (Sakharov-weinberg- 
Yoshimura) . 

In looking for proton decay, one explicitly a s s h e s  that the following 
four conservation laws hold “absolutely”.: 1) energy, 2) linear momentum, 
3) angular momentum, and 4) electric charge. Since baryons are fermions 
(with a baryon number B = l), conservation of angular momentum implies 
that in proton decay an odd number of the only lighter fermions we know, 
the light leptons, assigned lepton number L = 51, would have to be created. 
Thus, proton decay would also imply non-conservation of leptons. 

What are the possible decay modes ofsthe proton? Assuming that the 
decay products consist only of known particles, and even confining ourselves 
to two-body decays, there are still a great many potential decay modes. Their 
number would be reduced if some selection rules governed the decays, e.g. 
in SU(5) GUT, B - L = 0. The Irvine-Michigan-Brookhaven collaboration 
(IMB), whose membership over the years has‘gone through many changes, 
proposed in 1979 to build a water Cherenkov detector, large enough to reach 
a proton lifetime of N yr for some decay modes before background 
signals from atmospheric neutrinos would compete. The final form of the 
counter, built in the Fairport salt mine near Cleveland, Ohio, is described in 
ref. 11, which lists as authors all those who at some time were members of 
the collaboration. It is W c u l t  to design an experiment equally sensitive to 
all potential decay modes. Our counter was particularly sensitive to those 

* For an alternative exploratory theory which predicts a stable proton, see 
ref. 10. 
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involving charged leptons and photons (e.g. p j e++7ro - discussed early as 
an example of a possible decay mode in ref. 2) with a smaller, but by no means 
negligible sensitivity for most other decay modes. We took data, starting in 
1982, until the demise of the detector in 1991. Water Cherenkov counters 
permit the study of neutrino interactions “symbiotically” with proton decay 
which has led to the following results: neutrinos fi-om the supernova 1987A 
were detected by both K a m i o b d e  and IMB; an anomalous vJve ratio 
for atmospheric neutrinos was noticed both by IMB and Kamiokande, and 
will be further studied by the SuperKamiokande-U.S. collaboration; solar 
neutrinos were recorded by Kamiokande. 

A theory predicts so-called partial lifetimes, i.e. lifetimes for particular 
branches; for lifetimes too long for exponential decay to be observed directly, 
experiments measure partial lifetimes only. The SU(5) GUT assumes, for 
example, that the two u quarks in the proton can virtually change into a 
lepton-quark which can, in turn, decay into 2 + e+, conserving B - L and 
leading some of the time to the decay p + e+ + T O .  This is predicted to  be 
a favored branch, for which the partial lifetime was estimated by Marciano 
to be 4.5 x 1029*1-7 yr (see ref. 12). The IMB experiment reached a limit 
> 8.5 x yr for this branch; combining this result with the limits obtained 
by Kamiokande and Frhjus, we obtain a limit > 1.2 x yr, thus disproving 
the SU(5) GUT.* But SU(5) ‘GUT also meets with other difficulties: with 
better knowledge of the interaction constants, extrapolation to high energies 
did not lead to a common intersection at a grand unified mass, which may, 
however, be achieved in a supersymmetric theory. For example, following 
Mar~iano’~, who estimates that the grand unified mass would be N 10l6 GeV 
for the supersymmetric SU(5) GUT, predicts (in round numbers) a lifetime 
of - yr for the e+ + 7ro branch. For some values of the parameters 
of the heavy Higgs scalars and their supersymmetric partners, the branch 
p j K+ + B is predicted to become dominant. 

A more exotic possibility is given in ref. 12, inspired by analogy with 
t’Hooft’s instanton ideas, and experimentally testable up to lifetimes not 
exceeding lo3’ yr by many orders of magnitude: three nucleons in a nucleus 
might decay into three leptons, one from each generation, (plus pions). 

Limits on n - 77 oscillations were deduced for neutrons bound in the oxy- 
gen of water Cherenkov counters, where the energy released in anti-neutron 
annihilation would be easily detected. Theoretical estimates suggest a com- 
parable limit for the oscillation time obtained directly for free neutrons. The 
theories are discussed at this workshop, together with a dissenting view. 

* The calculation of the partial lifetime tacitly assumes that the forces 
between the two u quarks are given by QCD. If a short-range repulsive force 
also existed, a longer lifetime would result. 
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Yuri Kamyskow emphasizes in his communication, that both types of ex- 
periments, fiee and bound neutrons, need pursuing: there are conceivable 
circumstances where they might give different results. 

To continue the search for proton decay to much longer lifetimes, ex- 
perimenters have to increase the effective ton-years of observation, as well 
as reduce the importance of the background from atmospheric neutrinos, 
for example, by improving energy and momentum resolution, as we shall 
learn from talks by Jim Stone on SuperKamiokande, and Larry Sulak on a 
next-generation search for proton decay. Though the proton's lifetime is not 
expected to be appreciatively changed when nucleons are bound14, the Fermi 
motion and the interaction of the hadrons emitted smears the signals, making 
it harder to distinguish them from those due to atmospheric neutrinos. In 
principle, counters containing liquid H2 or CHq would be better choices than 
water, but their use would confront us with considerable practical difficulties. 

How long will the search for proton decay continue? It may end with a 
bang if proton decay is actually found, but with a whimper if a considerable 
gap remains between a lifetime accessible to experiment and one predicted 
by a generally accepted theory. Such a theory would only be convincing if 
it made other predictions, successfully tested experimentally. One possible 
end to the search might come if the grand unified mass predicted by such a 
theory turned out to be close, or equal, to the Planck mass. 

. 
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Baryon Non-Conservation in Unified Theories, 
in the Light of Supersymmetry and Superstrings 

Jogesh C. Pati 

Department of Physics 
University of Maryland 
College Park, MD 20742 

Abstract 

The first part of this t,a& presents the generd complexion of baryon and lepton 
number non-conservation that may arise in the context of quark-lepton unification, 
and emphasizes the importance of searching for both (B - L)-conserving proton 
decay modes-i.e. p +. iiK+,p+Ko, and e+ro etc.-as well as (B - L)-violating 
transitions-i.e. p + e-n+n+, n - si-oscillation and neutrinoless double beta decay. 

The second part presents the status of grand unification with and without 
supersymmetry and spells out the characteristic proton decay modes, .which if 
seen, will clearly show supersymmetry. The main theme of this talk, that  follows 
next, pertains to  two issues: (i) the need to remove the mismatch between MSSM 
and string-unifications; and especially (ii) the need t o  resolve naturally the problem 
of rapid proton decay, that generically arises in SUSY unification. Seeking for a 
natural solution to this second problem, it is noted that  SUSY GUTS, including 
SUSY SO(10) and 236, can at best accommodate proton-stability by a suitable 
choice of the Higgs-multiplets and discrete symmetries, but not really explain it, 
because they do not possess the desired symmetries to suppress both d = 4 
d = 5 proton-decay operators. By contrast, following a recent work, I argue 
that a class of string-solutions, possessing three families, does possess the desired 
symmetries, which naturally safeguard proton-stability from all potential dangers. 
They also permit neutrinos to have desired light masses. This shows that, believing 
in supersymmetry, superstring is needed just to understand why the proton is so 
stable. Some implications of the new symmetries, in particular the fact that  they 
still lead to observable rates for proton-decay in the same context in which the 
mismatches between MSSM m d  string-unification are removed, are noted. 

lResearch supported by NSF grant No. PHY-9119745. Invited talk, presented at the Oak Ridge 
International Workshop on "Baryon Instability", March, 1996. Email: paticDumdhep.amd. edu 
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1 Introduction 

Non-conservation of baryon and lepton numbers, in particular proton decaying into lep- 
tons, is one of the hallmarks of grand unification [1,2,3]. In this context, other forms of 
baryon and lepton non-conservation could be permitted as well - such as neutrinoless 
double beta decay and. neutron-anti-neutron oscillation [4]. Unfortunately, experimen- 
tal seaches for any of these processes have not yet produced a positive result [5,6,7]. 
Nevertheless, it is known that some form of violation of baryon and/or lepton number 
must have occurred in the early universe to account for the observed excess of baryons 
over anti-baryons [8,9], which is in fact crucial to the origin of life. In addition, as 
discussed below, violation of at least lepton number is strongly suggested by recent 
neutrino-oscillation experiments [lo], which indicate non-vanishing but light masses for 
the neutrinos. From a purely theoretical viewpoint, to be presented in the following, 
it t u rns  out that for a number of grand unified as well as superstring-derived models, 
observation of proton decay, into modes such as DpK+ and/or e+ro, should be within 
the reach of current and forthcoming experimental facilities. 

It thus seems most encouraging and timely that SuperKamiokande, with the capa- 
bility to improve the sensitivity of previous facilities - with respect to searches for both 
proton decay and neutrino-oscillations - by more than an order of magnitude, has just 
been turned on; and new facilities like SNO and ICARUS, as well as those designed to 

search for neutrino-less double beta decay and n-5 oscillations with improved sensitivity 
are expected to be available in the near future. 

On the theoretical front, the original motivation for a unity of the fundamental forces 
and that for questioning baryon and lepton-number conservation laws in the context of 
such unification ideas [1,2,3] have remained unaltered. But the perspective with regard 
to both issues has changed significantly over the last two-and-a-half decades, owing to 
the introduction of the ideas of supersymmetry [ll] and superstrings [12]. In particular, 
supersymmetry, which seems to be an essential ingredient for higher unification (see 

discussion in Sec; 5) poses the problem of rapid proton decay. This is because, in accord 
with the standard model gauge symmetry SU(2)L x U(l)y x SU(3)', a supersymmetric 
theory in general permits, in contast to non-supersymmetric ones, dimension 4 and 
dimension 5 operators which violate baryon and lepton numbers [13]. Thus, unless 
these operators are suppressed to the extent needed (see discussions later), they pose 



the danger of unacceptably rapid proton decay. It turns out that obtaining a natural 
solution to this problem gets even harder if one wishes to obtain at the same time 
non-vanishing but light masses for the neutrinos (5 few eV)[lO]. 

Bearing these issues in mind, I will first present here a brief summary of the sta- 
tus of non-supersymmetric and supersymmetric grand unificiation, and next a current 
perspective on baryon- and lepton-number conservation laws in the light of the ideas of 

supersymmetry and superstrings. In this latter part, following a recent work by me [14], 
I will also present a natural solution to the problem of rapid proton decay in the context 
of supersymmetry. A turns out that the solution in question needs certain symmetries 
which can not arise within conventional grand unification symmetries including EG, but 
they do arise within superstring-derived thnze-family solutions. These symmetries play 
an essential role in safeguarding proton-stability from all potential dangers, to the extent 
desired, and simultaneously permit neutrinos to have light masses of a nature that is 
relevant to current experiments. This in turn provides a strong motivation for symme- 
tries of string-origin. The extra symmetries in question lead to extra 2'- bosons, whose 
currents bear the hallmark of string theories. It turns out that there is an interesting 
correlation between the masses of the 2'- bosons and observability of proton decay. 

In section 2, I present the need for B - L violation and that for SU(4)-color. In 
section 3, general complexion of (B, L)  violations and the characteristic mass-scales 

associated with different processes are listed, and in Section 4, the main ideas as regards 
physics beyond the standard model are presented. Section 5 provides the current status 
of grand unification in the context of supersymmetry and raises the issue of compatibility 
between MSSM and string-unification. Certain attempts to achieve this compatibility 
are presented. In section 6, I present the problem of d = 4 and d = 5 proton-decay 
operators and propose a solution that naturally safeguards proton-stability from all 
potential dangers. Some concluding remarks are presented in Section 7. 

9 

2 B - L Violation and SU(4)-Color 

As stated above, the observed excess of baryons over anti-baryons implies that some 
form of violation of B and/or L must have occurred in the early universe[8,9]. Such an 
excess could arise through (B,L)  violating processes which either conserve B - L, or 

violate it. Kuzmin, Rubakov and Shaposnikov pointed out, however, that any excess 
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generated through ( B  - L)-conserving processes at very early moments of the universe 
(corresponding to temperatures >> lTeV, i.e. t << 10-12sec) is erased subsequently 
by purely electroweak effects[15]. At the same time, generating baryon-excess through 
electroweak effects alone does not seem to be adequate to account for the observed 
baryon-asymmetry[l5]. These considerations suggest that baryogenesis must have its 
origin (at least in part) in processes which violate B - L. 

There is yet an independent motivation for violation of B - L which stems from 
considerations of neutrino masses. The reason is as follows. The simplest explanation 
for non-vanishing but light masses for the neutrinos[lO] arises in the context of left-right 
symmetric gauge theories[l6] and the so-called see-saw mechanism[l7]. The minimal 
nonabelian version of a left-right symmetric gauge theory is provided by the symmetry[l] 

which ensures (i) quantization of electric charge, (ii) quark-lepton unification (through 
SU(4)-color), as well as (iii) parity-conservation[16], at a basic level. Any such the- 
ory containing either s U ( 2 ) ~  x s U ( 2 ) ~  or SU(4)' necessarily implies the existence 
of right-handed neutrinos (I&), accompanying the left-hand ones (vi). The see-saw 
mechanism[l7] assigns heavy Majorana masses ( M i  >> ITeV) to the right-handed neu- 
trinos, though not to the left-handed ones. This involves a breaking of left-right sym- 

. metry and thus parity spontaneously at a high scale[l6]. Now, the Majorana masses for 
the vfis, in conjunction with the standard Dirac masses mb, naturally yield very light 
masses (< m i )  for the known neutrinos: 

m(vi) - ( m & ) 2 / ~ i  (i = e, p, T) (2) 

Noting that the Dirac mass m i  of the ith neutrino is expected to be comparable to the 
mass of the ith up-quark (barring QCD renormalization effects), it turns out that these 
masses for the VL'S have just the right pattern to be relevant to the neutrineoscillation, 
experiments[9,18] and to v, being hot dark matter, with 

m(vi) - (10m8)eV, 3 x ~ o - ~ ~ v ,  1 - 1OeV) (i = e, p, T )  (3) 

- if M i  - 10l2 GeV, within a factor of 10 [19]. Heavy Majorana masses for UR'S, however, 
needs spontaneous violation of lepton number L (with AB = 0) and therefore of B - L 
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at a heavy intermediate scale. 
We thus see that both baryogenesis and neutrino masses suggest the need for micro- 

scopic violation of B - L. One can argue that spontaneous violation of B - L becomes 
obligatory in theories in which it is gauged. This is because, in these theories, there is a 

massless spin-1 particle coupled to B- L. Such a particle would be inconsistent with the 
results of Etvos-type experiments [20], unless it acquires mass spontaneously. Thereby, 
the associated charge, in this case B - L,  must be violated spontaneously [l]. Now, the 
simplest symmetry that gauges B - L is SU(4)-color, which unifies quarks and leptons 
by using the idea that lepton number is the fourth color [l]. In short, (B,L)-violation, 
is an integral feature of any theory containing SU(4)-color. By contrast, SU(5) [2] does 
not contain B - L as a generator, and thus need not violate B - L, because, in this case, 
B - L can only be a global symmetry. 

These considerations thus suggest that our very existence, requiring baryogenesis 
and therefore violation of B - L, bears the footprints of certain unification ideas - in 
particular that of quark-lepton unification through a symmetry-like SU(4)-color. 

3 General Complexion of (B,L)=Violating Processes 
and Effective Mass Scales 

The (B,L) violating processes which conserve B - L primarily involve only proton 
decaying into an anti-lepton plus mesons: e.g. p -+ e+no,p 4 p+Ko,  p + FK+,p -+ Fn+ 

etc. Once one permits violation of B - L, however, a whole new set of processes can 
in general occur. These include: ' (i) a nucleon decaying into a Zepton plus mesons - 
i.e. p 4 e-n+n+ and n + e-& etc., or proton.decaying into a lepton + lepton + 
antiplepton + mesons - e.g. p + e'e+vn+, (iii) Majorana masses for the neutrinos, (iv) 
neutrinoless double beta decay and (v) n - .fi oscillation. 

Now, Majorana masses for the right handed neutrinos, that are needed for the see-saw 
mechanism [17], can arise by introducing the pair of Higgs multiplets AL and AR which 
transform as (3,lJO) and (1,3,10) of &24 or equivalently a single Higgs multiplet 126 
of SO(10) [21], which contains AL and &. (An alternative choice of Higgs multiplets 
will be presented later.) Parameters of the Higgs sector can be arranged such that the 
minimum of the potential induces a large VeV < AR >= VR >> 1 TeV, while < AL >a 0 
[22]. In the presence of the Yukawa coupling ~ M ( V R ~ C - ~ V B A R  + V L ~ C - ~ U L A L )  + hc, 



12 

such a VeV would induce a heavy Majorana mass for UR. As mentioned before, this, 
in conjunction with the familiar Dirac mass, yields a very light Majorana mass for VL, 
(see eq. (2)). The VeV of AR would also break &4 into the standard model symmetry 
s U ( 2 ) ~  x U(l)y x SU(3)c. In this way, < AR > breaks lepton number L and (B-L),  
each by two units. It also breaks parity and quark-lepton unification. 

A specific set of diagrams which utilize < AR ># 0 and/or Majorana masses for the 
neutrinos and thereby induce some of the (B-L) violating processes mentioned above are 
shown in figs. 1,2, and 3. The amplitudes for these processes would, of course, depend 
upon the effective Yukawa, quartic and gauge couplings entering into the respective 
vertices, as well as on the masses of the intermediate particles - i.e. those of AR, 
the color-triplets and color-octets 63 and &, as well as WR and UR - which enter into 
figs. 1, 2, and 3. Now, in minimal symmetry-breaking schemes of left-right symmetric 
grand unification models, such as those based on one (or two-step)- breaking of SO(lO), 
the masses of these intermediate particles typically turn out to be either superheavy 
N 10'' GeV, or at least medium heavy N 1012GeV)[23]. In this case, it is easy to 
verify that the rates of all these (B,L)-violating processes would be far too small to be 
observable. For example, even if effective Yukawa and quartic couplings are of order one, 
the amplitudes for qqq + Z + (qq) (Fig. 28) and qqq + ijijij (Fig. 3) would be of order 
(WG) 5 (m )' 5 10-60GeV-5, where as one would need these amplitudes to be 
greater than or of order of 10-30GeV-5 - i.e. M ,  5 10'GeV (say), €or the corresponding 
processes to have observable rates. Roughly, a similar conclusion can be drawn from a 
general operator analysis, based on construction of effective invariant operators[24] and 
dimensional estimate. The results of such estimates for the effective mass-scales that 
would be necessary for the various (B, &)-violating processes to have observable rates 
are shown in Table I. 

It needs to be said that while minimal symmetry-breaking schemes for SO(10) typi- 
cally lead to effective mass-scales which are considerably larger than those shown in Table 
I and thus rates that are considerably smaller than what would be observable, there exist 
viable models of the Higgs system, some involving supersymmetry and thereby at least 
technically natural fine tuning, where relatively low effective mass-scales of the type 
shown in Table I and, therefore, observable rates for n - fi  oscillation [25] and/or proton 
decaying into lepton plus mesons are obtained 1261. 

Thus, I believe that, from a broader theoretical perspective, and also because of the 
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Processes 
I .  p 3 e+ro, ti?r+ 

n 3 e+a- 
p + tipK+,p+Ko 

n -+ e-n+ 
p + e-e+ur+, 
n + e-e+v 

111. p 3 e-vvn+r+ 

IV. p - + e + i Z  

V .  n--5i 
VI. nn 3 ppe-e- 

11. p + e-r+r+, 

n + e-vvr+ 

Selection Rules Eff. Mass Scale 
AB = AL = -1 
A(B -L) = 0 - 10”GeV 

AB = -AL = -1 
A(B - L)  = -2 
A(B+L)=O 

AB = -e = -1 - 105GeV 

 AB=+-^ - 1O4.‘GeV 

AB = 2,AL = 0 - 10‘GeV 
AB = 0,AL = 2 - 104-5GeV 

- 105GeV 

3 
A(B - L) = -4 

A(B - L)  = +2 

Table 1: Effective Mass-Scales based on operator analysis and dimensional estimates for 
the corresponding processes to have observable rates. 

great significance of a positive result, if it should show, experimental searches for both 
(B - L)-conserving, as well as the ( B  - L)-violating processes shown in Table I, are 
strongly motivated. 

, To discuss these issues specifically in the context of grand unification and supersym- 
metry, I will first present briefly in the next section the motivations for certain theoretical 
ideas involving physics beyond the standard model, and then discuss grand unificaiton 

I with supersymmetry in the following section. 

4 Going Beyond the Standard Model 

The standard model of particle physics has brought a good deal of synthesis in our 
understanding of the basic forces of nature and has turned out to be brilliantly successful 
in terms of its agreement with experiments. Yet, as recognized for some time, it falls 
short as a fundamental theory because it introduces some 19 parameters. And it does 
not explain (i) the coexistence of the two kinds of matter: quarks and leptons; (ii) the 
coexistence of the electroweak und the QCD forces with their hierarchical strengths g1 << 
92 << 93, as observed at low energies; (iii) quantization of electric charge; (iv) family- 
replication; (v) inter and intrafamily mass-hierarchies; and (vi) the origin of diverse mass 
scales that span over more than 27 orders of magnitude from Mpland to mw to me to 
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my. There are in addition the two most basic questions: (vii) how does gravity fit into 
the whole scheme, especially in the context of a good quantum theory?, and (viii) why 
is the cosmological constant so small or zero? 

These issues constitute at present some of the major puzzles of particle physics and 
provide motivations for contemplating new physics beyond the standard model which 
should shed light on them. The ideas which have been proposed over the last two-and-a- 
half decades and which do show promise to resolve at least some of these puzzles include 
the following hypotheses: 

(1) Grand Unification: The hypothesis of grand unification [1,2,3], which 
proposes an underlying unity of the fundamental particles and their forces, appears 
attractive because it explains at once (i) the quantization of electric charge, (ii) the 
existence of quarks and leptons with Qe = -Qp, and (iii) the existence of the strong, 
the electromagnetic and the weak forces with 93 >> 92 >> 91 at low energies. These are 
among the puzzles listed above and grand unification resolves all three. By itself, it does 
not address, however, the remaining puzzles listed above, including the issues of family 
.replication and origin of mass-hierarchies. 

(2) Supersymmetry: This is the symmetry that relates fermions to bosons [ll]. 
As a local symmetry, it is attractive because it implies the existence of gravity. It has 
the additional virtue that it helps maintain a large hierarchy in mass-ratios such as 

( m 4 / M ~ )  N and (m4/Mpl) N without the need for fine tuning, provided, 
however, such ratios are put in by hand. Thus it provides a technical resolution of the 
gauge hierarchy problem, but by itself does not explain the origin of the large hierarchies. 

(3) Preonic Substructures with Supersymmetry: The idea [27,28] that quarks, 
leptons and Higgs bosons are composites of a common set of constituents called “pre- 
om,” which possess supersymmetry, is still unconventional. On the negative side, the 
preonic approach needs a few unproven, though not implausible, dynamical assumptions 
as regards the preferred direction of symmetry breaking and saturation of the composite 

spectrum [28]. On the positive side, it has the advantage that it is far more economical . 
in field-content and especially in parameters than the conventional grand unification 
models, because it has no elementary Higgs boson. Second, and most important, uti- 
lizing primarily the symmetries of the theory (rather than detailed dynamics) and the 
forbiddeness of SUSY-breaking, in the absence of gravity, the preonic approach provides 
simple explanations for the desired protection of composite quark-lepton masses and 
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at the same time for the origins of family-replication, inter-family mass-hierarchy apd 
diverse mass scales [27]. It also provides several testable predictions. For this reason, I 
still keep an open mind about the preonic approach. To maintain a focus, however, I 
will assume in the rest of this talk that quarks, leptons and Eggs bosons are elementary. 

Last but not least, the idea of superstrings [12] proposes that 
the elementary entities are not truly pointlike but are extended stringlike objects with 
sizes N (Mplcmck)-l N lo-% cm. These theories (which may ultimately be just one) 
appear to be most promising in providing a unified theory of all matter (spins 0,1/2,1, 
3/2, 2, ...) and of all the forces of nature including gravity. Furthermore, by smoothing 
out singularities, they seem capable of yielding a well-behaved quantum theory of gravity. 
In principle, assuming that quarks, leptons and Higgs bosons are elementary, a suitable 
superstring theory could also account for the origin of the three families and the Higgs 
bosons at the string unification scale, as well as explain all the parameters of the standard 
model. But in practice, this has not happened as yet. Some general stumbling blocks 
of string theories are associated with the problems of (i) a choice of the ground state 
(the vacuum) from among the many solutions and (ii) understanding supersymmetry 
breaking. 

(4) Superstrings: 

These provide in a nutshell motivations for physics beyond the standard model, 
which, as it turns out, has strong implications for non-conservation of baryon and lepton 
numbers. The ideas listed above are, of course, not mutually exclusive. In fact the 
superstring theories already comprise the idea of local supersymmetry and the central 
idea of grand unification. In the following, I first recall the status of conventional grand 
unification with supersymmetry and then discuss the issue of (B, L)-nonconservation in 
the context of these ideas. 

5 Grand Unification and Supersymmetry 
5.1 The Need for SUSY 

It has been known for some time that thededicated proton decay searches at the IMB and 
Kamiokande detectors[5] and more recently the precision measurements of the standard 
model coupling constants (in particular sin26w) at LEP[29] put severe constraints on 
the idea of grand unification. Owing to these constraints, the non-supersymmetric min- 
imal SU(5), and for similar reasons, the onestep breaking minimal non-supersymmetric 
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SO(10)-model as well, are now excluded.[30] For example, minimal non-SUSY SU(5) 
predicts: (i) I'(p 4 e+no)-' < 6 x 1031yr and (ii) sin28w(mz)) JflS= .214 f .004, 
where as current experimental data show: (i) I'(p + e+no),pt-l > 6 x 1032yr[5] and (ii) 

sin26w(mz),,,LEP = -2313 f .0003[29,30]. The disagreement with respect to sin20w 
is reflected most clearly by the fact that the three gauge couplings (g1,g2 and 93), ex- 
trapolated from below, fail to meet by a fairly wide margin in the context of minimal 
non-supersymmetric SU(5) (see Fig. 4). 

But the situation changes dramatically if one assumes that the standard model is 
replaced by the minimal supersymmetric standard model (MSSM), above a threshold of 
about 1TeV. In this case, the three gauge couplings are found to meet[31,32], at least 
approximately, provided a3(mz) is not too low (see figs. 4 and 5 and discussions below). 
Their scale of meeting is given by 

Mx M 2 x 1OI6 (MSSM or SUSYSU(5)) (4) 

Mx may be interpreted as the scale where a supersymmetric GUT (like minimal SUSY 
SU(5) or SO(10)) breaks spontaneously into the supersymmetric standard model gauge 
symmetry s U ( 2 ) ~  x U(1) x SU(3)". Both because a straightforward meeting of the 
three gauge couplings (in accord with LEP data) is possible only provided SUSY is 
assumed, and also because SUSY provides at least a technical resolution of the gauge- 
hierarchy problem by preserving the input small ratio of (mw/Mx) in spite of quantum 
corrections, SUSY has emerged as an essential ingredient for higher unification. 

With MX - 2 x 1016GeV and thus lepto-quark gauge boson masses - 101'GeV, as 
opposed to 2 x 101*GeV for non-SUSY SU(5), the dimension-6 gauge boson-mediated 
proton-decay amplitude of order g2/Mx2 would lead to proton lifetime of order 
years. This is too long to allow observable proton decay. For SUSY grand unification, 
there are,however, new contributions to proton-decay possibly from dimension 4 and 
necessarily from dimension 5 operators [13]. These latter arise due to exchange of color- 
triplet (anti-triplet) Higgsinos, which lie in the 5(5) of SU(5), or in the.10 of SO(10). 
Since they are damped by just one power of the color-triplet Riggsino mass m H C ,  these 
new contributions would lead to extra rapid proton decay, unless M H ~  is sufficiently 
heavy. For example, for SUSY SU(5) (with low tan@ 5 2.5), the experimental limit 

(2 yrs) on r ( p  + F,K+)-' is met provided [33]. 
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It is interesting that the requirement of coupling-unification for SUSY SU(5) puts an 
upper limit on mHc of about 2.4 x 116 GeV [33], which is barely compatible with the 
lower limit given above (eq.(5)). 

5.2 SUSY GUT and Proton Decay Modes 

Leaving out for a moment the issue of how to ensure naturally such a large mass for the 

triplet, while its doublet partner is light (5 1TeV) (I will return to this issue in Sec. 6), 
if one takes the attitude that the d = 4 operators are forbidden by a discrete symmetry 
or R-parity (see discussions later), and that the parameters and/or the Higgs-spectrum 
and the couplings for SUSY SU(5) or SUSY SO(l0) can be arranged so that the triplet 
is appropriately heavy [34], as noted above, proton decay would occur primarily through 
the d = 5 operators (rather than d = 6), with an observable rate N - 1034yrs)-1, 
which would be induced by the exchange of color-triplet Higgsinos. These bring a new 
complexion to proton decay modes. 

Owing to symmetry of the bosonic components, the effective d = 5 operators of 
the form &&&L/M in the superpotential must involve at least two different families 
[35]. As a result, the non-vanishing operators relevant for proton decay, which arise 
effectively through exchange of color triplets, are of the form: (a) (q5Uytyc)q5djq5sq5v, and 
(b) q5U4dj(q5&5;. These give rise to d = 5 interactions which are quadratic in both 
fermion and boson operatos. They need to be dressed by wino or gluino-exchange loops 
to yield effective four-fermion proton-decay interactions of the form qqqZ. Operators of 
class (a) lead to decay modes such as (see figs.'6) 

and' also (see fig. 7) 
p -+ g,a+ and n -+ Fp7ro, etc. (7) 

which arise primarily through wino-exchange loops. Those of class (b) give rise, through 
both wino and gluino-exchange, to charged antilepton decay modes (see fig. 8): 

p -+ p+Ko, p -+ p+7r0,etc. 

Note that these do not include the canonical p -+ e+7r0-mode, which is induced, in 
SUSYSU(5) or minimal SUSYSO(lO), primarily by the exchange of heavy gauge 
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bosons (- 10l'GeV) and thus strongly suppressed. Given the quark masses and the 
relevant mixing angles, it turns out that one typically expects the rate of p -+ ijpK+- 
mode to  be larger than that of both p ij,r+-mode, by about a factor of 2-10, and 
of p 3 p+Ko-mode by as much as two to three orders of magnitude, and similarly for 
neutron-decay [35,36,33]. However, given the large top mass, which leads to large t"- .ii 

mixing through renormalization group corrections, it turns out that contribution from 
gluino-exchange can be quite important, especially for large tan ,8 2 40 (such large tan ,L? 
is permitted for SUSY SO(10) though not for SUSY SU(5)). In this case, p -+ p+K" 
can compete favorably and perhaps even dominate over the p + gpK+-mode [37]. In 
either case, we see that one characteristic signal of SUSY GUT is that strange particle 
decay modes - i.e. p -+ ijpK+ and/or p -+ p+K" - are at least prominent, and under 
some circumstances dominant 1351. There are regions in SUSY parameter space, per- 
taining to the masses of the SUSY particles, the mass of the color-triplets and tan), for 
which the non-strange modes involving anti-leptons of the muon-family - i.e. p + FPr+ 
and possibly p 3 p+ro - can be prominent or even dominant [36], but those involv- 
ing antileptons of the first family - in particular the p -+ e+7ro mode - are strongly 
suppressed. These latter are, however, the dominant modes in non-SUSY GUTS, like 
minimal non-SUSYSU(5) and non-SUSYSO(10). 

Thus observation of strange particle decay modes of the nucleon, like ijK+ OT p+Ko, 
as the dominant or at  least prominent modes, would clearly be a strong signal in favor 
of supersymmetry. Furthermore, observation of certain non-strange decay modes of the 
proton like i j q +  or p+ro, as opposed to e+ro, as prominent modes, should also be a 
strong hint for the dominance of d = 5 operators and thus for supersymmetry. 

For the sake of completeness, it should be added, however, that there exist SUSY 
non-GUT models, for which even the e+7r0-mode can be prominent or even dominant. 
That is the case, for example, for the supersymmetric flipped SU(5) x U(1)'-model [38], 
for which the mass of the relevant leptoquark gauge boson, determined by the point of 
meeting of only a3 and a2 (though not q'), can be much lower than 10l6 GeV. As a result 
the gaugeboson mediated d = 6-operator, which would lead to e+no as the dominant 
mode, can be the primary source of proton decay and is likely to yield lifetimes of 
order - loa yrs. The e+ro-mode can also arise as a prominent or dominant mode 
through effective d = 4 operators, which may be induced in string-derived solutions 
through higher dimensional operators (d > 5) utilizing VEVs of appropriate fields (see 
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discussions in Sec. 6). Thus, observation of e+ro as a prominent or dominant decay 
mode of the proton would certainly disfavor familiar SUSY GUTS, like SvSYSU(5) 

or SUSYSO(lO), but it would be perfectly compatible with the dominance of induced 
d = 4 operators, as mentioned above, or with the flipped SU(5) -model, and therefore 
with supersymmetry. 

These points, as well as some related ones raised in the previous section, show that 
lowenergy studies of selection-rules for (B ,  L) non-conservation, pertaining to proton 
decay modes as well as n - f i  oscillation, including a study of whether strange versus 
non-strange decay modes of the nucleon are prominent; can provide us with much infor- 
mation on possible new physics at very short distances, spanning from (100TeV)-l to 
(lO1'GeV)-l. I now return to the question of unification of couplings in MSSM. 

5.3 MSSM-Unification and a3 

Before entering into the question of doublet-triplet spliting and a natural suppression of 
the d = 4 and d = 5 proton decay operators, it would be useful to probe into the accuracy 
with which the three couplings meet and discuss the issue of a matching between MSSM 
and string-unifications. Minimal SUSY SU(5) predicts sin28,(mZ) I M ~ =  .2334 f .0036, 
by using reasonable range of masses for the SUSY particles, and more importantly a 

value of ~ 3 ( m z )  = .12 f .01 as an input[29,30,31], where the error bar in a3 is more 
generous than that allowed by the present world average data (see below). Note that 
the predicted value of sin2Bw would agree with the observed one of sin28w(mz),t = 
-2313 f .0003[29], only provided ~ 3 ( m z ) ,  is considerably higher than -12, which is what 
is reflected clearly by Fig. 5b (taken from Ref. [29]), if we demand a meeting of the 
three couplings. 
This may be seen more succinctly by using the more accurately determined value of 

sin20w(mz) = -2313 f .0003 as an input and thereby getting ~ 3 ( m z )  as an output[29, 
321. If one ignores possible corrections from GUT-threshold and Planck-scale physics, it 
turns out that in this case one needs ~ 3 ( m z )  > .127 to achieve coupling-unification 
within MSSM, assuming m,- - lTeV and m1/2 < 500GeV. Such high values of 
~ 3 ( m z )  2 .125 (say) are, however, incompatible with its world-average value [39], 

~ 3 ( m z )  = .117 f .005 (9) 

which is based on high as well as low-energy determinations of a3. The former is based 
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on LEP-data and the latter on the analysis involving J/$,  T, deep inelastic scattering 
and lattice-calculations. 

To summarize the situation with regard to coupling-unification, we see that MSSM, 
which may be embedded in SUSY SU(5) or SUSY SO(lO), fares far better than non- 

SUSY GUT as regards achieving unification of the three gauge couplings. There does 
seem to be some discrepancy, however, between the predicted and the world-average 
values of a3, which, if genuine, would imply that the three couplings do not quite meet 
at a point in the context of MSSM. The discrepancy may be resolved through large 
corrections to the predicted a3 (as much as about -.006) which may arise from GUT- 
threshold and Planck-scale physics. Alternatively, the discrepancy may have its origin in 
new physics, beyond MSSM, which may manifest at relatively low or intermediate scale. 
At this stage, not knowing precisely the GUT-threshold and Planck-scale corrections, 
it s e e m  to m e  that one can not discard MSSM, nor  can one accept it necessarily as 
the whole truth, representing the correct eflective theory below the GUT-scale. It turns 
out that a resolution of this issue gets merged into a still bigger one pertaining to a 
matching between MSSM and string-unifications, which in turn has implications on the 
precise nature of (B,L)-nonservation. I therefore discuss next the issue of this matching 
of unification ikom the two ends and the problem of low a3. 

5.4 The Problem of Uniiication-Mismatch and Some Solu- 
tions 

Achieving a complete unity of the fundamental forces together with an understanding 
of the origin of the three families and their hierarchical masses is among the major 
challenges still confronting particle physics. Conventional grand unification, despite all 
the merits noted in preceding sections, falls short in this regard in that owing to the 
arbitrariness in the Higgs sector, it does not even unify the Higgs exchange force, not 
to mention gravity. Superstring theory is the only theory we know that seems capable 
of removing these shortcomings. It thus seems imperative that the low energy data 
extrapolated to high energies be compatible with string unification. 

It is, however, known [40,41] that while the three gauge couplings, extrapolated 
in the context of the minimal supersymmetric standard model (MSSM) meet, at least 
aproximately[32], provided a3(mz) is not too low (as discussed above), their scale of 
meeting, M x  M 2 x 10l6 G e V ,  is nearly 20 times smaller than the expected (one-loop 
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level) string-unification scale [42] of Mst II gst x (5.2 x 1017 GeV) fi 3.6 x 1017 GeV. 
Babu and I recently noted that very likely there is a second mismatch concerning 

the value of the unified gauge coupling crx at MX [43]. Subject to the assumption of 
the MSSM spectrum, extrapolation of the low energy data yields a rather low value 
of ax = 0.04[32], for which perturbative physics should work well near Mx. On the 
other hand, it is known [44] that non-perturbative physics ought to be important for a 
string theory near the string scale, in order that it may help choose the true vxuum 
and fix the moduli and the dilaton WVs. The need to stabilize the dilaton in particular 
would suggest that the value of the unified coupling at Mst in four dimensions should 
be considerably larger than 0.04 [45]. At the same time, Gt should not be too large, 
because, if erst >> 1, the corresponding theory should be equivalent by string duality 
[46] to a certain weakly coupled theory that would still suffer from the dilaton runaway 
problem [47]. Furthermore, erst at Mst should not probably be as large as even unity, or 

else, the one-loop string unification relations for the gauge couplings [42] would cease 
to hold near Mst (e.g. in this case, the string threshold corrections are expected to be 
too large) and the observed (approximate) meeting of the three couplings would have 
to be viewed as an accident. In balance, therefore, the preceding discussions suggest 
that an intermediate value of the string coupling cyst - .15 - .25(say) at Mst in four 
dimensions, which might be large enough to stabilize the dilaton, but not so large as 
to  disturb significantly the coupling unification relations, is perhaps the more desired 
value [43]. In short, the desired unification of the gauge couplings may well be semi- 
perturbative, rather than perturbative, in character. It is thus a challenge to fmd a 
suitable variant or alternative to MSSM which removes the mismatch not only with 
regard to the meeting point M x ,  but also with regard to the value of ax, as mentioned 
above. 

A third relevant issue noted in the last section is that the world average value of 
crs(rnz) = 0.117 f 0.005 [39] seems to be low compared to its value that is needed 
for MSSM unification. I note briefly a few alternative suggestions which have been 
proposed to address these issues, pertaining to removing the mismatch between MSSM 
and string-unifications. 

Matching Through String-Duality: One suggestion in this regard is due to 
Witten [48]. Using the equivalence of the strongly coupled heterotic SO(32) and the 
J?& x E8 superstring theorie s in D = 10, respectively to  the weakly coupled D = 10 
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Type I and an M-theory, he observed that the 4-dimensional gauge coupling and M't 
can both be small, as suggested by MSSM extrapolation of the low energy data, without 
making the Newton's constant unacceptably large. While this observation opens up a 
new perspective on string unification, its precise use to make cyst NN 0.04 at Mst would 
seem to run into the dilaton runaway problem as in fact noted in Ref. [48]. 

Matching Through SUSY GUT: A second way in which the mismatch between 
MX and M,, could be resolved is if superstrings yield an intact grand unification sym- 
metry like SU(5) or SO(10) with the right spectrum - i.e., three chiral families and 
a suitable Eggs system including an adjoint Higgs at Mst [49], and if this symmetry 
would break spontaneously at Mx x (1/20 to 1/50)Mst to the standard model sym- 
metry. However, as yet, there is no realistic (or close-to realistic) string-derived GUT 
model 1491. Furthermore, for such solutions, there is the likely problem of doublet-triplet 
splitting and rapid proton decay (see discussions later). 

Matching Through Intermediate Scale-Matter: A third alternative is based on 
string-derived standard model-like gauge groups. It attributes the mismatch between 
MX and Mst to the existence of new matter with intermediate scale masses (- lo9 - 1013 
GeV), which may emerge from strings [50]. Such a resolution is in principle possible, 
but it would rely on the delicate balance between the shifts in the three couplings 
and on the existence of very heavy new matter which in practice cannot be directly 

tested by experiments. Also, within such alternatives, as well as those based on non- 
standard hypercharge normalization [51] and/or large string-scale threshold effects [52], 
ax typically remains small (- 0.04), which is not compatible with the need for a larger 
ax, as suggested above. 

Matching Through ESSM - An Example of Semi-Perturbative Unification: 
Babu and I recently noted [43] that all three issues raised above - i.e. (i) understanding 
fermion mass-hierarchy, (ii) finding a suitable alternative to MSSM which would be 
compatible with string-unification, and (iii) accommodating low a3(mz) can have a 
common resolution through a certain variant of the MSSM spectrum, which was proposed 
some time ago [27]. The variant spectrum extends the MSSM spectrum by adding to it 
two light vector-like families &L,R = (U, D, N ,  E)L,R and Qi3 = (U', D', N', E')L,R, two 
Higgs singlets (Hs and HA) and their SUSY partners, all as light as about 1 TeV and as 
heavy as about 100 TeV [53]. We refer to this variant as the Extended Supersymmetric 
Standard Model (ESSM). The combined sets (&LIZ) and (GI&;) transform as 16 
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and 16 of SO(10) respectively. Barring addition of singlets, one can argue that ESSM 
is in fact the onZy extension of the MSSM, containing complete families of quarks and 
leptons, that is permitted by measurements of the oblique electroweak parameters and 
N, on the one hand, and renormalization group analysis on the other hand [43]. While 
the derivation of such a spectrum in string theories, is not yet in hand, it is worth noting 
that the emergence of pairs of 27 +Z of E6 or 16 +16 of SO(l0) in addition to chiral 
multiplets is rather generic in string theories [54,55]. 

Babu and I performed a two-loop renormalization-group analysis for the running 
of the three gauge couplings for ESSM. In this analysis, we included the contributions 
of the Yukawa couplings of the two vector-like families with themselves and with the 
three chiral families. Such a pattern of Yukawa coupling, which leads to a seesaw mass- 
matrix for the 3 chiral and two vector-like families, is motivated by the inter-family 
mass-hierarchy [27,56]. All the relevant (unknown) Yukawa couplings were assumed to 
have their fixed point values at the electroweak scale, so that the analysis is essentially 
parameter-free, except for the input gauge couplings and the variation in the ESSM- 
spectrum. Remarkably enough, we found that the three gauge couplings ~ 1 , 2 , 3  meet, 
even perfectly for many cases, for a fairly wide variation in the ESSM spectrum. A 
typical case of this meeting is shown in Fig. 9. The corresponding values of ax, MX 
and a3(mz) Ijgs, with vector-like quarks having masses mg M 1.5 - 2TeV, are found to 
be [43]: 

ax M .2 - .25, MX M 1017GeV, a 3 ( m z ) ~ ~  x .112 - -118 

Raising mg to 10 - 50 TeV would lower ax to about .18 - .16, and Mx by about a 

factor of 2, leaving a3 in the range shown above. 
Thus we see that ESSM leads to coupling-unification, with an intermediate value 

of ax, and a lower value of a3(mz) than that needed for MSSM unification, just as 
desired. The resulting MX N 1017 GeV, though higher than the MSSM value, is still 
lower than the one-loop string-unification scale of Ref.[42], which, for ax M 0.2, yields 
M,, M 6 x 1017 GeV. Considering the proximity of Mx - lof7 GeV to the expected 
string scale of (5 - 8) x 1017 GeV, however, it would seem that contributions from the 
infinite tower of heavy string-states, which have been neglected in the running of ai’s, 
quantum gravity and three and higher-loop effects [57] may well play an important role, 
especially for intermediate ax M -2, in bridging the relatively small gap between Mx 
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and Mst. 
As a general comment, with an intermediate unified coupling (ax - .2), the in- 

creased, though not overwhelming, importance of three and higher loop-effects, com- 
pared to the case of MSSM, cannot of course be avoided. Yet, for such a case, the three 
gauge couplings are still fairly weak (< .15, say) for most of the region of extrapolation 
- i.e. €or Q < 1015-5 GeV (say) (see Ref. [43]). As a result, perturbation theory is still 
fairly reliable, all the way up to M x ,  and the benefits of calculability are not lost for this 
case, in contrast to the case of a non-perturbative unification [58]. Thus, ESSM presents 
a good example of semi-perturbative unification, that is viable, and also seems desirable, 
if one wishes to stabilize the dilaton without losing the benefits of coupling-unification 
[43]. The main reason for devoting some discussion to these issues is that intermediate 
ax - .16 - .2 turns out to be crucial to ensure observable rate for proton decay in the 
same context in which rapid proton decay is prevented. This is what I discuss next. 

6 The puzzle of proton-stability in Supersymme- 
try 

In this section, I first outline the problem of the unsafe d = 4 as well as the color-triplet 
mediated and/or gravity-linked d = 5 proton decay operators, and then, following a 
recent paper by me [14], present a solution which suppresses these unsafe operators 
naturally, so as to ensure proton-stability, in accord with observation. The solution 
highlights the need for certain symmetries which cannot arise in conventional grand 
unification, but which do arise in string theories. 

6.1 The Problem and Attempted Solutions in SUSY GUTS 

As mentioned before, in accord with the standard model gauge symmetry s U ( 2 ) ~  x 
U(l)y x SU(3)c, a supersymmetric theory in general permits, in contrast to non- 
supersymmetric ones, dimension 4 and dimension 5 operators which violate baryon and 
lepton numbers [13]. Using standard notations, the operators in question which may 
arise in the superpotential are as follows: 
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Here, generation, s U ( 2 ) ~  and SU(3)c indices are suppressed. M denotes a characteristic 
mass scale. The first two terms of d = 4, jointly, as well as the d = 5 terms of strengths 
X1 and X p ,  individually, induce A(B - L) = 0 proton decay with amplitudes N ~ ~ 1 7 2 / r n $  

and (X1,2/M)(6) respectively, where 6 represents a loop-factor. Experimental limits on 
proton lifetime turns out to impose the constraints: 171172 5 
GeV-l [59]. Thus, even if M - Mstting - 10l8 GeV, we must have X1,2 5 

and (X1,2/M) 5 
so that 

proton lifetime will be in accord with experimental limits. 
Renormalizable, supersymmetric standard-like and SU(5) [60] models can be con- 

structed so as to avoid, by choice, the d = 4 operators (i.e. the ~1 ,~ ,~- te rms)  by imposing 
a discrete or a multiplicative R-parity symmetry: R (-l)3(B-L), or more naturally, by 
gauging B - L, as in G224 E SU(2)L x SU(2)R x SU(4)' or SO(l0). Such resolutions, 
however, do not in general suffice if we permit higher dimensional operators and inter- 
mediate scale VEVs of fields which violate ( B  - L )  and R-parity (see below). Besides, 
B - L can not provide any protection against the d = 5 operators given by the X1 and 
X2 - terms, which conserve B - L. These operators are, however, expected to be present 
in any theory linked with gravity, e.g. a superstring theory, unless they are forbidden 
by some new symmetry. 

As mentioned in Section 5, for SUSY grand unification models, there is the addi- 
tional problem that the exchange of color-triplet Higgsinos which occur as partners of 

electroweak doublets (as in 5 +Z  of SU(5)) induce d = 5 proton-decay operators [13]. 
Thus, allowing for suppression of A 1  and Xz (by about lo-') due to the smallness of 
the relevant Yukawa couplings, the color-triplets still need to be superheavy (3  1017 
GeV) to ensure proton-stability [59], while their doublet partners must be light (5 1 
TeV). This is the generic problem of doublet-triplet splitting that faces all SUSY GUTS. . 
Basically, four types of solutions to this problem have been proposed in the context of 
SUSY grand unification. They are as follows: 
(i) The Case of Extreme Fine Tuning: In this case, utilizing cubic coupling in the su- 
perpotentid of the form w = ASH' - < 2 4 ~  > - 5 ~  4- B&p - < 1~ > . 5 ~ ,  one can 
assign masses to the triplets and the doublets in 3 and 5 of SU(5) through the VEVs.of 
both 248 (which is traceless) and 1 ~ .  By arranging these two contributions to add for 
the triplets, but to almost cancel for the doublets, to  one part in 1014, one can keep the 
doublets appropriately light, and the triplets superheavy[60]. This case, however, needs 
extreme fine tuning. 
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(ii) The Missing Partner Mechanism [61]: In this case, by introducing suitable large-size 
Hi&s multiplets, such as 508 + 5 o H  + 758, in addition to 5~ + 5~ of SU(5), and 

’ allowing couplings of the form W = C 5 8  508 < 758 > 508 < 758 >, one 
can give superheavy masses to the triplets (anti-triplets) in 5 0  by pairing them with 
anti-triplets (triplets) in a(50) .  But there do not exist doublets in 50(so> to pair up 
with the doublets in 5 0 ,  which therefore can remain light, provided a direct superheavy 
5 - 5 mas-term is prevented. 
(iii) The Dimopoulos-Wilczek Mechanism [62]: Utilizing the fact that the VEV of 458 
of SO(10) does not have to be traceless (unlike that of 248 of SU(5)), one can give 
mass to color-triplets and not to doublets in the 10 of SO(lO), by arranging the VEV 
of 458 to be proportional to diag (z, z, z, 0, o), and introducing a coupling of the form 

X l 0 ~ ~  458 - 1082 in W. Two 10’s are needed owing to the anti-symmetry of 45. 
Because of two lo’s, this coupling would leave two pairs of electroweak doublets mass- 
less. One must, however, make one of these pairs superheavy, by introducing a term like 
M 1OH2 - 1082 in W ,  so as not to spoil the successful prediction of sin20w of SUSY GUT. 
In addition, one must also ensure that only 1081 but not 1082 couple to the light quarks 
and leptons, so as to prevent rapid proton decay. All of these can be achieved by impos- 
ing suitable discrete symmeries. There is, however, still some question as to whether the 
triplets can be sufEciently heavy (2 10I7)GeV) without conflicting with unification of 
the gauge couplings. One can avoid this issue altogether and ensure a strong suppression 
of color-triplet mediated proton decay, provided one introduces additional 45’s and 10 
of SO(10) (see e.g. Babu and Barr, Ref. [62]). 
(iv) The Case of Higgses as Pseudogoldstone Bosons [63]. A new line of approach, though 
not a complete model, has been proposed recently, in which suitable choice of discrete 
symmetries lead to accidental global symmetries of the Eggs-potential, which are bro- 
ken explicitly by the Yukawa couplings of the model. The associated pseudogoldstone 
bosons are identified with the Higgs doublets. While this idea has some nice features, 
because it proposes to use only adjoint and fundamental representations for the Higgs 
scalars, the full consistencey of this idea in the context of a complete model in realiz- 
ing electroweak-scale masses for the Higgs-doublets, and a desirable pattern of masses 
for the fermions, remains to be shown. Furthermore, in this case, one needs to make 
heavy use of discrete symmetries to (a) ensure the accidental global symmetry of the 
Higgs-potential, (b) obtain a desired pattern of masses for the fermions, and (c) suppress 

- 
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undesirable flavor-changing neutral currents. Thus, the prospect of a natural origin of 
this class of models (i.e. of all the necessary discrete symmetries) from an underlying 
theory, like a string theory, is far from clear. Furthermore, the question of a natural 
suppression of the d = 4 -operators and of the gravity-linked d = 5 operators, of course, 
still remains open even in the context of this class of models. 

In summary, solutions to the problem of doublet-triplet splitting needing either un- 
natural fine-tuning as in SUSY SU(5) [60], or suitable choice of large number and/or 
large size Higgs multiplets and/or choice of discrete symmetries as in SUSY SO(10) [62], 

missing-partner [61] and psuedogoldstone models [63], are technically feasible. They, 
however, do not seem to be compelling by  any  means because they have been invented for 
the sole purpose of suppressing proton-decay, without a deeper reason f o r  their origin. 
Furthermore, such solutions are not easy to realize, and to date have not been realized, 
in string-derived grand unified theories [49]. 

These considerations show that, in the context of supersymmetry, the extraordinary 
stability of the proton is a major puzzle. The  question in fac t  arises: W h y  does the 
proton have a lifetime exceeding sec, rather than the apparently natural value (for 
supersyrnmetry) of less than 1 sec? As such, the known longevity of the proton deserves 
a natural explanation. Rather than being merely accommodated, it ought to emerge as a 

compelling feature, owing to symmetries of the underlying theory, which should forbid, or 

adequately supress, the unsafe d = 4 as well as d = 5 operators in Eq. (11). As discussed 
below, the task of finding such symmetries becomes even harder, if one wishes to assign 
non-vanishing light masses (5 few eV) to neutrinos. Following Ref. 14, I will present 
in this section, a class of solutions within supersymmetric theories, which (a) naturaZZy 
ensure proton-stability, to the extent desired, and (b) simultaneously permit neutrinos 
to acquire light masses, of a nature that is relevant to current experiments [10,18]. These 
solutions need either I ~ R  and B - L as separate gauge symmetries, as well as one extra 
abelian symmetry that lies beyond even E6 1213; or the weak hypercharge Y (= I ~ R  + 
(B  - L)/2) accompanied by two extra symmetries beyond those of E6. The interesting 
point is that while the extra symmetries in question can not arise within conventional 
grand unification models, including they do arise within a class of string-derived 
three generation solutions. This in turn provides a strong motivation for symmetries 
of string-origin. The extra symmetries lead to extra 2’-bosons, whose currents would 
bear the hallmark of string theories. It turns out that there is an interesting correlation 



28 

between the masses of the 2'-bosons and observability of proton decay. 

6.2 The need for symmetries beyond SO(10) and 

In what follows, I assume that operators (with d 2 4), scaled by appropriate powers 
of Planck or string-scale mass, exist in the effective superpotential of any theory which 
is linked to gravity, like a superstring theory [12,64], unless they are forbidden by the 
symmetries of the effective theory. For reasons discussed above, the class of theories - 
string-derived or not - which contains B - L,  as in G ~ 1 1  E s U ( 2 ) ~  x SU(3)' x ? Y ( ~ ) I ~ ~  x 
U(~)B-L, as a symmetry, the d = 4 operators in Eq.(ll) are naturally forbidden. They 
can in general appear however through non-renormalizable operators if there exist VEVs 
of fields which violate B - L. This is where neutrino-masses become relevant. As 
discussed in Sec. 2, the familiar see-saw mechanism [17] that provides the simplest 
reason for known neutrinos vi's to  be so light, assigns heavy Majorana masses Mk to 
the right-handed neutrinos u i ,  which in turn need spontaneous violation of B - L at a 
heavy intermediate scale. 

If B - L is violated by the VEV of a field by two units, an effective R-parity would 
still survive [65], which would forbid the d = 4 operators. That is precisely the case 
for the multiplet 126 of SO(10) or ( 1 , 3 , m  of &24, which have commonly been used to 
give Majorana masses to  VR'S. Recent works show, however, that 126 and very likely 
(1,3,10), as well, are hard - perhaps impossible - to obtain in string theories [66]. We, 
therefore, assume that this constraint holds. It will become clear, however, that as long 
as we demand safety from both d = 4 and d = 5 operators, our conclusion as regards 
the need for symmetries beyond EG, would hold even if we give up this assumption. 

Without 126 of Higgs, UR'S can still acquire heavy Majorana masses utilizing prod- 
uct of VEVs of sneutrino-like fields % and %, which belong to 1 6 ~  and 16~ re- 
spectively. (as in Ref. [54], see also [55].) In this case, an effective operator of the 
form 16 - 16 - 1 6 ~ . 1 6 ~ / M  in W ,  that is allowed by SO(lO), would induce a Majorana 
mass ( ~ ~ c - l ~ ~ ) ( ( ~ ~ ) ( ~ ~ ) / M )  + hc of magnitude MR - 1012-5 GeV, as desired, for 
(E) N 1015*5 GeV and M - 10l8 GeV. [67] However, consistent with SO(10) symmetry 
and therefore its subgroups, one can have an effective d = 5 operator in the super- 
potential 16" - 16* * 16" - 1 6 ~ / M .  This would induce the terms ~ R B R B R ( ~ ) / M  and 

c y -  

- 
Q L D ( ) / M  in W (see Eq.(ll)) with strengths N ( K ) / M  N 1015.5/1018 N 10-2.5 > 
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Table 2: 

wh-, would lead to unacceptably short proton lifetime - yrs. We thus see i iat, 
without having the 126 or (1 ,3,q of Higgs, B - L and therefore SO(10) does not suf- 
fice to suppress even the d = 4 - operators adequately while giving appropriate masses t o  

neutrinos. As mentioned before, B - L does not of course prevent the d = 5, A1 and A2 

- terms, regardless of the Eggs spectrum, because these terms conserve B - L. 
To cure the situation mentioned above, we need to utilize symmetries beyond those 

of SO(10). Consider first the presence of at least one extra U(1) beyond SO(10) of 

the type available in E69 i.e. E6 + So(10) X U(l)+, under which 27 of E6 branches 
into (161 + 10-2 + 14), where 16 contains (Q, L I UR,DR,ER,E),  with Q+ = +l; while 
10 contains the two Higgs doublets (Hl, H~)(’v-~)  and a color-triplet and an anti-triplet 
(H4-2’3’-2) + H$2’3’-2)), where the superscripts denote (B - L, Q+). Assume that the 
symmetry in the observable sector just below the Planck scale is of the form: 

--- 

It is instructive to first assume that 6(1)+ = U(l)+ of E6 [68] and ignore all the other 
U(1)’s. Ignoring the doublet-triplet splitting problem for a moment, we allow the flavor- 
color symmetry Gfc to be as big as SO(10). The properties of the operators in W 
given in Eq.(7), and the fields z, (HI,  H2) and the singlet x c 27, under the charges 

Y, 1 3 ~ ,  B - L, Q+ and QT Q4 - (B  - L),  are shown in Table 2. We see that 
the d = 4 operators (7; -terms) carry nonvanishing B - L, Q4 and QT, and are thus 
forbidden by each of these symmetries. Furthermore, note that when C 16 and 

u 
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c 16 acquire VEV, the charges 13~,  B - L as well as Q+ are broken, but Y and 
QT are preserved. Now QT would be violated by the VEVs of (H1,HZ) N 200 GeV 
and of the singlets x(27) and p. Assume that x and acquire VEVs N 1 TeV 
through a radiative mechanism, utilizing Yukawa interactions, analogous to (HI, H2). 

The d = 4 operators can be induced through nonrenormalizable terms of the type 
16 16 - 16 [(z c 16)/M].[(10)(10)/M2 or (x C ?/MI, where the effective couplings 
respect SO(10) and U(l)+. Thus we get q; 5 (1015-5/101s)(l TeV/lO" GeV)N 
which is below the limit of 71772 5 Thus, B - L and Q+, arising within E6, suffice 
to control the d = 4 operators adequately, while permitting neutrinos to have desired 
masses. 

Next consider the LLH2Hz-term. While it violates I ~ R ,  B - L and Q+, it is the only 
term that is allowed by QT. Such a term can arise through an effective interaction of the 
form 16.16- (H2 c - (E c 16)2/M3, and thus with a strength - - (1018GeV)-1, 
which is far below the limits obtained from v-less double /?-decay. 

Although the two d = 5 operators QQQL/M and TTDT/M are forbidden by Q+ 
and QT, the problem of these two operators still arises as follows. Even for a broken E6' 
theory, possessing U(l)+-symmetry, the color-triplets H3 and Hi. of 27 still exist in the 
spectrum. They are in fact needed to cancel the anomalies in U(1); and S I Y ( ~ ) ~  x U(l)+ 
etc. They acquire masses of the form M3H3H;. + hc through the VEV of singlet (x) 
which breaks Q+ and QT by four units. With such a mass term, the exchange of these 
triplets would induce d = 5 proton-decay operators, just as it does for SUSY SU(5) and 
SO(10). We are then back to facing either the problem of doublet-triplet splitting (i.e. 
why M3 2 1017 GeV) or that of rapid proton-decay (for M3 N 1 TeV). In this sense, 
while the Ee-framework, with U(1)+, can adequately control the d = 4 operators and give 
appropriate masses to the neutrinos (which SO(10) cannot), it does not su .ce  to  control 
the d = 5 opemtors, owing to the presence of color-triplets. As we discuss below, this is 
where string-derived solutions help in preserving the benefits of a Q+-like charge, while 
naturally eliminating .the dangerous color-triplets. 
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6.3 Doublet-Triplet Splitting In String Theories: A Prefer- 
ence For Non-GUT Symmetries: 

While the problem of doublet-triplet splitting does not have a compelling solution within 
SUSY GUTS and has not been resolved within string-derived GUTS [49], it can be 
solved quite simply within string-derived standard-like [69,70] or the &4-models [54], 
because in these models, the electroweak doublets are naturally decoupled f r o m  the color- 
triplets after string-compactification. As a result, invariably, the same set of boundary 
conditions (analogous to “Wilson lines”) which break SU(10) into a standard-like gauge 
symmetry such as g2311, either project out, by GSO projections, all color-triplets H3 and 
HA. from the “massless”- spectrum [70], or yield some color-triplets with extra U(1) - 
charges which make them harmless [69], because they can not have Yukawa couplings 
with quarks and leptons. In these models, the doublet triplet splitting problem is thus 
solved from the start, because the dangerous color - triplets simply do not appear in the 
massless spectrum [71]. 

At the same time, owing to constraints of string theories, the coupling unification 
relations hold [42] for the string-derived standard-like or G224-models, just as they do 
for GUT-models. Furthermore, close to realistic models have been derived from string 
theories only in the context of such standard-like [69,70], flipped SU(5) x U(1) [38] 
and &24 models [54], but not yet for string-derived GUTS [49]. For these reasons, we 

will consider string-derived non-GUT models, as opposed to string-GUT-models, as the 
prototype of a future realistic string model, and use them as a guide to ensure (a) proton 
- stability and (b) light neutrino masses [72]. 

Now, if we wish to preserve the benefits of the charge Q+ (noted before), and still 
eliminate the color-triplets as mentioned above, t4ere would appear to be a problem, 
because, without the color-triplets, the incomplete subset consisting of (161+(2, 2,1)-2+ 
14) C 27 of E6 would lead to anomalies in U(l)$,  SU(3)2 x U(l)+ etc. This is where 
symmetries of string-origin come to the rescue. 

6.4 Resolving the Puzzle of Proton-longevity through string- 
symrnet ries 

The problem of anomalies (noted above) is cured within string theories in a variety of 
ways. For instance, new states beyond those in the E6-spectrum invariably appear in the 
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string-massless sector which contribute toward the cancellation of anomalies, and only 
certain combinations of generators become anomaly-fiee. To proceed further, we need 
to focus on some specific solutions. For this purpose, we choose to explore the class of 

. string-derived three generation models, obtained in Refs.[69] and [70], which is as close to 
being realistic as any other such model that exists in the literature (see e.g. Refs. [54] and 
[38]). In particular, they seem capable of generating qualitatively the right texture for 
fermion mass-matrices and CKM mixings. We stress, however, that the essential feature 
of our solution [14], relying primarily on the existence of extra symmetries analogous to 
U(l)+, is likely to emerge in a much larger class of string-derived solutions. 

After the application of all GSO projections, the gauge symmetry of the models 
developed in these references, at  the string scale, is given by: 

Gt = [SU(~)L x SU(3)‘ x u(1)1~~ x U(~)B-L] x [GM = 
6 

i=l 
U(l);]  x GH. (13) 

Here, U(1); denote six horizontal-symmetry charges which act non-trivially on the three 
families and distinguish between them. In the models of Refs. [69], [70], GH = s U ( 5 ) ~  x 
su(3)H x U(1);. There exists “hidden” matter which couples to GH and also to U(1);. 

A partial list of the massless states for the solution derived in Ref. [69], together 
with the associated U(l)i-charges, is given in Table 3. The table reveals the following 
features: 

(i) There are three families of quarks and leptons (1, 2 and 3), each with 16 compo- 
nents, including =. Their quantum numbers under the symmetries belonging to SO(10) 
are standard and are thus not shown. Note that the U(1); charges differ from one family 
to the other. There are also three families of hidden sector multiplets V;, v;, T; and 
which possess U(1)i-charges. 

(ii) The charge Q1 has the same value (i) for all sixteen members of family 1, 
similarly Q2 and Q3 for families 2 and 3 respectively. In fact, barring a normalization 
difference of a factor of 2, the sum Q+ Q1 + Q2 + Q3 acts on the three families and on 
the three Higgs doublets hl, h2 and h3 in the same way a,~ the Q+ of E6 introduced before. 
The analogy, however, stops there, because the solution has additional Higgs doublets 
(see table) and also because there is only one pair of color triplets (045,045) instead of 
three. Furthermore, the pair (045,D45) is vector-Zike with opposite Q+-charges, while 
(&.,HA.), belonging to 27 of E6, have the same Q+-charge. In fact the pair (045,n45) 
can have an invariant mass conserving all &;-charges, but (H3, Hi.) can not. 

-- 
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(iii) It is easy to see that owing to different U(l)i-charges, the color-triplets 0 4 5  and 
045 (in contrast to H3 and Hi.) can not have allowed Yukawa couplings to (QQ) and (qZ) 

- pairs. Thus, as mentioned before, they can not mediate proton decay. 

- 

(iv) Note that the solution yields altogether four pairs of electroweak Eggs doublets: ---- 
(hl, h2, h3, h45) and (hl, h2, h3, h45). It has been shown [69] that only one pair - i.e. 
or h2 and h45 - remains light, while the others acquire superheavy or intermediate scale 
masses. Owing to differing U(1);-charges, the three families have Yukawa couplings 
with three distinct Higgs doublets. Since only one pair (h, and h45) remains light 
and acquires VEV, it turns out that families 1,2 and 3 get identified with the r,  p 

and e-families respectively [69]. The mass-heirarchy and CKM mixings arise through 
higher dimensional operators, by utilizing VEVs of appropriate fields and hidden-sector 
condensates. 

Including contributions from the entire massless spectrum, one obtains: TrUl = 
TrU2 = T T U ~  = 24 and TrU' = TrU5 = TrU6 = -12. Thus, all six U(1);'s are 
anomalous. They give rise to five anomaly-free combinations and one anomalous one: 

One obtains T ~ Q A  = 180 . The anomalous UA is broken by the Dine-Seiberg-Witten 
(DSW) mechanism, in which the anomalous D-term generated by the VEV of the dilaton 
field is cancelled by the VEVs of some massless fields which break UA, so that super- 
symmetry is preserved [73]. The solutions (i.e. the choice of fields with non-vanishing 
VEVs) to the corresponding F and D - flat conditions are, however, not unique. A few 
alternative possibilities have been considered in Ref. [69] (see also Refs. [54] and [38] 
for analogous considerations). Following our discussions in the previous subsection as 
regards non-availibility of 126 of SO(l0) or ( 1 , 3 , m  of g224, I assume, for the sake of 
simplicity in estimating strengths of relevant operators, that B - L is violated sponta- 
neously at a scale N 1015-1016 GeV by one unit (rather than two) through the VEVs of 
elementary sneutrino-like fields (as in Ref. [54]). Replacing 
VEVs of these elementary fields by those of products of fields including condensates, 

. 

_I 

c 1 6 ~  and E c 
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as in Ref. [69], would only lead to further suppression of the relevant unsafe higher di- 
mensional operators and go towards strengthening our argument [14] as regards certain 
symmetries being sdc ien t  in preventing rapid proton-decay [74]. 
A Longlived Proton: We now reexamine the problem of proton-decay and neutrino- 
masses by assuming that in addition to 1 3 ~  and B - L, or just Y, either ()+ = Q1+ Q2 - 
2Q3, or 0, Q1 + &2 + Q3 + 2(Q4 + &S + Q6) (see Eq. (lo)), or both emerge as good 
symmetries near the string scale, which are broken by the VEVs of (i) sneutrino-like 
fields N 1015 - 10l6 GeV, (ii) electroweak doublets and singlets (denoted by 4's) N lTeV, 
and (iii) hidden-sector condensates. To ensure proton-stability, we need to assume that 
the hidden-sector condensate-scale is 5 10'2.5Mst. With the gauge coupling ax, at the 
unification-scale Mx, having nearly the MSSM value of .04-.06, or even an intermediate 
value x .16 - .2 (say), as suggested in Ref. [43], this seems to be a safe assumption 
for most string models (see discussions later). The roles of the symmetries Y, B - L, 
Q+, Qx and (0, + Q+) in allowing or forbidding the relevant (B,L) - violating opera- 
tors, including the higher dimensional ones, which allow violations of these symmetries 
through appropriate VEVs, are shown in Table 4. Based on the entries in this table,'the 
following points are worth noting: 
(i) Inadequacy of the Pairs (Y, B - L); (Y, Q+); (Y, 0,) and ( B  - L, Q,,): Table 4 
shows that no single charge nor the pairs ( X B - L ) ,  (Y, ()+), (Y, 0,) and (B - L, 9,) 
give adequate protection against all the unsafe operators. Let us next consider other 
pairs of charges. 
(ii) Adequate Protection Through the Pair (B  - L and 0~) or the Pair (9, and &,): 
Using Table 4, we observe that the pair (B  - L and ()+), as well as the pair (0, and 
()+), forbid all unsafe operators, including those which may arise from higher dimen- 
sional ones, with or without hidden-sector condensates. In fact, members of the pairs 
mentioned above complement each other in the sense that when one member of a pair 
allows an unsafe operator, the other member of the same pair forbids it, and vice versa 
- a remakable team effort. Note that the strengths of the d=4 and d=5 operators are 
controlled by the VEVs < &/M >2, < @/M >" and < zTj/M2 >2, which give more 
than necessary suppression, even if the condensatescale is as large as about 10'' GeV 
(see estimates below). 
(iii) Q+ removes 'Potential Danger From Triplets in The Heavy Tower As Well: Color 
triplets in the heavy infinite tower of states with masses M N M,, - 1OI8 GeV in 
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general pose a potential danger for all string theories, including those for which they 
are projected out from the massless sector [69]. The exchange of these heavy triplets, 
if dowed, would induce d = 5 proton-decay operators with strengths N KIM,  where 
K is given by the product of two Yukawa couplings. Unless the Yukawa couplings are 
appropriately suppressed [75] so as to yield IE 5 [59], these operators would be 
unsafe. Note, however, that string-derived solutions possessing symmetries like Q+ are 
free from this type of danger. This is because, if Q+ emerges as a good symmetry near 
the string-scale, then the spectrum, the masses and the interactions of the color-triplets 
in the heavy tower would respect Q+. As a result, the exchange of such states can not 
induce d = 5 proton-decay operators, which violate Q+ (see Table 4). 

In fact, for such solutions, the color-triplets in the heavy tower can appear only as 

vector-like pairs, with opposite Q+-charges (like those in 10 and 10 of SO(lO), belonging 
to 27 and % of E6 respectively), so that they can acquire invariant masses of the type 
M{(H&+ H&&) + hc}, which conserve Q+. Such mass-terms cannot induce proton 
decay. 

Thus we see that a symmetry'like Q+ plays an essential role in safegaurding proton- 
stability from all angles [14]. Since QS distinguishes between the three families [76], it 
cannot, however, arise within single - family grand unification symmetries, including E6. 
But it does arise within string-derived three-family solutions (as in Ref. [69]), which 
at once know the existence of all three families. In this sense, string theory plays a 
vital role in explaining naturally why the proton is so extraordinarily stable, in spite of 

supersymmetry, and why the neutrinos are so light. 
ZI-mass and proton decay rate: If symmetries like Q+ and possibly Qx, in addition to 
1 3 ~  and B- L, emerge as good symmetries near the string scale, and break spcmtaneously 
so that only electric charge is conserved, there must exist at least one extra Zf-boson 
(possibly more), in addition to the (almost) standard 2 and a superheavy ZH (that 
acquires a mass through sneutrino-VEV) [77]. The extra 2' boson(s) will be associated 
with symmetries like QT E 204 - (B - L )  and Q, + &+, in addition to Y, that survive 

after sneutrino acquires a VEV. The 2' bosons can acquire masses through the VEVs of 
electroweak doublets and singlets ( r j 's) ,  as well as through the hidden-sector condensates 
like (Ti%), all of which break QT and Qx + Q+ (see Table 3). As mentioned before, 
we expect the singlet 4's to acquire VEVs, at least radiatively (like the electroweak 
doublets), by utilizing their Yukawa couplings with the doublets, which at the string-scale 

- 
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is comparable to the top-Yukawa coupling. Since the 4's do not have electroweak gauge 
couplings, however, we would expect that their radiatively-generated VEV, collectively 
denoted by vo, to be somewhat higher than those of the doublets (VEW - 200 GeV) 
-i.e., quite plausibly, vo - 1 TeV. Thus, in the absence of hidden-sector condensates, we 
would expect 2' to be light - 1 TeV. 

If the condensates like (TiT') do form, however, they are likely to make 2' much 
heavier than 1 TeV. Denoting the strength of (Fiq)  by A:, if A, - AH, where AH is the 
confinement-scale of the hidden-sector, we would expect AH and thus 2' to be either 
superheavy - 1015-1016 GeV, or at least medium-heavy - 108-1013 GeV (see below). 

The mass of the 2'-boson is correlated with the proton decay-rate. The heavier 
the Z', the faster is the proton-decay. Looking at Table 4, we see that the strength 
of the effective d = 4 operators ( U T D  etc.) is given by E / M ) )  ( (ZTj) /M2)'  - 
10:2-5(A,/M)4, and that of the d = 5 operator (QQQL/M) is given by ((ZFi)/M2)' - 
(Ac/M)4. The observed bound on the former (71,2 5 10-l') implies a rough upper limit 

of ( L ~ , / M ) ~  5 
implies that A, 5 1016-2 GeV, where, for concreteness, we have set M = lo1* GeV. 

Thus, if A, 5 1 TeV, 2' would be light - 1 TeV, and accessible to LHC and perhaps 
NLC. But, for this case, or even if A, is as he& as 1015 GeV (say), proton-decay would 
be too slow ( T ~  2 lo4' yrs.) to be observed. On the other hand, if A, - 1015e4 - 1015.6 
GeV, the 2'-bosons would be inaccessible; but proton decay would be observable with a 
lifetime - 1032-1035 years [78]. To see if such a superheavy A, is feasible, let us recall the 
discussion in Sec. 5,  where it was noted that an intermediate unified coupling ax B 0.2 
at Mx - 1017 GeV (as opposed to the MSSM-value of crx x 1/26) is desirable to stabilize 
the dilaton and that such a value of crx would be realized if there exists a vector-like pair 
of families having the quantum numbers of 16 $16 of SO(lO), in the 1 - 100 TeV-region 
1431. With CYX x 0.16-0.18 (say), and a hidden sector gauge symmetry like s U ( 4 ) ~  or 

s U ( 5 ) ~  [69], a confinement scale AH - A, N 1015.5- 1016 GeV would in fact be expected. 
Thus, while rapid proton decay is prevented by string-derived symmetries of the type 
discussed here [14], observable rate for proton decay (rp - 1032-1034 yrs.), which would 
be accessible to Superkamiokande and ICARUS, seems perfectly feasible and natural [79]. 

In summary, 04 is a good example of the type of symmetry that can safegaurd, 
in conjunction with B - L or OX, proton-stability from all angles, while permitting 

( 

and thus A, 5 1015m5 GeV, while that on the latter (Le. A1,2 5 
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neutrinos to have desired masses. It even helps eliminate the potential danger from 
contribution of the color-triplets in the heavy tower of states. In this sense, Q+ plays a 
very desirable role. I do not, however, expect it to be the only choice. Rather, I expect 
other string-solutions to exist, which would yield symmetries like Q4, serving the same 
purpose [80]. At the same time, I feel that emergence of symmetries like &+ is a very 
desirable constraint that should be built into the searches for realistic string-solutions. 

To conclude this section, the following remark is in order. For the sake of argument, 
one might have considered an SO(lO)-type SUSY grand unification by including 126 of 
Higgs to break B - L and ignoring string-theory constraints [66]. One would thereby be 
able to forbid the d = 4 operators and give desired masses to the neutrinos [65]. But; as 
mentioned before, the problems of finding a compelling solution to the doublet-triplet 
splitting as well as to the gravity-linked d = 5 operators would still remain. This is true 
not just for SUSY SO(lO), but also for SUSY E,, as well as for the recently proposed 
SUSY SU(5) x SU(5) - models [81]. By contrast, a string-derived non-GUT model, 
possessing a symmetry like Q+, in conjunction with B - L or Qx, meets naturally all 
the constraints discussed above. This shows that string theory is not only needed for a 

unity of all forces, but also for ensuring natural consistency of SUSY-unification with 
two low-energy observations - proton stability and light masses for the neutrinos. 

7 Summary and Concluding Remarks 

Turning now to a summary of the first part of this talk, 
a I noted in sections 1 and 2 that non-conservations of baryon and lepton numbers 

are implied on the one hand by ideas of higher unification [1,2,3], and on the other hand, 
by the need for baryogenesis [8,9] and by neutrino-masses as well. The latter two in fact 
suggest some form of violation of B - L, which, very likely, includes a violation through 
heavy Majorana masses of the right-handed neutrinos. 

a If A(B - L) = 0 decay modes of the nucleon (Le. p 3 gK+, p+K", 3n+, e+ro, 
etc.) turn out to be the only observed source of non-conservation of B and L, as 
opposed to A(B-L)  # 0-transitions exhibited in Table 1 (i.e. p + e-?r+n+,n t-) iE and 
nn --f ppe-e- etc.), there would be no signal for new physics at about 100 TeV. That 
would of course conform with conventional wisdom, which is based on simple mechanisms 



38 

for symmetry-breaking of SUSY GUTS and/or string-derived solutions, obtained to 
date. On the other hand, if the A(B - L)  # 0- transitions such as p e-@& or 

n - ii- oscillation do show at some level, that would clearly point to.new physics at 
low intermediate scales - 100TeV. This will be counter to conventional thinking, but 
just for that reason that may be quite revealing. I comment on this issue further in the 
following. 

0 Confining to the A(B - L) = 0 decay modes of the proton, assuming that they 
' are discovered at SuperKamiokande and/or ICARUS, we will learn much from knowing 
which decay-channels are prominent or dominant. First, prominence of FK+ and/or 
p+Ko-mode would be a strong evidence in favor of the dominance of d = 5 over the 
d = 6-operators, and thereby in favor of supersymmetry, though not necessarily for 
SUSY GUTS. Prominence of the p+K" -mode would suggest large tanP [37]. Second, 
prominence of Fcc7r+ and/or ,d7r0-mode, together especially with non-observation of the 
e+7ro-mode would also provide the same signal. Third, prominence of the e+7ro-mode 
would favor, in the context of supersymmetry, either the dominance of string-derived d = 

4 over d = 5-operators (see Sec. .6 and Ref. 14), or, for example, the flipped SU(5) x U(1)' 
-model [38]. It would, of course, be compatible also with non-supersymmetric GUTS, 
whose unification-scales are raised, for example, through enriched Higgs-systems, so that 
the associated lifetimes exceed 10% ps. 

It is worth commenting on the issue of A(B - L)  = 0 versus A(B - L) # 0 - 
transitions. Certain guidelines of simplicity, noted below, seem to suggest that the 
latter would be too slow to be observed. First, the straightforward meeting of the three 
gauge couplings, obtained in the context of either MSSM or ESSM, and the associated 
predictability of sin29w (see Sec. 5 )  would be lost, if one introduces low intermediate 
scalephysics (necessary for prominence of A(B-L) # 0 -transitions) [25,26], and thereby 
somewhat arbitrary multi-stage running of the couplings. Second, neutrino masses that 
are relevant, especially for the MSW solution of the solar neutrino-puzzle and for FT being 
hot dark matter, suggest a superheavy, rather than a low intermediate-scale, Majorana 
mass for the right-handed neutrinos (see Secs. 2 and 6). Furthermore, in contrast to low 
intermediate-scales, such superheavy scales (e.g. < >- l O I 5 a 5  GeV, see Sec. 6) do 
arise naturally in the context of string-solutions (see e.g. Ref. 53); and, they do not alter 
the simple running of three gauge couplings, except near the point of unification, which 
may be good anyway to remove the mismatch between MSSM and string-unifications 

Lc 
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(see Sec. 5). Thus, if one is permitted to possess a theoreticdprejudice, based on grounds 
of simplicity, as narrated above, it would seem that low intermediate-scale physics of a 
nature that would lead to observable rates for A(B - L) # 0-modes is not likely to be 
’realized, at least in the context of current level of thinking. 

Nevertheless, I believe that it is essential to keep an open mind as regards the plan- 
ning of experiments, precisely to find out if one’s prejudices are true after all. And, 
what if these prejudices turn out to be wrong? That has happened in the past. A 
case to the point is CP- violation. Imagine that CP-violation was not discovered in 
1964 and that one did not know that it is needed to implement bxyogenesis. As late 
as the early ~ O ’ S ,  judged purely from the point of view of theoretical models, based on 
just (u,d,s,c)-quarks, there was no compelling theoretical motivation for CP-violation. 
In the context of renormalizable gauge theories, one would have had to introduce extra 
Higgs-scalars, new gauge interactions, complex Yukawa couplings and/or a third family 
of quarks and leptons to implement CP-violation. Apriori, it would have appeared to be 
an unnecessary complication to introduce such extra matter and/or extra parameters. 
Judged horn this point of view, CP-violation might have appeared unnatural or unlikely. 
Yet, CP-violation was discovered; so was its -need to implement baryogenesis; and also 
the third family. It is, however, revealing to note in this context that even now we do 
not know the precise origin of CP-violation. There is some analogy of this case with 
that of (B-L)-violation. We do know from baryogenesis and neutrino masses that, very 
likely, B - L is violated (see Sec. 2). The issue that needs to be settled, notwithstanding 
the question of naturalness and simplicity of present theoretical models, is whether the 

’ rates for ( B  - L)-violating transitions would lie in an observable range. There is no 
other way to settle this question except to  search for such transitions with the highest 
possible precision. 

I, therefore, believe that experimental searches for both (B - L)-conserving-i.e. 
p + DK+, FT+, p+Ko, e+T0 etc. - as well as (B  - L)-violating processes-i.e. p 
e-&&, n H fi-oscillation, neutrinoless double beta decay, etc.-are strongly motivated. 
For this reason, I rejoice in the starting of the SuperKamiokande and look forward to 
the starting of ICARUS. I also greatly welcome proposal to set up searches for n - ii 
oscillation here at OakRidge, which aim to probe into oscillation-periods of lolo - loll 
sec. 

The main purpose of this talk has been to address two issues: 
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(i) How to resolve the mismatch between MSSM and string-unification?, and espe- 
cially, 

(ii) How to prevent, naturally, rapid proton-decay in supersymmetry? 
With regard to the first, I noted some alternative possibilities. Among these, the 

only one that has a chance of being directly tested at future high energy accelerators, 
including the LHC and the NLC, especially if the two vector-like families have masses 
below about 1.5 TeV, is the extended supersymmetric standard model (ESSM), which 
proposes a semi-perturbative unification with intermediate unified coupling (ax N .2) in 
four dimensions [43]. 

With regard to the second issue, I have stressed that 
0 the extreme smallness of the strengths of the d = 4 (i.e. 77; 5 and the 

color-triplet mediated and/or gravity-linked d = 5 operators (Le. &&I4,t/M) < 
deserves a natural explanation. The problem in this regard is somewhat analogous 
to that of understanding the smallness (or the vanishing) of the cosmological constant. 
Rather than being merely accommodated by a choice of.the Higgs multiplets and discrete 
symmetries, the small parameters associated with the d = 4 and the d = 5 operators 
should emerge as a compelling feature owing to symmetries of the underlying theory, 
which would provide the desired protection against these unsafe operators. 

0 The symmetries in conventional SUSY GUTS including SO(lO), E6 and SU(5) x 
SU(5) do not, however, sufEce for the purposeespecially in the matter of suppressing 
naturally the d = 5 proton-decay operators. By contrast, I showed that a certain string- 
derived symmetry, which cannot arise within SUSY GUTS as mentioned above, but 
which does arise within a class of three-generation string-solutions, possessing non-GUT 
symmetries, suffices, in conjunction with B - L, to safeguard proton-stability from all 
potential dangers, including those which may arise from higher dimensional operators 
and the color-triplets in the heavy infinite tower of states [14]. At the same time, the 
symmetry in question permits neutrinos to acquire appropriate masses. We thus see 
that just seeking for an understanding-as opposed to accommodating-proton-stability, 
in the context of supersymmetric unification, drives us to the conclusion that, at the 
fundamental level, the elementary particles must be string-like and not point-like. It 
seems remarkable that just a low-energy observation that proton is so stable, together 
with the demand of naturalness in understanding this feature, can provide us with such 
a deep insight. 
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0 It is intriguing that one needs a family-dependent symmetry, like Q+, to achieve 
the desired protection against rapid proton decay, which cannot be realized for one or 
two-family string-solutions, but which does emerge for a class of solutions possessing 
three families. 

0 A related remark: the necessity of such a family-dependent symmetry, which can- 
not arise within conventional GUT symmetries, as well as the lack of a compelling mecha- 
nism for doublet-triplet splitting in SUSY GUT theories (string-derived or not) suggest 
that the flavor-color gauge symmetry below the string-scale is very likely a non-GUT 
string-derived symmetry like &311 or &4 , or even flipped SU(5) x U(l)', rather than a 

GUT-symmetry like SU(5), or SO(10) or EG. Recall that, owing to string-constraints 
[42], the benefits of coupling unification, quark-lepton unification and quantization of 
electric charge still hold for the former, just as they do for the latter. 

0 Last but not least, as discussed in Sec. 6,  it is interesting that, while symmetries 
like o+ provide the desired protection against rapid proton decay, observable rates for 
proton-decay (i.e. lifetimes of order - loN yrs) are nevertheless perfectly natural 
in the context of these solutions, provided, however, one assumes (at least for the ciass 
of solutions considered in Ref. [14]), a semi-perturbative unification with intermediate 
unified coupling (ax N .18 - .2) [43]. As discussed in Sec. 5, such intermediate coupling 
is suggested by ESSM, and it may well be needed to help stabilize the dilaton, while 

retaining the benefits of coupling-unification. 
To conclude, the original motivations for a unity of the fundamental forces and that 

for questioning baryon and lepton-number non-conservations [1,2,3] still persist. Super- 
symmetry and superstrings, while retaining these motivations, provide a new perspec- 
tive with regard to both issues. As discussed here, several models of SUSY GUTS and 
superstring-derived models do in fact suggest that proton decay should occur at a rate 
that is accessible to ongoing searches. Observation of proton decay would strengthen 
our belief in an underlying unity of all matter and of its forces. Determination of its 
dominant decay modes, would provide us with a wealth of knowledge regarding new 
physics at very short distances, spanning from cm. The question now 
is an experimental one: Will proton decay be discovered at SuperKamiokande and/or 
ICARUS? 

to 
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Family 

1 

States Q1 Q2 Q3 Q4 

41 1/2 0 0 -1/2 
L1 1/2 0 0 1/2 

(V, q 1  1/2 0 0 1/2 
(D, vR)1 1/2 0 0 -1/2 

q2 0 1/2 0 0 
2 L2 0 1/2 0 0 

(V, q 2  0 1/2 0 0 
(B, a 2  0 1/2 0 0 

43 0 0 1/2 0 
3 

Color 
Triplets 

L3 0 o 1j2 o 
p, 7 9 3  0 0 1/2 0 
(D, G)3 0 0 1/2 0 

- 0 4 5  = (3, -2/3, l ~ ,  0) -1/2 -1/2 0 0 
0 4 5  = (3*, +2/3, l ~ ,  0) 1/2 1/2 0 0 

Table 3: Partial List of Massless States from Ref. [69]. (i) The quark and lepton 
fields have the standard properties under SU(3)' x U ( ~ ) B - L  x s U ( 2 ) ~  x U ( ~ ) I ~ ~ ,  which 
are not shown, but those of color triplets and Higgses are shown. (ii) Here Q+ = 
QI + Q2 - 2Q3' and 8, = (SI + Q2 + Q3) + 2(Q4 + Q5 + Q6) (see Eq. (5) ) .  (iii) The 
doublets &,2,3,45 are accompanied by four doublets h1,2,3,45 with quantum numbers of 
conjugate representations, which are not shown. (iv) The SO( 10)-singlets {43 which 
possess U( 1);-charges, and the fractionally charged states which become superheavy, 
or get confined [69], are not shown.. In Ref. kg], since only and h45 remain light, 
families 1, 2 and 3 get identified with the r ,  1-1 and e - families respectively. Hidden 
matter Vi,v;,T; and F; are SO(lO)-singlets and transform as (1,3), (l,Z), (5,l) and 
(Z, l), respectively, under SU(5)x x SU(3)x. 

Higgs 
doublets 

- 
- hi = (1,0,2~,1/2) -1 0 0 0 
- h2= (1,0,2~,1/2) 0 -1 0 0 
h3 = ( l , O ,  2 ~ ,  1/2) 0 0 -1 
h45 =(1,0,2~,1/2) 1/2 1/2 0 0 

K , K  0 1/2 1/2 1/2 
Tl, 'Tl 0 1/2 1/2 -1/2 

0 - 

Hidden 
Matter 

vz, v2 1/2 0 1/2 0 
T2, 'T2 1/2 0 1/2 0 

v3, v3 1/2 1/2 0 0 
T3, 'T3 1/2 1/2 0 0 
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Operators 

--- u D D, QLD, LLZ 

(TED or QLD)(-/M) 

(BBB or QLB)(G/M)x 
[ (h l /M)2 or ( “#’/M)n] 

(TBD or QLB)(G/M)x 
(T!Tj/M2)2 

Family 
Combinations 

(4 All 
except (b) 

(b) 3 fields from 
3 different 
families 

All 

All 

- 
Y B - L  

X 

X 

d 

d 

d 

d 

J 
X 

d 
d 
X 

I 

Q+ 
- 

X 

d 

X 

d 

d 

X 

d 
X 

d 
X 

X 

T 

Q x  

X 

d 

d 

d 
X 

d 
X 

n n 

Qx + Q+ 

X 

X 

X 

X 

d 

X 
X 

X 

If 
Allowed 

unsafe 

unsafe 

unsafe 

safe 

safe 

unsafe 
unsafe 
safe(?) 

safe 
unsafe 

safe 

Table 4-r.The roles of Y, B - L, Q+, Q, and Q, + Q+ in allowing or forbidding the 
relevant (B ,  L )  violating operators. Check mark (4 means “allowed” and cross ( x )  
means “forbidden”. The mark t signifies that the corresponding operator is allowed if 
either two of the four fields are in family (1 or 2) and two are in family 3, with i = 1 
and j = 3; or all four fields are in family (1 or 2) with i = 1 and j = 2. The mark (*) 
signifies that (Q, + Q+) forbids U U D E / M  for all family-combinations -- except when all 
four fields belong to family 3, and that it forbids LLh; hi in some family-combinations, 
but not in others. In labelling the operators as safe/unsafe, we have assumed that 
(K) - 1015s5 GeV, (+/M)” 5 lo-’ and M - M,t - 10l8 GeV, and that hidden sector 
condensate-scale A, 5 1 0 1 5 a 5  GeV (see text). Note that the pairs (Y, B - L),  (Y, Q+), 
(Y, Q,) and ( B  - L, 0,) do not give adequate protection against the unsafe operators. 
But Q+, in conjunction with B - L or Q,, gives adequate protection against all unsafe 
operators. This establishes the necessity of string-derived symmetries like Q+ (which 
can not emerge from familiar GUTS including E6) in ensuring proton-stability. 

---- 

- 
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Fig.1 Neutrinoless Double Beta Decay: nn-ppe-e- 

(4 (b) 

Fig. 2a,b Nucleon Decays into lepton + pions and into 
117 + pions (E~, E8 and AR are Higgs-scalars, see text). 

Fig. 3 n-n oscillation (qqq+{i$ 
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Fig. 4 (From Ref. 41) 

MSSM 

Fig. 5a (From Ref. 41) 
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Fig. 5b Unification as a function of a3 in MSSM (see Ref. 29) 
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Fig. 6 Typical Diagrams for Proton Decay into YK+ through 
d =5 operators 

Fig. 7 Typical Diagrams for Proton Decay into Y d  

Fig. 8 Typical Diagrams for Proton Decay into p + o  K 
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Abstract 
A review is given of nucleon instabiity in SUSY models. The mini- 

mal SU(5) model is discussed in detail. 

1. Introduction: 
We begin by discussing proton instability in non-supersymmetric grand 

unification. The simplest unified model that accomodates the electro-weak and 
the strong interactions is the SU(5) model[l] and the instability of the proton 
arises here from the lepto-quark exchange with mass Mv. The dominant decay 
is the efn' mode and its lifetime can be written in the fonn[2] 

4 3133 1 1 0  YT 
MV 

3.5 x 1014GeV 
~ ( p  3 e+r') R ( 

The current experimental limit of this decay mode is[3] 

~ ( p  + e+r') > 9 x 1032yT, (so%CL) 
In non-SUSY SU(5) the e+ro mode has a partial lifetime of ~ ( p  3 e+ro) 5 
4 x yr.Thus the non-SUSY SU(5) is ruled out because of the p-decay 
experimental l i m i t s .  It is expected that the Super Kamiohde  will increase 
the sensitivity of this mode to 1 x 10M[4]. That would imply that theoretically 
the e+%' mode would be observable if Mv 5 5 x 1015 GeV. In supersymmetric 
grand unification current analyses based on unification of couplings constants 
already put a constraint on MG of about 1016[5]. Thus it seems not likely 
that the e+no mode would be observable in supersymmetry even in the next 
generation of proton decay experiments. Infact, reasonable estimates indicate 
that ~ ( p  3 e%') > 1 x 1037*2y~. 

In supersymmetric unification the dominant instablity of the proton arises 
via baryon number violating dimension five operators[6, 7, 8, 91. In SUSY 
SU(5) operators of this type arise from the exchange of Higgs triplet fields 
and they have chiral structures LLLL and RRFtR. in the superpotential after 
the superheavy Higgs triplet field is eliminated. The main decay mode of the 
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proton in these models is ~ ( p  -+ nK).The current experimental limit for this 
decay mode is[3] 

It is expected that Super Kamiokaade will reach a sensitivity of 2 x yr[4] 
while ICARUS will reach a sensitivity of 5 x yr[ lO].  Thus it is an inter- 
esting question to  explore to what extent the new generation of proton decay 
experiments will be able to test SUSY unified models.Actually we shall show 
that, unlike the prediction for the e+no mode, it is not possible to make any 
concrete predictions for the FK mode in SUSY models without inclusion of 
the low energy SUSY mass spectra which depends on the nature of super- 
symmetry breaking. Such an explicit supersymmetry breaking mechanism is 
provided in supergravity g r a d  unification[ll, 121, but not in MSSM.Thus it 
is only in supergravity grand unification[ll] that one can make detailed mean- 
ingful predictions of proton decay lifetimes. 
2. GUT Varieties 

Even within supersymmetric framework there are many possibilities that 
may occur. The simplest of these is the minimd SU(5) model. However, 
one can have extended gauge groups such as SU(3)3, SO(lO), ... etc. and also 
string inspired models such as SU(5)~U(1)[13].There has been several works 
in the literature where there is a suppression of dimension five proton decay 
operators.There are a variety of ways in which a suppression of p-decay can 
occur[13, 14, 151. One possibility is that matter is embedded in some unusual 
fashion in the basic particle multiplets. Such a situation arises in the flipped 
SU(5)xU(l) model where one has an interchange u c+ d and e c+- u 
relative to the usual embeddings. The other possibilty is the presence of some 
discrete symmetry which might forbid the baryon number violating dimension 
five operators. In the following we discuss the condition that would forbid 
such operators in the general case. Let us assume that one has several Higgs 
triplets 1,2,.,N that couple with the matter fields. We make a field redehition 
so that the linem combination that couples with matter is labelled H1,& 
while the remaining Higgs triplet field have no couplings. We may write their 
interactions in the form 

where J and K are given by 

Now the condition that the dimension five operators be suppressed is given 
bY [161 
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Of course satisfaction of the above condition would require either a finetun- 
ing or a discrete symmetry.It is generally found that the imposition of discrete 
symmetries can lead to unwanted light higgs doublets or light Higgs triplets[l7] 
which would spoil the consistency of the unification of couplings with the LEP 
data. It is possible that string theory may generate the desired discrete sym- 
metries which suppress proton decay without producing undesirable features 
alluded to above.However, more generally one can expect proton decay to occur 
in both supergravity and string models. The detailed nature of proton decay 
modes, their signatures and partial lifetimes would depend on the specifics of 
the model., 

Another problem that surfaces in supersymmetric unified models is that 
of the doublet-triplet.splitting. That is one needs a mechanism that makes 
the Higgs triplets which mediate proton decay heavy and the Eggs doublet 
which generate electro-weak breaking light.Normdly one simply finetunes the 
parameters to generate this splitting. Other possibilities consist of the so called 
missing partner mechanism[l8], where one uses 75 , 50 and 50 representations 
in SU(5) instead of the usual 24 plet to break SU(5). Here 50 contains a (3, 1) 
and the SO contains a (3,l) part in SU(3)xSU(2) decomposition but no (1,2) 
pieces. Thus the Higgs triplets &om the 50 and 50 will match up with the 
Higgs triplet states from the 5 and 5 when the 75 plet develops a superheavy 
VEV, leaving the Higgs doublets light. More recently a mechanism has been 
dicussed in the literature which makes use of higher global symmetries such 
as SU(6) in the GUT sector which lead to  light Higgs as pseudo-Goldstone 
doublets[l9] when the local SU(5) symmetry breaks.However, there is as yet 
no complete model which also gives acceptable pattern of masses to fermions 
for this mechanism.Several other mechanisms have also been discussed mostly 
in SO(l0) frameworks[20,21,22] and make use of vacuum alignment, discrete 
symmetries etc to achieve the doublet-triplet splitting. In the following we 
shall assume that the doublet-triplet splitting is resolved and discuss the case 
of the minimal SU(5) model in detail . 
3. Nucleon Instability in Supergravity SU(5) 

We discuss now the details of proton decay in the minimal SU(5) model 
to  get an idea of the sizes of the lifetimes of the various decay modes. The 
invariant potential of this model is given by 

H"1MZ-w + f z i j B z & ~ ~  
1 
8 WY = - - f i i j ~ u u r z g  1 (7) 

Here the M & , K v  stand for the three generations(i=l,2,3) of 5,lO plet of 

4 
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quarks and leptons and HI,  H2 are the 5,5 plet of Eggs which give masses 
to the down and up quarks. After spontaneous breaking of the GUT group 
SU(5)4 SU(3) x SU(2) x U(1) and integration over the heavy fields one has 
the effective dimension five operators with baryon number violation given by 
L5 = L$ + Lf where[”, 81 

Here the Yuka.wa couplings f”, fd are related to the quark masses mu and md 
as 

where Bw is the Weak angle and /3 is defined by tanp = 2 where v2 =< Hi > 
and V I  =< Hf >. Further, V i s  the Kobayashi-Maskawa (KM ) matrix and P 
is a diagonal phase matrix with elements 

The dimension five. operators must be dressed by the exhange of gluinos, 
charginos and neutralinos to produce dimension six operators which produce 
proton decay Of all these exchanges the chargino exchange is the most domi- 
nant and is governed by the interaction 

where -yh are defined in the text preceding eq(30). The dressing loop 
diagrams which convert dimension five into dimension six operators also in- 
clude squark and slepton exchanges. However, the sfermion states that are 
exchanged are not pure L or R chid  states. As will be discussed later, in 
Supergravity one has soft susy breaking terms which mix the L and the R 
terms so that one has a (mass)2 matrix of the form 
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where A, p are parameters which will be discussed in sec5. The mass diagonal 
states are denoted by the scalar squazk fields ii;(l,~.These are related to the L 
and R chiral states as 

where Sui is defined by 

The chiral structure of the dimension six operators involves operators of the 
type LLLL, LLRR, RRLL and RRRR. Of these it is the operators of the first 
type,i.e., LLLL which are the most dominant. In general one finds many SUSY 
decay modes for the proton,i.e., 

The dependences of the branching ratios on quark mass factors and on KM 
matrix elements is shown in Tablel.Also exhibited aze the enhancement fac- 
tors, denoted by yEk etc, from the third generation squark and slepton exchange 
contributions in the dressing loop diagrams. 

Table 1: lepton + pseudoscdaz decay modes of the proton [7, 81 

The dependence of y factors, which contain the third generation contri- 
butions, on quark masses and KM matrix elements is shown in Table2. The 
factors Re, R,, etc that enter in the evaluation of y in table2 are the dressing 
loop integrals and their explicit form is given in ref.[8] 
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From tables 1 and 2 one finds that there is a hierarchy in the partial decay 
branching ratios of these ‘modes which can be read ofE &om the quark mass 
factors and the KM matrix elements. In making order of magnitude estimates 
for lifetimes it is useful to keep in mind that 

One can then roughly order the partial decay branching ratios for the various 
modes listed in table1 as follows 

BR(pK) >> BR(pK), BR(pr)  >> BR(p7r) 
BR(DK) > BR(iin) > BR(2K) > BR(27r) 

BR(P,K) > BR(DTK) > BR(DeK), BR(Dp7r) > BR(P,n) > BR(Per) (17) 

One finds from the above that the most dominant decay modes of the proton 
me the DK modes.The dimension six operators which govern these are given 
bY[7, 81 

In the above af’R,/3~R are defined by 
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and a? = a f ( d L , ~ ~  3 d ~ ,  UR), and PPR = aFR(d  c+ s). Further yy gives 
the dominant contribution from the third generation and is defined by[7, 81 

where the Eunctions F are dressing loop integrals and would be defined explic- 
itly below. The remaining contributions represented by A?, y i  ( from gluino 
exchange) and yjj(from neutralino exchange) are all relatively small. 

The decay branching ratios of the p into the ii;K modes are given by the 
relation 

qP + iiiK+) = ( & ) 2 1 ~ 1 2 1 ~ ~ l ~  MH3 (21) 

where p p  is the three quark - vacuum matrix element of the proton and is 
defined by 

The most recent evaluation of pp is from lattice gauge calculations [23] and is 
(22)  B r  

P p q  = EaGcEaD < O ~ ~ ~ L U ~ L U ~ I P  > 

pP = (5.6 f 0.5) x 10-3GeV3 

The factors A and Bi of eq(21) are defined by 

A=--- m,mcG!v21ALAs 
2M$ 
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where 

and yh = /3+ f /3- where 

and 

Finally C that enters eq(25) is a current algebra factor and is given by 

where the chiral Lagrangian factors f., D, F, .. etc that enter. the above equa- 
tion have the numerical values: f, = 139 MeV, D = 0.76, F = 0.48,mN = 
938 MeV, mK = 495 MeV, and mB = 1154. 
4. Vector Meson Decay Modes of the Proton 

The same baryon number violating dimension six quark operators that lead 
to the decay of the proton into lepton and pseudoscalar modes also lead to 
decay modes with lepton and vector mesons[24]. Although the vector mesons 
are considerably heavier that their corresponding pseudoscalar counterpasts, 
decay modes invoving p ,  K*, w are still allowed. We list these below 

&IC*, Fip, giw; i = e, p, r 
ey*, PIC*, ep, PP, ew, P (35) 

The quark, KM and third generation enhancement factors for the allowed 
vector meson decay modes is exhibited in table3. The branching ratios for 
the vector meson decay modes are typically smaller than the corresponding 
pseudo-scalar decay modes. 
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Table 3: lepton + vector meson decay modes of the proton 

5. Details of Analysis in Supergravity Unification 
Next we discuss the details of the proton decay analysis in supergravity 

unification. As already indicated the low energy SUSY spectrum plays a cru- 
cial role in proton decay lifetimeh fact the spectrum that enters consists of 
12 squark states, 9 slepton states, 4 neutralino states, 2 chargino states, and 
the gluino. There are thus 28 different mass parameters alone. In globally su- 
persymmetric grand unification one has no way to meaningfully control these 
parameters and thus detailed predictions of p decay lifetimes in globally su- 
persymmetric theories cannot be made. In supergravity unified models one 
has a well defined procedure of breaking supersymmetry via the hidden sector 
and the minimal supergravity unification contains only 4 SUSY parameters in 
terms of which all the SUSY masses can be predicted. Thus supergravity uni- 
fication is very predictive. We give below a brief review of the basic elements 
of supergravity grand unification. These are: (1) supersymmetry breaks in the 
hidden sector by a superhiggs phenomenon and the breaking of supersymme- 
try is communicated gravitationally to the physical sector; ( 2 )  the superhiggs 
coupling are assumed not to depend on the generation index, and (3 )  one as- 
sumes the spectrum to be the MSSM spectrum below the GUT scale. After 
the breaking of supersymmetry and of the gauge group one can integrate over 
the superhiggs fields and the heavy fields and the following supersymmetry 
breaking potential in the low energy domain results [ll, 121: 

. 

f i ~  = m:z& + (AoW(3) + BoW(2) + h.c.) (36) 

where W(2),  W(3) are the bilinear and trilem parts of the superpotential. 
There is also a gaugino mass term Lka8 = - m ~ / ~ ~ a X a .  At this stage the 
theory has five SUSY parameters mo,ml/2, &, Bo, and PO. Here PO is the 
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Eggs mixing term which $long with the other low energy quark-lepton- Eggs 
interactions is &en by 

In the above HI is the light Eggs doublet which gives mass to down quark and 
leptons and E2 give mass 'to the up quark. The number of SUSY parameters 
can be reduced after radiative breaking of the electro-weak symmetry. The 
radiative electro-weak s h e t r y  breaking is governed by the potential 

(38) 

where AX is the correction from one loop, and m:(t) etc are the running 
parameters and satisfy the boundary conditions m:(O) = mg + &i = 1,2, 
m:(O) = -Bo,uo, 4 0 )  = QG = (5/3)ay(O).  The breaking of the elctroweak 
symmetry is accomplished by the relations iM2, = (& - 112,tan2p)/(tan2@ - 1) 
and sin2P = (2m3)/(p: + pi),  where p: = mi + Xi and Xi is one loop 
correction from AK.Using the above relations one can reduce the low energy. 
SUSY parameters to the following: 

Another result that emerges from radiative breaking of the electro-weak sym- 
metry is that of scaling.One finds that over most of the parameter space of the 
theory p2 >> 442 which gives[25,26] 

Corrections to the above are typically small O(l/p) over most of the parameter 
space. 

We discuss now the effects of the top quark which play an important role 
in limiting the parameter space of the model. Contraints from the top quark 
arise because there is a Landau pole in the top quark Yukawa coupling, i.e., 
Yo = %/(E(t)Do) where DO = 1 - 6YtF(t)/E(t), yt = Xi/47r, X t ( Q )  is the 
top-quark Yukawa coupling and is defined by mt =< H2 > Xt(m), and the 
functions E(t) and F(t) are as defined in ref[27].We see from the above that 
the top Yukawa has a Landau pole which appears at 
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where 6w is the weak mixing angle.For some typical values of CYG and MG one 
has mtf N 200sinp. Now it is found that the same Landau singularity also 
surfaces in the other SUSY parameters because of the coupled nature of the 
renormalization group equations.Thus, for example, the trilinear soft SUSY 
parameter develops a Landau singularity: & = AR/& + Ao(nonpoZe), and 
A R  = At - 0.6mg, where A0 is the value of At at the GUT scale. A similar 
analysis shows that p2 and thus the stop masses become singularSpecifically 
one finds that mgi = -2x/Do +mgi.(NP) and mg2 = -./Do +mb(NP)  where 
x=KA$F/E. We note that the Landau pole contribution is negative definite 
and thus drives the stops towards their tachyonic limit. Especially the Landau 
pole contributions to $1 are rather large and so its transition to the tachyonic 
limit is very rapid. Thus the condition that there be no tachyons puts a strong 
limit on the parameter space. One finds that the allowed values of At lie in 
the range -0.5 < At < 5.5. 
6. Discussion of Results 

Figure 1 gives the maximum lifetime of the p 3 vK+ mode forp < 0 as 
function of mo when all other parameters are varied over the allowed param- 
eters space consistent with radiative breaking of the electro-weak symmetry 
and with the inclusion of the LEP1.4 constraints. The solid curve gives the 
maximum without the imposition of the cosmological relic density constraint 
while the dashed curve includes the relic density constraint. 

1 
200 400 600 800 1000 

F'ig 1: mO, mu<O 

i!j 102 

9 g 101 
L 

d 
I 
a 100 u 

200 400 600 800 1000 
Fig 2: mO, mu>O 

The solid horizontk line is the current experimental lower limit for this 
mode from IMB and Kamiohde.  We see that the analysis shows that there 
exists a cosiderable part of the parameter space not yet explored by the cur- 
rent experiment, which will be accessible to SuperKamiokande and ICARUS. 



70 

limits lie 
imposed. 

104 

103 

0 
@3 < 
0 

k 
4 102 
3 % 101 
* 

4 

Figure 2 gives the same analysis when p > 0.Compasison of figs 1 and 2 shows 
that the current experiment excludes a somewhat larger region of the param- 
eter space in mo for p > 0 than for p < 0.Thus for p > 0 one eliminates 
the region p < 400GeV while for p < 0 only the values mo < 300GeV me 
eliminated. Figure 3 gives the plot of the maximum lifetime for the p + 2K 
,mode as a function of gluino mass for the case p < 0 corresponding to Fig 1. 
We see that regions of the parameter space with lifetimes above the current 

below approximately 400. GeV when the dark matter constraint is 
Figure 4 is similar to Fig 3 except that p > 0. 

p: 100 200 u 400 600 800 1000 
400 600 800 1000 

Fig 3 gluino mass, mu<O Fig 4: gluino mass , mu>O 

7.Conclusion 
In the above we have given a brief review of nucleon instability in super- 

symmetric unified theories. We have pointed out that no concrete predictions 
on proton decay lifetimes are possible unless the nature of the low energy 
SUSY mass spectrum which enters in the dressing loop diagrams is assumed. 
Thus no concrete predictions on proton lifetime can be made in globally su- 
persymmetric grand d i e d  theories. In contrast one can make predictions in 
supergravity unification since the SUSY breaking spectrum of the theory is 
characterised by four parasleters.Further since there are 32 supersymmetric 
particles one has 28 predictions in the model, and thus supergravity granduni- 
fication is very predictive. An updated analysis of p-decay in the minimal 
SU(5) model was given including the constraints of LEP1.4.E is found that 
there exits a significant part of the parameter space which is not yet explored 
by the current proton lifetime limits on p 4 D.K from IMB and Kamiokmde 
but which would become accessible to SuperKamiohde and ICARUS exper- 
iments. Finally we note that the minimal model can correctly accomodate the 
b / ~  mass ratio[29]. However, it does not predict other quark lepton mass ra- 
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tios correctly and non-minimal extensions are needed for this purpose. These 
non-minimal extensions also afFect the proton lifetime predictions. 
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Abstract 
- 

We discuss the predictions for the neutron-anti-neutron ( N  - N )  process in 
various supersymmetric and non-supersymmetric grand unified theories. In partic- 
ular it is pointed out that in a class of superstring inspired grand unified theories 
(of E6 type) that satisfy the constraints of gauge coupling unification, breakdown 
of the B - L symmetry occurs at an intermediate scale leading in turn to AB = 1 
type R-parity violating interactions naturally suppressed to the level of lo-' to 
This in turn implies a n  N - N transition time of order 10" to 10l1 sec. which may 
be observable in the next generation of proposed experiments. These models also 
satisfy the conditions needed for generating the cosmological baryon asymmetry of 
the right order of magnitude. 

- 
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instability search proton decay and neutron oscillation" at Oak Ridge National Laboratory from 
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I. Introduction: 

The observed matter anti-matter asymmetry in nature is convincing enough 
as an evidence for the existence of baryon number violation in the fundamental 
interactions that describe physical processes. This is because of the three conditions 
for generating this asymmetry laid down originally by Sakharov in 1967: (i) existence 
of CP-violating and (ii) baryon number violating interctions plus (iii) the presence 
of out of thermal equilibrium conditions in the early universe. There are also strong 
theoretical hints in favor of AB # 0 interactions: for instance, the standard model 
violates both baryon (B) and lepton (L) number via the triangle anomalies involving 
the electro-weak gauge bosons (although it conserves the linear combination B - L). 
The present consensus however is that these baryon violating effects are too weak to 
be observable in laboratory experiments. Similarly, most !extensions of the standard 
model also imply such interactions in the sector beyond thb standard model. Perhaps 
more compelling is the argument that the anomaly free gauge quantum number in 
most extensions of the standard model is indeed the B - L symmetry alluded to 
above. If the present indications for non-aero neutrino mass from various terrestrial 
and extra terrestrial sources hold up with time, the only sensible theoretical way to 
understand it is to assume that the neutrino is a Majorana particle implying that 
the lepton number is broken by vacuum by two units (AL = 2). Since B and L 
appear in combination with each other, if lepton number breaks by two units, there 
is no reason for baryon number not to break. In fact this reasoning was first noted 
by Marshak and this author[l] as a theoretical motivation for neutron- anti-neutron 
oscillation. 

Once one accepts the existence of baryon number violating interactions, it 
becomes of crucial importance to learn about the possible selection rules obeyed 
by them. As is quite well-known[2], the different selection rules probe new physics 
at different mass scales and therefore contain invaluable information regarding the 
nature of short distance physics that is otherwise inaccessible. Two of the most 
interesting selection rules are: one in which B - L is conserved such as the decay 
p + e+so (or p + fipK+ as in supersymmetric theories) and a second one which 
obeys A(B - L) = 2, such as N - A oscillation (which is the main theme of this 
workshop). These two processes probe two very different mass scales. To see this 
note that the process p + e+ao arises from the operator uude- (or QQQL in the 
s U ( 2 ) ~  x U(l)y invariant form) and it therefore scales like M-2 where M denotes 
the mass scale where the interaction originates. The present limits on proton lifetime 
then imply that M 2 10'' GeV or so. On the other hand, N - fi oscillation arises 
from the operator of the form u'd'd'u'd'd" which scales like M-5.  The limits on, 
nonleptonic AB = 2 nuclear decays or the N - fl oscillation time from the ILL 
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experiment[3], implies that M 2 lo5 GeV or so. Thus N - oscillation has the 
additional properties that it also provides complementary probes of new physics 
near the TeV scale. 

There is however as yet no laboratory evidence for any kind of AB # 0 pro- 
cess. The first generation of experiments searching for evidence of baryon number 
violation have all reported their results as lower limits on the partial life times for 
the various decay modes of the proton (at the level of roughly to years). 
Those results have already had the important implication that the minimal non- 
supersymmetric SU(5) model is ruled out as a grand unification theory. There are 
currently two experimental efforts to improve the discovery potential for proton de- 
cay to the level of years. These are the Super-Kamiokande[4] and ICARUS[5] 
experiments. To go beyond that would require a major innovation in experimental 
met hods. 

There is however encouraging news from the N - fl oscillation front in this 
regard. As is well-known[6], the existence of neutron- anti-neutron oscillation inside 
nuclei leads to  baryon instabilty which can also be probed in the proton decay 
searches (e.g. the disppearance of oxygen nuclei in water detectors). One can then 
use simple scaling arguments to relate the nuclear instability life time(TnU,l) to the 
N - oscillation time ( T ~ - R )  For more reliable nuclear physics calculations, see. 
PI: 

1' x 1030 yrs.  T N - 8  
Tnul li (6.6 x lo6 sec , 

From this equation we see that a measurement of TN-R to the level of lo1' sec. (as 
is contemplated by the Oak Ridge group[8]) would correspond to probing baryon 
instability to the level of almost yrs. This will take us far into the uncharted 
domain of baryon non-conservation not easily accessible in other experiments( albeit 
in a very special non-leptonic channel). This may be one of the strongest arguments 
for undertaking such an experiment. In this article, I will discuss elegant and plausi- 
ble theoretical models that provide additional arguments in favor of conducting such 
an experiment since this can be a very useful way to discriminate between various 
grand unification theories. 

This paper is organized as follows: in sec.11, the general theoretical arguments 
for N - fi oscillation based on gauged B - L symmetry are outlined; the predictions 
for T ~ - R  in non-supersymmetric theories and supersymmetric theories are given 
in sec.111 and IV respectively; in sec.V, it is shown how baryon asymmetry can be 
generated in an [SU(3)I3 string inspired SUSY GUT model which predicts observable 
T N - ~ ;  in sec.VI, some concluding remarks are presented. 
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11. Local B - L symmetry and N - lV oscillation: 

As already mentioned, in the standard model, B - L is an anomaly free global 
. symmetry. However, it is not a gaugeable symmetry since it is not cubic anomaly 
free. This fact is connected with whether neutrino mass is zero or not. In the 
standard model neutrino mass vanishes because the right handed neutrino is not 
included in the spectrum; it is also the absence of VR that prevents B - L symmetry 
from being a gaugeable symmetry. In order to generate neutrino mass, we must 
add VR to the spectrum of fermions in the standard model. As soon as this is done, 
B - L becomes cubic anomaly free and becomes a gaugeable symmetry. This also 
incidentally restores quark-lepton symmetry to particle physics. The natural gauge 
symmetry of particle physics then becomes the left-right symmetric gauge group 
SU(2)1;x s u ( 2 ) R x  u(1)~-~[9] which then not ody explains the smahess of neutrino 
mass but it also makes weak interactions asymptotically parity conserving. It was 
noted in 198011, 101 that in formula for electric charge in the left-right symmetric 
model is given by: 

It follows from this equation[ll] that since AQ = 0, at distance scales where 
A I ~ L  = 0 ,  we have the relation 

Clearly, the violation of lepton number which leads to a Majorana mass for 
the neutrino is connected with the violation of right-handed iso-spin 1 3 ~ .  The same 
equation also implies that for processes where no leptons are involved, it can lead 
to purely baryonic processes where baryon number is violated. In nonsupersym- 
metric theories, the simplest such process is neutron-anti-neutron oscillation since 
ucdcdcucdcdc is the lowest dimensional baryon number violating operator that con- 
serves color, electric charge and angular momentum and does not involve any lepton 
fields. (The situation is different in supersymmetric theories as we will see in the 
next section.) This equation implies a deep connection between the Majorana mass 
for the neutrino and the existence of neutron-anti-neutron oscillation. Of course 
whether N - .lif transition appears with an observable strength depends on the 
details of the theory such as the mass spectrum, value of mass scales etc. 
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Before proceeding further, a few words about the notation: Let us call G N - R  as 
the strength of the six quark amplitude; 6rnN-R as the transition mass for neutron- 
anti-neutron transition and T N - ~  = h/27r6m~-m where h is Planck's constant. We 
hasten to clarify that while theories with local B - L symmetry provide a natural 
setting for the neutron-anti-neutron oscillation to arise, it is possible to construct 
aliernative models where one can have N - oscillation. In such models however, 
the strength for this process is completely unrelated to other physics making them 
quite adhoc. 

111. Predictions for T N - ~  in non-supersymmetric 
I 

unified theories: 

There were many models for neutron-anti-neutron oscillation discussed in the 
early eighties[6]; most of these models are in the context of nonsupersymmetric 
higher unified theories. Here I present the simplest of them and summarize the 
general status of 7N-m transition in all these models in Table 1. 

We will consider the gauge group s U ( 2 ) ~  x s U ( 2 ) ~  x SU(4), which was sug- 
gested by Pati and Salam[9] in 1973. The recognition that SU(4), contains the B - L  
symmetry and has the potential to explain neutrino mass and applications to N-f l  
oscillation came in the papers of Marshak and this author [l, 111. In order to obtain 
neutron-anti-neutron oscillation process, the gauge symmetry breaking of the model 
has to be broken by the Higgs multiplets as in Ref.[11] i.e. a bidoublet $(2,2,1), 
and a pair of triplets A L ( ~ ,  1, f0) + A R ( ~ ,  3, f0). This set of Higgs multiplets was 
different from the one originally used in Ref.[9] and brought out the physics of the 
model in a very clear manner. The quarks and leptons are assigned to representa- 
tions as follows: Q L ( ~ ,  1,4) + Q~(1,2,4). Here leptons are considered as the fourth 
color. The allowed Yukawa couplings in the model are given by: 

LY = Y ~ Q L $ Q R  + ~(QLQLAL + QRQRAR) + h.c. (4) 

Here we have omitted all generation indices and also denoted the couplings symboli- 
cally omitting charge conjugation matrices, Pauli matrices etc. The Higgs potential 
of the model can be easily written down; the term in it which is interesting for our 
purpose is X&iikl&~'j'k'l'AL,;irAL,jjiAI;,kklAL,iii + L + R + h.c.. 

In order to proceed towards our goal of estimating the strength of N - fl 
oscillation in this model, we first note that the original gauge symmetry here is 
broken by the vev (A& = VB-L # 0 to the standard model gauge group. The 
diagram of Fig.1 then leads to the six quark effective interaction below the scale 
vB-L of the form URdRdRuRdRdR with strength A f 3 v ~ - ~ / M ~ , .  For the scale VB-L 
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and of order 100 TeV and for h x A x 10-1 this will lead to a strength for 
the six quark amplitude of about GeV-5. In order to convert it to 6rnN-R, 
we need the three quark "wave function" of the neutron at the origin. This has 
been estimated by various people[12] and usually yields a factor of about or 
so. Using this , we expect 7;V-m N 6 x lo8 sec. This is however only an order of 
magnitude estimate since the true value of the parameters that go into this estimate 
is unknown. But the main point that this example makes is that there exist very 
reasonable theories where neutron-anti-neutron oscillation is observable. Note that 
this model is a completely realistic extension of the standard model with many 
intersting features such as the smallness of neutrino mass naturally explained etc. 

A natural question to ask at this point is whether there are grand unified 
theories where observable N - fl oscillation can be expected. In simple nonsuper- 
symmetric extensions of SU(5) model, it is easy to show that[l3] N - fl transition 
amplitude is very highly suppressed. Let us therefore consider the SO(10) model 
which contains the gauge group s U ( 2 ) ~  x s U ( 2 ) ~  x SU(4), . All the ingredients 
for a sizable N - fl to exist are present in the model except that the scale 0g-5 

is constrained by gauge coupling unification. This question was studied in detail 
in Ref.[14] and a scenario of symmetry breaking was isolated where one could get 
a value for wB-5 N 100 TeV. This would therefore lead to an observable rN-fi os- 
cillation as before. The only problem is that in a low SU(4), scale model, one has 
to introduce iso-singlet fermions to lift the degeneracy between quark and charged 
fermion masses implied by SU(4), symmetry. While this procedure is quite harmless 
in 'partial unification models, it effects gauge coupling unification in a model such 
as SO(10). This question has not been discussed yet in such models. For situation 

, in other non-SUSY GUT theories, see Table 1. 

IV. R-parity violation and N - fl oscillation: 

The particle physics of the nineties has perhaps a different "flavor" (set of 
prejudices ?) than the eighties. It is now widely believed that supersymmetry is 
an essential ingredient of physics beyond the standard model with supersymmetry 
breaking scale around a TeV in order to explain the origin of electroweak symmetry 
breaking. Furthermore if one believes that supersymmetry is the low energy mani- 
festation of the superstring theories, then to the usual renormalizable Lagrangian of 
the supersymmetric theory, one must add non-renormalizable terms which are the 
low energy remnants of superstring physics. In the discussion of this section, we will 
use both these ingredients. 

A simple way to explain supersymmetric theories is to note that corresonding' 
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to every particle there is a super partner (spin half partner for a gauge boson or Higgs 
boson and spin zero partner for a fermion with identical internal quantum numbers in 
both cases) and there are a large number of relations between the coupling constants 
of the theory. In this article, we will denote the super partners of quarks and leptons 
by ij and 2 respectively; super partners of W and 2 bosons by W and 2 etc. 
The extension of the standard model to include supersymmetry is under extensive 
investigation right now both from theoretical and experimental side. 

One troubling aspect of the minimal supersymmetric extension of the standard 
model (MSSM) is that it allows for lepton and baryon number violating interactions 
with arbitrary strengths. This in a sense is a step backward from the standard model 
which automatically ensured that both baryon and lepton numbers are conserved 
to an extremely high degree as is observed. A simple way to see the origin of such 
terms is to note that i; which is the superpartner of the lepton doublet is exactly 
like a Higgs boson of the standard model except that it carries lepton number. But 
we know that the Higgs doublet of the standard model couples to quarks; similarly 
the J? field also couples to quarks as in the standard model: Qzd'; but this clearly 
violates lepton number by an arbitrary amount. Similar terms can be written down 
which violate baryon number also with arbitrary strength. These are the so-called R- 
parity violating interactions. There exist very stringent upper limits on the various 
R-parity violating coupligs[l5] which range anywhere from to depending 
on the type of selection rules they break. Since the main reason for believing in 
supersymmetry is that it improves the naturalness of the standard model, it will 
be awkward to assume that the MSSM carries along with it the above fine-tuned 
couplings without any fundamental assumptions. 

The general attitude to this problem is that when the MSSM is extrapolated 
to higher scales, new symmetries will emerge which either forbid the R-parity vi- 
olating couplings or suppress it in a natural manner. A concrete proposal in this 
direction proposed some time ago[16] is that at higher energies the the gauge sym- 
metry becomes bigger and includes B - L as a subgroup. It is well-known that the 
B - L symmetry is also important in understanding the smallness of the neutrino 
mass; therefore is not a completely new symmetry custom-designed only to solve 
the R-parity problem. It is easy to.see that in the symmetric phase of a theory con- 
taining B - L local symmetry, R-parity is conserved since R = (-l)3(B-L)+2S. This 
however is not the end of the story since the B - L must be a broken symmetry at 
low energies and if the B - L symmetry is broken by the vev of a scdar field which 
carries odd B - L,  then R-parity is again broken at low energies[l6]. Examples of 
theories where R-parity is broken by such fields abound- the string inspired SO(10) 
and E6 being only two of them. On the other hand there are also many theories 
where B - L is broken by fields with even B- L values. In these models[l7], R-parity 
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remains an exact symmetry, as is required if supersymmetry has to provide a cold 
dark matter particle. It remains to be seen whether these latter class of models can 
arise from some higher level compactification of superstring theories. 

In this paper we focus on the first class of theories since it has been shown that 
they can arise from string theories in different compactification schemes. In this class 
of theories, R-parity breaking interactions arise once B - L symmetry is broken. It 
is then'easy to see that to suppress the R-parity breaking interactions to the desired 
level, B - L breaking must occur at an intermediate scale[l8] than at the GUT scale 
as is quite often done. The reason why all this is of interest to us is that while pure 
lepton number violating processes in these classes of models are likely to be highly 
suppressed, the AB = 2 processes such as neutron-anti-neutron oscillation may 
arise at an observable rate. To see what kind of restrictions on R-parity breaking 
couplings are implied by the present lower limits on N - lif transition time, let us 
start by writing down the general structure of R-parity violating interactions in the 
MSSM: 

The coupling relevant in the discussion of neutron-anti-neutron oscillation is the 
A1'[19]. Due to the color structure of the coupling, it cannot lead to N - R  oscillation 
in the tree level and one has to invoke electroweak loop effects. This has been studied 
in detail in the recent paper of Goity and Sher[20]. They conclude that the dominant 
contribution arises from the u'd'b" type coupling in conjunction with a box diagram 
that changes dd -+ bb and has the strength (see Fig.2): 

The Vd and i&,  above refer to the u b  mixing angles in the qpark and squark sector. 
The rest of the notation is self explanatory. The value of p* is not known. In 
order to estimate the transition time for neutron-anti-neutron oscillation, we have 
to multiply by the wave function effect i.e. 1$(0)12: 

Using the value for i$(0)12 3 x GeV' from Ref.[12], we get 

sm,-x N 5 x 10-22A112 
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The ILL lower bound on ~ ~ - j j  2 .8 x 10' sec. can be translated into an upper 
bound on Ai23 5 4 x There a.re uncertainties in this estimate coming from the 
value of squark mixings as well as the values of squark masses. Our goal will be to 
seek grand unified theories where values of A" in the general ball-park 
are predicted so that one may confidently argue that those models provide a good 
motivation for carrying out the neutron oscillation experiment. 

We will be guided in our choice of the models by the heterotic superstring the- 
ory compactified either fermionically or via the Calabi-Yau manifolds. It turns out 
that complete breakdown of the gauge symmetry in these cases automatically imply 
that R-parity, which is an exact symmetry above the GUT scale breaks down. Our 
goal will be to study the prediction of the strength R-parity violating interactions 
in these models consistent with the idea of gauge coupling unification. We win dis- 
cuss two classes of theories: one based on the gauge group SO(10) and another on 
[SU(3)I3. In both cases we will restrict ourselves to only those Higgs representations 
allowed by the superstring compactification guidelines. 

to 

V. Spontaneous breaking of R-parity in string in- 
spired SO(10) model: 

In the SO(10) model, the matter fields belong to the spinor 16-dimensional 
representations whereas the Higgs fields will belong to 45, 54, 16+16 10-dim rep- 
resentations as is suggested by recent studies of level two models[21]. The symmetry 
breaking in these models is achieved as follows: The vev of the 45 and 54-dim fields 
break the SO(10) symmetry down to SU(3), x s U ( 2 ) ~  x SU(2)lr x U(~)B-L which is 
broken down to the standard model by the 9 component of 16+16 acquiring vevs. 
The question we now ask is what is the strength of AB = 1 R-parity violating terms 
at low energies. Since the P' field has B - L = 1, it will induce the AB = 1 terms at 
low energies. First point to note that they do not arise from renormaliaable terms in 
the Lagrangian but rather only from the mass suppressed nonrenormalizable terms 
in the SO(10) model. This i d e s  that they aze automatically suppressed. The rele- 
vant terms are of the form 16~16,16,16,/Mp~. When ~3 vev is turned on, these 
type of terms lead to terms of type QLD', LLE' as well as U'D'D'. Their strength 
will be given by (>)/Mpl and will therefore depend on the scale of B - L breaking, 
which in turn is tied with the gauge coupling unification. Tmportant point to note is 
that all the above terms have the same strength as a result of which a combination 
of the QLD' and the U'D'D" terms at the tree level will lead to proton decay with 

2 
strength N 2% (e) . The present limits then imply that (v'>/Mpr 5 
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This automatically implies that the effective A" type terms are also of this order 
leading to unobservable amplitudes for N - fl transition. 

'VI. Observable N -  oscillation in [SV(3)I3 model: 

Let us now turn to the superstring inspired [SU(3)I3 type models. The matter 
multiplets in this case belong to representations Q f (3,1,3), Qc E ( i ,3 ,3)  and 
F (a, 3 , l )  representations. The particle content of these representations can be 
given by: y5 = (u,d,g), Q c =  (uc,dc,gc),  

- -  

4 and Q' denote the quark multiplets and F denotes the leptonic multiplets. The 
Eggs fields will belong to F-type representations and will be denoted by H and 

respectively. The gauge invariant couplings are then given as in the following 
superpot ential: 

fQQcH + f'(QQQ + y5'Q'Q') + f"QQ'F + hiF3 + h2H3 + h3H3 + ... (IO) 

where we have suppressed the generation indices. These terms are of course enor- 
malizable. Again as in the case of the SO(10) model, the R-parity violating terms 
arise once the & vev is inserted in the above operators. Again, as before, AB # 0 
terms will be induced by purely renormalixable terms thru tree diagrams of type 
shown in Fig.3. They lead to u'dCdC type terms[22] . It is these type of terms that 
are dominant and their strength can be estimated to be ff'(ic)/(no). The strength 
of AB # 0 R-parity violating terms are dictated by gauge coupling unification. 

Let us now see the constraints of proton decay on the couplings in this model. 
To see this, let us recall the superpotential in the above equation. Note that proton 
decay involves the couplings f'f" whereas A B  = 1 non-leptonic terms involve f f'. 
Therefore unlike the SO(10) case, the two processes are decoupled from each other 
and we can suppress proton decay by imposing a symmetry that forbids the f" term 
but not the f or f' terms. 

Let us now proceed to discuss the constraint of gauge coupling unification 
on the B - L breaking scale in these models. It turns out that if we assume that 
[SU(3)I3 breaks down to SU(3), x SU(2)1; x s U ( 2 ) ~  x U ( ~ ) B - L  at the GUT scale by 
the vev of the no field, the spectrum of particles below it is same as for the SO(10) 
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case. We keep one additional color octet multiplet below Mu. The one and two 
loop unification in this case have been studied recently[23] and the result is that 
one finds Mu N 10l8 GeV and MB-L N 1013 GeV or so. The one loop unification 
graph is shown in Fig.4. We see from the discussion in the above sections that 
operators of type uCdCdC are induced with strength of order Xf where A ,N lo-' as 
determined by the unification analysis and f is an unknown parameter (which could 
be assumed to be of order 10-l). This leads to A'' II or so. It can lead to 
observable neutron-anti-neutron oscillation with 7 N - m  of order lo1' sec. We hasten 
to note that due to the unknown coupling f in the six-quark superfield operator, we 
cannot make an exact prediction; but given the uncertainties in the parameters, the 
neutron-anti-neutron oscillation time could be somewhere between lo8 to 1O1O sec. 
This is clearly accssible to the proposed Oak Ridge experiment which plans to search 
for neutron-anti-neutron oscillation upto a sensitivity of lo1' to 10l1 sec.[8]. This 
should therefore throw light on the nature of this class of grand unified theories. 

VII. Baryogenesis in the [SU(3)I3 model: 

In the section we present a brief outline of a scenario for baryogenesis in the 
[SU(3)J3 model discussed above. The reason for this is that the nature of the se- 
lection rule for baryon number non-conservation and the possibility of baryogenesis 
in the early universe are intimately linked. Very crudely this connection can be 
stated as follows: the higher the dimensionality of the AB # 0 operator, the lower 
is the temperature of its thermodynamic decoupling from the rest of the universe. 

, Since before the decoupling temperatures is reached such processes can always erase 
any preexisting baryon asymmetry, there is a close connection between the mecha- 
nism for baryogenesis and the nature of baryon non-conservation. Clearly, since the 
N-f i  transition operator has dimension nine, it remains in equilibrium to very low 
temperatures and one must be careful. 

We contemplate the following scenario for baryogenesis, where the lepton 
asymmetry of the universe is generated at temperatures of order lo9 GeV or so 
below the temperature for inflation reheating. This lepton symmetry is converted 
to the baryon asymmetry due to sphaleron effects [24] as suggested in Ref.[25]. We 
now have to make sure that the AB = 1 interaction is out of thermal equilibrium 
during the time when the sphalerons active in transforming the lepton number into 
baryon number i.e. from lo9 GeV down to 100 GeV. In Fig.5, we have plotted the 
rates for the AB = 1 process and the Hubble expansion rates for various values 
of the A'/ coupling. It appears that only for A" 5 or so, the conditions are 
favorable for baryogenesis. One could also treat this as a crude upper bound on the 

' 
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magnitude of the AB = 1 interaction from the baryogenesis consideration. This 
corresponds to a 7 N - n  N '10" sec. It is interesting that this is the range being ex- 
pected from [SU(3)I3 type theories and is also measurable in the N - experiment 
being planned. 

VIII. Conclusion: 

In conclusion, it is clear that a dedicated search for neutron-anti-neutron oscil- 
lation to the level of 10" sec sensitivity is going to prove extremely valuable in our 
understanding of physics beyond the standard model. A non-zero signal would rule 
out many grand unified theories such as the simple non-supersymmetric SU(5) and 
E6, supersymmetric SO( 10) models etc. and will be a strong indication in favor of a 
string inspired supersymmetric E6 or [sU(3)l3 type model. A negative signal to this 
level would imply restrictions on the baryogenesis scenarios and the accompanying 
particle physics models. A positive signal would also yield valuable information on 
the violation of equivalance principle between particle and anti-particle. 

I would like to thank the Oak Ridge National laboratory for hospitality during 
the workshop. 
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(NON SUSY) 

SU(2)L x SU(2)R x SU(4), 
Minimal SO(l0) 

5 7 5 )  

Table 1 

GUT model 11 Is N - fl observable? 11 Implications 

No A(B - L) = 0 
Yes M, N lo5 GeV 
No 

E6 

(SUSY GUT) 
~ ( 3 1 1 ~  
SO( 10) 

No 

Yes Induced breaking of R-parity 
No 

Table Caption: This table summarizes the observability of neutron-anti-neutron 
oscillation in various GUT models. 

Figure Caption: 
Fig 1: The Feynman diagram that leads to N - fi oscillation in the SU(2)s x 
s U ( 2 ) ~  x S U ( 4 ) ,  model. 

Fig 2: The diagram responsible for N - fl oscillation in models with R-parity 
breaking. 

Fig 3: The origin of the uCdCdC vertex in [SU(3)J3 type model at low energies. 

Fig 4: The running of gauge couplings in the one loop approximation in models 
. with intermediate scales and unification at the string scale. 

Fig 5: The comparision of the rates for baryon number violating processes in R- 
parity broken models with the Hubble expansion rate. 
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and 
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Abstract 

We claim that there might exist a new interaction leading to very fast baryon-number 
violating processes quite observable in the laboratory conditions. 

1. Baryon-Antibaryon Mixings and Oscillations. 
It was conjectured few years ago [l] that there could take place very fast baryon-number 

violating transitions with quite observable rates which however escaped observation up to now 
due to some specifics of the interaction. Specifically, it was conjectured [l] that there could be 
a baryon-number violating coupling originating in pxticles of electroweak masses and coupling 
strengths, provided all three generations are simultaneously involved. An example of what I 
am talking about is given by the coupling 

q5 being color-triplet scalar fields, q being right-handed quark fields, X being the coupling con- 
stant and i, j, k = 1,2,3 are family indices. Note that the corresponding scalar fields are quite 
generic in the context of any GUT. Being interested in various aspects of baryon- antibaryon 
mixings and oscillations, I exhibited special interest in the (bus) baryon as the lightest 
one composed of quarks of all three generations which might undergo a lot of mixing with its 
antiparticle ( see Fig. 1). 

By rapid transitions (bus) * (k.3) I mean that the transition time, rhs,+gzT, is not excluded 
to be of order of the weak decay lifetime, 

It does not seem that such couplings would result in problems with FCNC and/or hyperon c) 
anti-hyperon transitions. It seems that the most stringent constraints on the magnitude of the 
coupling under consideration come from results of experimental searches of matter instability 
(proton decay, neutron-antineutron transitions in nuclei and in vacuum). However, what I a m  
going to conjecture now, is the following. Remarkably enough, neutron-antineutron transitions 
originating from radiative electroweak corrections to the proposed interaction Fig. 1 being 
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tremendously suppressed in comparison with (bus) c+ (h) transitions by factor N (G2F)2 N 

might be well in the right range for experimental searches, with 

Tn++fi io7 - 10%. (3) 

Thus, fast enough baryon-number violating transitions might be looked for both by investi- 
gation of wrong signature weak decays of (bus)-like baryons and by searches of nii transitions. 

2. A Speculation on ALEPH Events. 
One may speculate on a possible relation of the assumed existence of these new scalars 4 

mediating baryon-number violating transitions to presumably observed recently 4jet  events 
by ALEPH: Such features of ALEPH events as no missing energy, absence of b-quarks in 
jets, relatively large yield in comparison with expectations might be easily understood in the 
framework of our hypothesis. Indeed, our colored scalars 4 are coupled to quarks only and 
not to leptons. Second, if a pair of produced particles (with masses 55 GeV), giving two jets 
after their decay, is assumed to be a pair of 4’s with the family index j = 3, then one should 
not expect b-quarks in jets at all. Finally, if there is indeed some excess in number of events 
observed, it might be explained by large electric charge of some of 4’s. 

3. Conclusions. 
New rich physics might be well quite nearby! Searches are worthwhile both at accelera- 

tors and in low energy experiments and may proceed in several directions. Among them are, 
obviously, the following ones. 

1. Production of pairs 
2. Production of (bus)-like baryon-antibaryon pairs, say, at e+e- colliders, and search 

for wrong signature decays of produced baryons and antibaryons. Wrong signature is due to 
baryon-ant ib aryon mixing. 

3. Search for nii oscillations in free neutrons beam. It might be well that even present 
sensitivity is already almost sufficient and we are close to observation of this phenomenon. 4. 
Search for induced matter instability. 

The proposed new interaction might have a deep impact on generation of the baryon asym- 
metry of the Universe. 
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at hadron and electron colliders (in experiments like ALEPH). 
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. ANTIMATTER 
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Physics Department, Boston University 
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Abstract 

I describe the current status of electroweak baryogenesis, and com- 
ment on the possible existence of domains of antimatter in the Uni- 
verse. 

1 Introduction 
Although the dominant components of the Universe remain a mystery, one 
thing seems clear: in the vicinity of our ga1;wCv there are photons, a small 
amount of matter (baryons, electrons and neutrinos), but practically no anti- 
matter. This asymmetry between matter (baryons) and antimatter (anti- 
baryons) has given rise to speculation that the fundamental forces of nature 
might be baryon number violating, generating this asymmetry during the 
early history of the Universe, and eventually leading to this workshop. Of 
course it is possible that for some unknown reason the initial conditions for 
the Universe at or prior to the time of the big bang distinguish between 
matter and antimatter, but we wish to avoid invoking such conditions if at 
all possible. We will therefore assume that the Universe contains a matter- 
antimatter symmetric distribution of material at very early times which must 
evolve into the asymmetric distribution we observe today. There are two pos- 
sibilities for this evolution: either the antimatter is everywhere destroyed, or 
it is somehow moved to or left in locations distant from our own galaxy. The 



94 

former possibility is usually referred to as “baryogenesis”, while the latter is 
usually referred to as impossible. We will first discuss the status of baryo- 
genesis and its implications for baryon violation detection, and subsequently 
remark on the theoretcial possibility of distant domains of anthatter. 

2 Observations and Evalutations 
In quantifying the size of this baryon asymmetry it is convenient to quote the 
ratio of the baryon density to the photon density (or sometimes the photon 
entropy). The reason for using this ratio is simple: the expansion of the 
Universe leads to a dilution of the baryon density, and thus this quantity by 
itself evolves even in the absence of any interactions. However the photon 
density dilutes in a similar fashion, and thus the ratio is unaffected by this 
cosmic expansion. (Note that photon entropy production, as occurs during 
the era of electron-positon decoupling, can also cause this ratio to evolve; in 
a careful quantitative analysis these changes can be taken into account to 
relate this ratio at early times to the value measured today). Quantitatively, 
a combination of direct observations and theoretical computations lead to a 
value for the ratio of the baryon number density to the photon density of a 
few times the theoretical input comes from our understanding of the 
synthesis of light nuclei in the early Universe which directly constrains the 
baryon to photon entropy ratio, while the experimental input comes from 
measuring the luminous material in the visible portion of the cosmos. If the 
Universe had initially contained equal numbers of baryons and antibaryons, 
the rapid baryon-antibaryon annihilation rate in the early Universe would 
lead to a value for this ratio some ten orders of magnitude smaller than this 
observed value. 

If however the number of baryons exceeds the number of antibaryons 
by some small amount than annihilation can not be totally efficient: we 
can at best annihilate all the antibaryons, leaving a small residual number 
of antibaryons. If this excess of baryons over antibaryons is one part in lo8 
than the residual number of baryons after annihilation would be in agreement 
with the observed baryon to photon ratio. In order for such an excess to be 
generated from initially symmetric conditions in the early Universe. three 
requirements, first articulated by Sakharov,l are necessary: 

1. C and CP Violation. 
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2. Baryon Violation. 

3. Departure from Thermal Equilibrium. 

Qualitative discussions of baryogenesis typically begin by identifying pos- 
sible sources for these three ingredients. More quantitative treatments must 
of course include a mechanism by which these three ingredients can interact 
to produce an asymmetry. 

In the late 1970s and early 1980s the dominant candidates for the origin 
of these three ingredients were Grand Unified Theories. These theories typi- 
cally include interactions, either through new gauge bosons or through new 
Higgs-like scalars, which violate baryon number. In addition the existence of 
these new particles (notably the new Higgs-like scalars) allows for the pos- 
sibility of new CP violation. Thus these theories can easily accomodate the 
first 2 requirements. The third condition can also arise in the context of 
these theories by having a “late decaying particle”, whose decay rate is much 
smaller than its mass; but this is non-trivial to realize at a sufficiently large 
level. It often requires some amount of fine tuning of parameters in order to 
obtain a baryon asymmetry as large as that which is observed. Discussions 
of experimental signatures for baryon violation have largely focused on these 
theories. 

In the mid 1980s an alternative to Grand Unified baryogenesis was sug- 
gested by Rubakov, Kuzmin and Shaposhnikov.2 They pointed out that even 
the Standard Model of weak interactions has the potential to give rise to all 
three of Sakharov’s requirements. Although they were not able to describe a 
mechanism by which these three ingredients in the SM could interact to pro- 
duce the asymmetry which we observe, this sparked the notion that known 
physics could account for the baryon asymmetry. 

3 The Standard Model 
The first of Sakharov’s ingredients, C and CP violation, is well h o w n  to be 
satisfied both in nature and in the Standard Model: experimentally we have 
reactions such as the semi-leptonic decay of the long-lived neutral K meson: 
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while theoretically the SU(2)  x U(1) theory of the weak interactions along 
with the phase BCKM in the CKM matrix is the origin of C and CP violating 
processes . 

Although less widely recognized, and unverified experimentally, the stan- 
dard model also contains baryon number violating interactions. As was first 
realized by t’H00ftY3 just as barrier penetration in non-relativistic single 
particle quantum mechanics can give rise to classically forbidden effects, 
similar non-perturbative quantum effects in the SU(2)  x U(1) theory of the 
weak interactions allow transitions between states of differing baryon num- 
ber. These effects are suppressed by a typical semi-classical tunneling factor, 
exp(-2n/ar) N and are therefore too small to be obvserved labo- 
ratory in any laboratory experiment. In addition the symmetries of such 
processes restrict all such transitions to  change baryon number by 3 units, 
which excludes porcesses like proton decay or neutron-antineutron oscilla- 
tions. However at high temperatures there is no need to tunnel through any 
barrier, as thermal fluctuations will allow transitions over the top of any po- 
tential impediments. These are characterized by a Boltzmann rather than a 
semi-classical factor, exp (-Es/??), where E, N M’/ar,,,k is the barrier height. 
At sufficiently high temperature this factor ceases to be small, and baryon 
violating interactions can proceed at a reasonable rate. 

The last ingredient, departure from thermal equilibrium, follows also from 
the standard model of weak gauge interactions. At laboratory temperatures 
these interactions are in a (weak) superconducting phase, accounting for 
the short range nature of weak forces via the Higgs mechanism. But at a 
high temperatures (expected to be about 100 GeV) these interactions should 
undergo phase transition to the unbroken (or “normal”) phase in which the 
W and 2 bosons are massless (along with the quarks and leptons which get 
their masses from electroweak symmetry breaking as well). In this phase the 
barrier preventing baryon violating transitions has disappeared altogether, 
leaving a rate per unit volume for baryon violating processes characterized 
by ar:kT4. This phase transition can provide a source of non-equilibrium 
physics satisfying the last of Sakharov’s conditions. Whether or not this is 
so depends on the details of the transition: if it is second order, particle 
masses and reaction rates vary smoothly during the phase transition, and 
no large non-equlibrium effects are present. If the transition is first order 
however, then the Higgs vev will be discontinuous at the transition, and may 
give rise to large non-equlibirum effects. 

Having recognized that the standard model (and consequently any exten- 
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sion of the standard model) contains the necessary components for baryo- 
genesis, the remaining question is how and if these ingredients can in fact 
interact in a way to produce the observed baryon asymmetry. 

4 Electroweak Baryogenesis 
Cohen, Kaplan and Nelson4 have suggested a means by which the presence 
of CP violation may be communicated to baryon violating interactions in 
a non-equilibrium way which would give rise to a baryon asymmetry. This 
mechanism relies on the existence of an epoch in which regions of broken 
electroweak symmetry coexist with regions of unbroken electroweak sym- 
metry, separated by phase boundaries (this would be the case for a classic 
first order phase transition that proceeds through nucleation of bubbles of 
the low-temperature phase as the Universe cools). From the discussion of 
baryon violation in the standard model we see that this also means that 
baryon violation will occur rapidly in the unbroken phase regions, while in 
the broken phase regions baryon violation is effectively shut off, provided the 
symmetry breaking (and hence the W and 2 boson masses) is sufficiently 
large. The spatial separation of domains where baryon violation is rapid and 
domains where it is slow provides the connection between non-equilibrium 
physics and baryon violation necessary for baryogenesis. 

The last ingredient, CP violation, typically arises through couplings of 
fermions (like the quarks and leptons). Fermions typically become massive 
only through the effects of electroweak symmetry breaking (this is the case 
for quarks, leptons and many fermions in extensions of the standard model), 
and consequently they can interact strongly with the phase boundaries that 
appear at the electroweak phase transiton; these interactions will in general 
be CP violating, and can have a large CP violating effect on the distribu- 
tions of fermions in the neighborhood of these phase boundaries. Thus this 
provides a connection between CP violation and the non-equilibrium physics 
of the phase transition. Once the distributions become affected in the vicinity 
of these phase boundaries, the fermions can communicate the effects of CP 
violation to the baryon violating interactions which are occurring rapidly in 
the unbroken phase. Although complicated to compute in detail, the baryon 
asymmetry produced can be qualitatively summarized by the simple formula: 

n b  CY4 - --cp - 
n7 100 
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where 6cp is an invariant measure of the size of CP violation. 

5 The Standard Model (again) 
Although the standard model (and by this we mean the model bked on 
an SU(2) x U(1) gauge theory of three families of quarks and leptons with 
a single Higgs doublet) possesses the ingredients outlined in the previous 
section, it has two difficulties which prevent the generation of the observed 
baryon asymmetry entirely within the context of this model. 

Firstly, in order for baryon violation to be effectively shut of€ in the regions 
of broken symmetry the phase transition must be rather strongly first order. 
Calculations516 as well as lattice simulations6-8 suggest that this happens 
only for Higgs masses lighter than current experimental bounds permit. 

Secondly, the invariant size of CP violation in the standard model is quite 
small-note that CP violation is absent in this model if any two up type or 
down type quarks are degenerate in mass, or if any family mixing angles 
vanish. The result is that the parameter 6 c p  is approximately which 
yields a baryon asymmetry nearly ten orders of magnitude smaller than the 
observed value. 

Although a possible enhancement over this basic estimate has been sug- ' 

g e ~ t e d , ~  careful calculations indicate that the nahe estimate is essentially 
~ o r r e c t , ' ~ ~ ~  and the standard model is unlikely to be capable of producing 
the observed asymmetry. 

Fortunately, almost any extension beyond this restrictive definition of the 
standard model has the potential for a more strongly first order phase tran- 
sition, as well as substantial new CP violation. Examples of such extensions 
include essentially all popular models of electroweak symmetry breaking, 
such as multi-Higgs doublet models, Supersymmetric models, neutrino-mass 
models and Technicolor. 

6 Antimatter 
Our previous discussion has described a possible means €or an initially baryon 
symmetric Universe to develope the asymmetry we believe exists in our local 
neighborhood. Although this a s m e t r y  is typically assumed to be uniform 
throughout the entire Universe, the direct experimental evidence for this is 
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rather weak. 
The observational constraints on domains of antimatter (regions in which 

baryogenesis produced not an excess of matter but instead an excess of un- 
t imu t te r )  are carefully reviewed in the work of Steigman.14 The conclusion 
is that within our local cluster (a distance of about 20 Mpc) very little anti- 
matter is possible. However on distance scales larger than this, domains of 
antimatter are not excluded. For reference note that the Hubble size today 
is approximately two orders of magnitude larger than this minimum domain 
size. 

Experimental searches for such domains are currently being discussed. 
If some of the cosmic rays we observe originated outside our local cluster of 
galaxies, then we would expect that some fraction of these cosmic rays should 
contain antimatter. The AMs experiment is designed to look for antinuclei 
in cosmic rays using a magnetic spectrometer placed in orbit above the earth. 

Previous analyses of the viability of such domains have focused on high 
energy gamma rays produced in the regions of overlap between domains 
today. These results exclude such domains to a distance of approximately 
the size of clusters today, 20 Mpc. However if such regions do exist, they 
would have a significant impact on the evolution of the eurZy Universe and 
might give rise to several other possible signatures. They would, for example, 
give rise to a diffuse gamma-ray background from the matter-antikatter 
annihilations that would have taken place near the domain boundaries in the 
early Universe; these high enery gammas would subsequently redshift, and 
give rise to low energy gammas or X rays today. The high energy charged 
particles produced in matter-antimatter annihilations could also give rise to 
non-thermal distortions of the cosmic microwave background radiation 

In recent work by various combinations of Cohen, De Riijula, Glashow 
and G a ~ e l a l ~ * ~ ~  , these constraints have been examined to determine whether 
a cosmology of this sort is still acceptable in view of recent measurements of 
the cosmic microwave background and the diffuse gamma ray background. 

Although these computations are not yet complete, preliminary indica- 
tions are that domains whose size today is smaller than the current Hubble 
size would give rise to an unacceptably large gamma ray background. 
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Abstract 

Possible mechanisms of abundant creation of antimatter in the universe are 
reviewed. The necessary conditions for that are: baryonic charge nonconsem- 
tion, spontaneous breaking of charge symmetry or nonequilibrium initial state, 
and the formation of appropriate initial conditions during inflation. In this case 
the universe may be populated with domains, cells, or even stellar size objects 
consisting of antimatter. 

1 Introduction 
The problem that I am going to discuss is not directly related to  the subject of this 
conference dedicated to experimental search of baryon nonconservation. Still there is 
one thing in common, all models of cosmolo cal creation of antimatter request non- 

by e.g. decays or annihilation of new long-lived heavy particles (like quasistable 
neutralinos of supersymmetric models) which may proceed with baryonic charge con- 
servation or even production of antinucleons by energetic cosmic rays but this is not 
what is usually understood as creation of antimatter. 

We know from observations that the universe in our neighborhood is 100% charge 
asymmetric. There are only baryons and electrons and no their antiparticles in a 
com arable amount. Though the asymmetry is large now, in some sense it is very 

in the cosmic microwave background radiation, Nr is: 

conservation of baryonic charge. There may f? e of course a production of antibaryons 

sma R . The number density of baryons, NB, relative the number density of photons 

This means that the universe was almost charge symmetric at high temperatures, 
T > (afew) x 100 MeV. At these temperatures the excess of baryonic charge was 
approximately one unit per lo9 baryons. Still though the ratio (1) is very small, 
it is 9 orders of ma itude larger than it would be in 
s mmetric universe. %e do not know if all the universe is char 
t E e same universal magnitude of the charge asymmetry or the 
these locally as mmetric domains, f B. Existing data indicate that ZB > 10 Mpc. 

5 
point dependent and can even chan e its sign. Nothing is 

Whether Zg is a t ove or below the present day horizon, Zh = 10 Gpc, is an intriguin 
question and in what follows I will discuss the models which predict a relatively smal 
value of lB, so that antimatter may be accessible to observations. 

It is very important for all these models as well as for the planned experiments on 
search of baryon nonconservation to know if baryonic charge is indeed nonconserved. 
At the present time cosmology gives the only "experimental" and a very strong ar- 
gument in favor of nonconservation of baryons. In other words our existence stron ly implies baryon nonconservation. This is not just that the baryon asymmetry o f t  5l e 
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universe can be generated only if baryonic charge is nonconserved as was suggested 
25 years ago by Sakharov [l]. (For possible but rather exotic exceptions see review 
paper [2].) There is something more, namely that sufficiently long inflation could 
not go with conserved baryonic charge [3, 21. Since it seems that without inflation 
is impossible to make a suitable for life universe we have to assume that baryons 
are indeed nonconserved. The argument goes as follows. For successful solution of 
cosmological problems[4] inflationary stage should last sufficiently long (for a review 
see e.g. books [5, 31). The duration of inflation r should be larger than 60 Hub- 
ble times, H g  > 60, where HI is the Hubble constant during inflation such that the 
scale factor, which describes the universe expansion, behaves as a(t) N exp(H1t). One 
may say that in order to create the observed number density of b y ,  the initial 
baryonic charge density at the onset of inflation should be unnatural y large, at least 
e180(Ta/2.7K)3 times larger than at the present day. Here 2 .X  is the temperature 
of the cosmic microwave background radiation today and T' is the temperature at 
the end of inflation. Such a large number is of course not natural but it does not mean 
impossible. What makes inflation with conserved baryons impossible is the energy 
density considerations. The- Hubble parameter is expressed through the cosmological 
energy density density p as H = JW. To make an exponential expansion 
the parameter H must be approximately constant. It implies that in this regime the 
energy density does not change with.the expansion but remains constant too. It is 
indeed realized in models where inflation is driven by a scalar (inflaton) field. Let us 
assume now that baryons are conserved. In accordance with eq.(l) the energy den- 
sity associated with baryonic charge at the hot early stage of the universe evolution 
is about - of the total energy density. Let us go backward in time to 
even earlier period, when inflation took place. . At this stage the .energy density of 
all forms of matter is represented by the inflaton and remains constant in the course 
of contraction (remember we are going backward in time). However the energy den- 
sity associated with baryonic charge cannot be constant because by assumption this 
charge is conserved. Corres ondingly it changes with theiscale factor as p~ N It 
inant and the total energy density could not remain constant. T us with conserved 
baryons inflation can be only very short, Hrr 5 6, which is by far below the necessary 
duration. 

Thus we must conclude that baryonic charge in our universe is not conserved and 
the direct experimental search of the proton instability or neutron-antineutron oscil- 
lations is not on1 just experiments for putting an upper bound but the experiments 

thing about the magnitude of the effect. It ve much depends upon the mechanism 

is not necessarily the same that leads to the proton decay or neutron-antineutron 
oscillations. Theory opens several possibilities to break B-conservation with differ- 
ent levels of creditability. The standard SU(2) x U(1)-electroweak interactions are 
known to break baryonic current conservation by the chiral quantum anomaly[6]. 
This is a rather strong theoretical prediction but unfortunately manifestations of this 
phenomenon in low energy physics are extremely weak, they are suppressed by the 
tunnel penetration factor e x p ( 4 ~  sin2 8w/(r) NN At high temperatures the ef- 
fect may be grossly amplified and may explain the observed baryon asymmetry of 
the universe['7] (for the reviews see the talk by A. Cohen at this Conference or review 
papers[2,8]). Fortunately there are plenty of other mechanisms of B-nonconservation, 
which do not necessarily operate at ultrahigh energies, as for example the GUT'S one 
does. Some of them are so efficient at low energies that .the direct observation of the 
effect is almost at hand and, as M. Goldhaber said at the beginning of this meet- 

'x means that in less than 6 Ip ubble times the energy density of ba ons becomes dom- 

for discovery real r y existing phenomenon. Unfortunately cosmology does not say any- 

of ba onic charge nonconservation and one % s ould keep in mind that the mecha- 
nism 'K t rough which the observed baryon asymmetry of the universe has been created 
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ing, one should rush to the laboratory and to make the discovery (unfortunately he 
referred to the unsuccessful attempts to find proton decay in the first generation 
experiments). Let us hope that the second generation will make it. 

2 General conditions for cosmological creation of 
antimatter. 

Why at all may we ex ect that there are macroscopically large domains of antimat- 
ter in the universe? $here is no rigorous theory which requests that. Moreover in 
all simple models of baryogenesis the baryon asymmetry is a universal constant over 
all the universe so that there is no place for antimatter. On the other hand sim le 
modifications of baryogenesis scenarios will result in formation of domains with &f- 
ferent signs of baryon asymmetry. To this end the following two conditions should be 
satisfied: 

1. Different signs of C and CP-violation in different space points. 

2. Inflationary (but moderate) blow-up of regions with different signs of charge 

The first condition is realized in the model of spontaneous breaking of charge symmetry[9]. 
It is assumed that the Lagrangian is charge symmetric but the ground state is not. It 
can be realized by a complex scalar field which acquires a nonzero vacuum expecta- 
tion value like the one in the usual Higgs mechanism. The effective potential of this 
field may e.g. have the form: 

symmetry breaking. 

- 

where the last term came from the temperature corrections, which force the system 
to the symmetric state at high temperatures[lO]. At low temperatures the state 
(4) = 0 becomes energetically unfavorable and a complex condensate is developed 
which through Yukawa cou ling would 

opposite signs of C(CP)-odd phase are indeed formed. In these domains either matter 
or antimatter is generated by baryogenesis[ll]. The universe in this model is charge 
symmetric on the average and asymmetric locally. 

There are two serious problems which this model encounters. First is that the 
average size of the domains is too small. If they are formed in the second order 
phase transition, their size at the moment of formation is determined by the so called 
Ginzburg temperature and is approximately equal to Zi = l/(ATc) where Tc is the 
critical temperature at which the phase transition takes place and X is the selfinterac- 
tion coupling constant. In this case different domains would expand together with the 
universe and now their size would reach ZO = Zi(Tc/To) = l/(XTO) where To = 2.7K is 
the present day tem erature of the background radiation. If the phase transition is 
first order then the ubbles of the broken phase are formed in the symmetric back- 
ground. In this case different bubbles initial1 are not in contact with each other, 

may expand faster than the universe, even as fast as the speed of light. Thus to the 
moment when the phase transition is completed the typical size of the bubbles may 
be as large as the horizon, If x t x rnPl/T;. After that they are stretched out by 
the factor T’/To due to the universe expansion. To make the present day size around 
(or larger than) 10 Mpc we need T’ - 100 eV. It is difficult (if possible) to arrange 

% ve rise to breaking of C and CP by e. 
complex fermion masses. &e can see t f? at through this mechanism domains wit 

typically the distance between them is much i? arger than their size, and their walls 
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that without distorting successful results of the standard cosmology. Thus to make 
observationally acceptable size of the matter-antimatter domains, a superluminous 
cosmological expansion seems necessary. This solution was proposed in ref.[12] where 
exponential (inflationary) expansion was assumed. With this expansion law it is quite 
easy to overfulfill the plan and to inflate the domains above the present day horizon. 
Effectively it would mean a return to the old charge as mmetric universe without any 
visible antimatter. So some fine-tuning is necessary w K ich would permit to  make the 
domain size above 10 Mpc and below 10 G c. 

IS can energy density and/or large inhomogeneity created by the domain walls[13]. Th' 
be resolved if domain walls were destroyed at later stage by the symmetry restora- 
tion at low temperature or by some.other mechanism [14, 151. However there could 
be scenarios of ba ogenesis in which domains of matter-antimatter may be created 

when the (scalar) field which creates C(CP)-breaking or stores baryonic charge is not 
in the dynamically equilibrium state. These models are described in more detail in 
the following sections. 

The second cosmological problem whic K may arise in this model is a very high 

without domain wa P 1s. The basic idea of these scenarios is that baryogenesis proceeds 

3 Antimatter in models with baryonic charge con- 
densate. 

In superspmetric theories there exist scalar fields with nonzero baryonic charge, 
superpartners of quarks. Such fields (more exactly the electrically neutral colorless 
combination of squarks and sleptons) may form a classical condensate in the early uni- 
verse, in particular at inflationary stage, if there are the so called flat directions in the 
potentials. Subsequent decay of this condensate would result in a considerable baryon 
asymmetry[16]. The picture can be visualized as follows. Evolution of a complex spa- 
tially homogeneous scalar field is described by the same equation as two-dimensional 
motion of a point-like body in the same potential U(Re#, Im#) -+ U(z ,  y). Bary- 
onic charge density is equivalent in this language to  the angular momentum of the 
mechanical motion of the body. The potential typically has the form of eq.(2). It is 
spherically symmetric at small and asymmetric and has flat directions at large 4. So 

# with a large amplitude oes with a strong ba onic charge nonconservation. If the 

up the potential slope due to infrared instability of scalar fields in De Sitter space- 
time[l7,18,19]. When inflation ends the field # would evolve down to the equilibrium 
value. Depending upon the initial conditions it may rotate clock-wise or anticlock- 
wise near the origin or in other words it would produce baryons or antibaryons in its 
decay. One sees at this example that even in the charge symmetric theory baryon 
asymmetry may evolve; charge asymmetry is created by asymmetric initial conditions 
which in turn are created by rising quantum fluctuations of the scalar baryonic field 
during inflationary stage. Of course at large scales the universe is charge symmetric. 
It is evident that there is no domain wall problem in this scenario. The characteristic 
size of domain with a definite sign of baryonic charge was estimated in ref.[2]. At 
the end of inflation it is equal to Lgi = HF1 exp(X-1/2). With X around - loe4 
such domains would be consistent with observations and still inside the present da 
horizon. Since it is natural to assume that the baryon asymmetry in this model g ra l  
ually changes from a positive value through zero to  a negative one, the annihilation at 
the boundaries of the domains would be much weaker than in the (usually assumed) 
picture of interactions of domains with sharp boundaries. Correspondingly the limits 

for small values of the amplitu t e of # baryonic charge is conserved while evolution of 

mass of # is smaller than t i e Hubble parameter 7 uring inflation, the field would climb 

. 
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on the magnitude of Zg would be considerably weaker. Note that not only the sign 
but also the magnitude of the baryon asymmetry in different domains in this scenario 
may be significantly different. 

4 Alternating (and periodic?) matter-antimatter 
cosmic layers. 

A relatively simple modifications of. the baryogenesis scenario would permit to et a 
very interesting distribution of matter and antimatter in the universe ranging %om 
strictly periodic flat alternating layers of matter and antimatter[20, 21, 22, 231 to cell 
structures with each cell formed by matter or antimatter with an average character- 
istic size which could easily be around 100 Mpc. The basic assumptions leading to 
this kind of structure are quite simple and even natural. Assume that there exists 
a complex scalar field 4 with the mass which is smaller than the Hubble parameter 
at inflation, rn4 < HI. Assume also that the potential U(4)  contains nonharmonic 
terms (i.e. not only rn214l2 but also e.g. 441'). Assume at last that a condensate 
(4)  = a(f) was formed during inflation. It is essential that the condensate a is not a 
constant but a slowly varying function of F. Such a condensate could be formed due 
to infrared instability of the scalar field mentioned in the revious section or in first 

at which 4 essentially varies, Z4, may be exponentially large due to inflation. 
When inflation is over, the field 4 relaxes down to its equilibrium value, oscillating 

near the minimum of the potential. If baryogenesis takes place very soon after the 
end of the inflation and the rate of the baryogenesis is lar e in comparison with the 

would 
be imprinted on the magnitude of the asymmetry because, as we mentione$ above, 
a condensate of a complex scalar field gives rise to C(CP)-violation proportional to 
the field amplitude. Thus baryogenesis makes a snapshot of the magnitude of 4. 
Now since the potential U(4)  is not harmonic, the frequency of the oscillations of 4 
depends on the amplitude. By assumption the initial amplitude is not the same at 
different space points and so the frequency is also a function of F. Because of that the 
initially smooth function 4(g would turn into an oscillating one with a huge wave 
length of oscillations proportional to Z4. 

If r$ oscillates around zero than its snapshot would show both positive and negative 
values. In the case that there are no other comparable sources of C(CP)-violation 
this model would produce approximate1 e ual number of baryons and antibaryons 
situated on relatively thin layers or she$s.?f the equilibrium value of 4 is nonzero 
or there is an ex licit char e symmetry breaking, matter or antimatter would be 

antibaryonic. 

. 

order phase transition with very much inflated bubble wal P s. The characteristic scale 

frequency of oscillations of 4, then the instant value of t 5 e amplitude of 

produced more e 8 ciently an % the universe on the average would be more baryonic or 

5 Island universe model. 
It is relatively simple to construct a cosmological model of the universe consisting 
of separate baryonic or antibaryonic islands floating in the sea of invisible matter or 
even of a baryonic island surrounded by the sea of antimatter[20, 211. In the first 
case our chances to observe antimatter are minor because the distance between the 
islands is typically rather large and the robability of the collisions is low. In the 
second case antimatter may be possibly o B served by the gamma ray background. 
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In short the scenario leading to the insular structure can be realized as follows. 
First, the charge symmetry should be spontaneously broken and the phase transition 
to the CP-odd phase should be first order with supercooling and formation of bubbles 
of the new hase inside the quasistable CP-symmetric phase. Second, there should 

too long. Otherwise the sizes of the CP-odd bubbles woul be either too small in 
contradiction with observations or too lar e so that we would never see the bound- 

it, the island size could be of the order of the present horizon size but still slightly 
smaller than the latter, When inflation ends and the Universe is (re)heated an excess 
of particles over antiparticles or vice versa is generated inside of the bubble by the 
normal rocess of baryogenesis. Outside of the bubbles where the charge symmetry 

be that there are two mechanisms of C(CP)-breaking, the spontaneous one operating 
inside the island and an explicit one operating everywhere. In that case the baryo e- 
nesis would proceed also outside the bubbles and may have either sign, in particu B ar 
it is possible that the ba onic island would be in the antibaryonic sea. In that case 

The size of the islands (or bubbles) depends upon the duration of inflation after the 
phase transition to C(CP)-odd phase took place. Normally the duration of inflation 
is very large in comparison with the minimal necessary one, H1r x 60, and one would 
naturally expect that the size would be much larger than the resent day horizon. 

charge symmetry breaking, to  the inflaton field a, e.g. of the form: 

0 be sufficient P y long period of exponential expansion after the hase transition but not 

ary. If the phase transition took place be f ore the end of inflation but not far from 

is unbro R en the baryonic charge density would be equal to zero. However it might 

one may expect a noticea T le annihilation on the coast. 

To escape this conclusion one may introduce a coupling of the R eld #, which creates 

with A' > 0 and is such that the inflaton field reaches and passes this value in 
the course of inflation. This interaction leads to effective time dependent mass of q5, 
Am2((t) = A'[@((t) - all2, so that the state # = 0 is almost always classically stable 
with respect to small fluctuations and only when is close to  @I there is a period 
of instability. Quantum fluctuations of # at that time increases and, if they exceed a 
critical value #c to the moment when the condition of stability becomes valid again, 
they do not return to the false vacuum state but would rise u to a nonzero complex 
value. Thus the bubbles of CP-odd vacuum can be formed. ?he average bubble size 
d and the distance I between them are very much model dependent. In particular the 
value of I can v from 0 to infinity and correspondingly vary the odds for observing 
antimatter in suc "3: universe. 

6 Very inhomogeneous baryogenesis. 
The model considered in this section combines some of the ideas discussed above but 
in an extrema1 form. Namely the mechanism of baryogenesis was proposed[24] which 
creates a huge baryon asymmetry NB/N, = O(1) in relatively small regions with, say, 
stellar size over the normal homogeneous baryonic background with NB/N, given by 
eq.(l). The probability of production of such high-B regions should be sufficiently 
small so that their number density is below the observational bounds. The sign of 
the baryon asymmetry in this regions is with equal probability positive or negative 
so we can expect both hi h density and small size baryonic and antibaryonic objects. 

those ob'ects collapsed at some early epoch into corn act stellar remnants and blkk 

amplitude isothermal fluctuations at small spatial scales. In this case, at least some 

There is no observationa 7 difference between the two if the density is so high that 

holes. ?!his model presents a mechanism for early b P ack hole formation from large 
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dark matter in the universe would be in the form of baryonic (and antibaryonic) black 
holes. Smaller uncollapsed bubbles of antibaryonic matter would be observable either 
as point-like sources of y-radiation or, if the annihilated earlier, as some bright 

o g jects were sufficiently high, early @-annihilation could result in the distortion of 
the spectrum of background radiation. Unfortunately there is too much freedom in 
the model to make any specific predictions. The amount of uncollapsed antimatter 
may vary from an unnoticeable amount to that in contradiction with existing data. 

The basic idea of the model is to make the conditions in which the Affleck-Dine[lG] 
mechanism of baryogenesis could be operative only in small s atial regions. In these 

directions in the potential of the scalar baryonic field 4 are separated from the origin 
(where the field is normally located) by a potential barrier. In this case the jump 
to the flat directions could be achieved on1 through the tunnel transition which is 

of high B-bubb1es. 8nce again the 'ump to  the flat directions should be done during 

necessary tuning may be achieved by a coupling between 4 and the inflaton field. 
Under reasonable assumptions about the production mechanism the mass distribu- 

tion of the high density baryonic or antibaryonic bubbles is given by the expression[24]: 

' 

s ots in the otherwise isotropic background r aJ iation. If the number density of these 

regions the asymmetry may be hu e since this mechanism su if ers from overabundant 
baryoproduction in contrast to  a 1  K other ones. This could be realized if the flat 

usually strong1 sup ressed. This ensures t K e desired suppression of the production 

inflationary stage to  make the bubb 3 es macroscopically large at the present time. The 

d n  
dM 
-- - M: exp[-a! - p In2 ( M / M ~ ) ]  (4) 

The constants a! p ,  and MO are determined by the arameters of the otential of the 

parameters it is possible to get MO in the interesting interval (1 - 106)M, where M ,  
is the solar mass. 

The cosmological evolution of such bubbles depends upon their size and the mag- 
nitude of the baryon as mmet or, to be more precise, u on the ratio of their size, 

pact objects, either stars or biack holes, at a very early stage of the evolution of the 
universe. Stars of antimatter could emit considerable energy due to annihilation of 
the accreted matter. With a sufficiently large amount of surrounding matter, they 
should radiate at their Eddington limit, 

+field and the kubble constant during inflation. 6 ith the reasonab P e choice of the 

ZB and the Jeans wave r ' x  ength J. Bubbles of large size, f B > XJ, would form com- 

' 

where Lo x 4 - 1033erg/sec is the solar luminosity. The life-time of such objects is 
of the order of 5 - 10gyears. If the accretion rate is below the limiting one (e.g. due 
to the surrounding deficit of matter), the luminosities would be smaller and the life- 
times would be larger. Those objects can be observed as y-ray sources isotropically 
distributed over the sky. A very interesting henomena may take place in a collision 

of gamma radiation rare events of antinuclei, in particular anti-helium4. 
of the antistar with a normal star. One wou P d expect to observe together with a flux 

7 Conclusion. 
One cannot make any strong conclusion from this very s eculative talk. What seems 

P quite definite is that baryonic char e is not conserved. !il ence proton is in princi le 
unstable, neutron-antineutron oscil K ations should exist and this is matter of "on y" 
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bubbles at sufficiently early moment and make them comfortably (for possible obser- 
vations) nearby. If this is true, very interesting configurations of matter-antimatter 
regions in the universe are possible, as it has been discussed above. Anyhow inde- 
pendently of theoretical speculations the idea of the charge symmetric universe looks 
so interesting and attractive that the searches for that just cannot be unsuccessful. 

This paper was supported in part by the Danish National Science Research Council 
through grant 11-9640-1 and in part by Danmarks Grundforksningsfond through its 
support of the Theoretical Astrophysical Center. 
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ABSTRACT 

The AMs experiment will be flown on the Space Shuttle in 1998 during 
which it will face deep space for 100 hours. It will also be attached to the 
International Space Station in the year 2000 for three years of operation. AMs will: 
(i) search for antinuclei in the cosmic rays; (ii) measure the antiproton flux at the top 
of the earth's atmosphere; (E) measure the positron flux at the top of the earth's 
atmosphere; (iv) measure high energy gamma rays from space; and (v) measure the 
isotopic composition of the light elements in the cosmic rays. 

1. Introduction and Description of Instrument 
The Alpha Magnetic Spectrometer (AMS) will go into a ten day orbit on the 

Space Shuttle in the Spring of 1998 during which it will be operated for 100 hours 
while viewing space. Also, it will be attached to the International Space Station in late 
2000 for an exposure of three years. The primary goal of AMS is to search for 
antinuclei in the cosmic rays with a sensitivity 10,000 times greater than achieved 
previously. The energy range covered will be approximately 0.1 to 20 GeV/amu. 
Possible sources of antimatter include antigalaxies such as might exist in a baryon 
symmetric universe,l*2 or compact objects made of antimatter.3 AMS will also 
measure the abundances of positrons and antiprotons in the cosmic rays. These 
particles are known to be present, and may be made exclusively as products of 
collisions of cosmic ray nuclei and electrons with the interstellar medium. There have 
also been suggestions that they may have been produced as a result of interactions of 
non-baryonic dark matter particles in the halo of our galaxy.4~5 Positrons will be 
identified from 1 to 100 GeV and antiprotons will be identified from 0.1 to 10 GeV. 
AMS will also function as a gamma ray telescope, covering the energy range from 0.1 
to 300 GeV. With its size and energy range AMS will be able to continue the study of 
galactic and extragalactic gamma ray sources begun by the EGRET experiment,6 which 
will no longer be operating when AMS is on the Space Station. Finally AMS will 
make improved measurements of the isotopic composition of the light elements in the 
cosmic rays, which will enhance our understanding of cosmic ray production and 
propagation in our galaxy. 

For the Shuttle flight AMS will weigh 6900 pounds, and will include (see Fig. 
1): 1) a two-ton cylindrical magnet made of Nd-Fe-B with an energy product of 50 
MGOe; 2) six layers of silicon trackers with tracking resolution of better than 10 
microns per layer; 3) four layers of scintillator to measure time-of-flight (TOF) and 
energy loss; 4) an anticoincidence scintillator lining the inside surface of the magnet. 
The geometrical factor of AMS will be 0.6 m2 sr, and its integral of magnetic field 
times tracking distance will be 0.15 T m. The momentum resolution is about 6% at a 
few GeVlclnucleon, and degrades at high energy due to tracking resolution, and at low 
energy due to multiple scattering. The maximum detectable rigidity is about 500 GV/c. 
The TOF resolution will be 100 ps/Z, where Ze is the charge of the particle. Charge 
magnitude is determined by using TOF data and energy loss data from the scintillators 
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and silicon detectors. The charge sign is determined from the sense of curvature in the 
magnetic field and from the sign of velocity from the sign of TOF. Mass is determined 
(up to a velocity of a b u t  0.9 c) from the momentum and TOF measurements. 

TOF-Scintillotors . TOF-Honeycomb support - 

y-e... Y--. 
ACC - &ti eo'ydbence counter system E? 

General assembly =- y-- 

Fig. 1 AMS as it will be flown on the Space Shuttle in 1998. 

For the three year mission on the Space Station, four items will be added to 
AMS (see Fig. 2): 1) a directional sensitive Cerenkov counter (DSC) made of lucite 
which will reduce antimatter background due to misidentified upward moving particles; 
2) a straw tube transition radiation tracker (TRD) for positron identification; 3) a 1 mm 
thick tungsten converter plate to improve gamma ray detection efficiency; 4) a ring 
imaging Cerenkov counter (RICH) to extend the range of precision velocity 
measurements available with the TOF, improving antimatter background rejection at 
high energy and extending the energy reach for antiproton measurements from 1 to 10 
GeV. 

2. Cosmic Ray Overview 
To appreciate the potential for AMS to learn new things about the universe 

requires some understanding of the nature of cosmic rays. Fig. 3 shows the key 
observational information pertaining to composition and energy of the cosmic rays 
observed near earth. The current consensus is that most cosmic ray nuclei begin as 
stationary interstellar material accelerated to large energy by shock waves produced in 
the aftermath of supernova explosions, and that they leak out of galaxies after having 
passed through about 10 gkm2 of interstellar gas. The critical issue for AMS is the 
question of how much time it takes for cosmic rays to diffuse through various 
astrophysical objects. 
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Fig. 2 AMS as it will be on the Space Station in 2000. 
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Fig. 4 Beryllium isotopic composition from the SMILI experiment. 

The most significant evidence to date that relates to the above question is shown 
in Fig. 4. This is the mass histogram for cosmic ray beryllium with energies up to 
1900MeVlamuobtainedfrom arecent balloonexperiment (SMILI).7 Since the isotope 
1OBe is not present at the cosmic ray source, and is radioactive with a mean life of 2.3 
My, it serves as a cosmic ray clock - absence of loge implies cosmic rays take a very 
long time to leak out of the galaxy - presence of loge in numbers comparable to the 
other isotopes of beryllium implies cosmic rays are young, probably escaping from our 
galaxy on a time scale equal to or less than a few million years. Indeed, using the data 
of Fig. 4 and performing detailed studies of cosmic ray propagation imply that at the 
95% confidence level cosmic rays leak out of our galaxy with a mean confinement time 
of less than five million years. 

Taking into account the size and distribution of stars and galaxies in the 
universe, it is straightforward to show that the ionization energy loss and nuclear 
interaction effects of very old cosmic rays (Le. made after the first galaxies were 
formed about 15 billion years ago) is dominated by these effects in the gas of their 
parent galaxy (and in our galaxy if they happen to migrate to the earth). Of course 
cosmic rays do not move in straight lines in the universe because of the apparently 
pervasive presence of cosmic magnetic fields.8$ In our own galaxy the field strength 
is a few micro gauss, and is distributed throughout the disk of the galaxy. Cosmic rays 
spiral along field lines (with a gyroradius of about a micro pc for a 10 GeV proton) 
until they encounter changes in field direction due to the tangled nature of the field on 
scales of 10 to 100 pc. Assuming a random WalWdiffusion type model (such as is 
commonly used in treating interactions of cosmic rays with the solar wind) with a mean 
free path of 30 pc, the beryllium measurement implies that cosmic rays leak out of the 
galaxy when they are less than 3 kpc from the plane of the disk. This is consistent with 
observations of the magnetic field structure of the galaxy (for which the magnetic halo 
extends to about 1 kpc from the plane of the disk). Note that it is the magnetic scale 
length which serves as the diffusion mean free path, not the gyroradius. If we had 
used the gyroradius we would have obtained an absurdly small disk thickness for 
cosmic ray confinement. 
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We can extend the diffusion argument to the scale of clusters of galaxies. In 
such structures, fields are also of the order of a micro gauss. As is the case with 
galacticfields, there is no clear understanding of the origin of the fields. Theories 
inc1ude:lo 1) flux conservation following compression of material containing a 
primordial magnetic field; 2) remnant fields of extended radio sources; 3) magnetic 
fields ejected from galaxies (possibly produced by dynamo mechanisms); 4) 
conversion to magnetic energy of turbulent kinetic energy induced by the motion of 
galaxies through the intracluster medium. For our purposes, the mechanism is not as 
important as the observation that the scale length is of the order of tens of kpc, which 
implies that it takes tens of millions of years to leak out of the cluster field region 
(which has a size of about 1 Mpc). 

To continue our discussion of cosmic ray diffusion beyond the cluster scale is 
purely speculative, since there are no hard data pertaining to the nature of magnetic 
fields between clusters of galaxies. The presence of a large intergalactic magnetic field 
between clusters of galaxies would not only have an impact on our search for 
antimatter, but would also have an impact on current theories of galaxy formation 
which typically ignore the possibility of such a field. Nevertheless, estimates for the 
strength of such fields have been made. Based on cosmological theory11 they range 
from 10-65 to 10-10 gauss. Extrapolations from data have led some to believe in a 
pervasive tangled field of magnitude as large as a microgauss.9 But again, the key 
parameter for AMS is the scale size, which tends to lie in the range from 1 to 10 Mpc 
for the theories as well as for the extrapolation of measurements. Assuming 3 Mpc, 
one calculates a time of 16 billion years to diffuse a distance of 100 Mpc, which is the 
distance between superclusters of galaxies. Thus, if the supercluster scale is the scale 
for a matter-antimatter domain structure of the universe, cosmic rays could diffuse from 
an antimatter supercluster to a matter supercluster in the age of the universe. 

’ 

3. AMs Antimatter Sensitivity 
Fig. 5 shows the sensitivity for a three year search with AMS for antihelium. 

Also shown is a curve calculated12 assuming a symmetric universe (Le. equal numbers 

Energy (GeWamu) 

Fig. 5 Sensitivity (95% C.L.) of three year search for antimatter with 
AMs. Curve is conservative estimate for symmetric universe. 
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of galaxies and antigalaxies). The reduction in the antimatter fraction at low energy is 
due to the possible effects of an outflowing galactic wind from the plane of our galaxy. 
Note that current limits of antihelium are off the scale of the figure, being of the order 
of 10-5. Antihelium nuclei (with mass 3) have been made in accelerator experiments.13 
Based on these measurements we estimate the ratio of secondary antihelium to helium 
in the cosmic rays to be of order 10-12. Only about 0.01% of the secondary antihelium 
would have mass 4. By using TOF and the RICH to determine mass up to about 6 
GeV/amu, the secondary antihelium nuclei can be rejected. 

9. Antiprotons 

4 
4 I I - !  

Kinetic Energy (GeV) 
Fig. 6 Antiproton measurements and calculations at time of AMS 
proposal. Solid curves are predictions of dark matter models. 

The RICH will extend the capability of AMS to reject electron and pion 
background for the antiproton measurement to higher energies. Fig. 8 shows the 
capabilities of a RlCH based on aerogel with an index of refraction of n = 1.2. Such 
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indices are now available, and it has been shown17 that aerogel with n = 1.03 can be 
made with sufficiently good optical quality to permit its use to form Cerenkov rings. 
We are pursuing an R&D program to investigate the environmental effects and the 
feasibility of using aerogel with n = 1.2 for ring imaging. The Cerenkov radiation will 
be measured with an array of small phototubes separated from the aerogel by an 8 cm 
gap, as indicated in Fig. 2. 

In the three year exposure on the Space Station, AMS will observe about 1 
million antiprotons. To date fewer than 100 antiprotons have been observed, 
preventing an accurate comparison of the energy spectrum with that predicted by 
standard propagation models. 
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Fig. 7 Measurements (solid circles) of antiproton to proton ratio for 
IMAX experiment, and recent calculations of secondary production. 

5. Positrons 

Fig. 9 shows calculations of positron yield from a particular model4 for a halo 
of non-baryonic dark matter. Fig. 10 shows recent measurements of positron fraction 
from the HEAT balloon experiment18 To enable the measurement of the positrons at 
the high energies needed to address the dark matter issue requires greater sensitivity 
than balloon experiments. AMS has such sensitivity. Furthermore, AMS will not be 
subject to the large background of atmospherically produced positrons which can be 
difficult for balloon experiments to deal with. 

To measure positron flux, one must reject the large background of protons 
(there are about lo00 protons for every positron). The TRD tracker will accomplish 
this through the measurement of transition radiation clusters with 42 layers of kapton 
drift tubes interleaved with polypropylene fibers. Fig. 11 shows the proton rejection 
possible with various total TRD thickness. It is seen that with the large thickness 
anticipated for AMS the proton rejection should be more than sufficient from about 1 to 
more than 100 GeV. 

To date, about 100 positrons above 10 GeV have been observed with balloon 
experiments. AMS will observe 3 million positrons in this range in three years. 
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Fig. 8 Particle identification with an aerogel RICH. 
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Fig. 9 Calculations of positron fraction from nonibaryon dark matter 
model (ref. 4). 
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Fig. 10 
experiment (ref. 18). 

Measurements of positron fractions from recent HEAT 

6. Gamma Rays 

The EGRET gamma ray experiment$ which is on the Compton Gamma Ray 
Observatory, has made a number of important discoveries, particularly those involving 
gamma ray emission from Active Galactic Nuclei (AGNs) and observations of high 
energy gamma rays from gamma ray bursters. 

p/e rejection vs particle ( p, e ) momentum 

Fig. 11 Proton rejection capabilities with TRD. 



120 

Fig. 12 shows the gamma ray sources identified by EGRET. The gamma ray 
spectrum for one of the AGNs, Markarian 421, is shown in Fig. 13. On the same 
figure is shown the spectrum measured with the ground based gamma ray detector at 
the Whipple Observatory. The reduction at several hundred GeV may be due to the 
absorption of gamma rays by the diffuse intergalactic infrared background. If so, this 
could account for the fact that most AGNs are not detected by Whipple. In this regard 
it is important to note that Markarian 421 is one of only two AGNs seen both by 
Whipple and EGRET, and that this is the closest AGN in view of each telescope. 

With the addition of the tungsten converter foil, AMS becomes a gamma ray 
telescope which can carry on the exciting program of observations begun by EGRET 
(which will turn off within a year or so due to depletion of spark chamber gas). Pairs 
produced in the tungsten can be measured in the magnetic spectrometer below. 
Comparison of the AMS and EGRET energy and pointing resolutions are shown in 
Fig. 14 and 15. AMS is better in both, and also has a higher energy reach than 
EGRET. Also, AMs has somewhat greater aperture than EGRET in the pair 
spectrometer mode. Finally, we are considering the use of the upper TRD module as a 
stand-alone gamma ray telescope. This has an order of magnitude greater geometry 
factor than EGRET, and is capable of measuring gamma ray directions from the 
tracking information of the straw tubes used in drift mode. The transition radiation also 
provides energy idormation, from about 1 to 20 GeV gamma ray energies, as is seen 
from Fig. 16. 

Second EGRET Catalog 
/ 

E > 100 MeV 
+w 

+ Active Galactic Nuclei 
o Unidentified EGRET sources 

Pulsars 
A LMC 

Fig. 12 Gamma ray sources detected by EGRET.. 
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Fig. 13 Energy spectrum of Markarian 421 measured by EGRET and 
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Fig. 14 Energy resolution for AMS and EGRET. 
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Fig. 16 Dependence of transition radiation on Lorentz factor.. 
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Double Beta Decay - Physics at Beyond Accelerator Energies 
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ABSTRACT 

Double beta decay yields - besides proton decay - one of the most promising possibilities 
to probe beyond standard model physics at beyond accelerator energies. The possibilities 
include the neutrino mass, SUSY models, compositeness, leptoquarks, right-handed W bo- 
sons and others. We discuss the status and the future perspectives of pp research, including 
applications some double beta technology can find in the search €or dark matter and in high 
resolution balloon and satellite gamma-ray astronomy. 

1. Introduction 

Many central questions of particle physics are beyond the capabilities of modern 
accelerators, They can, however, to some extent be investigated via non-accelerator 
experiments (see, e.g.l). Table 1 and Fig.1 show some probable areas of research of 
future accelerators. LHC, for example, the main enterprise of High Energy Physics in 
the next decade, will cover physics up to scale of a few TeV and may search for the Higgs 
particle, some SUSY particles and others. In general, however, accelerator physicists at 
present are forced to search in the extreme ’low-energy’ range of the parameter spaces 
of models of ’new physics’ like SUSY or leptoquark signatures and others (see e.g.3). 
Many questions of modern physics have to be studied at higher’energy scales: grand 
unification with or without supersymmetry, and with or without left-right symmetry, 
compositeness, leptoquarks, neutrino mass (e.g. see-saw-mechanism), Majorons, ... 

This explains the increasing trend to non-accelerator experiments in numerous 
underground laboratories and elsewhere. Double beta decay, and proton decay, to men- 
tion the most prominent examples, are among those, which yield the most promising 
possibilities to probe beyond the standard model (SM) physics at beyond accelerator 
energies and bridge the time gap to the occurence of future larger accelerators. Propag- 
ator physics has to replace direct observations. That this method is very effective, is 
obvious from important earlier research work and has been stressed, e.g. by.4 Examples 
are the proporties of W and 2 bosons derived from neutral weak currents and /?-decay, 
and the top mass deduced from LEP electroweak’radiative corrections. Also for accel- 
erators, the search for new bosons or compositeness, for example, can be to some 
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mass, dipole moments, C P  violation 

e+e- linear colliders 
Mass 5 250 GeV 
all decay channels 

Proton colliders LHC,SSC 
Higgs boson Mass 5 180 GeV: rare decays 

standard model Mass 2 180 GeV: H + ZZ -+ 41 
Higgs boson Complete coverage of Partial coverage of the Higgs 

SUSY-extension the Higgs parameter space parameter space 
W, 2 bosons Magnetic dipole and electric quadrupole moments 

standard model Gauge-theoretical structure of the electroweak forces 
Extended New leptons New gauge bosons 

gauge theories (heavy neutrinos) and quarks 
TOP Precise measurements of Higgs decays 

decay current; 
Higgs and other 

rare decays 
Supersymmetry Sleptons and Squarks and gluinos 

electroweak 
Gauginos/Higgsinos 

Table 1. Proposed areas of research for future accelerators (from 2). 

degree extended beyond kinematical production limits through the study of indirect 
effects from virtual particle exchange (see, e.g.5). For a recent review concerning the 
perspectives of proton decay we refer 

The potential of double beta decay includes investigation of the neutrino mass, 
of the parameter space of SUSY models, of right-handed W bosons, compositeness, 
leptoquarks, Majorons, ...( see table 2). For these topics double beta decay is comfortably 
competitive to high-energy accelerators (6*7 and various contributions in,8g-16). To give 
just one example, inverse double beta decay e-e- + W-W- requires an energy of at 
least 4 TeV for observability, according to present constraints from double beta decay.17 
Similar energies are required to study l e p t o q u a r k ~ . ~ ~ ~ J ~ ~ ~  

In the following chapter we shall sketch some of the connections between PP-decay 
and particle physics, including some comments on the status of nuclear matrix elements 
necessary to deduce particle physics information from experiment. Section 3 describes 
the experimental status of PP research and its future perspectives. Sections 4,5 discuss 
applications of some PP-technglogy to dark matter search and high resolution balloon 
and satellite gamma-ray astronomy. Section 6 gives a conclusion. 

2. Double beta decay and beyond standard model physics 

We present an introductory outline of the potential of PP decay for some rep- 
resentative examples like the problem of the mass of the neutrino, for SUSY models, 
heavy neutrinos, left-right symmetric models and the mass of the right-handed W 
boson, Majorons, compositeness, sterile neutrinos, including some brief comments on 
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I 
I 
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0 

Possible 
Quark 8r 
Lepton 
Internal 
Structure 

I 

Ither W’s 
3 Z’S 

kchnicolor 

Higgs Super 
Boson Symmetry 

0 

Pointlike Weak 
Breakdown 

Top 3 New Quarks 
and Leptons 

Fig.1 Mass scales and new phenomena made accessible to research by colliders 
(fromlJls) 

0 bservable Restrictions 
ou: via u exchange: 

Neutrino mass 
Light Neutrino 
Heavy Neutrino seesaw mechanism, compositeness 

Right handed weak currents 
via photino, gluino, zino 

(gaugino) exchange: 

Beyond the standard model and SU(5) model; 
early universe, matt er-antimat t er asymmetry 

Dark matter, L-R -symmetric models (e.g. SO(10)) 

V + A interaction, W’ masses 
SUSY models: Bounds. for parameter space beyond 

the range of accelerators (R-parity breaking 
interaction, squark and slepton masses) 

-explicit 
-spontaneous breaking of the local/global 

B-L symmetry 

oux: existence of the Majoron Mechanism of (B-L) breaking 

Table 2. /3/3 decay and particle physics 
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Fig.2 Spectral shapes of the different modes of double beta decay, n denotes the spectral 
index, n=5 for 2vpp decay (see text) 

the status of the required nuclear matrix elements. 

It can occur in several decay modes 
Double beta decay is a process violating lepton number conservation by AL = 2. 

A z~ -t$+2 x + 2e- 

Fig.2 shows the corresponding spectra, for the neutrinoless mode (2) a sharp line at 
E = Q p p ,  for the two-neutrino mode and the various Majoron-accompanied modes 
classified by their spectral index (see P&s,8 Burgess') continuous spectra. Important 
for particle physics are the decay modes (2)-(4). 

The neutrinoless mode (2) needs not be necessarily connected with the exchange 
of a virtual neutrino. Any process violating lepton number can in principle lead to a 
process with the same signature as usual QvpP decay (see below). 

2.1. Mass of the electron neutrino 
The neutrino is one of the best examples for the merging of the different discip- 

lines of micro- and macrophysics. The neutrino plays, by its nature (Majorana or Dirac 
particle), and its mass, a key role for the structure of modern particle physics theories 
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  ME TRY IN E ~ R L Y   UNIVERSE^ 

Fig.3 The neutrino and its role in micro- and macrophysics (froms7) 

(GUTS, SUSYs, SUGRAS, . . . ) .~~-~~ At the same time it is candidate for non-baryonic 
dark matter in the universe, and the neutrino mass is connected - by the sphaleron 
effect - to the matter-antimatter asymmetry of the early universe25 (Fig. 3). Neutrino 
physics has recently entered an era of new actuality in connection with several possible 
indications of physics beyond the standard model (SM) of particle physics which are 
at present discussed: The lack of solar (7Be) neutrinos, the atmospheric v, deficit and 
mixed dark matter models could all be explained by non-vanishing neutrino masses. 
Recent GUT models, for example an extended SO(l0) scenario with S4 horizontal sym- 
metry could explain these observations and would predict degenerate neutrino masses 
within 1-2 eV.26 Also other GUT models used for interpreting the solar neutrino deficit 
favour degenerate neutrino scenarios with masses in the 0.1-1 eV range27-30 over the 
old, well-known see-saw mechanism which is based on some rather arbitrary arguments 
(see Fig. 4). Also the recently claimed indication of v oscillations from the LSND exper- 

a iment at Los Alamos,3l has been interpreted with degenerate neutrino masses around 
2.5 eV.32133 This brings double beta decay experiments into some key position, since 
with some second generation PP experiments like the HEIDELBERG-MOSCOW ex- 
periment using large amonts of enriched PP-emitter material the predictions of or 
assumptions in such scenarios can now be tested. 

At present PP decay is the most sensitive of the various existing methods to 
determine the mas5 of the electron neutrino (see Fig. 5). It further provides a unique 
possibility of deciding between a Dirac and a Majorana nature of the neutrino (Fig. 6). 
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Fig.4 Values of the mass mo of the degenerate neutrinos and the mixing paramet- 
ers IUe1I2 for which the MSW and vacuum oscillation solutions of the solar neutrino 
problem can be reconciled with an observable Majorana mass ]meel = (0.1 - 1.4)eV. 
Solid lines correspond to two-neutrino contributions in mee and to two-neutrino os- 
cillations/conversions. The regions of the large mixing MSW solution are hatched; the 
small mixing solution is shown as a vertical line at IVe1l2 - 7172 N fl. For an appre- 
ciable contribution of the third neutrino state in m e e  the regions are larger: the dashed 
lines correspond to the case of three degenerate neutrinos, the dotted lines correspond 
to the case of large m3, so that m3IUe3I2 = 0.5eV. The upper bound on the electron 
antineutrino mass from the tritium experiments is also shown (from27). 
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SEARCH FOR NEUTRINO MASS 

TERRESTRIAL EX TRA-TERRESTRIAL 
NON-ACCELERATOR ACCEL. SOLAR COSMIC 

n,t-d e cay v- background 
(SIN, ARGUS) 
mvp < 0.25 MeV We< 7.2 eV 

flight time 
v- decay 

reactors 

v-decay 
reactors 

Fig.5 Classification of experiments investigating the neutrino mass (froms7). 

Dirac-Neutrino Majorana - Neutr ino 

Fig6 Possible assignments of the experimentally known (in boxes) neutrino states (of 
one family) in the theoretical description for Dirac and Majorana fields 
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Fig.7a Schematic representation of 2u and Ov double beta decay 

0 v: 

possible 
if 

a) V +  A 
or 

b)mM>O , 

- 

Neutrinoless double beta decay can be triggered by exchange of a light or heavy left- 
handed Majorana neutrino as shown in Fig. 7. (For exchange of a heavy righj-handed 
neutrino see section 2.3) The propagators in the first and second case show a different 
m, dependence: Fermion propagator - +- 

a )  m << q +- m 'light' neutr ino  ( 5 )  

heavy' neutr ino  (6) 
1 ,  b)  m>q+-- m 

The half-life for Oupp decay induced by exchange of a light neutrino is given by 

or, when neglecting the effect of right-handed weak currents, by 

where G1 denotes the phase space integral, (m,) denotes an effective neutrino mass 

(m,) = p%u:;, (9) 
1 

respecting the possibility of the electron neutrino to be a mixed state (mass matrix not 
diagonal in the flavor space) 

The effective mass (m,) could be smaller than m; for all i for appropriate CP 
phases of the mixing coefficiants Ue;. In general not too pathological GUT models yield 
m, = (m,,) (see22). 

M& - Mp 
denote nuclear matrix elements. 

q,X describe an admixture of right-handed weak currents, and Mo" 
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Fig.7b' F6pman Graph for neutrinoless double beta decay triggered by exchange of a 
left-handed light or heavy neutrino 

Nuclear matrix elements: 
A detailed discussion of pp matrix elements for neutrino induced transitions 

including the substantial (well-understood) differences in the precision with which 
2u and Oupp rates can be calculated, can be found in.23934-36 After the major step 
of recognizing the importance of g.s. correlations for the calculation of pp matrix 
element~,3~9~* in recent years the main groups used the QRPA model for calculation of 
Adov. The different groups obtained very similar results for Mov when using a realistic 
nucleon-nucleon i n t e r a c t i ~ n ? ~ * ~ ~ * ~ '  consistent with shell model appro ache^,^^^^^ where 
the latter are possible. Some deviation is found only when a non-realistic nucleon- 
nucleon interaction is used (e.g. 6 force, see42 and also43). Also use of a by far too small 
configuration space like in recent shell model Monte Carlo (SMMC)  calculation^^^ can 
hardly lead to reliable results. On the other hand refinements of the QRPA approach by 
going to higher order QRPA ( ~ e e ~ ~ 9 ~ ~ ) l e a d  only to minor changes for the Oupp ground 
state transitions. An effect of inclusion of the proton-neutron pairing force is discussed 
by.47 The corresponding results for Ovpp decay presented by4* should be checked. The 
results of high-lying GT strength (in the GTGR and in the A resonance) have been 
studied early already.3s 

Since the usual QRPA approach does ignore deformation, some larger uncertainty 
in these approaches may occur in deformed nuclei. This shows up for example in dif- 
ferent results obtained for lsoNd by QRPA and by a pseudo SU(3) model as used by.49 
Calculation of matrix elements of all double beta emitters have been published by.50*36 
Fig. 8 shows typical uncertainties of calculated Ovpp rates originating from our limited 
knowledge of the particle-particle force, which is the main source of the uncertainty in 
those nuclei where this QRPA approach is applicable. 
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Fig.8 Illustration of the variation of the Ov decay rates within the probable range of the 
particle-particle interaction gpp. The dashed “error bars” indicate isotopes for which 
the matrix elements are evaluated close to the collapse of the RPA or at gpp < 
(from36). t 

2.2. Supersymmetry 

Supersymmetry (SUSY) is considered as prime candidate for a theory beyond 
the standard model, which could overcome some of the most puzzling questions of 
today’s particle physics (see, e.g.51952). Accelerator experiments have hunted for signs 
of supersymmetric particles so far without success. Lower limits on masses of SUSY 
particles are at present in the range of 20-100 GeV,53 mainly from experiments at LEP 
and TEVATRON. 

SUSY particles differ from usual particles not only in their masses but also in 
R-parity, assigned to be Rp = 1 for usual particles and Rp = -1 for SUSY particles. 
Conservation of R-parity has been imposed ad hoc to the minimal supersymmetric 
extension of the standard model (MSSM) to ensure baryon number and lepton num- 
ber conservation. Attention has, however, been focused also on SUSY theories with 
R-parity violation. In such theories Ovpp decay can proceed by exchange of supersym- 
metric particles like gluinos, photinos, ... (Fig. 9). This process has exactly the same 
experimental signature, as Ovpp decay vianeutrino exchange. Thus Ovpp decay can be 
used to restrict R-parity violating SUSY models.6J2124154*55 Fig. 9 shows the Feynman 
graphs for SUSY contributions to Ovpp decay, partly first presented by.6t54 From these 

. 
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Fig.9 Feynman graphs for the supersymmetric contributions to OvPp decay (from6). 
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Fig.10 The idea of compositeness: at a (still unknown) energy scale A c  (the compos- 
iteness scale) quarks and leptons might show an internal structure (from"). 

graphs one derives6 under some assumptions 

where Go1 is a phase space factor, rncEix are the masses of supersymmetric particles 
involved: squarks, selectrons, gluinos, and neutralinos. A',,, is the strength of an R- 
parity breaking interaction, and M is a nuclear matrix element. For the matrix elements 
and their calculation see.12 
2.3. Heavy neutrinos and right-handed W Boson 

Heavy right-handed neutrinos 'appear quite naturally in left-right symmetric 
GUT models. They offer in some natural way via the see-saw mechanism explanation 
for the small neutrino masses compared to other fermions and can explain also naturally 
parity violation. However the symmetry breaking scale for the right-handed sector is 
not fixed by the theory and thus the mass of the right-handed WR boson and the 
mixing angle between the mass eigenstates Wl, W .  are free parameters. Oupp decay 
taking into account contributions from both, left- and right-handed neutrinos have 
been studied theoretically by.l3ts6 The former gives a more general expression for the 
decay rate than introduced earlier by.57 From a Oupp experiment one can deduce a 
limit on mwR as function of the mass m N  of the right-handed heavy neutrino (see13 
and section 3). 
2.4. Compositeness 

Although so far there are no experimental signals of a substructure of quarks and 
leptons, there are speculations that at some higher energy ranges beyond 1 TeV or so 
there might exist an energy scale A c  at which a substructure of quarks and leptons 
(preons) might become visible10~52~5s(Fig. 10). 
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Fig.11 Neutrinoless double beta decay (AL = $2) mediated by a composite heavy 
Majorana neutrino (from"). 

The main consequences of compositeness of quarks and leptons are (1) modifica- 
tions to the gauge boson propagators and the interaction vertices with fermions, and 
additional effective four-fermion interactions through constituent exchange (2) highly 
massive excited states which couple to the ordinary fermions through gauge interac- 
tions. This is discussed in detail in.lo Lower bounds on the compositeness scale have 
been deduced from accelerator experiments at LEP,59 Fermilab," HERA5 and from a 
theoretical analysis of the effect of contact interactions in the leptonic T decay.61 They 
are all in the range of A c  2 1.6 TeV. 

The masses of the excited leptons ( I * )  and quarks (q*) should not be lower than 
the compositeness scale A c .  Already in 1982 it was shown62 that precise measurements 
of the anomalous magnetic moment of the electron give bounds on the masses of the 
excited states and thus the compositeness scale. 

Limits on the masses of excited leptons from accelerators are me= > 127 GeV,63 
me*,v- > 91 GeV,64 my* > 180 GeV65966 mg8 > 540 GeV.67 

A possible low energy manifestation of compositeness could be neutrinoless double 
beta decay, mediated by a composite heavy Majorana neutrino (Fig. ll), which then 
should be a Majorana particle. 

Recent theoretical work shows (see Panella' and Takasugi') that the bounds 
which can be derived from double beta decay are at least of the same order of magnitude 
or better than those coming from the direct search of excited states in high energy 
accelerators (see also section 3). 

. 
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2.5. Majorons 

The existence of new bosons, so-called Majorons, can play a significant role in new 
physics beyond the standard model, in the history of the early universe, in the evolution 
of stellar objects, in supernovae astrophysics and the solar neutrino pr0blem.~~1~’ In 
many theories of physics beyond the standard model neutrinoless double beta decay 
can occur with the emission of Majorons 

2n + 2p -k 2e- -k 24. 

In the classical Majoron model invented by Gelmini and Roncadelli in ’81,70 the Ma- 
joron is the Nambu-Goldstone boson associated with the spontaneous breaking of the 
B - L-symmetry and so generates Majorana masses of neutrinos. This was expected68 
to give a sizeable contribution to double beta decay. It was, however, ruled out, as 
also the doublet Maj~ron’~ by LEP74 since it should contribute the equivalent of two 
neutrino species to the width of the Zo. On the other hand, Majoron models in which 
the Majoron is an electroweak isospin ~ i n g l e t ~ l 9 ~ ~  are still viable. The drawback of the 
singlet Majoron is that it requires a severe finetuning in order to preserve existing 
bounds on neutrino masses and at the same time get an observable rate for Majoron 
accompanied OvPP decay. 

To avoid such an unnatural fine-tuning in recent years several new Majoron 
models were p r~posed ,~~- ’~  where the term Majoron denotes in a more general sense 
light or massless bosons with couplings to neutrinos. 

The main novel features of these “New Majorons” are that they can carry leptonic 
charge, that they need not be Goldstone bosons and that emission of two Majorons 
can occur. The latter can be scalar-mediated o r  fermion-mediated (Fig. 12). Table 3 
shows some features of the different Majoron models according to.76177 L denotes the 
leptonic charge, n the spectral index defining the phase space of the emitting particles, 
M the nuclear matrix elements. For details we refer to Pk et a1.’,l6 B~rgess’.~’ 

. 

The half-lifes are according to79*80 in some approximation given by 

for P@$-decays, or 

for PPcjq5-decays. The index Q indicates that effective neutrino-Majoron coupling con- 
stants g, matrix elements M and phase spaces G differ for different models. 
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Fig.12 Feynman graphs for ppd decays (a), fermion-mediated pp&$ decays (b), and 
scalar-mediated p@$4 decays (c) 
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model T1/2(< g >= T1/2(< g >= 1) T1/2ezp 

IB,IC,IIB 4 * 1022 4 - 1014 1.67 * . 

Table 3. Different' Majoron models according to Bamert/Burges~/Mohapatra~~. The case IIF 
corresponds to the model of Carone". 

IICJIF 
1022-26 1.67 - 

2 - 2 - 1020 1.67 - 

Table 4. Comparison of half-lives cdculated for different < g >-values for the new Majoron 
models with experimental best fit values (from 15) 
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Fig.13 Regions of the parameter space ( E  - MN; plane) yielding an observable sig- 
nal (shaded areas) (froms3). Darker area: 'natural' region, lighter shaded: Finetuning 
needed, to keep m, below 1 eV. MN;: mass eigenstate, E: strength of lepton number 
violation in mass matrix 

* Nuclear matrix elements: 
According to Table 3 there are five different nuclear matrix elements. Of these 

MF and MGT are the same which occur in OvpP decay. The other ones and the corres- 
ponding phase spaces have been calculated for the first time The calculation 
of the matrix elements show (see P k  et al.') that the new models predict, as con- 
sequence of the small matrix elements very large half-lives and that unlikely large 
coupling constants would be needed to produce observable decay rates (see Table 4). 

2.6. Sterile neutrinos 
Introduction of sterile neutrinos has been claimed to solve simultaneously the 

conflict between dark matter neutrinos, LSND and supernova nucleosynthesis.s2 Neut- 
rinoless double beta decay can investigate several effects of heavy sterile neutrinos.s3 

If we assume having a light neutrino with a mass << 1 eV, mixing with a much 
heavier (m 2 1 GeV) sterile neutrino can yield under certain conditions a detectable 
signal in current PP experiments. 

In models with two (or more) sterile neutrinos, the sterile neutrinos can mix 
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appreciably even in the limit rn, + 0 and so can be potentially visible in many pro- 
c e s ~ e s . ~ ~  Neutrinoless double beta decay proceeds in these mod& through the virtual 
exchange of the heavier (i.e. GeV scale or higher) neutrinos. Fig. 13 shows the mass 
ranges leading to a Ovpp signal close to observability (shaded areas). 

3. Double Beta Decay Experiments: Status and Perspectives 
We can differentiate between two classes of direct (non-geochemical) p p  decay 

a) active source experiments (source = detectors) 
b) passive source experiments / 

In the first class of experiments the pp process usually is identified only on the 
basis of the distribution of the total energy of the electrons. The second class of exper- 
iments yields in principle more complete information on the pp events by measuring 
time coincidence, tracks and vertices of the electrons and their energy distribution. But 
also time projection chambers (TPCs) using pp active counting gas are belonging to 
the first class - such as the Gotthard 136Xe experiment. 

It is obvious from Fig. 23, which shows an overview over measured Ovpp half-life 
limits and deduced mass limits, that the largest sensitivity for Ovpp decay is obtained 
at present by active source experiments, in particular i6Ge85-87 and 136Xe.88 The main 
reason is that large source strengths can be used (simultaneously with high energy 

experiments (Fig. 14): 
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*resolution), in particular when enriched p p  emitter materials are used. 
Other criteria for the “quality” of a p p  emitter are: 

0 a small product T;y2 (n~,)~, i.e. a large matrix element Mo” or phase space 

0 a Q p p  value beyond the limit of natural radioactivity (2.614 MeV) 

The future of pp experiments will be dominated by use of enriched detectors, 76Ge 
playing a particular favourable role here, and enriched source material such as 136Xe, 
loOMo, l16Cd. Some of these experiments may probe the neutrino mass in the next 
years down to 0.1 eV, see Fig. 23b. A detailed discussion of the various experimental 
possibilities can be found in.l A useful listing of existing data from the various p p  
emitters is given in.89 

3.1. The HEIDELBERG-MOSCO W experiment 
3.1.1. Status 

The HEIDELBERG-MOSCOW e ~ p e r i m e n t * ~ ~ ~ * ~ ~ * ~ ~  (Fig. 15) is now exploring the 
sub-eV range for the mass of the electron neutrino. With five enriched (86% of 76Ge) 
detectors of a total mass of 11.5 kg taking data in the Gran Sass0 underground labor- . 
atory the experiment has reached its final setup. The experiment gives at present for 
most parameters the sharpest limits from double beta decay. They are discussed in 
detail in8 by B.Maier, M. Hirsch, H. P k ,  O.Panella, E. Takasugi. Since these results 
are representative in that they set the scale of this type of experiments, they will be 
briefly listed up here. Fig. 16 shows the spectrum taken in a measuring time of 17.70 
or 13.6 kg y, respectively. 

Half-life of neutrinoless double beta decay 

The deduced half-life limit for Ovpp decay is 

> 12.7 - 1024y (68%C.L.) 

Neutrino mass 
Light neutrinos: The deduced upper limit of an (effective) electron neutrino 
Majorana mass is, with the matrix element from36 

(m,) < 0.56eV (SO%C.L.) 

< 0.43eV (68%C.L.) 

This is the sharpest limit for a Majorana mass of the electron neutrino so far. 



144 

Fig.15 The ,B,B laboratory of the HEIDELBERG-MOSCOW experiment in the Gran 
Sass0 near Rome (a), Mounting of the first enriched detectors under low-level condi- 
tions (b). 
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Fig.16a Integral spectrum of the enriched 76Ge detectors of the HEIDELBERG- 
MOSCOW experiment after 17.70 kg y of measurement. 
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Fig.16b Region of interest in the combined spectrum of Fig.16a after subtraction of the 
first 200 days of measurement of each detector, leaving 13.60 kg y of measuring time. 
The dotted curve corresponds to the signal excluded with 9O%C.L. It corresponds to 
T;L > 7.4 - 1024 ST. 
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Fig.17 Considering the dependence of the nuclear matrix element on the neutrino mass 
yields also a lower limit of a heavy left-handed neutrino, of ( m ~ )  > 5.1 - lo7 GeV 
(from85) 
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Fig.18 Area excluded from the HEIDELBERG-MOSCOW experiment (below the 
curves) in the plane of the right-handed W boson mass versus the mass of a heavy 
right-handed neutrino. The full line is the constraint from Oupp decay, the dotted line 
is the requirement of vacuum stability (from13) 

Superheavy neutrinos: For a superheavy left-handed neutrino we deduce (s5 and 
Fig. 17) exploiting the mass dependence of the matrix element (for the latter see35) a 
lower limit 

( m ~ )  2 5.1 - 107GeV 

For a heavy right-handed neutrino the relation obtained to the mass of the right- 
handed W boson is shown in Fig. 18 (see13). 

Right-handed W boson 

For the right-handed W boson we deduce13 a lower limit of 

mwR 2 1.1TeV 

SUS Y parameters 
New constraints on the parameters of the minimal supersymmetric standard 

model with explicit R-parity violation are deduced6*12 from the Oupp half-life limit, 
which are more stringent than those from other low-energy processes and from the 
largest high energy accelerators (Fig. 19). 

Cornpositen ess 

v* yields under some assumptions" as lower mass bound of an excited neutrino 
Evaluation of the Oupp half-life limit for exchange of excited Majorana neutrinos 
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Fig.19 Comparison of limits on the'R-parity viola(iing MSSM parameters from different 
experiments in the Xill-rn,- plane. The dashed line is the limit from charged current 
universality according to?' The vertical line is the limit from the data of Tevatron.I2' 
The thick full line is the region which might be explored by HERA.121 The two dash- 
dotted lines to the right are the limits obtained from the half-life limit for Oupp decay 
of r6Ge, for gluino masses of (from left to right) rnz =1TeV and 100 GeV, respectively. 
The regions to the upper left of the lines are forbidden (from6). 
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This is the most stringent bound so far. 
The bounds deduced on the compositeness scale in different models are roughly 

of the order of magnitude as those coming from high energy experiments (see Panella,s 
Takasugi'). 

Half-life of 2upp decay 

20000 counts). The deduced half-life iss6 
The experiment produced for the first time a high statistics 2upp spectrum (- 

T:Y2 = (1. (23) 

Majoron-accompanied decay 

From fits like those shown in Fig. 20, fitting simultaneously the 2u spectrum and 
one selected Majoron mode, experimental limits for the half-lives of the decay modes 
of the newly introduced Majoron models (C. Burgess') are given for the first time (H. 
Pas et aLS). 

The small matrix elements and phase spaces for these modes (see P& et al.') 
already determined that these modes by far cannot be seen in experiments of the 
present sensivity if we assume typical values for the neutrino-Majoron coupling con- 

, stants around (9) = (see table 4). 

3.1.2. Perspectives 

The HEIDELBERG-MOSCOW experiment will probe the neutrino mass within 5 
years down to the order of 0.1 eV (Fig. 21). This limit will be reached taking into 
account the current background of 0.1 counts/kg y keV in the Ovpp region and a 
further reduction by a factor of - 5 by digital puls shape analysis (DPSA). The new 
DPSA method which we developeds2 allows for the first time in a very efficient, and 
reliable way to discriminate between multiple site (MSE) and single site events (SSE) 
(see also B. Maier et aLS). Example,s of the second class are the interaction of a beta 
particle, of the first class multiple Cgmpton scattering events. Fig. 22 shows the result 
of the first application of this method with one of the enriched detectors in the Gran 
Sasso for a measuring time of 156 kg d. In Fig. 22a the analyzed MSE and in Fig. 22b 
the corresponding SSE spectrum of the double beta decay energy region is plotted. The 
original spectrum (equals the sum of the MSE and SSE spectra) contains 15 counts, 
while the SSE spectrum contains two, reflecting a drastic background reduction. The 
energy of the central count in the SSE spectrum is (2038.5 f 3.6) keV corresponding 
exactly to the Q p p  value. According to its shape the pulse is a clear single site event 
and thus a clear double beta candidate. The strong reduction of the background by the 
new DPSA method, with the potential of reducing the background in the Ovpp region 
to 5 0.02 counts/kg y keV, will be essential for the further experiment. 

e 
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Fig.20 Simultaneous fit of the HEIDELBERG-MOSCOW experiment to 24?p decay 
and 
a) 'Ordinary' Majoron (n=l), yielding a half-life bound of T1/2 > 7.91 -1021y(90%C.L.) 
b) 'Charged Majoron' or 'Double Majoron' (n=3), yielding a half-life bound of T1/2 > 
5.55 - 1021y(90%c.L.) 
c) 'Double Majoron' '(n=7), yielding a half-life bound of T1/2 > 6.46 1021y(90%C.L.) 
(from16) 
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3.2. General Perspectives 
Figs. 23a,b show the future perspectives of pp decay experiments for the next 

decade. They show the present results and aims of the most promising double beta de- 
cay experiments in comparison with the HEIDELBERG-MOSCOW experiment. The 
best presently existing limits besides the HEIDELBERG-MOSCOW experiment (filled 
bars in Fig. 23)) with half-life limits above 1021a, have been obtained with the iso- 
topes: 48Ca,93 82Se,94 looM 0, 95 116Cd,96 130T e, 97 136Xe98 and 150Nd.99 These and other 
double beta decay setups presently under construction or partly in operation such as 
NEMO,loO the Gotthard 136Xe TPC experiment,lol the 130Te cryogenic e ~ p e r i m e n t , ~ ~  
a new ELEGANT 48Ca experiment using 64 g of 48Ca,102 a hypothetical experiment 
with an improved UCI TPCg9 assumed to use 1.6 kg of 136Xe, etc., will not reach or 
exceed the 76Ge limits. The limit given for the NEMO experiment (see Piquemal et 
al.Io4') in Fig. 23 may even be very optimistic if claims about the effect of proton- 
neutron pairing on the Ovpp nuclear matrix elements by4' will turn out to be true. 
As pointed out recently by Raghavan,lo3 even use of an amount of about 200 kg of 
enriched 136Xe or 2 tons of natural Xe added to the scintillator of the KAMIOKANDE 
detector or similar amounts added to BOREXINO (both primarily devoted to solar 
neutrino investigation) would hardly lead to a sensitivity larger than the present 76Ge 
experiment. An interesting future candidate might be a 15'Nd bolometer exploiting the * 

relatively large phase space of this nucleus (seeg9). The way outlined bylo5 proposing 
a TPC filled with 1 ton of liquid enriched 136Xe and identification of the daughter by 
laser fluorescence may not be feasible in a straight-forward way. 

It is obvious that the HEIDELBERG-MOSCOW experiment will give the sharpest 
limit for the electron neutrino mass till the end of the decade and longer. For further 
improvements beyond the region of < 0.1 eV one has to think of very large experiments 
with much bigger source strength. 
4. Dark matter search with enriched Ge detectors 

The best laboratory limits on dark matter (WIMPS) are obtained at present by 
search with Germanium detectors. The HEIDELBERG-MOSCOW experiment allowed 
for the first time a search for dark matter with isotopically enriched material. Data 
taken with a 2.9 kg detector in 166 kg d were used to set limits on spin-independently 
interacting WIMPS.lo7 A background level of 0.102 f 0.005 events /kg d keV was 
achieved (average value between 11 and 30 keV), which is better than in other dedic- 
ated dark matter experiments with Ge detectors. The existing cross section limits for 
WIMP masses above N 150 GeV were improved (Fig. 24) compared to other recent 
work, and Dirac neutrinos could be excluded as the dominant component of the dark 
halo in the mass range 26 GeV to 4.7 TeV. Since the cross section for sneutrino-nucleus 
interactions is four times larger than for Dirac neutrino-nucleus interactions the meas- 
ured limit of Fig. 24 rules out also heavy sneutrinos as dark matter in scenarios of a 
minimal supersymmetric standard rnodel.lo8 The potential of 76Ge dark matter detect- 
ors for search for neutralinos in relation to the non-zero spin '3Ge has been carefully - 
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Fig.24 Exclusion limits for elastic scattering cross sections of WIMPS on 76Ge from 
the HEIDELBERG-MOSCOW experiment (a) not corrected (b) corrected for loss of 
coherence, compared with the best results compared with a natural detector.log WIMPS 
of a given mass with cross sections Q beyond the lines are excluded. The expected cross 
section for Dirac neutrinos with standard weak coupling is shown as a dashed line 
(fromS7Jo7 ) 

investigated recentlyll' (see also S. Kovalenko et al.'). 
For dark matter search the progress obtained with enriched 76Ge is shown in Figs. 

25,26. Enriched 76Ge and 73Ge detectors allow to improve the LEP limits on Dirac or 
Majorana WIMPs considerably (see, e.g.l). A major step in sensivity improvement 
is expected on long terms from cryogenic detectors (see Fig. 25 andlll). Similarly 
interesting and realizable on shorter time scale could be the new HEIDELBERG project 
planning to use ionisation Ge detectors in a special new configuration (see Fig. 26 
and124). 

5. y-line astrophysics 

The fact demonstrated for the first time by the Heidelberg-Moscow experiment, 
that the technology of production of enriched HP detectors can be handled, is also of in- 
terest for high-resolution y-line astrophysics by balloons and satellites.1121106*114-117Use 
of enriched 70Ge detectors in the ESA project INTEGRAL (International Gamma Ray 
Astrophysics Laboratory) was expected to reduce the p background dominating in or- 
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Fig.26 Current detection bounds for WIMPS from the HEIDELBERG-MOSCOW ex- 
periment,lo7 and the UK experiment;l3 the present claimed goal of the Berkeley cry0 
detector project and the expectation for the new HEIDELBERG project using ionisa- 
tion Ge detectors in a special configuration (from124) 
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Fig.27 Balloon campaign GRIS in Alice Springs (Australia), May 1992 with one en- 
riched “Ge detector (from,” see106J15 ) 
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Fig.2S Background spectra for natural and enriched (95 % in ’OGe) Ge detectors in the 
low energy regime, in the balloon campaign GRIS (see106*115-11F) 
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bit, by an order of magnitude.l14 This has recently been checked in balloon flights using 
detectors of enriched 70Ge built in a collaboration between NASA, MPI Heidelberg and 
Kurchatov I n s t i t ~ t e , ~ ~ J ~ ~ J ~ ~  (Figs. 27-29). 

The complete elimination of lines at 53.4, 66.7 and 139.7 keV in the enriched 
detector (see Fig. 28) is important for cyclotron lines studies in the spectra of GRB's 
and X-ray pulsars. The effect on the background at energies 2-3 MeV from /3+ decay 
ignored in earlier114 simulations is 'understood and included in a complete background 
simulation program for the first time.116*117 

The INTEGRAL satellite mission aims at the study of a variety of astrophysical 
questions by high resolution y spectroscopy, including a variety of y-ray line producing 
processes like e'e- annihilation connected with black holes in the center of the Galaxy, 
radioactive elements produced in supernova explosions, neutron capture and cyclotron 
processes in strong magnetic fields and many others, like imaging and positioning of 
celestial y ray sources: 

The progress made in the use of enriched Germanium detectors and in under- 
standing the background in orbit116*117 helps considerably starting a new era of exper- 
iments in y astronomy. 

'., 
6. Conclusion :.* 

Double beta decay has a broad potential for providing important information on 
modern particle physics beyond present and future high energy accelerator energies 
which will be competitive foi the next decade and. more. This includes SUSY models, 
compositeness, left-right symmetric models, leptoquarks, and the neutrino mass. For 
the latter double beta decay now is particularly'pushed into a key position by the 
recent possible indications of beyond standard model physics from the side of solar and 
atmospheric neutrinos, dark matter COBE results and others. New classes of GUTS 
basing on degenerate neutrino mass scenarios which could explain these observations, 
can be checked by double beta decay in near future. The HEIDELBERG-MOSCOW 
experiment has reached' a leading position among these new /3p experiments and as 
the first of them now yields results in the sub-eV range. 

It may be of interest to put the potential of /3p decay concerning the neutrino 
mass in relation with other methods. At present none of the otheymethods to obtain 
information on the neutrino mass reaches the sensitivity of Ovpp decay. The limit 
from the supernova SN87A is around 20 eV.1" Solar,126 atmospheric,'27 reactor and 
accelerator neutrino oscillation experiments, including running and future approaches 
like the CERN experiments NOMAD and CHORUS128 or the reactor experiments 
CHOOZ and San Onofre129*130 do not yield model-independent information on the 
neutrino mass and in particular on the ve mass, but determine a difference of neutrino 
mass eigenvalues of different (usually unknown) flavours squared. For example, different 
GUT model assumptions lead for the solar neutrino experiments - even when assuming 
for a moment that they might see an MSW effect which is not clear at present - 
to masses for u, in a range uncertain by eight orders of magnitude (lo-' to several 
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eV) (see, e. g.22126). Model-independent information complimentary to that from PP 
decay comes however, from tritium p decay experiments. Their present lowest' limit 
is 7.2 eV,l3I about an order of magnitude less sharp than that of Ovpp decay, but it 
is independent of the nature (Dirac or Majorana particle) of the neutrino. Thus both 
types of experiment are needed to determine the most general neutrino mass matrix. 

decay is the first search for dark 
matter with enriched 76Ge detector material. The results yield the sharpest limits for 
WIMP masses beyond - 150 GeV, excluding Dirac neutrinos as the dominant compon- 
ent of the dark halo of our Galaxy in the mass range 26 GeV to 4.7 TeV. The results 
also rule out heavy sneutrinos as dark matter in scenarios of a minimal supersymmetric 
standard model. 

Finally it may be stressed that the technology of producing and using enriched HP 
germanium detectors, which have been produced for the first time for the HEIDELBERG- 
MOSCOW experiment, has found meanwhile applications also in high resolution y 
astrophysics with balloons and satellites. 
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ABSTRACT 

The International Germanium Experiment (IGEX) has six detectors, containing > 90 fiducial 
moles of 76Ge operating underground. Data thus far yield TfT. = (1.1 k 0.1) x 102*y and 
T:,$ > 4.2 x 1024y(90%CL)ifinterpreted as a null experiment, or T:& > 3.3 x 1024y(95%cL) in 
a more conservative case. 

1. Introduction 

The guns of neutrino physics continue to smoke, and in this conference we saw 
clear indications of increasing smoke from the reports on four solar neutrino experiments 
and several atmospheric neutrino experiments. Nevertheless, there is still no real evidence 
for new physics. Reports in this volume clearly show how the sensitivity of proton 
decay, n-ii oscillation, solar neutrino and atmospheric neutrino experiments will be 
improved in the near future. These are indeed exciting developments. In this context, 
what is the interest in double-beta (pp) decay? 

2. Double-beta Decay 

Double-beta (pp) decay is thus far the only practical way to determine if 
neutrinos are Majorana particles. The theorem of Kayser, Petkov, and Rosen states that 
interpreted in the context of any gauge theory, the observation of neutrinoless (Ov) pp- 
decay would constitute unambiguous proof that at least one neutrino eigenstate has non- 

IGEX is a collaboration involving the institute of Nuclear Research (rNR) Moscow, the 
Institute for Theoretical and Experimental Physics (ITEP) Moscow, Pacific Northwest 
National Laboratory (PNNL), the University of South Carolina, and the University of 
Zaragoza. 

* 
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zero mass1. This is an extension of the black-box theorem of Schechter and Valle 2. 
Recent evidence from atmospheric p/e ratios that might imply neutrino flavor 
oscillations, provides new strong justification for pursuing a direct observation of Ov PP- 
decay. Accordingly, it is important to search for evidence of Majorana masses down one 
tenth of an electron volt or below. 

It is also important to measure the shape of the continuum from 2v PP-decay 
with precision to search for the emission of majorons in Ov PP-decay. It should be 
emphasized that the death of doublet and triplet-majoron models by the width of the 20- 
decay, is by no means the end of viable majoron theories 3. The best currently available 
technology for precision measurements of the continuum to probe maj oron physics, 
utilizes large intrinsic germanium detectors, isotopically enriched to 86% in 76Ge. 

The decay rate for lepton-number violating (At = 2) PP-decay with the emission 
of electrons only (Ov PP-decay) can be written as follows" : 

In equation (2), GOv is the two-body phase-space factor, including coupling constants, 
M:' and M E  are the Fermi and Gamow-Teller nuclear matrix elements respectively; gA 
and g, are the axial-vector and vector, relative weak coupling constants. The quantity 
(m,) is a weighted mixture of eigenstate neutrino masses given by: 

l 

where 
matrix that diagonalizes the neutrino-mass-matrix, mvk is the mass of the kth neutrino 
eigenstate, and n is the number of eigenstates. The neutrinos exchanged must be 
Majorana neutrinos to be absorbed on a vertex identical to that of emission, and have 
some right handed helicity, perhaps due to finite mass. 

3. Recent Results from IGEX 

is the kfh CP eigenvalue (k 1 for CP conservation), are the elements of the 

Aside from the technical developments and the successful fabrication of three 
large (-2kg) and three smaller (-0.7kg) detectors, some interesting physics results have 
already emerged from IGEX-II thus far. A block of data equivalent to 12.92 mole years 
has been analyzed to extract the half life of 2v PP-decay of 76Ge. The spectrum below 
the maximum of the 2v PFdecay distribution at -750 keV is dominated by a continuum 
we have interpreted as bremsstrahlung from the decay of 21oPb, however, the half-life 
can be determined from the portion of the spectrum above this energy. The signal-to- 
noise ratio from 750 keV to the end of the 2v PP-decay spectrum is 2.95. 

The' background from 57,58Co, 54Mn, and 65Zn formed internal to the crystal by 
cosmic ray neutrons, as well as that from external sources, is clearly identifiable in the 

r 

* This expression only includes the exchange of massive Majorana neutrinos. 
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spectrum. The measured peak intensities were used with a well documented Monte 
Carlo model to make the corrections. The results of previous measurements and 
spallation code calcuIations were used to make the corrections for 6oCo and 68Ge formed 
cosmogenically in the crystal 4. 

The correction to the low energy portion of the spectrum due to the 
bremsstrahlung from 21oPb in the inner lead shield was made in a manner described in 
detail in our earlier works. The shape of the spectrum was measured in a shield of lead 
with a very high level of 21OPb. Monte Carlo models were used to obtain the response 
of the 2.1 kg detector from that of the 0.75 keV detector used in the measurement. The 
intensity of the bremsstrahlung was a free parameter while the spectral shape was fixed. 

Data were analyzed for the two smaller detectors. Together they represented 
6.37 mole-years, resulting in a half-life of (0.9 - 1.1) x 1021~. Data from the two larger 
detectors (12.92 kg yr) were analyzed yielding a half-life of - 1.1 x 1 0 2 1 ~  with an 
uncertainty of -10%. The data from all 4 detectors analyzed separately yielded similar 
half-lives. 

The central value continues to be roughly 30% to 40% shorter than that of the 
MPTH-Kurchatov-INFN experiment. This disagreement could have an interesting impact 
on the interpretation of OV pp data. If there is as much as 30% disagreement in the 
measured 2v PP-decay half-life, there could be errors in one or both of the methods of 
correcting for internal and external background, or there are systematic errors in the 
measurements of the detector fiducial volumes. In the latter case, probably the error is in 
the experiment associated with the longer half-life, because if the dead layers are 
underestimated, the upper bound on the number of atoms is fixed by the total detector 
masses which are all known within a fraction of 1%. Therefore no experiment will result 
in a half-life too short due to an error in skin depth if the total mass is known accurately. 

In the IGEX experiment there was only one count in the 10 keV window centered 
at 2038 keV in 23.7 mole - y of data. To a 95% confidence level, there are fewer than 3 
counts, hence the bound on the Ov PP-decay half life is: 

(In2)(23.7 mole - y)(6.022 x lOU)/3 = 9.89 x 10ay/3 or TP,: > 3.3 x 10By(95%CL) 

corresponding to (m,) < 0.85 eV, 

using the same matrix elements applied in the analysis of the WIH-Kurchatov-INFN 
experiment, which has already achieved a better exclusion. Since the one event lies at the 
very edge of the 10 keV window, the experiment could also be analyzed as a null 
experiment, in which case T:;1>4.2 x 1024y(90%CL) . These results will be updated at 
Neutrino-96 in Helsinki. 

4. Towards A Zero-Background Experiment 

The background levels of isotopically enriched 76Ge on PP-decay experiments 
appear to be reaching an asymptotic value of -0.1 to 0.15 countslkeV/kg/yr. Further 
improvement requires identifying individual pulses from a background strongly dominated 
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by internal 68Ge and 6oCo produced throughout the crystal by spallation reactions 
generated by cosmogenic neutrons4~~. The 6oCo content is long lived and not directly 
observable when internal, but it can be evaluated by directly observing the internal 
electron capture decays of 56,57958Co during the first few months the detector is 
underground. The G8Ge and 6oCo dominate the background in the energy region of 2 
MeV. Fortunately, the overwhelming majority of the events from these decays produce 
characteristic multi-site pulse-shapes that can be identified and eliminated. Accordingly 
our detectors are no longer only calorimeters, but can distinguish between single-site 
events, characteristic of Pkdecay, and multiple-site events from background. 

* 

5. Principles of Pulse Shape Discrimination (PSD). 

PSD is an old subject7; only recently have intrinsic -Ge detectors become large 
enough and digital electronics fast enough to render it effective for our purposes8,g. The 
basic idea is depicted in Fig. A where the detector circuit charging curves are 
approximated by straight lines. A change in displacement current occurs when the 
electrons (holes) reach the outer (inner) conductor. The change to slope-zero occurs at 
the final collection. The artificially smoothed curve depicts what one would expect with 
instrumental distortion. 

In 1989 an extensive experimental study by Feffer et al.9 yielded characteristic 
shapes of single-site events produced at various radii. Figure B shows three current 
pulses representing averages of many experimental samples observed in their Compton- 
Scattering coincidence experiment. The pronounced peak closest to the left edge of the 
graph represents an event occurring near the outer conductor. The electrons acquire a high 
velocity and are collected early. The holes decrease in velocity as they move inward and 
are collected later. The curve on the right is the opposite scenario, but it is always the 
electrons that move most rapidly near their point of collection because the magnitude of 
the field is very strong at the outer regions. 

The electric field in a depleted intrinsic Ge detector is obtained theoretically by 
solving Poison’s equation subject to the boundary conditions cp(r2) - cp(rJ =V, the 
detector bias. The -10 p-type impurities per cm3 create a space charge density p. The 
magnitude of the field is given by: 

10 

It is typically an order of magnitude stronger at the positive outer conductor at r2. The 
drift velocity is given by an empirical expressionlo. 

where a and p are measured parameters and po is the mobility.10 
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The effective value of p k  for a given detector can be determined experimentally 
using the following depletion voltage equation: 

Time Time 

A 

1 
. Average Pulse Shapes for Single 

Site Events For Several Event Radii. 

B 

I 

0 200 300 

Time In Nanoseconds 

Fig. A. Sketch of an idealized linear charging curve with slope changes at the collections 
of charges and holes; a smoothed version expected from instrumental effects. 
Fig. B. the experimental current traces of pulses taken from reference (9). 

6. Experimental Pulse Shapes from IGEX 

In Figures 1-6 on the next page show the output traces of an early stage of 
preamplification recorded with a LeCroy 9360 fast digital oscilloscope using a high 
impedance FET probe. The upper traces represent the amplified current, however with 
some feedback compensation. The lower traces are the numerically calculated 
derivatives. The current pulses are stored with a sampling rate of 10 gigahertz, 
approximately 4000 points per pulse. 

Figures 1,2, and 3 are excellent examples of pulses from single site events. Each 
tick mark on the horizontal axes represents 100 ns, while vertical axis ticks represent 50 
mV each. In all three cases, the collection of holes occurred early at the inner conductor 
in roughly 100 ns. The electrons were collected beginning at roughly 400 ns and ending at 
approximately 450 ns. 

Figures 4, 5, and 6 are clear examples of pulses from multi-site events. Figures 4 
and 6 are clearly dominated by two or more major collection pairs. Figure 5 has two or 
more early collections occurring in the first 250 ns, with a later collection, or collections, 
occurring at approximately 500 ns. 

While we are able to reduce the background by a factor of roughly 10, we have 
recently discovered a further improvement in electronic circuitry that will definitely 
improve the level of confidence of our PSD selection, and possibly also improve the 
suppression of background. 
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ABSTRACT 

Preliminary results from 1.52 fiducial kiloton years are presented. In 27% of 
single track and shower events, we observe a h a l  state proton to accompany the 
lepton. The distribution of lepton-proton opening angle is consistent with threshold 
neutrino quasi-elastic‘ kinematics in iron nuclei. Using 102 contained single track 
and single shower events, we measure the atmospheric uJve ratio-of-ratios to 
be 0.75 =t O.lG(stat) f 0.14(sys). The conjecture that an anomalous flavor ratio 
originates with proton decay p + e+uv is examined using single shower events. We 
search for nucleon decay modes N - I” + hadrons among 55 contained multiprong 
events and find no candidates. We h d  no candidates for p + vK+ (K+ 4 

p+u) among Soudan “track plus recoil proton” topologies. 

’ 

I. Detector and Data 
Soudan 2 is a he-grained iron tracking calorimeter which is currently taking 

data with its full mass of 963 tons in a cavern 2090 mwe underground at Soudan, 
Minnesota. The site is 730 kilometers “as the neutrino flies” from Fermilab, where 
a neutrino beam will be aimed at Soudan to enable study of u oscillations with 
long baseline. The present experiment began logging contained events in April 
1989 when the detector was onequarter of its fhal mass. A total fiducial exposure 
of 2.75 kiloton years (kty) has been recorded as of April 1996. The data reported 
here represent the initial 1.52 kty exposure ( ’89 to end ’93). 
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The calorimeter’s particle detection elements are 1.5-cm dim. ,  I-m-long, 
slightly conductive drift tubes. The drift tubes are embedded in sheets of insu- 
lating mylar which carry copper strips. Graded high voltage applied to the strips 
creates an axial electric field within each tube, directed from either tube end to 
the middle of each tube. Electrons, initiated by a charged particle traversal, drift 
down the tube and are collected at the tube ends by crossed pairs of anode wires 

, and cathode pads. The third coordinate for the tube traversal is deduced from the 
drift time. The mylar sheets with tubes and additional polystyrene insulation are 
interleaved with 1.6 mm corrugated steel sheets to form a stack with honeycomb 
lattice cross section. The steel sheets with tubes and insulation are stacked 240 
layers high, then compressed and enclosed in a gas-tight steel enclosure. The re- 
sulting structure constitutes a standard, stand alone calorimeter tracking module 
of dimensions 1xlx2.5 m weighing 4.3 tons. The assembled calorimeter consists 
of 224 of these modules; it has mean density 1.6 g/cmS, 9.7 cm radiation length, 
and 80 cm nuclear interaction length. Soudan’s modular design allows test beam 
calibration to  be carried out, and enables portions of the Calorimeter to be installed 
or repaired while the rest of the detector is taking data El]. 

The calorimeter is surrounded on all sides by a cavern-liner active shield array. 
The shield consists of 1570 8-cell extruded aluminum manifolds which comprise a 
hermetic double-layer of proportional tubes with digital readout [2]. 

In the Soudan 2 experiment, raw data passes the hardware trigger requirement 
at a rate of 0.5 Hz. Information for each trigger event consists of anode channel 
versus time (X-Z), and cathode channel versus time (Y-2) pulse profiles, where the 
pulse height in each time bin is digitized by a 6-bit flash ADC. Time information 
and pulse shape profiles are used to match anode and cathode pulses, yielding a 
three dimensional reconstruction for each gas crossing in the event. Trigger events 
are subsequently processed by two levels of contained-event software filters whose 
data quality and rough containment cuts reduce the number of events one thou- 
sandfold. All events are then subjected to two levels of physicist scans. The initial 
scan rejects ’obvious’ non-contained or background events; a more severe set of 
containment requirements is imposed by the final scan. Events for which zero co- 
incident hits are recorded by the shield array are candidate neutrino interactions 
or candidate nucleon decays. These events are classified according to  topology as 
“single track” or “single shower” (mostly quasi-elastic neutrino interactions) or as 
“multiprong” (mostly inelastic charged or neutral current reactions). 

Selected views of three different contained events, illustrating the three topology 
categories, are shown in Figure 1. Figs. la,b show anode-time and cathode time 
views of a single track muon accompanied by a heavily-ionizing recoil proton. Here, 
ionization energy dE/dx loss is clearly visible as each track ranges to stopping. 
Figs. IC and I d  show typical single shower and multiprong events respectively. The 
obvious topological differences between the shower in Fig. IC and the muon track 
in Figs. la,b illustrate how readily the distinction between up and u, flavor can be 
made in this high resolution detector. 
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Figure 1: Contained events recorded in Soudan 2. Figs. la,b show two views of 
a “single track” muon accompanied by a heavily-ionizing proton. Typical “single 
shower” and “multiprong” events are shown in Figs. lc,d respectively. 
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11. Track and Shower Events 
Contained single track and single shower events are expected to be predominantly 

charged current quasi-elastic reactions: 

Due to the presence of reactions (1) and (3), a fraction of each sample can be 
expected to contain visible recoil protons which would not be detected in a water 
Cherenkov experiment. 

Figures 2a,b show the lepton momentum distributions (preliminary) for con- 
tained single track and shower samples fiom the 1.52 kty exposure. Events in each 
bin which have a visible recoil proton in the final state are denoted with shaded 
histogramming. For track events (reactions (1) and (2)), momenta are determined 
from track ranges in the calorimeter medium. The momentum resolution A p / p  for 
muons is about 8%. For shower events (reactions (3) and (4)), electron momenta 
are estimated based upon totals of ionized tube crossings, and the resolution is 
typically 26 - 35 %. This difference between our lepton momentum resolutions is 
reflected in the relative shapes of the Fig. 2 distributions. Concerning contents of 
the lowest bins in Fig. 2, some;caution is warranted; neutrino events with fewer 
tube crossings are more readily S t a t e d  by background processes. 

Separation of single track from single shower events sets the stage for deter- 
mination of the flavor composition t / p / u e  of the atmospheric neutrino flux. Before 
presenting the Soudan measurement however, we point out that single track and 
shower events have other interesting attributes which are observable in a fine- 
grained calorimeter. As summarized below in Table I, we observe a visible recoil 
proton from the event vertex to  accompany 32% of the muon tracks and 21% of 
the electron showers. Interpreted in terms of reactions (1) through (4), events with 
a recoil proton are necessarily initiated by up or V e  neutrinos and not by i jp or f ie 

anti-neutrinos. That is, proton “tags” enable neutrino events to be distinguished 
from anti-neutrino events. Information of similar kind is provided by endpoint 
decays on stopped tracks, of which we observe 9 among 53 single track events. In 
Soudan’s iron medium, p- tracks usually undergo nuclear absorption before they 
can decay, whereas stopped p+ particles always decay (p+ 4 e+uij). As a result, 
observation of track endpoint decays provides discrimination between quasiAlastic 
up versus ijp reactions. The detector efficiencies for these observations can be reli- 
ably ascertained, and so measurement of the atmospheric antineutrino to neutrino 
ratio ijp/up should be feasible in Soudan 2 once a fiducial exposure exceeding three 
kiloton-years is achieved. 

The track and shower subsamples which have visible recoil protons, can be used 
to investigate the distribution of lepton-proton opening angle and its correlation 
with lepton momentum. These observables provide checks on our understanding 
of threshold kinematics of quasi-elastic reactions, in particular of the crucial role 

. 
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Figure 2: Lepton momentum distributions: a) for single track events; b) for single 
shower events. Events in which a visible recoil proton accompanies the lepton are 
shown shaded. 

Topology No. Events 
track 29 
track + proton at vertex 
track + endpoint decay 
track + proton + decay 

15 
7 
2 

(total single track 
events = 53) 

shower 41 (total single shower 
shower + proton at vertex 11 events = 52) 

Table I: Attributes of Soudan 2 single track and single shower events. 
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Figure 3: Distributions of cosine of lepton-proton opening angles. The solid his- 
togram shows Soudan events; distributions from deuterium bubble chamber reac- 
tions (1) and from simulation of quasi-elastic interactions in iron, are given by the 
dashed histogram and doted curve respectively.' 

played by Fenni motion of target neutrons within iron nuclei. From calculations 
and from our data, opening angle distributions are found to be up - ue flavor blind, 
consequently track-plus-proton and shower-plus-proton samples can be combined. 
Cosines of lepton-proton opening angles from Soudan events are presented in Fig. 3 
(solid histogram). The angles are remarkably large. The elastic character of quasi- 
elastic events gives rise to the broad pile-up around 90"; however for events with 
slow leptons, there is sizable rate for angles in the backward hemisphere. Figure 3 
summarizes comparisons made with two other event samples. Opening angles for 
quasi-elastic reactions (1) recorded in the deuterium-filled ANL 12-foot diameter 
bubble chamber [3] are shown by the dashed histogram. For the latter data, inter- 
action protons are required to  satisfy Pp 2 500 MeV/c, and the events have been 
weighted so that the sample's E, content matches that which would be obtained 
from an atmospheric up flux. The dotted curve shows results from a Monte Carlo 
calculation for up quasi-elastics generated using the Bart01 atmospheric flux [4] and 
interacting on iron nuclei. The target neutron momenta are assigned according to 
a Fermi gas model for the Fe nucleus [5]. All  three distributions are broader than 
that obtained using simulated interactions on stationary neutrons. In particular, 
opening angle cosines greater than 0.2 are not accessible in the absence of Fermi 
motion. 
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111. Atmospheric Neutrino Anomaly 
Kamiokande and IMB-3 have reported [6, 71 the ratio of single ring muon-type 

events to electron-type events to be anomalously low. Experimental results are 
usudy expressed in terms of the neutrino flavor ratio-of-ratios R,: 

(5) 
( ~ p / ~ e ) ~ a t a  (tTack/sho2oeT)measored 
( Y ~ / Y ~ ) M C  (tracklsho2oer)pr;dicted 

R, = - 

In the absence of unknown effects, R, will equal unity. In the water Cherenkov 
experiments however, R, is measured to be four standard deviations below 1.0 
with a value more nearly 0.60. Observations by the Frejus planar iron tracking 
calorimeter have not confirmed the anomaly [8]. 

An R, measurement based upon Soudan’s 1.52 kty exposure is currently being 
finalized; we report here a new, albeit preliminary value. Improvements incorpo- 
rated into the new analysis include the following: 

i) The neutrino event Monte Carlo (MC) has been improved to include more 
accurate low energy scattering for nucleons, more realistic representation of 
detector geometry, intranuclear scattering of produced hadrons, and variation 
of the neutrino flux with the solar cycle. The simulation is now fully tuned 
to test beam measurements; detector noise effects are included. 

ii) MC events,which me now completely indistinguishable from data by eye, are 
introduced into the data stream prior to scanning and their identity is un- 
known to scanners. In this way we ensure that any scanning bias is common 
to both data and MC. 

iii) Event selection and corrections have benefited from analysis of backgrounds 
originating with cosmic ray muon-induced fluxes of neutrons and photons in 
the cavern. 

iv) A detailed accounting of systematic effects has been carried out [9]. Possibil- 
ities for residual bias have been checked by having two independent groups 
scan and analyze the data using somewhat Merent procedures and accep- 
tances. 

For the flavor ratio analysis, 50 single track events and 52 single shower events 
passed our criteria, to be compared with 351.6 track events and 272.7 shower events 
from the MC simulation. The fractional event counts of the MC samples reflect 
corrections made for neutral contaminants entering the Y samples as the result of 
shield array inefficiency ( +6% correction, little flavor bias), and for v event losses 
resulting from random hits in the shield ( -5% correction, no flavor bias). Based 
upon these samples, our preliminary measurement is 

R, = 0.75 f 0.16(stat) f 0.14(sys). (6) 

The systematic error assignment is conservative; it may decrease when our review 
of differences between the two independent analyses is completed. Although the 
Soudan 2 result does not by itself show a significant atmospheric neutrino anomaly, 

) 
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Figure 4: Distributions of shortest distance to detector exterior for shower events 
from data (crosses), neutrino MC (dashed), and rock (shaded) samples. 

our’value of R, is below 1.0 and is in agreement with the high statistics water 
Cherenkov measurements. 

For experiments at intermediate depths such as IMB, Soudan, and Kamiokande, 
it is important to establish that contained event samples are not contaminated by 
events produced by photons or neutrons emerging from cavern rock (“rock events”). 
These neutral particles originate with inelastic interactions of cosmic ray muons at 
the depth of the detector. Fortunately, rock events exhibit characteristic attenua: 
tions in Soudan’s calorimeter medium, whereas neutrino events distribute uniformly 
throughout the detector volume. In Figure 4 we show distributions of shortest dis- 
tance between vertex position and detector exterior, for our single shower events 
(crosses), for our neutrino MC shower events (dashed histogram), and for shield- 
tagged shower events (shaded histogram). Our contained single shower sample 
follows the neutrino MC distribution and shows no sign of clustering near detector 
edges as observed with the rock events. 

IV. Ii& Anomaly and Proton Decay 
If indeed the atmospheric flavor vp/ve composition is anomalous, then a fun- 

damental uncertainty in atmospheric neutrino background estimates for nucleon 
decay searches is implied. “Unless this situation is resolved, background subtracted 
searches for nucleon decay will be severely hampered in future nucleon decay de- 
tectors” [lo]. To interpret the low R, ratio, one needs to know whether the p-like 
events of the numerator are too few, whether e-like events of the denominator are 
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too numerous, or whether a combination of both circumstances is actually the case. 
A popular view (Refs. [SI) is that there exists an apparent dearth of muon-neutrino 
events, accompanied perhaps by a mild excess of electron-neutrino events [7], which 
is interpreted as evidence that neutrino oscillations deplete the muon-neutrino flux 
over distances of 10 to 10,000 kilometers. The oscillation interpretation is usually 
formulated using absolute neutrino fluxes calculated by the Bartol group [4] or by 
Honda e t  al. [ll]; these happen to be the highest in the literature. A different 
view, formulated by us, assumes that the expected number of up events has been 
detected, and that there is an excess of electron-like events that can be ascribed to 
predominant nucleon decay via the mode p + e+vv. In our original presentation 
of the proton decay scenario [12], we utilized absolute atmospheric neutrino fluxes 
calculated by Bugaev and Naumov [13], which are distinctly lower in absolute rate 
than the Bartol or Honda e t  al. fluxes. However the essential argument can be 
restated in a way which does not rely on an absolute neutrino flux calculation [14]. 

In essence, we assume the distribution of muon momentum from the 7.7 kty 
exposure of Kamiokande to be free of any “new physics”. Also, we assume neutrino 
cross-sections to be the same for corresponding vp and v, charged current channels. 
Then we use the number of p-like events in each momentum bin, together with the 
experimental detection efficiencies and the expected e-like to p-like event ratio 
1:2, to predict the number of e-like events to be observed. Proceeding in this 
way, we find there to be an excess of e-like events over and above the expectation 
inferred from the p-like event distribution and the conventional neutrino flux flavor 
ratio. Upon subtracting bin-by-bin from the e-like event data, the rate expectation 
inferred from the distribution of p-like events, we obtain the distribution of excess 
e-like events in Figure 5. The excess is localized to the shower momentuminterval 
100 - 500 MeV/c. The shape is well-described by the positron momentum spectrum 
from the proton decay mode 

p -+ e+ + u + v. (7) 

In Figure 6 we reproduce Kamiokande measurements for R, versus lepton momen- 
tum from 4.92 kty and 7.7 kty analyses. With the statistical gain in the more recent 
data, the anomaly appears mildly enhanced in the 300 to 700 MeV/c interval while 
being mildly diminished both below and above this regime. These trends coincide 
with the shape of p --+ e+vv phase space. 

Scrutiny of the anomaly as p -+ e+vv hypothesis will be made feasible by the 
steady accumulation of contained single shower events in the Soudan experiment. 
The e-like event excess indicated in Fig. 5 should emerge, for example in the lepton 
momentum distribution from shower events as in Fig. 2b, at a rate of 6 to 11 events 
per kiloton year. It is of interest to examine the 200 - 600 MeV/c region of Fig. 2b 
for evidence of an excess. If only the relativistic e* particles were being imaged as 
in a Cherenkov experiment, one might consider the populous 400-500 MeV bin to 
show promise for a signal. Alas, in more than half of the events in this bin, a final 
state proton is observed to accompany the shower (events shown shaded). Such 
events, having visible baryon number in the final state, are highly unlikely to be 
proton decay. With the shower-plus-proton events removed from consideration, no 
obvious excess is discernible in Soudan’s 1.52 kty single shower sample. Detailed 
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analysis however requires a larger sample; we look forwakd to new data from Soudan 
and kom SuperKamiokande. 

, v. Baryon Instability Search 
A. Nucleon decay into charged lepton modes 

We observe 55 contained multiprong events in our 1.52 kty exposure. Using 
particle identification and reconstruction techniques similar to methods for heavy 
liquid bubble chamber experiments, a four-momentumvector is determined for each 
track or shower outgoing from the event vertex. From the four-vectors, variables 
useful to baryon instability searches can be constructed. For multiprongs, it is 
informative to plot the invariant mass of each event against the magnitude of the 
net vector momentum. Diplots of these variables are shown in Figure 7 for an 
atmospheric neutrino MC sample of 3.45 kty [15], and in Figure 8 for our contained 
multiprongs. In either Figure, the rectangular area bordered by the dashed line 
depicts the kinematical region compatible with nucleon decays into charged lepton 
modes: 

The delineated region is the 'neighborhood' of nucleon mass having Fermi momen- 
tum around 250 MeV/c, with allowance for detector resolution and for the Fermi 

. motion spread within iron nuclei. Nucleon decay modes which yield multiprongs 
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Figure 8: Invariant mass versus the visible final state momentumfor the multiprong 
data sample. Events with visible hal  state protons are shown with open circles. 

together with a final state neutrino, e.g. n + vKo ,  would populate a region below 
and slightly to the right of the rectangular area. Directly above the rectangular 
area, from 1.0 to about 2.0 GeV in invariant mass, is the region of occurrence for n 
- 5t oscillation events. Sizable fractions of both MC and data multiprong samples 
include events which have visible recoil protons (open circle events); these can be 
excluded from consideration as nucleon decay or n - 5t oscillation candidates. We 
note that the data roughly distributes as does the neutrino MC sample. Fig. 7 
indicates that the neutrino background for nucleon decay modes (8) is low, being 
of order 5 0.3 neutrino background events per kiloton year. From Figure 8 we con- 
clude that no nucleon decays via reactions (8) and no n - ii oscillation candidates, 
are observed in the initial 1.52 kty exposure of Soudan 2. 

B. Proton decay into oK+ 
The proton decay mode favored by supersymmetric grand unified theories is 

p + i j +  K+. (9) 

The Soudan calorimeter can image this process with compelling detail, provided 
that it occurs with an accessible lifetime. We focus here on decays wherein the 
K+ subsequently decays - after ranging to a stop - into p+v (BR = 63.5%). This 
decay sequence gives rise to a candidate track plus recoil topology in the Soudan 
detector, of appearance akin to the quasi-elastic p - p  event shown in Figs la,b. 
Careful scrutiny wi l l  however discern features which distinguish (9) from quasi- 

. elastics (l), and from other neutrino reactions [16]: 
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i) Since the K+ decays at rest, the muon track will have -to the accuracy dorded  
by detector resolution - the momentum 236 MeV/c. 

ii) In contrast-to a produced charged hadron whose ionization is least in the 
vicinity of the event vertex, the K+ track should exhibit a stopping ionization 
increase as it approaches the apparent vertex. 

iii) Sixty percent of daughter p+’s will have endpoint decays which make two or 

From Fig. 2a it can be seen that three track plus recoil events have muon momenta 
between 200 and 300 MeV/c. In two of these events, however, the p+ momenta are 
too high to be compatible with signature i). In the remaining event, the candidate 
K+ track has ionization increasing in the direction away from the vertex and hence 
is incompatible with signature ii). In conclusion, we report that no candidate 
decays p +. vK+ (K+ + p+v) are observed in Soudan’s initial 1.52 kiloton-year 
exposure . 

more tube hits displaced from the track endpoints. 

’ .  

VI. Status and Outlook 
The Soudan 2 detector is performing as designed and continues to record qua.lity 

data. The experiment’s high resolution imaging of contained events will provide 
new perspectives on atmospheric neutrino interactions and on baryon instability. 
For optimal investigation of these phenomena, we intend to accumulate a fiducial 
exposure of five kiloton-years. The prerequisite live-time will be achieved before 
the d e n i u m ,  at which point preparation for long baseline neutrino oscillation 
experimentation will be the dominant activity at the site. 

. 
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ABSTRACT 

We briefly describe the current status of the ICARUS programme, 
including the 3 ton prototype R&D studies. The next step of the project will 
be the construction of a 600 ton module to be operated in the LNGS 
underground laboratory. A detailed description of the proton decay 
detection capability and of the lifetime limits achievable, both with the 
5,000 ton final detector and with the 600 ton module are reported. 

1.Introduction 

As is well known, bubble chambers have played a fundamental role in 
Particle Physics. They provide unbiased events, in 3 dimensions, with the 
possibility of adding a magnetic field. Because of the high density of the 
liquid medium, bubble chambers can combine target and detector 

* presented by F.Mauri 
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functions. Unambiguous discovery can be claimed at single (few) event 
level. 

Ho-wever, bubble chambers are not continuously sensitive, hard and 
costly to build and dangerous if operated underground. 

An ideal detector for search of rare events in an underground 
laboratory, such as proton decay and neutrino interactions, would be a 
high resolution detector with an electronic read-out, a so called electronic 
bubble chamber. 

With this aim, in 1985 the ICARUS programme was presentedl. The 
final goal of the experiment is the construction of a multi-kton detector to 
study a variety of fundamental physics issues in the underground Gran 
Sasso laboratory2. After many years of intense R&D work, culminated in 
more than 4 years of continuous operating the 3 ton prototype at CERN3, 
we are now ready to build and operate a 600 ton module in the Gran 
Sasso underground laboratoryd.. 

2.The 3 ton prototype 

In 1989 the ICARUS collaboration decided to build a reasonable scale 
prototype3 detector aiming to solve the main technological problems: 

a) The liquid argon must be kept ultra pure even in the presence of a 
large number of feedthroughs for the signals and the high voltage, and 
with wire chambers, cables, etc. in the clean volume. The contamination 
of electronegative molecules must be kept to around 0.1 ppb to allow 
drifts on long distances (metres) without capture of the ionization 
electrons; 

b) All the materials employed in the construction of the detector 
must be extremely clean and non-degassing and the feedthroughs 
between pure argon and the outside world must be completely tight to 
avoid contamination due to leaks; 

c) The wire chambers must be able to perform non-destructive 
readout with several wire planes with a few mm pitch; they must be built 
out of non-contaminating materials and must stand the thermal stress of 
going from room to liquid argon temperatures; the precision and the 
reliability of the mechanics must be high and a good knowledge of the 
electric field in the detector must be granted; 

d) In order to obtain a good signal-to-noise ratio, low-noise 
preamplifiers must be developed. It must be remembered that we work 
with no amplification in the liquid; the signal is very small, of the order 
of 10 000 electrons for a minimum-ionizing track in a 2 mm wire pitch; 

e) Given the large amount of digitizations of the three-dimensional 
image, software architectures and algorithms must be developed for data 
reduction. 

The cryostat, shown schematically in Figure 2.1, consists of two coaxial 
vertical stainless steel (AIS1 304L) vessels. The shape of both the external 
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(1 in Figure) and the internal (2) vessels is a cylinder with hemispherical 
bottoms. The outer vessel has a diameter of 1.5 m, a height of 3.3 m and a 
wall thickness of 3 mm. The inner vessel has a diameter of 1.05 m, a 
height of 3.08 m and a wall thickness of 3 mm. The total internal volume 
is 2.61 m3. 

Fig. 2.1 : Schematic view of the mechanics of the detector. 1 is the outer vessel, 2 the 
inner vessel, 3 the annular flange, 4 the circular flange, 5 the wire chambers, 6 
the cathodes, 7 the high-voltage feedthroughs, 8 the boxes containing the 
preamplifiers (two out of eight shown), 9 the purity monitor. 

There are two wire chambers on each side of the central septum. Each 
chamber consists of three planes of wires. The first plane is a 
screening/focusing grid followed by the induction plane and finally by 
the collection plane. The induction plane is made by doublets of sense- 
wires (each doublet is read out by one amplifier) separated by 0.6 n-un; the 
centres of two adjacent doublets are separated by 2 mm and there is a 
screen wire between them. The collection plane is made of sense-wires at 
a 2 mm pitch separated by screen wires. 

The wires (stainless steel, 100 pm in diameter) are kept in position and 
under tension on the frame of the chamber by a structure made out of 
MACOR bars. They are held by small conical tubes crimped around 
them, while the tubes are held in turn by the holes drilled in the MACOR 
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bar. Their diameter is 150 pm. In the case of the doublets of the induction 
plane we insert both wires in the same tube (300 pm in diameter). 

3. The 600 ton module 

It appears to us that the best way to reach the sensitive mass needed to 
fulfil our scientific goals is to go through an intermediate step between 
the 3 ton detector in operation at CERN and the major engineering 
design of the multikiloton detector3. A few hundred ton detector will 
insure that our extrapolation between 3 tons and a few thousand tons is 
done in the most efficient way. 

This step-wise strategy will allow us to develop progressively, at the 
Gran Sasso Laboratory, (1) the infrastructure needed to build and operate 
our large detector, (2) the in situ experience needed in terms of safety but 
on a still modest liquid argon volume, and (3) to obtain a definitive and 
practical evaluation of our engineering choice for the final phase. 

It quickly appeared to us, that a few hundred ton detector would at the 
same time allow an important first step in our scientific programme. 
while a sensitive mass in excess of a few thousand tons of liquid argon is 
clearly needed to achieve the 1034 years range in proton decay lifetime in 
a number of proton decay channels, many exotic channels have only been 
poorly investigated so far or not at all, and would be easily covered in this 
first phase. Atmospheric and solar neutrinos are areas which could be 
completely clarified in establishing whether the effects observed by 
Kamiokande and Homestakes are instrumental or genuine. Therefore we 
have chosen a detector size which is the largest which can be transported 
from an outside laboratory to the Gran Sasso Laboratory: two half 
detectors with a cross-section of 3.9 by 4.2 metres and a length of 19 
metres, corresponding to a total internal volume of 465 m3 and a 
sensitive mass of 540 tons of liquid argon. Moreover, we decided to use a 
qmm wire pitch instead of the 5 mm foreseen for the 5000 ton module, 
in order to allow for higher precision measurements. This is particularly 
beneficial for solar neutrinos, especially when this is combined also with 
the presence of a neutron absorber around the entire volume, in order to 
reduce the radioactivity background to a negligible level. 

This intermediate step opens in addition the possibility to explore a 
new route towards larger detector volumes: the construction of a number 
of identical 600' ton detectors installed next to one another. 

4. Proton decay detection 

4.1 The multi kton detector 
Thanks to its large sensitive mass (4.7 kton)4 and to its spatial and 

energy resolution capabilities, ICARUS is an ideal device for nucleon 
decay detection, in particular for those channels that are not accessible to 
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Cherenkov detectors due to the complicated event topology, or because 
the emitted particles are below the Cherenkov threshold (Kk). Unlike the 
otherlarge detectors for proton decay, ICARUS, with its excellent tracking 
and particle identification capabilities providing a much more powerful 
background rejection, can perform exclusive decay mode measurements. 
In particular, it is possible to distinguish between atmospheric neutrino 
events and true nucleon decays. Our Monte Carlo simulation has already 
verified this point for a number of decay channels. 

We have performed a detailed event simulation based on the standard 
GEANT Monte Carlo code and the realistic events obtained contain very 
long tracks with redundant information, allowing particle identification 
and measurement of their energies with great precision. 

Table 4.1 : 
decay modes 

Efficiency (E), as defined in the text, for various nucleon 

Particle identification benefits greatly from the ability to measure the 
ionization loss (dE/dx) .  In particular, using d€/dx versus range only, an 
excellent separation is obtained between pions and kaons. As a 
consequence, many exclusive channels will be searched for 
simultaneously, both for proton and neutron decays for which 
discoveries can occur at the one-event level. This is certainly the main 
strength of the ICARUS technique. 

In the absence of background, the limit on the nucleon lifetime 
reachable in T years of observation is given by the simple formulae: 

Zp > 1.2 x M x T x q (lo32 year) 
Tn > 1.4 x M x T x q (lo32 year) 

(90 % C.L.) for the proton 
(90 % C.L.) for the neutron 

(la) 
(lb) 

where M is the detector mass in kton and q is the overall detection 
efficiency. 

In order to reduce neutrino-induced backgrounds we make use of the 
ability of ICARUS to fully reconstruct the events. Proton decay events are 
characterized by a definite value of the total energy and by the fact that the 
total momentum of the decay products must be zero. These features, 
which are true for a free nucleon, are also approximately verified for a 
nucleon bound in a nucleus, provided the decay products do not rescatter 
before escaping the nucleus. As a consequence, we also include in our 
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definition of detection efficiency = ED E the probability E that the decay 
products do not interact with the nucleus in which they were produced, 
and the reconstruction efficiency ED. 

ICARUS 1 year module PresentLimit 
I ICARUS 5 years module 

1 0 3 3  

1 0 3 2  

1031 

1 0 3 0  
* - Q  

'9 *- 

Fig. 4.1 : Comparison of present nucleon decay limitswith the sensitivity of ICARUS 
for one and five years 

These nuclear effects, the distortions of the energy and momentum 
distributions due to the nucleon Fermi motion, and the reinteraction of 
decay particles with the nucleus have been studied by Monte Carlo 
simulation methods. 

Table 4.1 lists, for some of the main decay modes under consideration, 
the computed probabilities (E) for the nucleon decay products to escape 
the argon nucleus without interacting. 
For example, for the decay mode p + v + K+ we obtain E = 0.85 and a 
corresponding lifetime lirnit zP > 4.7 x 1032 (90% C.L.) years for one year of 
data-taking. In ten years of operation, ICARUS will be able to reach a 
proton lifetime of 5 x 1033 years for this most interesting decay mode. This 
would increase the present limit by about two orders of magnitude. For 
this decay mode in particular (as for many others) we don't expect to have 
any significant background. 
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Except for channels such as p + e+ v v for which the topology is 
identical to that of atmospheric V e  charged-current events, the 
background corresponding to a data-taking period of one year is 
negligible. In order to obtain a preliminary estimate of the sensitivity of 
ICARUS, we have assumed that for all the other decay modes the 
background is indeed also negligible. 

In summary, many nucleon decay. modes can be searched for 
simultaneously and, after only one year of data taking, ICARUS will 
reach or exceed most present limits (Figure 4.1). The equivalent of five 
years of data will take us to the unexplored region between 1033 and 1034 
years for some of the most relevant channels. 

With the huge mass of liquid argon it is possible to conceive a 
measurement of the neutron-antineutron oscillations, taking into 
account the big reduction factor due to the nuclear potential&. The 
efficiency to detect a neutron-antineutron oscillation (5 pions in average) 
in ICARUS is very high. The achievable limit for free n-n oscillation in 
one year running is of the order of 4.0~108 s, better than the present one? 

4.2 The 600 ton module 

Even with a relatively low mass,our test module can provide 
important contributions to the proton decay search, in particular for those 
decay modes (referred in the following as exotic decay modes) with high 
multiplicities (3 or 4 particles in the final state) or, more generally, with 
signatures particularly difficult to identify with previously used detector 
techniques. 

One example of such decay modes is p + e+ v v which has been 
emphasised in our proposal2 because it can be interpreted as the source of 
the excess electron-like events in the Kamiokande and IMB experiments. 
This type of event belongs to a class of decay modes with AB = -AL which 
is one of the distinguishing features of SU(4)COIOUr Grand Unification 
Theories. This model has been first proposed by J. Pati and A. Salam5 in 
1973. 

With a sensitive mass of about 540 tons the ICARUS prototype can 
probe in one year, lifetimes up to 1.5 x years. Moreover, this module 
will have three readout planes and a better space resolution (3 mm3 
instead of 5 mm3) with respect to the one foreseen for the big ICARUS, 
and therefore it will be even better suited for the analysis of complicated 
topologies. In this sense the physics programme of the 600 ton module 
will be, at least in part, complementary to the one of the full detector. 

Table 4.2 reports the rates and the background expected for a 540 ton 
prototype in some of the channels characteristic of the Pati-Salam model, 
assuming that the nucleon lifetime is at the current experimental limit. 

The ICARUS technique is particularly well suited to identify these 
decay modes, or any decay mode involving several charged particles in 
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the final state. The detector techniques used so far, especially water 
Cherenkov detectors, do not allow to study these decay modes in an 
exclusive way, as can be seen from the relatively modest present limits. 
For most of them the background in ICARUS is expected to be negligible, 
hence one single event is sufficient for a discovery. 

Table 4.2: For a number of exotic decay modes, the detection efficiency 
(including the fiducial volume cut), the present limits, the rates in the 
600 ton module corresponding to the present limit are given. 

Table 4.2 also reports the detection efficiencies for the various 
channels. These efficiencies include the requirement that the events are 
contained in the detector. For nucleon decay events, with the present 
geometry for the 600 ton module, it turns out that the containment 
request does not reduce very much the fiducial volume. Considering that 
a certain segmentation with relatively large dead zones (for supporting 
frames, internal electronic boards, etc.) will be probably present also in a 
single 5000 ton detector, the above consideration favours a strategy of 
using several 600 ton modules to reach the 5000 ton sensitive mass. 
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With our 600 ton module, in a few years, we will be able to explore a 
lifetime region exceeding 1032 years for most of the channels reported in 
the above tables, with a considerable improvement (a factor 5 to 100) of 
the present limits for the exotic channels (see Figure 4.2). It is clear that 
with one single module we cannot reach the lifetime limit of 1034 years 
(Figure 4.3) which is needed to fully test the minimal SUSY Gran 
Unification Theory and which is the final goal for the 5000 ton detector. 
We will nevertheless satisfy completely what is our requirement for this 
first phase of our programme and namely to extend the present 
knowledge of the nucleon stability over the widest possible range of decay 
modes at the same level of the presently best studied channels. 

5. Conclusion 

After many years of intense R&D studies, with more than 4 years of 
continuous operating the 3 ton prototype at  CERN, the ICARUS 
experiment is now ready to start the construction of a 600 ton module to 
installed in the underground Gran Sasso Laboratory. As is reported in 5 3, 
this step is intended to pursue two main goals: 

- to establish all the important technical developments, such us the 
cryostat design, the read-out chamber technique, the electronics 
immersed in LAr, needed to scale up the detector size from 3 ton to 
several kton; 
- to realize a complete physics programme, including atmospheric 
and solar neutrinos study, proton decay detection, at least in the 
exotic channels. 

This step has already been approved and funded by Istituto Nazionale 
di Fisica Nucleare, for the Italian groups, and by DOE for the UCLA group. 

The construction of the cryostat will start soon in Italy and the foreseen 
completion of the whole detector and the start of data taking at the LNGS 
is expected for the year 1999. 
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ABSTRACT 

The ICAFXJS detector concept of imaging rare events is very well matched to the search for 
supersymmetric proton decay. We describe very briefly the R&D prog-ams carried out by the 
ICARUS team over the past 10 years, emphasizing the enormous dynamic range. We discuss the 
signal and background for the decay, p - P V P .  We also discuss the search for exotic neuhino 
processes and the use of the ICARUS method for a liquid-xenon detector to reach very low energy- 
recoil processes for the detector of SUSY WIMPS. 

1. The Search for Proton Decay 

The current generation of detectors has nearly exhausted the lifetime range up to - 
years. The scaling rules for the proton decay search are: 

zp = Np (protons in detector) , SRV>> 1 , 

, SRVIl , 

where S is the signal for proton decay and N is the background. In the latter case, a 
background subtraction is required, which reduces the statistical power of the detector. 
, 103-yr region, we choose between two options: In order to explore the zp - 

1. Construction of very large detectors (M - lo5 tons) that will have SRV I 1 , or 
2. Construction of detectors with M - lo4 tons with SRV >> 1, with extreme pattern 

In both cases, the background must be known, but in the SRV>> 1 , we must know Nprecisely 
in order to subtract the background. We illustrate this part for the decay, p - K+ij,, given in 
Table 1. 

recognition for unique event selection. 
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Table 1. Current situation in search for p - P V ,  
- Mode . Candidates Gba Group 

K 11 8.6 KAMm 
4.92Kt.y. 

3.76Kt.y. 

9.98Kt.y. 

P2 

K P2 6 4.7 (90) 

KP2 K., 1 1.8 Frejus 

3 15.1 'IMB 

b~/13 2 6 x lo3' y 90% C.L. 

The ICARUS detector method of detecting particles by ionization and scintillation light 
in noble gas-liquid has been developed over the past 10 years, starting with small prototype 
detectors up to the 3-ton liquid& detector that has been operating at CERN for the past 
five years.lg In addition, we have been operating a 2-kg liquid-Xe detector for the past two 
~ears.4.~ 

The features of ICAFtUS that make it a very sensitive detector for rare processes are 
given in Table 2.'" One of the most important is the vast dynamic range that, as we shall 
show, goes down to almost 10 keV."' 

The two types of proton decay that ICARUS is being designed for are shown in Fig. 1, 
where (A) is for a Pati-Salam model and (B) is for the currently favored, SUSY-GUT 
m0de1.l.~ We believe the predictions of the latter, which are illustrated in Table 3 and 
Fig. 2, should be taken seriously. 

Of course there are other tests of SUSY-GUT, as illustrated in Table 4. One very 
interesting result of the SUSY-GUT concept is the extrapolation to the GUT scale, as 
shown in Fig. 3.' We note that the X mass that would be derived from this extrapolation 
would give a lifetime for p - x0e+ in excess of lo3' years. Thus in our opinion, the only 
viable options to detect proton decay in the near future are the processes shown in Fig. 1 (A 
and B). The ICAFWS detector is well matched to these decay modes? In Fig. 4, we show 
the limits for various proton decay modes that can be searched for with the 600-ton 
IcARus.3 

2. ICARUS Sensitivity to SUSY- GUT Predictions 

The preferred decay mode of p - K+ijP is uniquely searched for by ICARUS. Figure 5 
shows the spectrum of energy deposition for the Ky decay and illustrates that the detector 
efficiency can be - 85%.' Figures 6 (A) and (B) show two simulated events, indicating 
how unique the signal will be.! 
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Table 2. Unique features of ICARUS. 

Detect particles by ionization 
(water c detetors observe only fast particles (3 = 1) 
Sensitive to all charged particles in event 

Detect range and ionization to make a particle ID 
(water c attempt ID by 

Clear study of the vertex of events to help resolve 
v interaction vs p decay 

ring, etc.) 

Large dynamic range (- 10s keVs - 100 GeV) 

Fig. 1. 

*R 

UNKNOWN MASSES I K+ I 

U 

(A) Feynman diagrams for proton decay into Qqi and Q@ in the Pati-Salam 
model, and (B) SUSY-GUTp - IC%,, decay research. 
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1.0 

0.9 

0.8 

0.7 

0.6 
sin’ eW 

0.5 

0.4 -- 
0.3 -- 

0.2 -- 

0.1 -- 

0 1  

Table 3. Why should we pay attention to SUSY- GUT predictions? 
(- Experimentalists) 

(Is SUSY science or religion?) 
If a theory has some measured predictions, it should be testable. 
(SUSY/SUSY- GUTS have “testableyy predictions) 

If a new technique is available (e.g., electron drift over large 
distances in liquid Ar), it should be used. 

- 
-- 

-- 

-- 

-- 

-- 

Current data are remarkably near expectations for SUSY-GUT 
- Qh2-1 
- 
- 

sin28, very near sin28, (observed) 

a extrapolation to GUT scale 

MINIMAL 

SYMMETRIC 
GUT 

SUPER- _-.__.- ’I 0.235 

0.234 -- 

0.23 -- 

A 

NONSUPERSYMMETRIC GUT 
LEP DATA 

Fig. 2. Gee-whizz plot showing how well GUT predictions of sin2 8, agree with the 
experiment data (from Ref. 6) .  
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Table 4. Testable predictions of supersymmetric theories. 

- 1. Discover SUSY particles at LHC (FNAL): 4 ? my ... 
2. Observe proton decay: p - K*V, 
3. Detect SUSY dark matter: E (neutralino) 

60 

50 

40 

30 

20 

1 0  

0 

60 

50 

40 

30 

20 NON-MINIMAL S M  

n 

-7- 
7 3  

s 

NFun = 3 N,,  = 6 
1 0  M-=4x10i3GeV 

60 
27 

50 26 

25 40 

30 

20 

10 

- 
I O 3  1 os I 0’ 1 o9 ioii ioy3 ioi6 ioi7 

I-r (GeW 

I 

Fig. 3. Extrapolation to the GUT scale. 
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=/B (years) 

Fig. 4. Present limits for a number of “exotic” proton and neutron decays, together with 
the 90% ICARUS sensitivity, with the 600-ton module. 

20 

17.5 

1 5  

12.5 
z => 8 I O  

0 z 
7.5 

5 

2.5 

0 
1 0 0  200 300 400 500 600 700 

DEPOSITED ENERGY (MeV) 

Fig. 5. Spectrum of energy deposition for the k+ decay. m e  two peaks correspond to 
the decay modes: k+ - $v (64%) and k+ + n+no (21%).] 
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Fig. 6 

. 0.6 m 

0.7 m 

Simulated p - P?,, with kP2 decay and (B) n - KO 3,, in ICARUS. 
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We have carried out a careful background study to show that T 2 years can be 
achieved with the 5000-ton ICARUS. The reason the background is so small is that the 
neutrino reaction 

is forbidden, since it is a flavor-changing weak-neutral-current process. In fact, it may be 
possible to reach years for this decay with enough operating time! In Table 5, we show 
the limits (or discovery) that can be reached with the 5000-ton ICARUS.' 

3. Other Rare Processes with ICARUS 

v p + N - v i + K + + X ( s = O )  , (3) 

There is a very interesting window of discovery for new sources of 20-30 MeV 
neutrinos, as shown in Fig. 7. We will not discuss solar neutrinos here, but simply remark 
that ICARUS can make a unique contribution to this subject as well? 

4. Low-Energy Studies with a Liquid-Xenon Detector 

In the early 1 9 9 0 ~ ~  as the ICARUS technique was being perfected, we considered the 
possibility of detecting very small recoil energies with the dete~tor.4.~ We considered the 
pulse shape and relative scintillation-light output to be important factors needed to 
discriminate against various radioactive backgrounds. I gave a follow-up talk at a meeting 
at Waseda University in 1992: 

In 1992, a subset of the ICARUS group started the study of liquid Xe for the purpose 
of WIMP detection? The first report of this work was given in 1992 at Waseda University 
and was published in the proceedings of the conference? Figure 8(A) shows the initial 
experimental setup. Table 6 presents a schematic view of the reasons that liquid Xe is 
potentially an excellent WIMP detector! The scope traces in Fig. 8(B) provide the essential 
discrimination method? The ratio of primary to secondary scintillation light is very 
sensitive to the initial ionization of the source; the y, p, and a'particles are clearly 
separated? In addition, the pulse shapes provide discriminations against background. More 
recently, this group has constructed a larger detector [Fig. 9(A)] and cai-ried out very 
detailed tests of the discrimination methods [Fig. 9(B,C)].8 

A successful test of the detection of a recoil Xe nucleus using neutron scattering has 
been carried out recently, and it shows clear evidence that SUSY-WIMPS will give a 
strong, unique signal on a discriminating liquid-Xe detector. The 2-kg detector shown in 
Fig. 9(A) will be taken to the Mt. Blanc Laboratory in the Spring of 1996 to test 
backgrounds further and to perform a first search for SUSY-WIMPS using this technique? 
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Table 5. Sensitivity of 5-k ton ICARUS for 
various proton and neutron decay modes and 
for a data-taking period of five years. 

Decay mode Sensitivitya No. of eventsb 

p -e+no 
p -3n+ 
p -p+no 
p +3K+ 
p -e+n+n- 
p -e+po 
p -e+e+e- 
n -e+n- 
n -p+n- 
n -vzo 
n +e-P 
n +e+p- 
n -e+z-no 
n-e+e-v . 

1.2 x 1033 
1.2 x 1033 
1.5 x 1033 
2.4 x 1033 
3.5 x 
2.4 x 
2.7 x 1033 
1 . 4 ~  1033 
1.2 x 1033 
1.4 x 1033 
2.9 x 1033 
3.0 x 
4.1 x 
3.3 x 1033 

2.7 
2.7 
2.4 
5.4 
0.8 
0.5 
6.4 
3.1 
2.9 
3.3 
6.6 
0.6 
1 .o 
7.8, 

~ 

90% C.L. limit expressed in years and for 
one module. 
bcorrespondS to a nucleon lifetime of 

years. 

- --- 

estimate for more optimistic 
Relic SN estimate of v, f l u x  

Relic  SN - - ve flux 
Ye flux 

Fig. 7. Window of neutrino sources in which new, possibly cosmological, sources 
could be detected with ICARUS. 
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Fig. 8. (A) Geometry of liquid-xenon test chamber, and (B) Observed primary and 
secondary scintillation signals showing S US2 >> 1 for a events and << 1 for y events. 

Q 

Table 6.  Signature and background in liquid xenon. 

Recoil Nuclei 
Heavily ionizing particle 
High recombination, hence 

Radioactivity 
Minimum ionizing particle 
Low recombination, hence 

Mainly scintillation light is produced 

Both charge and light are produced 

In liauid Xe 
Both charge and light are visible 
This provides an efficient way for signal-to-background 
rejection 

Moreover, in Xe 
No long-lived natural isotopes are present 
Xe’” has longest decay time (=36 d) 
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Fig. 9. (A) A 2-kg detector that has been constructed for tests at Mt. Blanc and a 
possible WIMP search; (B) Variations of the secondary scintillation intensity as a 

function of V, for photons; and (C) The same as B but for a particles. 
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Gas Detector for proton decay search 

V. Lu bimov 
Institute for Theoretical and Experimentd Physics, Moscow, Russia 

Abstract 

Megaton detector - the Big gas Drift Chamber(BDC)l for the study of proton 
decay is discussed. 

1 Introduction 
The discovery of the proton decay would be of fundamental importance for under- 
standing of the Theory of Grand Unification. In the framework of SU(5) models2 
it was possible to make a prediction of the proton lifetime(- lomB years). This 
prediction was ruled out already by the first results from IMB collaboration in 19833. 
Presently the experimental upper limit for the proton decay time is set on the level 
rp > 1 - 8 * years*. However in some sophisticated models such as SUSY or 
SO(10) the proton lifetime is predicted to be a t  the level of- lP5*l years5. There 
are about a dozen of proton decay current experiments and projects now6-l0. For 
instance the SUPERKAMIOKANDE experiment(50 000 ton water Cerenkov detec- 
tor)ll wi l l  have a chance to provide the measurable limit for the proton lifetime 
up to about loa years, depending on the proton decays mode and the reasonable 
background from the neutrino induced events. 

However, to reach the SUSY scale to test their prediction one should be able 
to construct the detector with big fiducial mass, bigger compared with the present 
experiments. In this talk we present the idea which was developed more than 10 
years1 ago how it is possible technically to ihcrease the mass of the detector by 
several order of magnitude. 

2 Size optimization of homogeneous detector for 
proton decay 

In order to answer the above questions we will try to optimize the detector size. Let 
V = L3 to be a volume of the detector filled with any sensitive (active) substance. 
(For a moment the practical way how the sensitivity of the substance can be achieved 
is out of our consideration). 

The detector mass: 
M = L 3 * p  

with p being the density in ton/m3 (= g/cm3). 
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Maximum range of the charge particle produced in the proton decay is: 

- R M P M / 2  * -* 1 - d E  % 2.5- MeV = 0.25 GeV - R = - [ m ]  2 
g l m 2  tonlm2’ P dE/dx  p’ dx 

Decay products should not leave the detector, therefore we shall consider proton 
decays only within the volume Vf : 

The rest of the volume V ,  i.e. the walls of thickness R which m o u n d  the volume 
Vf serves as active shielding. 

It isn’t reasonable to have Vf << V since the main cost of the detector in this 
case is the cost of shielding. Another extreme is Vf x V.  This leads to  very large 
size of the detector and disproportionate expenses. 

Reasonable choice would correspond to 

1 1 
2 2 

I+ M -V and (L - 213)~ = -L3 (4) 

Solving this equation one can express the size of detector in terms of the maximum 
range of particles Eq.2 : 

One sees here that the size of detector is determined by maximum range and hence 
by substance density. 

The detector mass therefore is: 

[ton1 M = - [ton], Mf = - 8000 4000 
p2 p2 

If the water ( p  = 1) is used in the detector then L = 20 m, Lf = 16 m, M = 8000 ton, 
M f  = 4000 ton. These values are practically the same as in the IMB-detector: 

L = 21 m, Lf = 16 m, M = 10000 ton, M f  = 4000 ton. 

It shows that IMB-detector pammeters were well optimized. 
Thus the detector mass of lo4 ton is the optimum and close to its limiting 

value if the water (p  = 1) was chosen as a sensitive substance of the detector. Nev- 
ertheless the mass of homogeneous detector can be considerably increased if one 
would accept a t  the kst sight paradoxical decision to take the sensitive substance 
of of lower density. According to Eq.6 for the substance density p = 0.1 ton/m3 the 
mass of the detector of the optimized size increases to M x lo6 ton and the mass in 
the fiducial volume to Mf = 5 * lo5 ton. 

The detector size then is L = 200 m, Lf = 160 m. But gases a t  high pressure 
can have density of about 0.1 ton/m3, whereas the most effective and informative 
gaseous detector is the drift chamber. 
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3 The Big gas Drift Chamber (BDC) as the de- 
tector for proton decay 

Fig.1 shows the scheme of 3-dimensional (No. of wires, A-amplitude, t-drift time) 
drift chamber. 

Sensitive anode wires in the drift chamber are arranged with the spacing d. 
Measured coordinates of the particle tracks are Xi (coordinate of i-th wire) and 
x(coordinate measured by drift time Ti at i-th wire)*. 

Figure 1. The scheme of Big gas Drift Chamber (BDC). 

One remarkable property of the 3-dimensional drift chamber have to be noted. 
The detector sensitive volume (and consequently the mass) depends on L as L3 while 
the number of sensitive wires (and hence the number of electronic channels) N = L/d 
is proportional to L. The latter is correct if the wire spacing d doesn't depend on 
L, for instance when minimum technologically reasonable spacing cl is chosen. For 
the proton decay events there are no reasons to keep spacing d at minimum. The 
accuracy of track reconstruction depends on the number of points measured on the 
tracks. We can fix this number for the proton decay track with maximum range: 

n = R/d (7) 

Thus, track length reconstruction will be ensure with the same k e d  accuracy for the 
tracks of any length R. 

The total number of wires in the detector: 

N = L/d = L*n/R (8) 

*Third space coordinate can be measured, for instance, by the charge division method. 
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Optimization of detector size (Eq.4) provides the relation between L and R (Eq.5): 
L = 10R. Therefore 

N = 10n (9) 
i.e. the total number of wires in a detector doesn’t depend on the detector size L (as 
well as on the density or the pressure of the gas). 

Figure 2. The scheme of division of BDC into separate drift layers. 

It is reasonable to divide the detector volume into several parts in order to avoid 
too large drift gaps (Fig.2). The layers of the thickness - 2R (Ddrift N R) would 
divide the detector into L/2&rift = 5 nearly independent parts. The number of 
wires will be increased to: 

Again the number of wires Nt is independent on the size of detector. We can choose 
the maximum number of measured points on the track n = 50. Thus the total number 
of anode wires of the length L will m o u n t  Nt = 2500f. 

Some characteristics of a Big gas Drift Chamber are shown in Table1 for the 
detector dimensions L = 50,100 and 200 m. When the size of detector increases the 
length of the tracks increases proportiondy too. The accuracies of geometrical and 
kinematical parameters remains unchanged. But the detector m a s  increases (like - L2) and amounts for for L = 200 m N lo6 ton. 

tSince the events looked for are rare, the rate of external radiation is rather low (quite different 
from accelerator experiments) and there are no particular need to know exactly the place inside 
the detector where nucleon decay occurs one can connect several anode wires in parallel. Thus the 
number of electronic channels for information readout can be reduced to Nporcrllel = N F  = lOO!. 
This certainly doesn’t degrade the accuracy of track measurements and reconstruction of the event 
geometry 
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50 
0.4 
400 
0.1 
5 

5 * 104 
2.5 * 104 
0.5 
1 

1.5 * loN 
15 
0.15 

100 
0.2 
200 
0.2 
10 

2 * 105 
105 
1 
2 

60 
0.60 

6 * 

200 
0.1 
100 
0.4 
20 

8 * lo5 
4 * lo5 
2 
4 

240 
2.4 

2.4 * 103 

Table 1. Some characteristics of BDC for different detector dimensions 

For the detected tracks one can expect the following accuracies: 

on the length of wire spacing. 
1. Angular accuracy A8 - = 0.6’ is dehed by multiple scattering in the gas 

2. Energy of charge particle is measured by its range and the s u m  of energy -losses: 
A E / E  - 2..3%. 

3. Ionizing stopping power of particles can be determined by multiple (n = 50) 

4. The direction of particle motion along the track is defined from dE/dx measure- 

5. Measurements of multiple Coulomb scattering allow to find the particle momen- 

dE/& - measurements on the track with A I / I  N 4%. 

ments as well (1/8R is enough to distinguish either directions). 

tum with accuracy AP/P  N 15..20%§. 

6. Measurements of the range, total energy loss (energy), dE/& (velocity) and mul- 
tiple scattering allow to make particle identification. Besides, since R * p/Xo N 

4.5 and R * p/Xwr N 2 (XO, Amr - radiation length and nuclear absorption 
length) the interaction details of particle with the gas will allow separation of 
p, T, e and other particles. ‘ 

Thus, practically all the nucleon decay modes can be unambiguously interpreted. 
There are some technical details of proposed BDC. The drift chamber is filled with 

the “cold” gas (low electronic temperature) where the diffusion spread is relatively 

*gas density at NTP was assumed po = 
§These estimates of kinematical parameter were made for the track of maximum length. For shorter 
tracks of length 1 the accuracies of the parameter are worse by factor 

[$I 
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small like in methane or others natural gases. Electric 6eld in the drift gap is - 
0.1 V,/(cm mm H g ) ,  drift velocity - 1 cmlpsec, total drift time is about 1 millisecond. 
The maximum drift; time limits the rate of cosmic muons to the level of - 100 sec-l. 
This requires the detector to be installed deeply underground (depth 2 1500 m of 

One of the most serious technological problems is how to build the vessel for such 
detector? The size of the vessel must be of the order of hundred meters and it must 
stand the pressure of few hundred atmospheres. 

’ water equivalent). 

To make this vessel one can use the underground explosion of nuclear charge of 
proper power. This method is known to be used for creation reservoirs for the gas 
condensate storage. Cavities produced by this method are absolutely hermetic under 
the gas storage pressure of few hundred atmospheres. To be a convenient access into 

.the cavity the explosion should be made in the vicinity of the existing shaftr. 
The radio-activity induced in the walls of the cavity is certainly somewhat danger- 

ous. Nevertheless this is not fatal for the detector for the following reasons. First the 
energy of the induced radio-activity (few MeV) is hundred times less than the energy 
of the proton decay. Therefore the radio-activity can not imitate the proton decay 
events but produces only some excessive rate in the chamber. Secondly, there are 
shielding of the detector with the thickness at  least equal R (- 4.5 and - 2 radiation 
and nuclear absorption lengths respectively), which will suppress the electron-gamma 
radiation of the walls by factor lo3 - lo4. And fhally, exploitation experience of gas 
reservoirs created by nuclear explosion shows that after some exposure (- one year) 
gas comes to consumers e o u t  

We had discussed how the enormous mass of lo6 ton can be made sensitive and 
how the vessel for such a detector caq be created. One additional problem, the 
problem of background on the proper level of detector mass, have to be discussed 
here in order to demonstrate the feasibility of the idea. 

The main source of the background in such a detector will be cosmic neutrino 
interactions. Any underground set up cannot avoid this sort of background. The 
suppression of neutrino induced events can be made .using geometrical and kinematical 
characteristics of events. The efficiency of suppression will depend on the detector 
“quality”, i.e. on the space and angular accuracies of tracks reconstruction, on energy 
resolution AEIE, on the possibility of particle identification etc. We can compare, for 
example, the characteristics of experiment of Irvin-Michigan-Ohah-Harvard-Padua- 
Vis~onsin(1MOHPV)~~ (water, Cherenkov light collection) group with the proposed 
detector BD C (Table2). 

The correlations angle-energy of T and p is different for the proton decay and 
neutrino induced events. For BDC detector the allowed region for proton decay 
events in the plot E(p + T) vs OPT is smaller compared with IMOHPV experiment 
by the factor w 600. In general, for any pair combination (two dimensional plot) of 
variables BDC detector gains on average a factor - lo3 as compared with proposal 
of IMOHPV. For three dimensional combination this factor is lo4 - lo5. Thus, the 

of radio-activity. 
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Figure 3. Winter '95'96. Tkansportation of the magnet for double ,&decay detector. 
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10% 

Mf [ton1 
AXvertez 
A0 (angularaccuracy) 
A E I E  
Background eventslyear 
rFOh limit 103 

IMOHPV 

20 Cm 
20° 
50% 

3 

5 * 103 

1032 

2..3% 

Factor 
100 
100 
30 
20 

103 - 105 

Table 2. Comparison of the characteristics of BDC detector with IMOHPV12 

background suppression level in BDC (“quality” of the detector) allows to realize the 
detector mass of lo5 - lo6 ton and explore the proton life time up to the level N 

years. 

4 Conclusion 
At the conclusion we would like to point that the idea to use the detector with 
small density and large size can be applied not only for the experiment of the proton 
decay.13 The simplest examples are: 

0 ye, e scattering of the sun neutrino. 

0 Double ,&decay. 

0 The search the exotic particles such as monopoles etc. 

As the first step of the program of using BDC detectors, in ITEP there were proposed 
experiment14 for the double decay searches. The construction of the detector with 
the following parameters: 

V = 13 m3; M = 10 kg of Xe136 (95% enriched) 

Magnet Diameter N 6 m 

is completed. At Figs.3,4 ITEP detector for search of neutrinoless double ,&decay is 
shown. The results obtained with the test prototype of the detector for the search of 
the two-neutrino double p decay are published.15 

Through the paper we discussed the possibility to improve the experimental de- 
tector for the detecting.of proton decay and show how one can increase the fiducial 
mass of the detector by few order of magnitude with BDC. However the same con- 
sideration can be applied to the not homogeneous detector. It is paradoxical point 
of view that to increase the mass of the detector one built up the detector from the 
material with large density rather than to increase the volume. Let us consider the 
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Figure 4. Spring ’96. ITEP double p-decay experiment “on-floor”. 

detector uses tracking calorimetry with iron plates interleaved by tracking planes. 
Let us make the scaling transformation: we will increase in 10 times the sizes of 
sensitive elements but keeping the same the thickness of iron plates. The volume of 
such detector will increase as the L3 but the average density drops as the 1/L, so at 
the end we have the factor of N 100 for the fiducial mass of the detector with the 
same number of sensitive elements and the same accuracy of events reconstruction. 

I am grateful to Dmitriy Ozerov for the help in preparation of the manuscript. 
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nfi SUPPRESSION IN INTRANUCLEAR 
- TRANSITIONS 

W.M. Alberico 
Dipartimento di Fisica Teorica dell 'Universitci di  Torino 

and INFN, Sezione d i  Torino 
via P.Giuria 1, 10125 Torino, Italy 

Abstract 
We review the problematics connected with the occurrence of nii oscillations 
inside nuclei, leading to a specific AB = 2 nuclear instability mode, for which 
a few experimental lower bounds have been till now established and are under 
way. Assuming the same mechanism as for the free neutron conversion, the 
influence of the nuclear medium turns out to be crucial in determining the 
global nuclear lifetime: indeed the newly formed antineutron state feels a 
considerably different mean field, with an imaginary absorptive part which 
accounts for the annihilation. As a result, the nii conversion is substantially 
suppressed, in the nuclear medium, with respect to the free process. Different 
theoretical approaches are reviewed, and the corresponding estimates for the 
suppression factor are confronted: the results are rather stable and make it a 
sensible tool for comparing with the free nii oscillation search. 

1 Introduction 
The interest for nii oscillations has been recently renewed both from the theoretical 
point of view, with the development of Grand Unified Schemes allowing for this 
process within reasonable mass scale parameters, and from experimental propos- 
als which could realistically set up new-limits on free nii oscillations (ORNL) or 
intranuclear processes (Superkamiokande, Icaus). 

It is thus a good point to review the existing theoretical estimates of the 
influence, on the process, of nuclear medium effects; the latter indeed provide an 
important bridge between measurements of nuclear instability rates and the free 
oscillation time for an ii conversion occurring in a beam of free neutrons. 

The fundamental process is described by the AB = 2 Hamiltonian 

'Invited talk presented at the International workshop on Future Prospects of Baryon Instability 
Search in p-decay and nfi oscillation experiments, at Oak Ridge National Laboratory, March 28-30, 
1996. 
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En% being the transition mass (sometimes referred to as' sm), 01 the usual Pauli 
matrix acting on the two-dimensional (n, ii) space spanned by the vectors Q: 

- 

the antineutron field being the customary charge conjugated of the neutron one: 
&(x) = +:(x). The ni? oscillation time for a process occurring in free space is then 
the inverse transition mass (ti = c = 1): 

Two different approaches are mainly conceived in order to experimentally de- 
termine rnE: 

0 the direct measurement of an ii component in a freely propagating beam of 
neutrons (or spallation sources) 

0 indirect limits stemming from nii oscillations occurring in nuclei and detectable 
by general purposes experiments, set .up for nuclear instability search. 

In the first instance the probability of finding at time t an antineutron com- 
ponent in an initially pure neutron state turns out to be 

2AE being the energy gap between the n and i? states, eventually due to external 
perturbative fields (as, for example, the Earth magnetic field). When AE is made 
negligibly small with respect to enE,  then the above probability more simply reduces 

The present experimental limit on rnE has been set by the measurements at 
to  P(ii,t) x 

ILL (Grenoble)[l, 21 to be 

T n E  > 0.86 x 10'sec (SO%CL) 

A significant improvement by two or possibly three orders of magnitude is expected 
to be possible with the proposed experiment at ORNL[3,4]. 

Besides specific and direct measurements of the free nfi oscillation time, we 
will focus here on other existing and future experiments aimed at the discovery of 
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baryon and/or lepton number violating processes which might occur in nuclei. The 
nii conversion, followed by the f i  annihilation with the surrounding nucleons into a 
nucleus with mass number decreased by 2 and a certain number of pions, provides 
a source for nuclear instability induced by the AB = 2 Hamiltonian (1.1). 

Multipurpose experiments like Kamiokande, Frejus, Icarus (some of them al- 
ready operating since a few years) could reveal unusual nuclear decays like the 
ones induced either by proton decay or by nii oscillations. Apart from the intrin- 
sic technical difficulties in disentangling the occurrence of such processes from the 
overwhelming background, the extraction of the nii oscillation time is, in this case, 
somewhat complicated by its occurrence inside the nuclear medium, which strongly 
interacts with both the initial neutron and the antineutron resulting from the oscil- 
lation process. 

This argument has been suggested and debated since the 80's [5,6,7,8,9] and 
can be understood in simple terms by considering the following nii mass matrix: 

which contains the interaction potentials of the neutron and the antineutron with 
the residual nucleus, the ii potential being a complex quantity with an imaginary 
(absorptive) part which is related with the 5 annihilation. 

Diagonalization of (1.6) leads to two mass eigenstates N& with eigenvalues 

(< Un - Ufi >) 
m+ = <U,>+ < Un - Uji >2 + < W E  >2 

rn- = <U,>-i<W,> (1.8) 
where appropriate nuclear mean values of the interaction potentials have been intro- 
duced. The IN+ > state, belonging to the eigenvalue (1.7), contains the conversion 
of a neutron into an antineutron and the subsequent nuclear decay, with lifetime 

which allows us to define the %uclear factor" TR. Eq.(1.9) can be equivalently 
rewritten as 

TA = 7 t f i T ~  (1.10) 
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which puts in evidence the different time scales involved by the nii oscillation time 
(Tnji) and nuclear decay lifetimes (T'). Indeed, as it will be shown in the next 
Section, the nuclear quenching factor TR turns out to be rather large, involving 
several orders of magnitude (it is typically of the order of sec-l). According to 
( l . l O ) ,  experimental limits on nuclear stability (say TA > TO"p), together with the 
theoretical determination of TR, allow to establish lower limits on Tnji as well. 

2 Theoretical approaches 0 

The existing estimates of TR can be roughly divided into two categories, the first 
one being based on a potential model approach, the second one directly stemming 
from the S-matrix formulation along with two-body N N  and Nfl interactions. 
One should, however, keep in mind that the two formulations are essentially equiva- 
lent, notwithstanding that they are focussed on different aspects of the- many-body 
treatment of the problem. 

2.1 The optical model approach 
After the first rough estimates of the nuclear factor TR, Dover et aZ.[10, 111 aRorded 
an exact calculation based on the available N-nucleus and R-nucleus optical po- 
tentials. The starting point is the (single-particle) nuclear Hamiltonian 

acting onto the two-dimensional nii space. In eq.(2.1) P* = +(1 f 03) are the 
projection operators onto n (5) states and Hnji is the nii transition Hamiltonian 
given in eq.(l.l). The eigenvalue equation for H ,  

provides two coupled differential equations for the neutron and antineutron states: 
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where the small coupling term (-%&E) to the +state is usually neglected in solving 
the wave equation for the neutron, while the inhomogeneous term is essential in 
equation (214), in order to justify the creation of an ii inside the nuclear medium. 

The n-nucleus optical potential Un(z) included in the Hamiltonian is choosen 
to reproduce the neutron binding energies, E,, in the considered nucleus, while the 
complex Si-nucleus optical potential, UE(z) + iWE(z) is adapted to fit energy shifts 
and widths of the pa tom levels as well as low-energy ji-nucleus scattering data 
measured at LEAR. Its imaginary part accounts for the annihilation width of the 
antiparticle inside the nuclear medium. For an ii in the state $ji,a the latter turns 
out to be: 

ra = -2Jd3. ~ + E , ~ ( z ) l ~  WE(%).  (2.5) 

The tohal nuclear annihilation width, obtained by averaging (2.5) over all possible 
occupied states, 

N being the number of neutrons in the nucleus and na the occupation number of 
the state cy, gives the inverse nuclear lifetime (Ti1 =< I'A >). . 

= TG~. It is thus 
appropriate to explicitly factorize this factor in < r A  > or, according to (1.10), to 
set: 

LFrom eq.(2.4) it appears that +E,a cc so that Fa cc 

This quantity is the above mentioned nuclear quenching factor and depends only on 
nuclear physics aspects, but not on the strength of the nii conversion. 

Typical ii-nucleus optical potentials utilized in ref.[lO, 111 are of Woods-Saxon 
form: 

(r  = IZI). The best fits to the available p - N data are obtained by employing 
potentials with a shallow real part and a deep (strong) imaginary part; it is worth 
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mentioning, however, that equivalently good fits can be obtained with set of param- 
eters (in particular &, Wo) sometimes differing by one order of magnitude. 

Dover-et aZ.[ll] estimated TR [eq.(2.7)] for the l60 nucleus, for which the 
Kamiokaade experiment[l2] provided in '86 the following lower limit of the nuclear 
lifetime: 

TA > ~ 0 " ~  = 4.3 x 1o3lY. (2.10) 

Eq.(l.lO) translates then (2.10) into a lower limit for the n 5  oscillation time: 

(2.11) 

By employing various models for the 5-nucleus potential, the authors of ref.[ll] 
found the following range of T' values (which expresses the "zincertainty" on the 
theoretical estimate) : 

. 0.46 5 TR 5 1.93 (~lO-~~sec- ' ) .  (2.12) 

Then, by employing (2.10), one gets:2 

0.84 5 Tnji 5 1.72 (xlo'sec). (2.13) 

We remark that thk uncertainty in the TR value, stemmingfrom the different nuclear 
models employed in the calculation, is appreciably attenuated in Tnji, due to the 
power 1/2 which relates the two quantities. 

A simpler approach, still based on the potential model, starts from eq.(1.9) 
and evaluates TR in terms of averages over the nuclear density[l4]; for example, the 
average of the real part of the fi-nucleus potential is given by: 

(2.14) 

When the same 5-nucleus potential is employed, this approximation yields T' values 
which are approximately twice the "exact" result[ll]; thus the resulting limits on 
rnji turn out to be somewhat overestimated. 

2The numbers in [ll] differ somewhat from (2.13) since in '85 the authors were using a previous 
(lower) limit for the nuclear lifetime, provided by the IMB collaboration[l3]. 
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2.2 S-matrix approach 
This method can be developed not only starting from an optical model (single par- 
ticle) hamiltonian, but also from the full many-body nuclear Hamiltonian 

H = HSM + VNN V,N Hnii (2.15) 

where HSM is a suitably choosen shell model Hamiltonian, VNN(N) are short-cut 
notations for the two-body interaction terms, referring to the nucleon-nucleon 
(nucleon-antinucleon) potentials, respectively (e.& VNN = &j V N N ( ~ ,  j)) and 
Hnji is the transition Hamiltonian (1.1). 

The time evolution of a nuclear system described by (2.15) embodies a finite 
probability for the process: 

where a certain number n of pions (most probably 4 or 5) are produced in the final 
state, by annihilation of the ii in the nucleus. The S-matrix for the n - f i  conversion 
and the subsequent evolution of the system up to a certain time t reads: 

where the evolution operator is 

and 
HnE(t) = U-'(t, O)HnjiU(t, 0). ' (2.19) 

The decay probability of the initial nucleat state I Q A  > is then determined by: 

I< qAIS(t, O)IqA >I2 = 1 - rdt + . . . (2.20) 

where the nuclear width, neglecting terms of order O ( E : ~ ) ,  reads: 

(2.21) 

In the above the coefficients lajI2 represent the probability that the wavefunction 
resulting from the nii conversion contains the quasi-nuclear state ] ( A  - 1, 2, fi)i >, 
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with energy E;(ii) and annihilation width ri into the nuclear state IA - 2,Z >. Using 
two-body N N  and (complex) N 8  interaction potentials: 

(2.22) 
(2.23) 

Closure approximation 
Since xi \ail2 = 1, if 
then eq42.21) reduces to 

and AMi have only a weak dependence upon the state li >, 

(2.24) 

where quantities averaged over the available quasi-nuclear states have been intro- 
duced. 

We have followed this approach[l5, 16, 171 within the framework of two differ- 
ent nuclear models: 

(a) A nuclear matter description, which starts from the Hartree-Fock basis imple- 
mented by the local density approximation; 

(b) A standard nuclear shell model, together with the above mentioned closure 
approximation. 

In case (a) the states li > are expressed through single particle wave func- 
tions labelled by the wave number a(k) are constants. 
With appropriate normalization and without resorting to the closure approximation, 
equation (2.21) can then be rewritten as: 

4 

and the coefficients ai 

where (s, t are spin, isospin quantum numbers) 

A M ( k )  = Vn(k,s , t ) -V%(k,~ , t )  

(2.25) 

(2.26) 

V,(,)(k, s, t )  being the Hartree-Fock (Hartree only for the antineutron) fields felt 
by the neutron (antineutron) as a result of the two-body interaction potentials 
contained in H [eq.(2.15)], while r,(k) is the annihilation width of an antineutron 
in the state (i, s, t ) ,  stemming from ImVNm (for detailed definitions see ref.[l6]). 
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The local density approximation is then applied by averaging (2.25) over the nuclear 
volume with a locally defined Fermi momentum 

- 

(2.27) 

p(r) being the phenomenological nuclear density distribution (e.g. the usual Fermi 
parameterization). 

In.this approach there are two crucial ingredients: the nuclear model descrip- 
tion and the two-body N N  and NR interactions. Estimates of TR made in the 
past[l5, 161 utilized a schematic OBEP (One Boson Exchange Potential) for VNN 
and ReVNn, together with the short range complex N R  potential of Richard and 
Sainio[l8]. The TR values (in units of sec-l) obtained for l60 and s6Fe are, 
within the allowed range of the model parameters: 

l60 : 
“Fe : 

1.80 5 TR 5 2.12 
2.49 5 TR 5 4.76, 

(2.28) 
(2.29) 

the first one being comparable with the estimate of Dover et aZ.[ll], previously 
reported within the potential model approach. 

This method has mainly two advantages: it avoids the closure approximation 
and, at the same time, it allows a sensible estimate of TR for any mass number 
A, by simply changing the nuclear density parameters. Obviously more specific 
shell effects on the dynamics of the neutron and antineutron involved in the process 
cannot be accounted for. One could notice that TR turns out to be a rather smooth 
function of A, growing from about 1 to 2.5 in the mass range up to 60, and then 
asymptotically reaching a value of about 3 for the largest mass numbers (all values 
are in units of sec-l). 

As mentioned at point (b), we have also evaluated[l7] the r.h.s. of (2.21) within 
a standard shell model description, implemented by the closure approximation; the 
average quantities entering into (2.24) are thus defined as: 

(2.30) 

(2.31) 

(2.32) 
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where the a;-'s label all quantum numbers (n, I, j ,  r )  which identify a single particle 
state in the Harmonic Oscillator shell model and the summations are extended to the 
set {a} of states which are occupied in the (initial) ground state of the considered 
nucleus. 

Concerning the nucleon-nucleon (antinucleon) interaction, in ref.[17] the most 
recent parameterization of the N N  and N R  Paris potentials has been employed 
(with the customary spin, spin-orbit, tensor and quadratic spin-orbit contributions): 
the latter was fitted to the whole available set of p p  data, including polarization 
observables. 

Calculations have been performed again in l60 and 5sFe (in order to update 
previous estimates and compare with the above mentioned nuclear matter approach) 
and also in 40Ar nucleus, in view of the future measurements of nuclear instability ex- 
pected from ICARUS[l9]. The results are the following (the range for the estimated 
TR values stemming from different sets of parameters of the NR Paris potential, 
which fit the pjj data with comparable accuracy): 

l60 TR = (1.7 + 2.6) x 1023sec-1 
which, for TA > 4.3 x 1031yr (SO%CL,ref.[12]) 
ensues : Tnji > (0.7 + 0.9) X 10'SeC; 

"Fe TR = (2.2 i 3.4) x 1023sec-1 
which, for T' > 6.5 x 1031yr (90%CL,ref.[20]) 
ensues : Tnji > (0.8 + 1.0) X 10'Sec; 

(2.33) 

(2.34) 

(2.35) 

(2.36) 

and finally 
' 40Ar TR = (2.1 + 3.2) x 1023sec-1 (2.37) 

which will provide limits on rnE once the first ICARUS data will be available for 
this channel. 

In concluding this Section one important remark concerns the relative stability 
of the estimated nuclear suppression factor: different models and approximations for 
both the nuclear model description and the neutron/antineutron interactions with 
the nuclear medium provide TR values which do not difler by more than 10 + 15%. 
Even by allowing for somewhat larger deviations, one can see that the expected 
lower limit for the nii oscillation time is now of the order of 10' sec, which makes it 
quite interesting the possibility of exploring free neutron oscillation times up to one 
or two orders of magnitude larger than previously done. 



231 

3 Criticism and conclusions 
In the recent past there have been some unjustified rumors about the nuclear sup- 
pression factor being of order unity, thus leading to limits for the nii oscillation time 
of the same order as the nuclear instability limits[21], which would make hopless 
any direct search for free neutron-antineutron oscillations. 

This author claims that the S-matrix approach is inconsistent with the poten- 
tial model approach, thus pointing to an incorrect use of the latter for the evaluation 
of nii oscillations in the nucleus; this “inconsistency” has been clearly disproved by 
Krivoruchenko[22], with a careful analysis of the nuclear decay probabiky as deter- 
mined by the time dependent s-matrix evolution of the nuclear states. 

However an even more unfortunate mistake occurs in ref.[2l] within the at- 
tempt of establishing a comparison with the potential model results: the author 
obt ains the following probability of nii conversion with subsequent fi-nucleus decay: 

- 11) W(t)  = €& (- + - + - [e-rt 2 2  1 1  1 
2 rt r 2 t 2  (3-1) 

where the nuclear annihilation width is (more or less correctly) assumed to be r N 

100 MeV. Then the two extreme situations are considered: 

0 rt << 1, identified with some low density limit (and thus free space oscilla- 
tions), in which case (3.1) reduces to W(t)  N &t2; 

0 rt >> 1, which should refer to the decay in the nuclear medium and gives, 
from (3.1), W(t)  N f&j2. 

According to this calculation the nuclear suppression factor would turn out to 

But, as clearly pointed out in ref.[23], formula (3.1) is wrong: within the same 
be of order 1/2 and TnE of the same order as the nuclear decay lifetime (1031 yr)! 

assumptions of [21] the correct expression should read: 

4 e n ~  2 W(t)  = -t [1 - - (1 - .-rtlz)] , r rt 

from which the limit rt >> 1 (oscillations in the medium) turns out to be: 

4 E 2  - W(t)  N yt (3.3) 
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and the corresponding nuclear lifetime: 

in qualitative (and semiquantitative) agreement with all previous evaluations in the 
existing literature. 

A more serious criticism can be developed about the extraction of the “free” nii 
oscillation time from measurements of nuclear lifetime: the oscillation process indeed 
could be intrinsically modified in the presence of the nuclear medium. This was 
qualitatively pointed out long ago by Kabir[24] and semi-quantitatively considered 
by Dover et aZ.[ll]. 

i) Based on the analogy between nii and p decay processes (both being induced 
by essentially zero range operators at very low momentum transfers) one can argue 
that the possible medium modifications are of long range character, like the ones, 
e.g., induced by two-boay pionic correlations. The estimated correction to the 
transition mass should not exceed 15 + 30%[11], which would not be a dramatic 
effect. 

ii) Another source of uncertainty for the evaluation of nfi oscillations in the 
medium can be ascribed to the occurrence of alternative direct AB = 2 processes, 
which are suppressed in free space because of energy conservation[25]; typically one 
can envisage generic neutron-antibaryon oscillations like: 

n+ii 

which could lead to the same decay products but, in order to occur, require energy 
balance from the interactions with the nuclear ’medium. No quantitative estimates 
of the decay widths associated to these processes exist, but they should incoherently 
add to the one considered till now (both within the optical model and the S-matrix 
approach); as a result the limits on Tnii derived from nuclear decay observations 
would be less restrictive than presently believed, but still the estimated limit can be 
regarded as a conservative one. 

In conclusion one can consider the existing estimate of the nuclear suppression 
factor as fairly reliable, although further improvements can still be pursued; but it 
is clear by now that these will not modify the order of magnitude of the effect. On 
the other hand the above mentioned ambiguities in the definition of nfi transitions 
inside the nuclear medium can be clarified and serious theoretical estimates of these 
nuclear modifications should be provided. But we strongly need further experiments 
to go on, both on the issue of free nii oscillations and of nuclear instability search: 
hopefully theory can provide a reliable bridge in both directions. 
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ABSTRACT 

Baryon nonconserving AB=2 interactions can induce both n - E  transitions as 
well as disintegration of complex nuclei. Assertions that lower limits on lifetimes of 
complex nuclei imply corresponding lower limits for the characteristic period of n -51 
oscillation, are shown to be based on assumptions which are not well-founded. The claim 
that the two time-scales should be similar is certainly wrong. 

1. Introduction 

The possibility of n -E transformations arises naturally in a class of theories1 
which aim to unify weak and strong interactions. I was asked to discuss the relation 
between this effect for isolated neutrons and the closely connected question of stability 
of complex nuclei, especially in the light of a recently published claim2 that the 
characteristic time rnn for free n -Ti oscillation should be almost the same as the 
lifetime Tc for disintegration of complex nuclei through the associated 
nucleon-antineutron annihilation following n - E transformation. If the latter were true, 
existing  limit^^*^ on Tc, - of the order of 1031 years or longer, - could immediately be 
kanslated into corresponding limits for rn;, which would make the prospects for 
laboratory searches for n - transformation extremely unpromising. 

In Section 2, I review earlier theoretical arguments5 for a possible relationship 
between n -; transformations and consequent nuclear instability, and argue that it is 
unwise to presume too close a connection between the two. Section 3 analyzes recent 
theoretical objections to the representation of interactions of the neutron, other than the 
one which may induce n - transitions, by effective potentials. Claims made in Ref. 2 
are found to be unjustified and should be disregarded. Application of similar reasoning 
to the case of interaction with external magnetic fields leads to the conclusion that 
suppressive effects of magnetic interactions on n - E  transitions do not require continuous 
shielding; appropriately chosen intermittent compensating fields6 can serve just as well. 

2. n - Transformations in Nuclei 

To describe the possibility of n -n  transitions, it is convenient to represent the 
state of a "neutron" by a 2-component hyperspinor (similar to the isospinor used to 
represent the two possible charge states of a nucleon): 
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?P= [4 
whose two components are the amplitudes to find the particle as a neutron or an 
antineutron, respectively. Using units fi=c=I,  the time evolution of !F is governed by 

with 
M =. 1 mn + Vn E 

m, + Vs; E (3) 

where mn is the mass of a free neutron (or antineutron, assuming nTCP-invaiance) and 
E describes the strength of n - f i  transitions, assumed equal by time-reversal invariance; 
E can be taken as real. Vn is the potential experienced by a neutron, while Vs; = Un - 
iWn is the corresponding complex potential felt by an antineutron. These potentials 
depend, in principle, on position. Their spatial variation can be easily taken into account 
[as described, for example, by Alberico and Richard]. For our qualitative discussion, it 
suffices to treat them as constants. Diagonalization of M yields two complex eigenvalues 
with corresponding eigenstates which can be identified respectively with the states of a 
neutron and an antineutron in the nucleus. The shorter-lived state disappears at a rate 
given by the imaginary part of the optical potential for antineutrons, in the limit when 
E ,  the measure of transitions to the neutron state, is neglected. The width (decay rate) of 
the longer-lived "neutron" state is given, for f E f C < f Vn - V i  f , by 

The first expression, Eq. 4, has a simple interpretation as the disappearance rate of 
antineutrons in the nucleus, multiplied by the. (probability) admixture of antineutrons in 
the "neutron" state induced by the mixing interaction E .  Since both Vn and V' must 
vanish when the nuclear density goes to zero, the admixing potential E is most effective 
in the outer regions of the nucleus, through dimunition of the denominator factor in Eq. 
4. This aspect will be elaborated in Richard's talk. The separation of the factors in the 
form, Eq. 4a, serves to show the suppression of the disappearance rate of neutrons in the 
nucleus, relative to the free oscillation rate E ,  by the enormous factor f dAVn ) If the 
curly-bracketed "nuclear physics" factors in the third form are taken as known , Eq. 4b 
furnishes a direct connection between the rate of disappearance of neutrons within nuclei 
- a spectacular and easily detectable phenomenon - and the n - n' oscillation time 
rn; = I/€.  This is the basis for the frequently quoted assertion that the measured lower 

, 
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limits for Tc, for the lifetimes of complex nuclei, furnish corresponding lower limits for 
the periodpf n - n oscillations. 

What is overlooked in this line of reasoning is that the E which appears in Eqs. 
4 is not necessarily the same E which determines the period for free neutron-antineutron 
oscillation. It has been argued' that there are good reasons to expect that they should not 
be the same. In the quark description of elementary particles, which underlies the 
theories of n - E transformation, the requisite interactions are mediated by fields whose 
quanta are so massive that, for nuclear physics applicatio_ns, the 6-quark n - n transition 
operator may be safely treated as a contact interaction (dcd)2 &u, where the particle 
symbols represent quark fields evaluated at the same space-time point. As such, the 
n - n  transition amplitude depends on the overlap between quark fields, viz. the 
short-distance correlations between quarks. Anything which affects this correlation will 
correspondingly affect the rate of these processes. In his opening talk, Professor 
Goldhaber drew attention to the possibility of previously unknown interactions between 
quarks, suggested by recent resultsg reported by the CDF collaboration at Fermilab, 
according to which the frequency of "jets" produced in high energy collisions at the 
Tevatron, withpT > 200 GeV/c, is found to systematically exceed the expectation from 
QCD calculations. Julian Noble and I concluded that, if the discrepancy is real, it could 
be explained by a possibly universal repulsion between quarks, mediated by a neutral 
vector field with mass of order 200 GeV'2 or more, whose effects would not be readily 
recognized in lower energy reactions. The occurrence of such a shod-range repulsion' 
between quarks would introduce Gamow-type suppression factors for processes involving 
even shorter-range quarkquark interactions, such as those postulated forn - Z 
transformation. While this would certainly modify the strength of n - n  transitions in 
terms of the primary interactions, it is not obvious how it would affect the relation 
between n -'ii oscillations and nuclear lifetimes. Nevertheless, it should serve as a 
cautionary note before drawing far-reaching conclusions. 

Another effect, which can modify the rate of n - 'ii transformations within nuclei 
relative to that in free neutrons, arises from the fact that nucleons are themselves 
complex d$mmical structures, and the distribution of quarks inside a free nucleon could 
differ significantly from the distribution in a nucleon ( to the extent that we may view 
the latter as a separate object) when it is bound within a nucleus. A qualitative 
explanation which accounts for much of the so-called EM-C effect'' is that a nucleon 
bound inside a nucleus becomes enlarged'', with a radius 10-30% greater than that of 
a free nucleon. This can be used to make a rough estimate12 of the corresponding 
inhibition of n -E transitions within nuclei. If n -E transitions proceed through an 
essentially point-like interaction, the transformation will occur only when all three quarks 
of a neutron are found at the same peint. While the first quark could be anywhere in the 
nucleon, the chance that each of the other quarks should be at the same place as the first, 
is inversely proportional to the neutron volume for each. Treating the motions of the 
quarks as independent, the overall probability amplitude will be inversely proportional 
to the square of the neutron volume. For a radial expansion by 10 to 30% this would 
yield, according to Eq. 4, a reduction by a factor of 3.1 to 23 for the nuclear 
disintegration rate. 

A more fundamental objection to the identification of the parameter E in nuclei 
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with the value eo for a free neutron, arises from the recognition that there are many other 
mechanisms for catalysis of n - transformation in the presence of other nucleons, 
which cannot possibly occur for a free neutron, which are of the same order in the 
baryon-nonconserving interactions. While this had been noted quite generally in Ref. 8, 
an interesting explicit example13 has recently been presented by Krivorichenko. In 
relativistic quantum theory, a fermion and its antiparticle necessarily have opposite 
parity, consequently a purely scalar A B = 2 interaction could not possibly induce the 
transformation of a free neutron into an antineutron, but in the presence of other 
particles, as in a nucleus, the parity-reversal required to change a neutron into an 
antineutron could be compensated by a change of relative orbital motions. Limits on E 
from nuclear stability provide information which is complementary to that which can be 
obtained from searches for free n - n transitions. 

3. Microscopic vs. Potential Description of tlOthertl Interactions 

The preceding analysis followed earlier authors by representing interactions of 
neutrons and antineutrons, other than the n - transition interaction of primary interest, 
by effective potentials. This procedure has been questioned by N m G ,  who claims that 
a correct microscopic approach leads to vastly different conclusions. Detailed rebuttals 
of Nazaruk's claims have already been presented14, apparently without convincing 
Nazaruk, so I shall try instead to justify the validity of the conclusions reached by the 
potential description, using more direct physical arguments based on the microscopic 
description. 

In the hyperspin analogy introduced in Eq. 1, the neutron is identified with 
hyperspin "up" while the "down" hyperspin state corresponds to the antineutron. The 
quasi- Hamiltonian, Eq. 3, governing hyperspin motion can be written as 

M = [mn + (Vn + V;)/2].1 + (Vn -V;)/2.az + €.ax . 
In the absence of potentials Vn, V;, the hyper-"Bx" field causes precession of the 
hyperspin about the x-axis in hyperspin-space with anglar frequency E ;  this is just the free 
n - oscillation. In the presence of a strong hyper-ltBZ" field, f Vn - V; f > >e, the 
precession now takes place about an axis z' making an angle 8 = E / !  Vn - Vr; with the 
z-axis, in the x-z plane, with an angular frequency essentially given by 1 Vn - Vs; I /2. 
Consequently, an initial hyperspin-"up" (neutron) state will never be able to develop 
much of an antineutron (hyperspin "down") admixture because the maximum angle that 
this hyperspin can make with the z-axis, by precessing about z', will be limited to 20. 
Damping, arising from the imaginary term in Eq. 3, will assure that the final state will 
be oriented along z' , making an angle 8 with z. This is the geometrical interpretation of 
the suppression factor appearing in Eq. 4. 

In a microscopic description of the interactions suffered by a neutron ( or an 
antineutron) in the nucleus, the particle is not subject to a slowly-varying potential. 
Rather, the potentials Vn and V; are simply phenomenological representations of the 
average effect of many separate interactions with the constituent particles of the nucleus, 
which could be regarded as a series of random encounters. Since the interactions are 
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different for neutrons and for antineutrons, in the hyperspin picture, these sporadic 
interactions would be represented by replacing the potential terms in Eq. 3' by fluctuating 
terms proportional either to I or to az. Terms proportional to I do not affect the 
hyperspin while those proportional to az rotate the hyperspin-state by corresponding 
angles around the z-axis. The magnitudes of these z-rotations, which vary essentially 
randomly, will be typically very much larger than the small angles produced by the slow 
monotonic precession about the x-axis induced by E. Consequently, depending on the 
azimuth in which the hyperspin finds itself, the E-precession will sometimes move the 
hyperspin away from the z-axis and sometimes towards it, cancelling out any secular drift 
away from the z-axis, on average. Therefore, a microscopic description, of strong 
interactions which distinguish n from z, yields the same conclusion as the potential 
description employed earlier. Using either description, one unavoidably concludes that 
n -'ii transitions are severely suppressed by strong interactions in the nucleus which 
distinguish n from n - E. 

Application of an external magnetic field provides a situation where a constant 
hyper-''BZ'' potential actually describes the different interactions experienced by a neutron 
and an antineutron. Since a neutron and an antineutron have opposite magnetic moments, 
hyperspin "up" and "down" states will have magnetic energies [ for the same orientation 
of the true spin (angular momentum)] which differ by 2VM = 2pB. Since searches for 
free n -T i  transformations are able to observe neutrons for at most a small fraction of 
an oscillation period 27&, the initial precession of the hyperspin about the x-axis, 
induced by E, is only weakly affected by the precession about the z-axis forced by Vw 
Consequently, the requirement of magnetic shielding, to eliminate the suppressive effect 
of VM, is much less stringent than would be required to observe a sizeable fraction of an 
oscillation period. Our preceding discussion of the hyperspin analogy shows that the 
elimination of the magnetic suppression can be accomplished either by complete shielding 
or by intermittent application of appropriately chosen counter-fields6. The latter may 
offer some experimental advantages. 

4. ConcIusions and Acknowledgments 

The relationship of possible n - transitions to the stability of complex nuclei has 
been critically examined. It is found that the two types of experiments furnish 
complementary information about possible AB = 2 interactions. In particular, lower 
limits for lifetimes of complex nuclei do not necessarily yield corresponding lower limits 
for n - E  oscillation periods. The claim, that a "correct" microscopic description of 
nuclear interactions does not suppress the rate of n -! transitions in complex nuclei, is 
shown to be incorrect. Total magnetic shielding, to remove the suppressive effect of the 
Earth's magnetic field, can be replaced by intermittent magnetic "compensation". 

I thank the organizers for arranging a very stimulating meeting, and inviting me 
to present my views. My research is partially supported by the U.S. Department of 
Energy. 



240 

References 

1. 
2. 

3. 
4. 
5. 

6. 
7. 

8. 
9. 
10. 
11. 
12. 
13. 
14. 

R. Mohapatra, P. Nath, and J. C. Pati, in these Proceedings. 
V. I. N m k ,  Phys. Lett. B337, (328) (1994), and preprints INR-995 and 

H. Takita et al. (Kamiokande), Phys. Rev. D34, (902) (1986). 
Ch. Berger et al. (Frejus), Phys. Lett. B240, (237) (1989). 
For a review and a list of earlier references, see C. Dover, A. Gal, and J-M. 
Richard, Nucl. Instr. & Methods, A284, (13) (1989). 
P. Kabir, S. Nussinov, and Y. Aharonov, Phys. Rev. D ... (1983?) 
While determinable in principle from other experiments, in practice there is 
considerable uncertainty about their actual values. According to Ref. 5, the 
"nuclear factor" is relatively insensitive to these uncertainties. 
P. K. Kabir, Phys. Rev. Lett. 51, (231) (1983). 
K. Abe et al. (CDF), described in Science, Feb. 7, (1996). 
J. J. Aubert et al. (EMC), Phys. Lett. B123, (275) (1983). 
F. E. Close, R. G. Roberts, and G. G. Ross, Phys. Lett. B129, (346) (1983). 
P. K. Kabir, Nucl. Instr. &Methods, A284, (13) (1989). 
M. Krivorichenko, private communication from Yu. Kamyshkov, (1996). 
C. Dover, A. Gal, and J-M. Richard, Phys. Lett. B344, (433) (1995); M. 
Krivorichenko, ITEP preprint, (1995), hep-ph/9503300 (1995). 

INR-998 (1995). 



241 

NEUTRON-ANTINEUTRON OSCILLATIONS 
-AT THE SURFACE OF NUCLEI 
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Jean-Marc Richard 
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Abstract 
We discuss some aspects of possible neutron-antineutron oscillations in 
nuclei. The phenomenon occurs mostly at the surface of nuclei, and 
hence i) is not very sensitive to medium corrections and ii) makes use of 
the antinucleon-nucleus interaction in a region probed by experiments 
at CERN. 

The relevance of neutron-antineutron oscillations for testing physics beyond the 
standard model was stressed in several contributions at this Workshop, in particular 
by Mohapatra [l]. The question now is how to detect neutron-antineutron oscillations, 
or how to set an upper limit on their rate. We refer to Alberico's talk for a compre- 
hensive survey [2]. In the present contribution, we wish to stress some properties of 
the potential-model approach, which in our opinion make it rather reliable. 

Consider for instance an S-wave neutron in deuterium. It is governed by a radial 
Schr6dinger equation 

where notations are obvious. With a n c) ii transition potential e, the wave function 
gets an antineutron component G(r) which to  leading order is given by the inhomoge- 
neous equation 

where E and u are now frozen. This leads to an estimate of the decay width of 
deuterium in terms of the annihilation part of the antineutron potential 

u"(r) + m [E - Vn(r)] u(r) = 0, (1) 

a"(r) + m [E - &(.)I G ( r )  = meu(r), (2) 

lDeceased 
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It is rather straightforward to generalise these equations to larger nuclei, once each 
neutron is described by its appropriate shell-model wave-function. 

Such a set-of equations gives results which are stable with respect to variations 
of the basic ingredients, as stressed, e.g., by Ericson and Rosa-Clot [3] in a different 
context. Moreover, this formalism provides the relative contribution of each neutron 
shell, and within a shell, the weight of the various parts in the integration over the 
distance r. 

This analysis was carried out in Ref. [4], and its results were confirmed in further 
investigations [5]: neutron-antineutron oscillations, if any, occur mostly in outer shells, 
and near the surface of the nucleus. In particular: 

0 nuclei with weakly-bound neutrons offer more favourable rates. As discussed 
during the oral presentation, heavy water would be slightly better than ordinary water, 
because of the loosely-attached neutron in deuterium. 

the antineutron wave function is peaked outside the nuclear density. 
These properties survive changes in the assumed shape of the neutron potential, 

and can be explicitly seen in toy models such as square-well or separable potentials, 
for which calculations can be performed analytically. 

This peripheral character of nuclear instability can be eGlained as follows. In 
nuclear medium, a neutron which considers the possibility of oscillating is immediately 
refrained to do so when it feels the large gap between the average potentials V, and 
V E .  Far away, this gap vanishes, for both potentials go to zero. On the other hand, 
one would not care too much about an antineutron at large distance from the centre, 
as it has no nucleon to interact with. The best compromise takes place at the surface, 
where the neutron is free enough to oscillate, and the medium is still dense enough to 
annihilate freshly-produced antineutrons . 

The peripheral character of neutron oscillations in nuclei has two important conse- 
quences: 

Contrary to the neutron potential V, (and its by-product u(r), the neutron wave 
function) which is well constrained by decades of phenomenological studies, the an- 
tineutron potential Vz(r) is not well known inside the nucleus. However, experiments 
at the LEAR facility of CERN with antiprotonic atoms, or with antiproton beams 
scattered on nuclear targets, ,provide stringent constraints on this interaction near the 
nuclear surface [6]. This is precisely the domain we need for neutron oscillations. 

Deeply inside a nucleus, the trhsition operator e could be renormalised, or receive 
new contribution. This is discussed, e.g., by Kabir [7]. The quasi-free neutrons which 
contribute to most of the decay of the nucleus experience an e potential which is 
identical or very close to T - ~ ,  where r is the oscillation period of free neutrons. 

The comparison between free-neutron and bound-neutron experiment has been the 
subject of intense debates, and one of the authors (J.M.R.) would like to acknowl- 
edge discussions on the subject at I.L.L., Grenoble, with the late R. Marshak and W. 
Mampe. As long as negative results are obtained, bound nuclei provide a rather reliable 
lower bound on the oscillation period r. The scaling properties of Eqs(2-3) implies for 
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r a relation 
T = TRT~ (4) - 

to the lifetime T of a given nucleus. When the nuclear factor TR is computed with the 
typical medium-size nuclei used in proton-decay experiments, one gets that T 2 y 
implies r 2 lo8 s [8], comparable to the latest result with free neutrons at Grenoble 
[9]. The perspective of checking directly r 2 10'' s in the foreseen experiment at Oak 
Ridge corresponds to limits on T which are not conceivably reachable in underground 
experiments. 
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WITH A AND A - 2 
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Abstract 
The new lower limit on the period of n-E oscillations TnE > (841) x lo8 sec 

which follows from stability of Fe is found. This limit is almost by 10 times 
larger than previous estimations. 

In this paper I present new lower limit on the period of n - ii oscillations which 
follows from stability of nuclei. This limit is considerably larger than previous estima- 
tions [l-81. In $1 I consider the mixing of sectors with A = 2 and A = 0 in deuterium 
to emphasize once more the difference of n - ii oscillations in medium and in free 
space. In 92 the deuteron decay due .to the n - ii transition is analyzed. The n - ii 
oscillations in nuclei are considered in $3 with a special attention to the binding effect. 
The new limit on TnE from stability of Fe is presented. ' 

1 Mixing of sectors with A = 2 and A = 0 in 
deuterium 

When the n - ii transition occurs inside a deuteron, the latter can decay into hadrons 
(mesons): d + h. The Hamiltonian which describes the two-channel problem p 3 
d, d + h and h + h can be written as follows 

H = (  E1 K2 ) 
v21 E2 

If we take the initial state containing only the A = 2 component, then the admixture 
of the A = 0 component at the time t will be equal to 

*E-mail address: KONDRATYUK@VXITEP.ITEP.RU 
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where E21 = E2 - El. The probability to find the h component at the time t is 
- 

It is important that the transition d --+ h occurs to continuum with the density of 
states p(E2). This is the main reason why the transition probability for large time 
intervals 

721 = /dE2p(E2)%l(t) = 2rI&2l2p(E2 = El)t (4) 

is proportional to t (see e.g. [9]). 
This is very different from the n-ii oscillations in a free space where the transition 

occurs from discrete to discrete state. If in the latter case we start at  t = 0 from the 
neutron state the probability to find ii at €he time t << E;' is proportional to t2 

where cnii = &2(n --+ f i). 

limit on IV,212 using eq. (4) 
If we know the lower limit for the life time of deuteron T, we would find the upper 

* 1  
24&2I2P(E2 = El) < T 

The amplitude of the transition d + h is proportional to 

where D is the constant which is calculated in 92. 
Therefore we can find lower limit on the n - ii oscillation period 

(8) 7,ji = &;; > (ToT)1/2 = ( F )  To 1/2T 

where To = 2nDp(E2 = El) is the characteristic time which depends on the iip 
annihilation probability and is of the order of t sec. 

As T 2 1031+1032y x 1038i1039 sec the parameter (To/T)li2 is very small 2 1031 
and this small factor describes the suppression of n - ii oscillations in nuclei [l-81. 

Note that in r ecent paper [lo] it was clamed that the probability of n-ii transition 
in nuclei is also proportional to t2. In this case the small factor (T0/T)li2 in eq. (8) 
would be absent. However this statement contradicts to eq. (4) which follows from 
general principles of quantum mecanics. It might happen only in the case when a 
very narrow meson state with the mass very close the mass of deuteron would exist. 

i 
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2 n - liz transition in deuteron 
- 

In the first approximation in E,% the amplitude of the deuteron decay into the final 
state f containing mesons can be written in the following form 

where m is the nucleon mass, vd(fi) is the deuteron wave function in the momentum 
space, Bd is the binding energy of deuteron and A(iip + f) is the amplitude of the 
fipannihilation into the meson state f. 

Introducing the induced f ip  wave function 

and taking into account that the radius of iip annihilation is much smaller than the 
deuteron radius Tann << r d  we can Write 

The amplitude M(d + f) should be singular at  Bd + 0 when.the radius of deuteron 
becomes very large. To demonstrate this let us take the Hiilthen model of the deuteron 
wave function 

where a2 = mBd and ,8 M 5 . 2 ~ .  In this case 

$E@ = 0 )  M 0 . 2 p  Q! 

which is divergent when Q! = + 0. Note that this divergence is related with 
the contribution of the first term in eq. (12), i.e. with the contribution of large r. The 
second term is introduced to have correct behaviour of the wave function at r + 0. 
Numerically we have for Bd M 2.23MeV 

?)E(, = 0) M 0.9 

The total width of the deuteron 
i 

can be expressed through the iip annihilation cross section 
i 
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or through the imaginary part of the i ip  scattering length aEp 

(17) - r d  = &;sl'&(?= 0)122pc.m.~Ep ann - - -&nEl'$c(?= 2 0)128~1m~Ep 

Eq.(17) is very different from the formula for the annihilation width ra which was 
used as ansatz by Dover, Gal and Richard [5] 

ra = -2 J d3rI$(r)I2WEp(r) (All  

Here $(r) is the solution of the inhomogeneous Schrijdinger equations with the iip 
complex optical potential 

K i p  = Uiip(r) + i W E p ( T )  (A21 
and the source &sn$d(r) with $ d ( r )  being the deuteron wave function. 

This ansatz was also used by other authors (see e.g. [6-81) and is equivalent to the 
assumption that f ip  interaction can be described by the one-channel optical approach. 
The approach which is used here is based on the nonrelativistic diagram technique 
and takes into account that iip interaction is multichannel. In principle within our 
approach it is possible to express the probabilities for different exclusive channels of 
deuteron decay through partial widths of iip annihilation. The unitarity condition 
permits to express the total decay width of deuteron through the observable quantity: 
the imaginary part of i ip  scattering length. 

The possibility to avoid the use of optical potential is important because the 
experimental R N  scattering length can be described using completely different values 
for its strength and radius. As we show in 53 two different approaches give similar 
numerical values for ra in the deuteron case. However for complex nuclei there are 
drastic differences: in the approach (Al)  the nii oscillations occur mainly on the 
surface of nucleus while in our approach all the volume of nucleus gives contribution. 

3 n - f i  transition in nuclei 
It is convenient to introduce the amplitude A1 which describes the three-step process: 
i)n - ii transition in nucleous with the atomic number A; 
ii)scattering of antineuteron on the A - 1 nuclear cluster; 
iii) inverse transition ii - n with formation of the initial nucleus. 
This amplitude can be written in the following form 

where B is the average binding energy of neutron, p is the reduced mass of the 
n - ( A  - 1) system, P s ~ ( O )  is the forward fiN scattering amplitude and S(Zl - Z2) 
is the form factor of the A - 1) nuclear cluster. 
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The imaginary part of this amplitude is related to the decay width of A nucleous 
as follows - 

(19) 
r 

= mN - ImAl 

where N is the number of neutrons. 
Generally speaking the amplitude T,N(O) should be taken off-shell. However tak- 

ing into account that the binding is small ( B  - 8MeV) we can ignore off-shell effects 
and express T'l~(0) through the iiN absorption probability and the iiN scattering 
length 

Introducing T!N(O) we avoid the use of optical potential (see e.g. refs. [5-8]) and 
express the decay width of nucleous in terms of observable quantity ImaEN. 

As in the deuteron case we introduce the induced ii wave function 

- ImT,N(O) = 2p,.m.&~N = -87r&Ima5N (20) 

and rewrite the amplitude Al in the following form 

where 

For the estimation we take the neutron wave function in the form 

where cy2 = 2pB, 
N = (  8 n N a  + P ) ) l / 2  

(P - 3 

p is the cut-off parameter and we take it to be equal to 0.5 GeV. As we shall see 
below the result is not very sensitive to the choice of p. 

The amplitude Al should be singular at B + 0. Indeed for the wave function (24) 
we get 

= E ; , T , N ( O ) D A ~  (25) 

and if B + 0, A1 + l/a. 

4.1 f m, B = 8.8MeV we find 
(26)  gives dominant contribution (- go)%. 

Calculating A1 for 56Fe with p = po for R 5 R and p = 0 for > R with R = 
= 0.3. Note that the first term in the wave function 

Summarising 52 and 3 we can write the decay widths per neutron 
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for deuteron with CF, = 3 and Ca x 0.8. 

(see e.g. [Ill) 
The imaginary part of a@ is known from the width of jjp atom. It is in the interval 

IrnaFp = (0.7 i 1.2) fm (28) 
The data of OBELIX collaboration [12] show that at prab 2 6OMeV/c the an- 

nihilation and total cross sections of jjp and ?ip are almost the same within 20%. 
Therefore we take 

(29) 
2 N 
A np A aEN = -a- + -aEn M a@ 

In this case we get 
-- rFe - ~ z ~ ( 3 . 5  t 6)  x 10-22sec 
N 

rd = ~$,(0.5 t 0.8) x 10-22sec (31) 
where is in sec-l. 

in ref.[5]: 
It is useful to compare annihilation widths for deuteron, 0l6 and F e  calculated 

rd = ~ z ~ ( 0 . 3 6  f 0.37) x 10-22sec 

= &(0.3 + 2.2) x 10-=sec r(o16) 

N 
-- - ~ z ~ ( 0 . 6  t 0.9) x 10-=sec 

N 
In view of experimental uncertainties for aEN our values for I'd are not very different. 
However we predict that the probability for neutron to annihilate in 0l6 or F e  is 
much higher than in deuteron while the ansatz (Al) leads to the prediction that it is 
much smaller. 

According to the data of Frejus collaboration 1131 

T'e > 6.5 x 1031yr x 2 x 103'sec 

Using this limit we find the lower limit for the period of n - f i  oscillations 

&, = > [(8 t 11) x 10Ssec]2 . 

If for the deuteron Td B TFe then 

(4 > (3 ~ 4 )  x 108sec 

(Tn5 ('4 ) 2 > [(0.8+1.0) X 1osSeC]2 

The limit (32) for T& is by two order of magnitude higher than the limit 
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found by Alberico, De Pace and Pignone [7]. 
Using the result of KAMIOKANDE for 0l6 [14] 

T(P) > 2.4 x 1o3lYr 

Dover, Gal and Richard [5] found the lower limit for r:E 

( ~ ~ ~ ( 0 ~ ~ ) ) ~  > [(l f 0.3) x 108sec]2 35 

which is very close to the result of Alberico et.al (34) for Fe and is also by two orders 
of magnitude lower than the result (32). 

The most recent lower limit on the n - ii transition time in a free space reached 
by the ILLGrenoble experiment [15] is 

This limit is approximately by 10 times smaller than the lower limit (32) on riin 
deduced from Frejus experiment [13]. 

As it was pointed out in refs.[16-171 the proposed experiment on the search for 
free n - ii oscillations at Oak Ridge can reach rnii by 10 times larger than the limit 
given by (32). 

I am grateful to L. B. Okun for useful remarks and Yu. Kamyshkov for useful 
discussions. 
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( Abstract 
The experimental search for neutron-antineutron oscillations which has been 

recently completed at the ILL high flux reactor at Grenoble is described. In this 
research the most sensitive limit on the oscillation time has been established. 
The characteristic features of the experiment are described in some detail and 
their improvement for a better limit discussed. 

1 Introduction 
The stability of matter plays a very central one in our understanding of the funda- 
mental interactions and is particularly intriguing because we really don’t know any 
deep reason for it, while there are various hints suggesting that the baryon number 
B has only an approximate validity. The possibility of baryon number non conser- 
vation via an interaction characterized by A B  = 2, AL = 0 can give rise to n + 5i 
mixing and consequently may induce n + 5i oscillations, which are described by an 
oscillation time Tnz and could take place via a fist  order process. 

The underground proton decay type experiments were able to set the lower limit 
rnE > 108s [6] by using measurements of nuclear lifetime. In this case, however, 
the evaluation of Tnji depends on nuclear model assumptions [7]. It was also pointed 
out that, since the strength of the n.+ ii transitions needs not be the same for free 
neutrons and neutrons bound in nuclear matter [8], the only model independent mea- 
surement of 7.z can come from experiments on free neutrons. 

If the n + E oscillations are possible, an initially pure neutron state develops an 
antineutron component oscillating in time: 

Sm2 
Sm2 -l- AE2 P(E,t) = sin2 (dJm2 + A E ~  . t> 

where Sm = (rnz )-l < - 6~10-~’ MeV [2] is the n + E transition energy and AE is half 
of the energy gap between the n and TZ states due to the external field perturbations, 
either nuclear or electromagnetic. 
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The transition amplitude attains its maximum for AE = 0, i.e. when neutrons 
propagate freely, in absence of external forces. In this ideal case for t << Tnfi , the 
transition probability (1) becomes 

i.e. the antineutron component increases proportionally to t2. 
However neutrons in nature are not free and even in the case of artificially pro- 

duced unbound neutrons which are propagating in vacuum (where AEN = 0) the tiny 
interaction with the earth magnetic field (B N .5 Gauss) gives a strong suppression 
to the oscillation amplitude: AEg N 3.10-"MeV implying an amplitude 5 

An important feature of the experiments using neutron beams consists in the fact 
that eq. (2) correctly describes the time evolution of the % component, provided that 
external field perturbations are reduced to such a level that 

A E . t < < l .  (3) 

The condition (3) is defined as the quasi free condition [9]. 

experimental parameters as follows: 
For a quasi free neutron beam the % component can be described in terms of the 

- 
1 2 L 2  N 

-=IT(,) E (;) (4) 

where N is the number of detected antineutrons, E is the antineutron detection ef- 
ficiency, I is the neutron intensity, T the running time, L the propagation region 
length and v the neutron velocity. Eq. (4) shows explicitly that an experiment using 
free neutrons needs a very intense beam of slow neutrons, a long propagation region 
evacuated and well shielded against the B field , a well designed target, to annihilate 
the possible antineutrons of the beam, and a detector with large solid angle coverage 
and with good energy and space resolutions to unambiguously identifg the sought for 
annihilation events. 

Two previous experiments performed with neutron beams obtained, at the 90% 
C.L., the lower limits Tnz 2 lo6 s [4] and rnz 2 0.5.106 s [5]. The NT 2 experiment, 
described in the following, was designed to measure in a neutron beam the n TZ 
oscillations for rnz up to - 108s. 
The beam had an integrated intensity of 3 - 10l8 neutrons/s with a;n' average velocity 
v M 600 m s-' and propagated for a time t N 0.11 s in a region where residual 
pressure and magnetic field were maintained at the values required by the quasi free 
condition. The final antineutron detection efficiency was E N 0.5. No antineutrons 
were detected during the experiment, which gave a limit of 

I 

Tnz 2 0.86. lo8 s (5) 
at 90 % C.L. 
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Figure 1: The N T  experimental set-up 

2 Experimental set-up 
The experiment was realized at the 58 MW High Flux Reactor(HFR) at the Insti- 
tute Laue-Langevin (ILL) in Grenoble, which could provide intense sources of slow 
neutrons. Figure 1 shows a sketch of the experimental set-up [2] [3] .  

The most severe constraints were the associated beam noise and the cosmic ray 
background . 
2.1 Neutron source 
The neutrons from the HFR were moderated to liquid D2 temperature (25 K) at 
the Horizontal Cold Source and then injected in a system of neutron guides which 
transported them to the experimental area [lo]. The neutron guides make possible 
to propagate intense neutron beams over long distances, while keeping practically 
constant the neutron beam intensity, cross-section and divergence with respect to the 
beam axis. The H53 line which was c&g the beam to the NF experiment was a 
sequence of totally reflecting neutron guides, "Ni coated, 63 m long, 6 x 12 cm2 cross- 
section. This system was slightly bent in order to eliminate 7's and fast neutrons 
coming directly from the reactor. The H53 neutron intensity was measured to be 
Io N 1.7 - 1011 n s-' [ll]. The neutron energy spectrum and angular divergence are 
shown in figure 2 as a function of the wavelength A. The neutron average wavelength 
was X N 6.5A corresponding to an energy of 2 - eV and a velocity of 600 m s-l. 
The average angular divergence with respect to the beam axis was 5.7 mrad, Varrrying 
from 0 up to 40 mrad. 

At the entrance of the NX beam line the neutron intensity was measured to be 
IO N 1.3 lo1' s-l, while the beam properties, energy and divergence distributions, 
were measured to be practically unchanged after the exit of H53. 

2.2 Neutron propagation region 
The propagation region had to be carefully designed to allow an effective aght  time 

. t N 0.11 s under the quasi free condition in a feasible way. First of all the drift vessel 

-. , 
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Figure 3: Effect of a reflection of a neutron on the divergent guide walls. 

had to fully contain the neutron beam, otherwise the radiation coming from neutron 
captures on the walls would have produced &I intolerable noise in the detector. 

Given the H53 neutron divergence, the beam cross-section would have grown to 
a diameter of several meters at the detector. Therefore a system was devised which 
dowed to keep the neutron beam cross-section at the target within 1 m2. It consisted 
of a straight beam guide with slightly divergent walls. Due to the wall divergence, 8, 
the neutron divergence was reduced, after each reflection, of 26 [Ill [B], see fig.3. 

A Monte Carlo was developed to study the beam propagation and to design the 
divergent guide. The divergent guide was designed in order to optimize the effective 
propagation time, given the constraints on the total available length and on the beam 
dimensions at the target. Had it been possible to have a longer propagation region it 
would have been possible to squeeze the beam dimensions even more by using a longer 
less divergent guide. This had not been possible because of the presence of a nearby 
highway. The realized divergent guide reduced the neutron divergence by a factor of 
2.7 on average (Fig. ??)[Ill [E!]. It consisted of 33 reflecting elements, coated with 
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Figure 4: The distribution of the horizontal (a) and vertical (b) neutron angular 
divergence at the entrance (full line) and at the exit (dashed h e )  of the neutron 
divergent guide. 
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Figure 5: The quasi free propagation region. 

with natural nickel. Each element, l m  long, with the w& at an angle 6 = 3mrad 
with respect to the beam axis [ll]. 

The oscillation region was a stainless steel drift vessel 81 m long, 1.2 m diameter, 
0.5 cm thick. The divergent guide was installed inside the drift vessel at the neutron 
entrance. A passive p, metal shield was installed coaxially inside the drift vessel (see 
Fig. 5), in order to shield the oscillation region &om the earth's magnetic field as well 
as from any other stray field. The following annihilation region of the drift vessel was 
an AZ tube 5.6m long, 1.4m diameter and 0.8 cm thick. The antineutron annihilation 
target was suspended in the central part of the d a t i o n  region. It consisted of a 
carbon foil 130pm thick and 110 cm diameter. The distance from the outer edge of 
the target to the wall - 15 cm - was chosen based on a M.C. study on the separation 
between events on the wall and those on the target. The main characteristics of 
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the target were: an annihilation probability for K larger than 99% [13]; a low 2 to 
preserve the peculiar features of the annihilation events; a high transparency to the 
neutron beam and a mass of N 180g. The inner of the annihilation region was lined 
with 'LiF, 2 m m  thick, to absorbed the neutrons scattered by the target [14]. 

The last part of the drift vessel, a stainless steel tube 7.8 m 0.5 cm thick, 1.4m 
diameter was closed by a stainless steel disk, covered with a 0.4 cm thick layer of 
'LiF and acting as an efficient neutron beam dump. 

In their flight through the propagation region the neutron were bent downward 
by gravity. To compensate for this vertical displacement, the drift vessel was lowered 
with respect to the beam axis by 6.7 cm in the fist  part and 9 cm in the rest. 

Measurements showed that only a very,smd fraction of the incoming neutron 
beam (2.5%) was lost along the divergent neutron guide. A further small fraction 
(2.7%) was lost along the drift vessel, after the divergent guide, due to the vertical 
fall of the free neutrons. To prevent these last stray neutrons from impinging on 
the walls eight rings of boron enriched glass were installed inside the drift vessel at 
different distances along the oscillation region. In this way this component of the 
beam produced a practicdy negligible noise level at the detector. 

The neutron beam intensity was measured by gold foil activation in several po- 
sitions along the beam line and was found in very good agreement with the M.C. 
calculations [15], [ll]. 

The neutron intensity at the target was measured to be I N 1.25 - 10l1 s-'. The 
full neutron beam was contained in the target, but a fraction which flew directly 
to the beam dump. 

2.3 The quasi free condition 
The M.C. of the beam was used to evaluate the effective free neutron propagation 
time, taking into account of all the characteristics of both the beam and of the 
propagation region. In the computation it was assumed that, for each neutron, the 
useful length of free propagation was the distance travelled inside the shielded region 
starting from its last reflection on the divergent guide. The value of the effective time 
for neutron oscillation then was computed to be: (t2)'I2 = (0.109 f 0.002) s. The 
probability distribution foreseen by the MC,on the target is shown in Fig. 6 [ll]. 

To insure that the quasi -free condition (3) be satisfied by the whole neutron beam, 
.it was evaluated that the residual gas pressure in the propagation region had to be 
constrained [16] to the value ppes < 10-2Pa. During the experiment two turbomolec- 
dar pumps maintained P T e S  N 2 - lOV4Pa in the whole drift vessel. 

Moreover, to fulfill the condition (3), the oscillation region had to be shielded 
against any magnetic field: the required suppression of the Earth's magnetic field 
was of the order of The screening of the field was obtained by means of a 
passive mu-metal shield (76 m long, 1.1 m diameter and 1 mm thick), very effective 
in reducing the transverse field component, and of an active shield (a 80 m long 
solenoid wound around the vacuum pipe) to  screen the longitudinal component of 
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Figure 6: The expected E distribution on the target. 

the field [17]. The residual magnetic field was measured to be B < 10 nT over the 
full length but sudden short variations around the mu-metal junctions. The field was 
continuously monitored during the experiment and twice a day it was measured over 
the full length. The efficiency for the quasi fiee condition defined as [17], [18] 

had an average d u e  during the experiment (‘7) = (0.984 f 0.003). 
The residual magnetic field was also directly checked by using the neutrons as mag- 
netic probes, with the “neutron spin magnetometry” method described in [19] and 
found in excellent agreement with the other measurements. 

2.4 The detector 
The E -annihilation detector (Fig. 7) was organized in four quadrants around the 
target and covering a solid angle Aa/47r = 0.94. It was a tracking device composed 
of limited streamer tubes (LSTs) (0.9 x 0.9 x 5 0 0 m 3 )  [20] and scintillation counters 

The detector was composed of three sections: a vertex detector, a SC hodoscope 
and a calorimeter. The vertex detector closer to the target was the inner part. It was 
made of 10 LST planes supported by A1 honeycomb plates 2 cm thick. Its average 
density, p = 0.39 together with the high track sampling made it possible to 
measme the directions of the charged particles produced in the E -annihilation events. 

The SC hodoscope on one side provided the fast signals for the first trigger level 
via a specially designed mean timer [21], and on the other dowed to measure the 
time of flight (TOF) of the particles. A layer of SC 2 m thick, 21 cm large, equipped 
with light guides and photomultipliers (PMT) at both ends, were placed in front 

’ and on the back of the vertex detector. The inner SC’s were 210072 long, the outer 
ones 3 0 0 m  long, and covered a solid angle AG?/47r = 0.8 around the annihilation 

(SCS). 

.... ~ ..... ... - . _- .. _- 
I -  , 



260 

1 1 1510 P 1 \ 

3736 = '\ 
\ \  

~ a ~ w ~ r c t e - \  \ ~ w t e x  D E ~ C C ~ O C  Seincittrror ~ounccrs ~ 

Figure 7: The i'i -annihilation detector (cross-sectional view) 

target. The TOF was used primarily to discriminate genuine E -annihilation events, 
in which all the particles travel from the inner to the outer planes, against events due 
to neutral cosmic rays, in which a particle can fly towards the target from the outer to 
the inner SC. MC simulations of i'i -annihilation events (see below) showed that with 
TOF resolution UTOF = 700ps the requirement of the right TOF sign would have 
rejected only 0.2 % of the annihilations. During the experiment the TOF resolution 
was regularly monitored with cosmic ray (C.R.) muons and found UTOF - 600ps . 
The time stability and accuracy was checked once per day by flashing the scintillators 
with short (At = 200ps) laser light pulses. Both the day by day check and the 
comparison between laser and C.R. timing dowed the timing stability at the 150ps 
level during the whole experiment [22] to be maintained. 

The third part of the detector was a calorimeter. It was placed behind the external 
scintillator layer and consisted of 12 LST planes alternated with planes made of At!- 
Pb-Ai! sandwiched plates, 0.3-0.2-0.3 cm thick respectively. 

The streamer signals on LST were collected by x m d  y pickup strips and read out 
, by 32 channels digital cards. More than 60000 electronic channels were implemented. 

The read-out control and data compression were carried out by a specially designed 
CAMAC module (STROC) [23]. The LST system was continuously monitored and 
the percentage of disconnected streamer tubes never exceeded the 2% level. 

An active veto shielding against charged Cosmic Rays completely overlayed the 
detector. The C.R. veto was made of 235 plastic SC's covering a total area of 95m2. 
To improve the geometrical veto efficiency as well as to reject C.R. induced high energy 
showers produced in the detector, a part of the SC's, covering an additional area of 

. 
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5 x 4 m2, was placed below the 80 cm concrete platform supporting the detector. 
Each veto counter was equipped with two light guides and two PMTs, whose signals, 
in order to reduce the dead time of the experiment, were processed by mean timers 
of the type mentioned above. The veto system was continuously monitored and the 
dead time measured by a dedicated processor [24]. 

Moreover, to shield the apparatus against neutral C.R., a passive veto was placed 
between the calorimeter and the veto counters, which was also designed to prevent 
possible autovetoing of E d a t i o n  event. It consisted of planes of lead, 1Ocm 
thick, canned into boxes of stainless steel chosen to avoid magnetic field distortions. 

3 Trigger and data acquisition 
The first trigger level was provided by a coincidence of an inner and an outer SC 
on the same detector quadrant, in anticoincidence with the C.R. veto counters. It 
was expected to have an efficiency E t t i g  = 0.8 for E-annihilation events in the target. 
However the noise due to neutron captures in the annihilation target was too high 
[14]: bout 1MHz of counts in the SC inner shell and - 2000Hz for this first trigger. 
Consequently it had to be enforced by the following requirements, compromising 
between efficiency and acceptable trigger frequency [25]: 

a) At least one charged track crossing the same vertex detector quadrant in which 
the SC coincidence occurred. A charged track was defined by a coincidence of 
signals from at least 4 out of 10 LST planes. This requirement reduced the 
trigger rate to N 800Hz. 

b) At least one SC firing in another quadrant, and in addition at least a second 
track in the detector, either in the vertex detector or in the calorimeter, reducing 
the trigger rate to N 6Hz. 

c) A total number of hits Nh 2 120 recorded in the full LST detector. This 
requirement was introduced in order to eliminate spurious triggers due to ran- 
dom superposition of beam associated noise in the detector. For this purpose a 
hardware adder was properly designed and constructed [26]. 

The trigger rate was 4 Ha. A sizable fraction, N 32%, was found to be due to spurious 
trigger, originated by the high level of the radiation associated with the beam, and 
were discarded. Of the remaining 2.7 Hz, 2.4 were due to C.R. muons traversing the 
apparatus which did not trigger the veto. The C.R. veto inefficiency.was measured 
to be lower than N 5 - Finally - 0.3 Hz were due to cosmic neutral particle 
interactions in the detector. 

In order to determine €trig, a sample of lo4  ff -annihilation events were generated 
in the target through a M.C.. It was found Et+ig = 77%. 

The trigger status was continuously monitored and the counting rates were recorded 
during every experimental run. 
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The data acquisition system [27] was based on a DEC MicroVax I1 computer 
inserted in a Local Area Vax Cluster environment together with 4 workstations to 
execute og-line monitor, event display and off-line analysis. 

The dead time fraction for the trigger and data acquisition system was 1.2% due 
and 5% for the veto system. 

4 Data Analysis 
The experiment was taking data from August 1989 to April 1991 when the data 
taking was ended by the ILL reactor breakdown. The effective running time was 
T = 2.4 - 107s, the number of useful events was 6.8 - lo7. 

In order to study the C.R. event frequency and configuration, data were taken 
during - lo6 s with the neutron beam off, obtaining a trigger rate for neutral interac- 
tion events of 0.3 Hz, in excellent agreement with the trigger rate obtained during the 
n Z m s .  In addition, the compazison of the C.R. events produced during beam 
on and beam off periods provided a detailed analysis of the beam associated noise. 
To disentangle the sought for E signal the events were required to have 

i) vertex inside the annihilation target, 

ii) visible energy between 1 and 2 GeV, 

E) energy and momentum isotropically distributed, 

‘These selection criteria were implemented in the analysis in two subsequent phases: 
software filter and hal analysis. 

4.1 Simulation of the annihilation event 
A special M.C. program was developed for the analysis (MCA)[28]. In this program E- 
annihilation events were generated in the target, according to the characteristics of the 
E annihilation in Carbon. The tracks of the produced particles were simulated inside 
the detector, taking into account the particle and the measured detector properties. 

The streamer tube response to charged tracks was modelled using the measured hit 
multiplicity distributions on LST planes, measured with atmospheric muons crossing 
the apparatus at different incidence angles. In addition the vertex detector as well as 
the calorimeter detector response to electromagnetic showers, determined by measur- 
ing a sample of 7ro produced in the detector , was used in the MCA event simulations 
[29] The SC energy threshold and time resolution, experimentally measured, were 
also included in the MCA. 

A sample of 10000 events simulated by the MCA were translated to a format 
identical to the experimental one. Moreover randomly distributed hits on LST’s and 
on SC’s, due to the beam associated noise as measured in the experimental events, 
were properly associated to each MCA event. The MCA events were finally processed 
through all the filters and analysis programs used for the experimental events. 
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4.2 Software filter 
The 6.8 - lo7 triggers went through a software filter [30], where the selection criteria 
were appk'ed in the sequence described below. This sequence was chosen to minimize 
the global computer time needed for event selection. 
a)The event visible energy. This criterion was chosen with the twofold purpose of 
discarding most of the C.R. events: neutral interactions as well as muons passing 
through the apparatus. In both cases the average energy deposition in the detector 
was smder  than 1 GeV. 

A careful experimental analysis was performed in order to estiinate the event 
visible energy by means of the measurement of Nh: the event number of hits on the 
LST after subtraction of the isolated hits, randomly generated by neutron beam noise. 
The experimental correlation between N h  a.nd energy was then compared and found 
to be in very good agreement with the correlation Nh-energy of the pions produced in 
MCA generated events. Subsequently a relation between E&, and Nh for the events 
was determined by averaging over the MCA generated events. As a result the relation 
E&., = (185 + 2.2Nh)MeV was determined within a 20 % accuracy. On this basis, it 
was decided to select events with Nh > 300 namely E&, > (850 f 170)MeV. 

Furthermore, the barycenter of hits was determined for each event and events 
were accepted if in the cross sectional view, orthogonal to the beam s d s ,  they were 
inside a circle of radius T = 80 cm, centered in the center of target. For the - 
annihilation events the hit barycenter practically coincided with the event vertices. In 
addition, events consistent with a single straight track traversing down the detector, 
were identified as crossing muons and discarded. It turned out that 90 % of the 
6.8. lo7 collected events did not satisfy these requirements. On the contrary, 85 % of 
the MCA generated events had Nh > 300 and the hit barycenter in the region chosen, 
and only 0.7% of them satisfied the single straight track hypothesis. 
b)Time offlight. SC signals not associated with charged tracks were disregarded as 
due to the beam related noise. The average value of the inner SC's, (Tsc);,, as well 
as the average value of the outer SC's, ( T s c ) ~ ~ ,  were computed. Events were rejected 
when at least one SC time was 2.5 ns away from the average. 

The MCA generated events which satisfied the previous selection criterion were 
analyzed in the same way and the value of 
D = ( ( T ~ c ) ~ t  - (T'C);,) was calculated for each event. It was then determined that 
value D was well inside the region 0 < D < 5 ns for all but a 4%. With this 
requirement 16.4% of the events were retained, with an efficiency for E -annihilation 
event detection of 96%. 
c)Event Vertices. A pattern recognition routine was used to identify the particle 
tracks of each event and to determine the coordinates of their vertex. Events were 
retained if they had at least three tracks and vertex inside the region defined by 
the coordinates R = (z2 +y2)'I2 < 60 cm, and Izl < 32 cm ( x=y=z=O were the 
coordinates of the target center ). 

In order to test the quality of this procedure as well as the efficiency for K - 
annihilation detection, the vertices of several thousand experimental and MCA gen- 

' 
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erated events were measured by a physicist with an interactive program and then 
compared with those provided by the pattern recognition routine. The agreement 
was good -with the exception of a small fraction of events, about lo%, which had one 
or more particles interacting in the detector or which were incorrectly associated with 
a crossing particle. 

In addition, since the event tracks were expected to be isotropically distributed, 
events were accepted if their tracks projected in the cross sectional plane orthogonal 
to  the beam axis were contained inside an angle larger than 170". The event vertex 
requirements were satisfied by 1.2% of the experimental events, and by 90% of the 
MCA events. 

At the end of the software filter analysis, 1.2 - lo4 events were left, corresponding 
to 1.8. of the original sample. The efficiency of this procedure was qiltw = 0.72. 
Table 1 displays the effects of the various criteria on the experimental and on the 

Table 1: Percentages of experimental and simulated events selected by the filter 
criteria sequentially applied. 
Filter % of accepted 7% of accepted 
requirements events Montecarlo 
Energy 10.0 85.0 
TOF 16.4 96.0 
Vert ex 1.2 89.0 

TOTAL 0.018 72.0 

MCA events. 

4.3 Final analysis 
The events surviving the filter chain were visually inspected in two independent scan- 
nings. 100 MCA generated events were mixed with the 1.2. lo4 events in order to 
estimate the scanning efficiency for E annihilation, which resulted to be = 98%. 

Most of surviving events were C.R. muons crossing the apparatus, with an asso- 
ciated electromagnetic activity, or events in which the vertex was incorrectly recon- 
structed. The scanners were instructed to recognize and reject these events. 

After the visual inspection 403 events were left. These events were accurately 
examined by physicists: particle tracks were reconstructed and the times recorded by 
PMTs were considered: 68 events, clearly induced by incoming charged C.R., were 
disregarded. 

The vertices of the 335 remaining events were then reconstructed with an inter- 
active program. 

To evaluate the quality of the measurement, a sample of 250 experimental events 
was measured, chosen in the vicinity of the target, with the vertices on the beam 
tube, in the region where the tube was isolated from the SC planes. It turned out 
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Figure 8: Distribution of the difference between the vertical coordinates of vertices 
and the barycenter of the hits for the MCA events (histogram) and the two experi- 
mental events (black squares) 

that the resolution on R, measured in the detector plane orthogonal to the beam 
axis was f3.8 cm. The same type of measurement was performed on a sample of 
200 MCA events, which had been accepted by the previous selection criteria. They 
provided a resolution on R of 4.5 cm, in very good agreement with the resolution of 
the experimental events; furthermore the z coordinate of the 200 MCA events was 
measured with a resolution of 4.2 cm. 

According to these results it was then required that 5i; -annihilation candidate 
event vertices satisfy the conditions R 5 55cm and I z 15 15cm. 

Only 5, out the 335 remaining events, satisfied these conditions. 
The visible energies of the 5 remaining events were measured directly. The track 

lengths were measured, ?yo were reconstructed and then the event energies were prop- 
erly evaluated. Three events, which turned out to have a visible energy &is < 800 
MeV, were disregarded. The remaining 2 events were rejected on the basis of the 
isotropy requirements. The barycenter of their hits lay far below their vertices, a 
characteristic of the C.R. interactions. The MCA E -annihilation event sample, sat- 
isfying the previous requirements, showed that the distribution of the difference &,b 

between the vertical position of vertex and hit barycenter was peaking at 0 and greater 
than -60 cm, see Fig. 4.3 . The yUb values of the two remaining events from the final 
sample were measured and found ?./& < -60 cm. The events were then discarded as 
due to C.R. interactions. 

250 MCA generated events, surviving the previously defined filter, were processed 
together with the 335 experimental events in order to determine the esciency of this 
procedure for the detection of 5i; -annihilation events, which resulted to be 97%. 

Thus the overall efficiency E for annihilation detection was: 



266 

The present limit on Tnz 

Table 2 summarizes the experimental data. 
No candidate i’i; -annihilation was found in 2.4. lo7 s running time, and the lower limit 
for rnE 

(7) 

was set at 90 % C.L.. 

Table 2: Experimental data 
I, neutron intensity (1.25 f 0.06) - 10l1 s - ~  
(t2)1/2, neutron “quasi free” propagation time 

h, experimental dead time 6.2% 
(q), “quasi free” condition efficiency 
e:trig, trigger efficiency 0.77 
efilk , filter efficiency 0.72 
~~~l~~~ , analysis efficiency 0.95 
E ,  E detection efficiency 
N ,  number of candidate events 

0.109 z t  0.002 s 
T, effective running time 2.40 -107 

0.984 f 0.003 

0.52 f 0.02 
0 (2.3 at 90 % C.L.) 

- 

6 What next? 
We have discussed the situation on the n + E search as it is at the moment. Now we 
want $0 what are the parameters to work with in order to reach a better sensitivity. 
As it was said in the introduction the n + E oscillation sensitivity depends on: the 
neutron intensity I, the length of the propagation region L, the neutron velocity 
v, the 5t detection efficiency e and the running time T. The last two parameters 
depend mostly on on the quaJity of the detector: a point which we recommend for the 
detector is the reconstruction of the tracks and of their direction of ilight, i.e. a good 
granularity and a sensitive TOF in order to keep under control the background. The 
sensitivity depends on the square root of I: certainly increasing I is very important, 
however a lot of care has to be put on the reduction of the natural background coming 
with the neutrons themselves. The sensitivity depends linearly on L and is inversely 
proportional to v. L has to be taken as long as possible, in general is fixed by external 
conditions. In order to have the maximum sensitivity, once fixed the total length, it 
is not possible to disentangle in a simple way the length and the divergence of the 
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. 

divergent guide as well as the value of the neutron velocity, but the three parameters 
have to be optimized at once. In this evaluation it is worthwhile to remind that the 
background is proportional to the material in the detector (beam cross section) and 
the noise is proportional to the neutron halo (I and L); at the same time gravity plays 
a not negligible role for long propagation times. 
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ABSTRACT 

The main types of neutron source that might have 'the right 
characteristics (including a large source area and a high neutron flux) for n- 
nbar experiments are described, and the characteristics of some existing 
and planned examples are given. Overall, reactors (either steady-state or 
pulsed) look more attractive than accelerator-driven sources. New ideas for 
very cold and ultracold neutron sources may have significant implications 
for future experiments. 

Overview of High Intensitv Neutron Sources 

.Table 1 shows the main options for high flux neutron sources, with an example of 
an existing or proposed facility of each type. The highest total production rate, by far, 
from any existing type of source is associated with fission reactors. For many 
experiments, the time-averaged neutron flux (neutrons per square centimeter per second) 
is a more important parameter than overall production, and here again reactors lead 
among the existing sources. However, some experiments can take advantage of the high 
instantaneous neutron flux found at the pulsed spallation neutron sources. In such cases, 
one should also seriously consider the merits of pulsed reactors, which have, at present, 
much higher peak neutron fluxes than any spallation source. The advantage of the 
spallation sources is that they can produce a shorter pulse of neutrons (e.g., a typical 
spallation source may have a thermal neutron pulse width of the order of tens of 
microseconds, whereas even the most specialized of pulsed reactors (the IBR-II) gives a 
300-p pulse, and millisecond durations are more usual). Furthermore, delayed neutrons 
from the fission process give rise to a higher background between pulses from a reactor 
than from a spallation source. It is not clear, bowever, that there is any advantage to the 
shorter pulse for any of the n-nbar experiments that have been discussed. 

The next sections discuss and compare the neutron source types that are, or may 
soon be, available. 

High - Flux Steadv-State Reactor5 

Table 2 lists the seven reactors with a steady thermal neutron flux of more than 5 
x 1014 cm-2- s-1 available outside the core (reactors with a very high flux only inside the 
core would not seem to be suitable for the n-nbar experiments that have been proposed so 
far). 

These reactors all operate at a fairly high power level, meaning there are many 
fissions taking place and therefore many neutrons being produced. They also have 
compact cores, so that these neutrons leave the core through a rather small area, leading 
to a high flux. 

Another matter of importance is the area of the beam that might, in principle, be 
available, and Table 2 also gives the area of the existing, planned, or possible beams. 



Table 1. High flux neutron sources 

Typical parameters (approx.) 

Net neutron 
Source production per 
type particle or Heat deposition, 

(material) event MeWneutron 

Photoneutron .03/electron 
cw) 

Nuclear .OS/deuteron 
stripping 
@-L) 

Fission (235U) 1.4/fission 

Spallation 20/proton 
Va, 1 GeV) 

Fusion (D-T) lkaction 

-3,000 

-1,000 

-125 

-25 

-3 

Examples 

Average net Max. flux 
Power,a neutron production 1014 cm-2. s-1 I 

Facility Mw rate (10 16 s -1) Average Peak Notes 

ORELA .06 -.01 

IFMIFb 10 -10 20 

ILL 51 -300 14 

ISIS 0.2 -1 .015 

lTERbIC 1,500b -50,000 

20 

14 

15 

-10 

Peak production 
rate is 
5 x 1018 5-1 

Conceptual 
design only. 
Unmoderated 
flux. Very small 
volume (-100 
mL) of high 
flux w 

Thermal flux 
in reflector 

N 

0 

Equivalent 4n 
thermal flux at 
moderator 
surface 

-10 
Unmoderated 
flux wall at and first- 

blanket 

=In the case of the fission reactor, thermal power is quoted. The utility elecuical power input to a research reactor facility (for coolant pumps, 

bconceptual design only. 
CDuring 1 W s  pulse. 

WAC, etc.) is typically a few percent of the thermal power. For beam devices, the beam power is quoted: utility electrical input is typically a few 
times the beam power. 
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Table 2. Research reactors with accessible high flux for external experiments 
- 

Peak thermal flux 
in reflector region, 

Peak thermal flux at 
beam tube or thimble 

1014 cm-2. s-1 nose, 1014 cm-2 - s-1 Area of beam 
tube or 

Unperturbed Perturbed Unperturbed Perturbed thimble, cm2 Notes 

17 15 15 80 Present 

ILL 
I1 

SM-U-3 
BR-2 
HFBR 
(60 Mw) 

11 

It 11 

- 14 
11 - 

18 
5 

11 

16 

11 
10 

>5 
0.5 
-8 

-6 

I3 I 2  
3.5 It 

PIKd 

150 

130-730 

80 
450 

-60 
730 
60 

lo00 

100-590 
-300 

beam tubes 

Upgradeda 

or -4 
HB-2,-3, 

Upgradedc 
€33-2 
beam tube 

Beam tube 
Vertical 
cold 
source 
thimble 

Present 
beam tube 

Upgraded 
cold 
source 
thimble 

Tubes up to 
25 cm diam 
can befitted 

FRM-lle 8 Vertical 
cold source 

aDiameter increased from 4 in. to 5 112 in., 100 MW.  
bPerturbed flux at 4 in. beam tube is 14 x 1014 cm-2 s-1, but the larger beam tube would 

CDiameter increased to 12 in., 100 MW. 
dUnder construction. 
eDesign phase. 

perturb the flux by an additional, unknown amount. 
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Pulsed Reactor5 

If n-nbar experiments can be devised that take advantage of the peak flux, rather 
than the time-averaged flux, of a neutron source, then pulsed sources would be 
interesting. For example, if a pulsed source of ultracold neutrons were constructed, it 
would be possible in principle to fill a storage vessel to almost the same time-average 
flux as the peak flux in the pulse (although this has not been fully demonstrated in 
practice). The value of such a device would depend, in part, on the extent to which the 
neutron oscillation clock is reset at each reflection. Perhaps other kinds of experiments 
can also be devised to make use of the time structure of pulsed sources. 

TRIGAs are generally small (few megawatt) reactors, with tremendous safety 
margins, and with inherent safety during reactivity and power transients because of an 
enormous negative temperature coefficient of reactivity. This is put to good use in pulsed 
TRIGAs that are able, for some milliseconds, to reach gigawatt power levels three orders 
of magnitude higher than their long-term heat removal capability. During the pulse, of 
course, the instantaneous neutron flux can be very high-more than 100 times greater 
than the steady-state reactors discussed in the previous section. 

TRIGAs are usually pulsed at less than 1 Hz, but W. L. Whitternorel has proposed 
a scheme that would give 25 Hz to 50 Hz pulses with a peak thermal neutron flux at the 
beam tube nose of up to 8 x 1015 cm-2 - s-l, with a pulse width of a few milliseconds. 
This is an exciting, low cost concept. 

In addition to TRIGAs, two special purpose reactors, TREAT (now shut down) in 
the United States and CABFU in France, were built for nuclear safety research into the 
effects of large reactivity transients. At Dubna, Russia, a very specialized liquid sodium- 
cooled, fast reactor, with a rotating reflector was designed and built specifically to 
provide short pulses of thermal and cold neutrons for beam experiments. 

General characteristics of these pulsed reactors are shown in Table 3. 

Pulsed S ~ a l  lation Sources 

In these sources a beam of protons, usually at approximately 1 GeV, in pulses 
typically -1-p wide, is fired into a high-2 target. The primary particles collide with 
nuclei, which are left in an excited state from which neutrons, protons, and pions 
"evaporate" with high energy: this is the spallation process. These secondary particles, 
in turn, go on to strike other nuclei, inducing further spallations. 

The total yield of neutrons can be increased by using a fissionable target material 
such as 238U or a fissile material such as 235U in a subcritical assembly. However, such 
targets involve much greater heat deposition per neutron produced (see Table l), so that 
power densities are high and heat removal is a problem. Also, the release of delayed 
neutrons from the fission process raises the background in between pulses. The cladding 
and extra coolant needed effectively dilutes the fissionable or fissile material. Finally, 
fissile targets in particular raise greater regulatory and safety concerns. 

ISIS used a 238U target at one time, yielding about twice as many neutrons per 
proton as a heavy metal nonfissionable material. However, irradiation damage led to 
target failures, and they switched to tantalum. IPNS retrofitted a fissile, subcritical 
enriched uranium booster target in place of their 238U design and found a 2-1/2-fold 
increase in flux in a typical beam (Le., after moderation), with a tolerable background. 

In order to maintain the narrow pulse width that is the selling point of spallation 
sources, the neutron moderators must be physically small (-cms), because in a larger 
moderator the slow moving, thermalized neutrons would be spread out in time. This is 
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Table 3. Pulsed reactors with a peak thermal neutron flux 
greater than 5 x 1016 cm-2 s-1 - 

Ave. Peak 
Facility power, power, 
name MW GW Location 

GA-TFUGAF 1.5 
CABRI 20 
Pitesti 0.5 
NSRR 0.3 
TREiATb .08 
KAERI 2 
IBR-II 2 
University 0.1-1.5 

6 
20 
22 
23 
18 
2 
15 
1-7 

0.4 
1.9 
0.06 
-013 
-004 
0.7 
0.5 
0.1-3 

19 
15 
10 
10 
10 
6 
lb 
1-10 

TFUGA-F USA 
Pool France 
TRIGA-IIa Romania 
TRIGA Japan 
Graphite USA 
TFUGA-III S.Korea 
Special! Russia 
TRIGA USA 

reactors 

aDualcore. 
bThis  is the flux at the surface of an external, short pulse (320 p) light water moderator. 

even more true for the cryogenic moderators of a cold neutron source. Often, neutron 
absorbers are included in or around the reflectors and moderators to shorten the pulse 
further. As a result, typically only 10-20% of the neutrons entering the moderator are 
accessible, even in principle, to the beam tubes or guides. Systems with poisoning, for 
pulse shortening, are said to be "decoupled" and give much shorter pulses, but lower flux, 
than others. 

Table 4 gives some characteristics of existing pulsed spallation sources. The peak 
and time-averaged fluxes are much lower than the ones listed in Table 3 (but the pulses 
are shorter and more frequent). Several planned or proposed new machines are listed in 
Table 5. The European Spallation Source ( E S S )  and the long-pulse concept would be 
comparable in average and peak flux to the existing reactors of Table 3. The pulse 
repetition frequency (Pw would be much higher than any existing reactor, and similar 
to Whittemore's concept; however, it is not clear that this parameter is relevant to the 
n-nbar experiments. 

Overall Comr>an 'son of Pulsed and Steadv-State Sources 

Figure 1 is a very simplified comparison of the existing and proposed reactors and 
spallation sources on the basis of two parameters only-peak and average flux. Existing 
reactors, pulsed and steady-state, offer higher fluxes by both measures than existing 
spallation sources. Proposed new spallation sources would approach the peak and 
average flux of the existing pulsed reactors, but not the average flux of the steady-state 
reactors. 
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Table 4. Existing pulsed spallation sources 

fatha 
Beam 

Facility power, PRF, 
name kW Target Hz Ave, 1014 cm-2s-1 Pk, 10l6 cm-2-s-1 Location 

KENS 3 238U 20 -0007 -018 Japan 
7 B8U 30 .0014 .024 USA IPNS 

20 -0085 .21 USA LANSCEhC 75 W 

ISISC 

11 11 235u .0035 -060 It 

11 I1 11 I1 -01 1 .28 

238u 11 .030 .30 

I1 

200 Ta 50 -015 .15 UK 
I1 11 0 

aCalculated 4n equivalent of thermal neutron current from a moderator surface. 
bThe two values for LANSCE correspond to 100 mm x 100 mm and 120 mm x 120 mm 

CMeasured values for LANSCE and ISIS may be low by as much as 20%. 

' 

moderator fields of view. 

Table 5. Pulsed spallation sources (planned or proposed) 

fa, . - 
Beam 

Facility power, Target/ PRF, 
name kW moderator Hz Ave, lO14cm-2s-1 Pk, 1016cm-2s-1 Location 

ESS 4,000 1st/a 40 0.5 6.0 Europe 
ESS 1,OOO 2ndP 10 1.5 12.0 Europe 
IPNS-11 750 l a  30 0.13 2.3 USA 
LANSCE-II 1,OOO / a  60 0.16 1.3 USA 
ORSNS 1,OOO Hgla 60 0.13 0.7C USA 

Longpulsed 1,OOO 60 -1-2 -10-30 
Bauer and 
LANL 

uDecoupled, poisoned moderator. 
bCoupled moderators. 
cThis calculation took explicit account of pulse shape; the other figures may be based 

dThe long pulse concept calls for -1 ms proton pulses. The other designs propose -1 ps 
on a simpler "full width at half max." scaling, which would result in larger numbers. 

P*. 
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Cold and Ultraco Id Neutron Sources 

Crow, Esibov, and Steyer12 developed a concept for an ultracold neutron (UCN) 
turbine based on a long-pulse spallation source. The optimum pulse length, in a certain 
sense, was -2 ms. For a 1 MW, 2.5-ms pulse, 60 Hz spallation source, with a time- 
averaged flux in the cold source of 1014 cm-2. s-1, they calculated a UCN flux of 
105 cm-2 - s-1. 

Unfortunately, there is at present no 1-MW pulsed spallation source in existence. 
However, as we have seen, several TRIGAs with equivalent or higher flux, and 
millisecond pulse lengths, are in operation and potentially accessible and could be 
considered for such experiments. The longer pulse length would be no drawback for such 
slow neutrons. 

Trevor Lucas3 has proposed flowing frozen methane pellets through a cryogenic 
chamber as a cold neutron moderator. The pellets, resident in the radiation field for only 
a short time, could overcome the radiolysis and stored energy ("burping") problems 
associated with solid methane, making it a safe and reliable moderator even at high- 
power neutron sources. Experiments on pellet fabrication, based on techniques 
developed to produce deuterium pellets for the fusion program, are planned at Oak Ridge. 

An exciting possibility is that the small pellets, with a high-heat transfer area, 
might be cooled to -10 K, or even less if desirable, by helium. This might lead to an 
intense source of very cold neutrons if such a moderator were placed at a high flux pulsed 
or steady-state neutron source. With methane, the necessary cold or very cold moderator 
thickness is quite small (-centimeters), and D. L. Selby4 has proposed that it may be 
practical to consider a very large area (-0.1 m2 or more) slab design that would intercept 
and moderate a very large number of neutrons even at a medium flux reactor. In that 
case, one could seriously consider seeking space at a TRIGA reactor, where such a large 
area cold source, and a very long-term experiment, might be accommodated at low cost 
and without dispossessing many other users. There are about 60 TRIGAS operating in the 
world; tables 6 and 7, respectively, list university TRIGAs in the United States and some 
nonuniversity facilities in the United States and elsewhere. 

Summary 

The most powerful existing facilities are reactors and spallation sources. The top 
six or so steady-state research reactors in the world offer an accessible thermal neutron 
flux cm-2 - s-l, and with the termination of the Advanced Neutron Source Project in 
the United States, there are no plans anywhere in the world for more intense steady-state 
sources of neutrons for research. 

Peak thermal fluxes ,1017 cm-2 - s-1 are readily available at existing pulsed 
reactors. The pulses are typically 1-10 ms long (only 0.3 ms at IBR-II), with average 
fluxes -1014 cm-2 s-1 in some cases. 

Existing pulsed spallation sources have two orders of magnitude lower average 
flux and one-to-two orders of magnitude lower peak flux than many of the pulsed 
reactors. The shorter pulse length at the spallation sources (tens of microseconds vs 
milliseconds) is a big advantage for thermal and epithermal neutron scattering work but 
not necessarily for the proposed n-nbar experiments. 

Proposed short-pulse spallation sources, not yet under construction, would have 
average and peak fluxes within an order of magnitude of those available at pulsed 
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Table 6. University TRIGA reactors in the United States 
- 

TRIGA Steadystate 
type power, MW f&,, 1014 cm-2 s-1 Also pulsed? Place 

Penn. State 
Univ. of Wisconsin 
Oregon State 
Univ. of Texas 
Univ. of Illinois 
Texas A&M 
Reed College 
Kansas state 
Washington State 
Univ. of CA - Irvine 
Univ. of Utah 
Cornell Univ. 
Univ. of Maryland 
Univ. of Arizona 
Univ. of Illinois 

Conv. 
Conv. 
MK II 
MKII 
MK II 
Conv. 
MKI 
MK II 
Conv. 
MKI 
MKI 
MKII 
Mod. 
MK I - 

1.0 
1.0 
1.0 
1.1 
1.5 
1.0 
0.25 
0.25 
1.0 
0.25 
0.1 
0.5 
0.25 
0.1 
-01 

-33 
-32 
-30 
.27 
-22 
.20 
.10 
-10 
.07 
.05 
-045 
-04 
.03 
-02 

? 

YeS 
No 
No 
No 
YeS 
YeS 
No 
YeS 
Yes 
YeS 
No 
No 
No 
YeS 
No 

Table 7. Some other TRIGAs (there are about 60 worldwide, about half in the United 
States and half elsewhere) 

Place 
Steady-state 
power, MW 

Pitesti, Romania 
KAERI, Korea 
Phillipine Nuclear 

Research Inst. 
Nuclear Energy 

Unit, Malaysia 
Center for Nuclear 

Techniques, 
Indonesia 

Inst. Nacional de Inv. Mark III 1.0 
NucL, Mexico 

McClellan Mark II 1.P 
USA 

Dual core 
Mark III 
Conv. 

Mark II 

Mark II 

14.0 
. 2.0 

3.0 

1.0 

1.0 

2.6 
0.65 
0.6 

0.5 

0.4 

0.33 

0.2 

=Last year, this base was one of several placed on a "base closing" list by the U.S. 

bBeing upgraded to 2.0 MW. 
Congress. 
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reactors, and a future long-pulse spallation source has been proposed that would be 
competitive with today's pulsed reactors in peak and average flux. 

New ideas continue to be developed for very cold and ultracold sources. The 
combination of a UCN source and an existing pulsed TRIGA reactor might provide some 
inexpensive, accessible opportunities for novel work (proof-of-principle or actual 
experiments) right now. If an n-nbar experiment could take advantage of such a facility, 
there are a number of places around the world that have low operating costs and that 
might be accessible; however, previous proposals (with weaker sources ?) for such n-nbar 
experiments have not looked promising. 
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ABSTRACT 

Presently-available sources of free neutrons can allow an improvement in the discovery 
potential of a neutron-antineutron transition search by four orders of magnitude as compared 
to that of the most recent reactor-based search experiment performed at ILL in Grenoble [l]. 
This would be equivalent to a characteristic neutron-antineutron transition time limit of 
>lo" seconds. With future dedicated neutron-source facilities, with fiuther progress in cold- 
neutron-moderator techniques, and with a vertical experiment layout, the discovery potential 
could ultimately be pushed by another factor of -100 corresponding to a characteristic 
transition time limit of -10" seconds. Prospects for, and relative merits of, a neutron- 
antineutron oscillation search in intranuclear transitions are also discussed. 

1. Introduction 
Experimental search for baryon instability [2] discussed at this workshop is 

motivated by two major physics concepts: (a) "baryon asymmetry of the universe" [3] 
based on the observation that matter is more abundant in the universe than antimatter 
although both are believed to have been formed in equal amounts at the time of origin, and 
(b) the idea of unification of particles and their interactions [4, 51. Both of these concepts 
involve the nonconservation of baryon number, By either in the form of proton decay ( 
AB=l transition) or as a neutron-antineutron oscillation (AB=2 transition). In different 
versions of unification models either AB=l, or AB=2 transitions, or both, are expected to 
take place. Since the original simplest SU(5) model [5], which predicted unification at an 
energy scale of -lo1' GeV and a proton Me time of years, was ruled out by 
experiments [6], other unification schemes have been advanced in which certain new 
physics related to baryon instability may prevail at the scale of -105-106 GeV which is 
intermediate between electroweak and unification scales (for most recent review of these 
schemes see Refs. 7, 8, and 9). The neutron-antineutron transition is one of the processes 
which might belong to such new intermediate-enera-scale physics. There are no 
conservation laws of nature which would forbid the transition of n + ii except the 
conservation of baryon number [lo]. 

The possibility of neutron-antineutron oscillations was first considered in [ 1 13 and 
used as a mechanism for explanation of baryon asymmetry of the universe. In the context 
of unification models, n +ii oscillations were first discussed in [12]. The most recent 
theoretical review of neutron-antineutron oscillations in the framework of unification and 
supersymmetric models is given in [SI. 

s 
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Since the n + ii transition at the quark level is described by a 6-fermion operator, 
the corresponding amplitude (for dimensional reasons) should be proportional to m-5, 
where m ifthe characteristic energy scale which cannot be very large in order to produce 
any observable rates of n + ii [9]. Thus, the experimental observation of n -3 ii; 
oscillations would indicate a B = 2  baryon instability and point to the new physics energy 
scale of -105-106 GeV. 

An interesting possibility which might lead to an alternative mechanism of n + li 
transitions has been discussed by V. Kuzmin [13]. He assumed that the interaction of 
quarks inside baryons consisting of quarks of different generations (for example bus) can 
be mediated by the color-triplet scalar field coupled to the right components of the quarks. 
For neutral bus-type baryons such a scalar field might result in baryon-antibaryon 
oscillations with a characteristic time of -lo-'* s. Neutron-antineutron oscillations, 
according to V. Kuzminy will then arise from this interaction, being additionally 
suppressed by -20 orders of magnitude by CKM-matrix quark-mixing probabilities, with a 
characteristic transition time of -lo8 s. 

There are two complementary experimental methods which can be used for an 
n + Ti search: (a) utilizing free neutrons from reactors or neutron spallation sources and 
(b) with neutrons bound inside nuclei. The results of the most recent experiment [l] 
performed by method (a) are presented in [ 141 in these proceedings. The future prospects 
of n + ii search in intranuclear transitions - method (b) - were addressed in [ 15,161 at 
this workshop. In this paper we discuss the present status of both'methods and their 
relative merits for the prospects of future experimental searches. In the conclusion 
arguments are presented for why experimental searches by both methods are necessary. 

2. Experiments with Free Neutrons 
The discovery potential of an n + i i  transition search experiment can be 

characterized by the probability of production of antineutrons in the beam of neutrons. 
This probability (in vacuum, in the absence of external fields) depends on the observation 
time t as [12] 

whereznii is the characteristic n + Ti transition time. It is assumed in this expression that 
neutrons and antineutrons have equal masses (as required by CPT conservation) and that 

. the gravitational interaction with the earth is the same for neutrons and antineutrons. Thus, 
we can define the discovery potential of an n + ii search experiment as the product of 
the number of neutrons per second,N,, used in the experiment and the square of the 
averaged neutron time-of-flight T through the experimental volume, 

D. P. = N ,  - f' [neutrons.seconds] 

The most recent experimental search for n + ii with free neutrons [l] was 
performed at the 58-MW research reactor at the Institute Laue-Langevin (ILL) in 
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Grenoble. The experiment had a discovery potential -1.5109 ns, and, for approximately 
one year of operation, set a limit of xnii 2 8.6-107 s. This experiment is described in detail 
in a talk [f4] at this workshop. Some of the major features of this experiment are also 
listed in Table 1 below. This state-of-the-art experiment has improved the n + 5 
transition discovery potential relative to that of the best previous reactor experiment [ 171 
by a factor of -7,000. In the rest of this paper we will define the discovery potential of the 
ILL-experiment as 1 and we will express the discovery potentials of other different 
possible experimental options relative to it. 

It is clear fiom equation (2) that for a larger discovery potential, a higher flux of 
neutrons from the reactor is desirable. Since the discovery potential is proportional to t2, it 
is also desirable to increase the llneutron observation time" t. The latter requires the use of 
low-velocity neutrons, i.e., neutrons thermalized in a cold moderator to the lowest 
possible temperature. 

The general scheme of an n + E search experiment is as follows: neutrons emitted 
from the cold moderator are propagated in the vacuum in a volume (shielded against 
earth's magnetic field down to the level of few nT) where the n + ii transitions can 
occur. Produced antineutrons propagating along the initial neutron path would be detected 
as a few-meson star with a total energy release of -1.8 GeV resulting fiom the annihilation 
with a thin carbon target. In the simplest configuration, the n + ii search experiment 
would consist of a neutron source (cold neutron moderator) with area A,, a flight path of 
the length L, and an antineutron annihilation detector with area A, .  The areas A,  and A ,  
should be chosen as large as possible to intercept the maximum number of neutrons from 
the reactor, but they are limited by practical constraints. For a fixed detector area the 
intercepted solid angle of neutron emittance (number of neutrons used by the detector) 
will be proportional to L-2, and for a given spectrum of neutron velocities the square of 
the neutron time of flight is 

Thus, in such an experimental configuration, the discovery potential (2) does not depend 
on the distance L between the source and the target. An example of this kind of 
experimental approach is given in a 1982 proposal by a Harvard-OW-UT group [18]. 
Major parameters of the experiment proposed in [18] and the expected discovery potential 
are listed in Table 1 below. 

A new approach proposed by an ON-UT-Harvard-UW group [19] for reactor or 
spallation source experiments is based on the property of neutrons to be focused by means 
of reflection from surfaces of certain materials. In this approach [20-221 the elliptically- 
shaped reflector intercepts neutrons emitted from the source within a large solid ansle and 
focuses them onto the annihilation target. Since the intercepted solid angle is now 
determined by the acceptance of the focusing reflector and does not depend on the 
distance, the overall discovery potential (2) will be proportional to Lz which provides an 
additional means by which the experiment can be improved. A possible layout for such a 
reactor experiment is illustrated schematically in Figure 1. 
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Cold neutron 
source @ 25 K n- - 

L-200111 
A 

b 

Figure 1. Conceptual layout of an experiment ivith a large elliptical focusing reflector for 
an n += ii transition search at a reactor (not to scale). 

Figure 2. A N S  reactor 
with compact core, heavy 
water reflector, and 40 cm 
diameter liquid deuterium 
moderator. The A N S  
project at ORNL was 
discontinued in 1995. 
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Originally this approach was developed for an n + 7 i  search experiment proposed 
for the 330-MW Advanced Neutron Source ( A N S )  research reactor which had been 
planned for construction at ORNL. The high neutron flux, the availability of a large-area 
liquid-deuterium cold neutron moderator, and the possibility of modifling the reactor 
shield in an optimum way would have allowed, for one year of operation, an increase in 
the discovery potential of a factor -13,000 relative to that of the ILL experiment. Figure 2 
shows the large liquid-deuterium cold neutron moderator layout of the A N S  reactor which 
would have been the best contemplated source of neutrons for an n + ii search 
experiment. Unfortunately, the A N S  project was discontinued in the development phase 
[23]. Some features and the discovery potential of the ANS-based experiment are given 
for comparison in Table .1 below. 

Table 1. Comparison of neutron-antineutron search experiments. 

The high-flux neutron sources available at the present time and in the foreseeable 
future are reviewed by C. West [24] in these proceedings. The Oak Ridge 100-MW High 
Flux Isotope Reactor (€FIR) has the highest steady thermal-neutron flux amon,o the 
research reactors. This reactor has a compact highly enriched &el core, a beryllium 
reflector, a pressure vessel with a diameter of 8', and four horizontal beam openings: three 
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with 8" diameter and one with 12" diameter (Figure 3). At the present time it is not 
equipped with cold neutron moderators. In one of the upgrade options of the HFIR 
reactor a hiavy-water reflector and a large liquid-deuterium moderator of the ANS-type 
[25] would be installed. The openings in the reactor vessel in this case could be enlarged 
to accommodate the thimbles of the large cold moderators. This option is shown 
schematically in Figure 4. Ifimplemented, such an upgrade would not only provide an 
excellent opportunity for the n +ii search but at the same time would also make 
available (similar to the A N S  cold-source design) several cold-neutron beams for neutron 
scattering experiments. The discovery potential of an n -+ ii search experiment performed 
at the upgraded HFIR facilities could be a factor of -5,000 higher than that of the ILL 
experiment. The gain in the discovery potential results from the following factors: higher 
reactor power, larger area of the cold-neutron emitting source, larger area of the 
annihilation detector, and, most importantly, from the use of a large-acceptance elliptical 
focusing reflect0.r. This would be the most preferred option of implementation of a new 
reactor experiment. For 2-3 years of operation a discovery-potential gain (relative to the 
ILL experiment) of more than 10,000 can be envisaged which, if n -+ ii transitions are 
not found, would result in a new transition limit of 1O'O seconds. The essential features of 
the upgraded HFIR option are shown in Table 1 for comparison with other experiments. 

In the'case that the heavy-water reflector upgrade of the HFR reactor will not be 
implemented, the next-best possibility would be to use the radial HFIR beam which has a 
12"-diameter opening. A medium-size cold moderator would be required in this beam in 
order to enhance the discovery potential up to -1,000 times relative to that of the ILL 
experiment. This and other options with their discovery potentials for various 
combinations of beams and cold moderators are shown in Table 2. 

The calculations of the discovery potential for different options of the n + ii search 
experiment have been performed with a Monte-Carlo neutron-transport code which takes 
into account the brightness of the neutron source with appropriate normalization, the cold 
moderator and beam layout, beam collimation, reflection of the neutrons off the material 
of the focusing reflector, and the effects of gravity. The dimensions and parameters of the 
reflector have been optimized to maximize the discovery potential for the various options 
of experimental layout and of cold moderators. 

Effects of gravity (more important at low neutron velocities) produce significant 
defocusing if the length of the horizontal experiment is too large. This effect limits the 
advantages of using a very cold neutron source. The defocusing gravity effect can be 
eliminated in a layout with a vertical neutron flight path. This layout would be most 
efficient if the neutrons were thermalized in the cold moderator to the lowest possible 
temperatures. At the present time the lowest experimentally achieved temperatures of 
thermalized neutron Maxwellian distributions are in the range of 20-40K. The possibility 
of thermalization of neutrons to temperatures as low as 1-1OK has not been sufficiently 
studied either theoretically or experimentally. This situation is addressed in References 22 
and 26. For some options in Table 2, a temperature for the neutron spectrum of 1K was 
assumed, which, in practice, might not be achievable. 
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Figure 3. Current layout of 
neutron beams at the 
WlR reactor in the present 
configuration. 

.. Figure 4. Upgrade option of 
WIR reactor using a 
heavy-water reflector and a 
large cold moderator. 

. 
- 
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Neutron moderator Neutron source 

Table 2. Experimental options for neutron-antineutron transition search. - 
Discovery potential gain 
for one year of operation 

Large liquid Dz . ILL (1991) 
completed experiment x l  

Large liquid D2 A N S  
discontinued project x 13,000 

HFIR with enlarged radial beam 
opening, upgraded to D20 rejector 

HFm 12"radial beam 
with modified Be reflector 

I No cold moderator mm I2 I' radial b eam 
no modifications 

Large liquid D2 
or solid C& x 5,000 

Liquid H2 x 1,000 

Small liquid H2 Hl?rR 8" tangential beam 
with modified Be reflector 

x 16,000 Long pulse 1-MW neutron I Super-cold moderator 
thermalizing neutrons @ IK spallation source, vertical layout 

~ x 100-400 

For the next generation of experiments, several improvement factors are essential 
in order to stretch the discovery potential level beyond the feasibility limits of WIR. 
These factors are: (a) high flux neutron sources similar to A N S  reactor, (b) newly 
developed super-cold neutron moderators, and (c) vertical experimental layouts combined 
with a focusing reflector. The combination of all of these factors in a next generation 
experiment should, hopefully, allow a total gain-factor of up to lo6 relative to the present 
ILL level, or, it should allow the establishment of a n + ii transition-time limit of >lo" s. 

Neutron spallation sources, although delivering very high neutron peak fluxes, 
cannot compete [24] with reactors when it comes to the average neutron flux, which is 
most important requirement for a progress of n 3 ii search. To enhance the advantages 
of pulse operation for neutron spectroscopy, moderators at spallation neutron sources are 
very often operated in the "decoupled" and "poisoned" modes which reduces substantially 
the average neutron flux. An experiment with a vertical layout is more likely to be built at 
the spallation source than at the reactor where the location of various reactor services and 
where safety regulations result in more restrictive environment. The combination of a 
vertical layout and a super-cold neutron moderator at the spallation neutron source could 
provide a discovery potential which is competitive with that of a midrange reactor 
experiment (see Table 2). 

I 

New ANS-type reactor Super-cold moderator 
vertical layout of experiment 

Long pulse 1-MW neutron 
spallation source 

thermalizing neutrons @ IK 
Large-area liquid H2 

coupled, not poisoned moderator 

up to x 1,000,000 

x 500 
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3. Intranudear Transitions 

Since the potentials of neutrons and antineutrons inside the nucleus are different, the 
intranuclear n +ii transition is strongly suppressed. The lifetime of a nucleus foI; an 
n + ii intranuclear transition TA is related to free neutron oscillation time z e  as 

where TR is the nuclear suppression factor. 
The following simple speculation [27] allows obtaining a very approximate estimate 

of the nuclear suppression factor. The neutrons bound inside the nuclei can be considered 
“free” for a time A t  given by: 

and will “experience” this condition N = I/At times per second. The intranuclear n -+ ii 
transition probability per unit time, I/& , is then, according to (1): 

The comparison of (6) with (4) shows that TR - I/At - 10” s”. 

The nuclear suppression factor has been evaluated with different methods by several 
authors during the past two decades. Most recent theoretical discussions and new 
reevaluations, as well as references to the previous work, can be found in [28-311. 
According to [28], for oxygen, argon, &d iron, the suppression factor has a value 
of TR -2*IOZ3 s-’. 

Experimentally, intranuclear n + ii transitions have been searched for in nucleon 
stability experiments IMB, Kamiokande, and Frejus [32]. For example, the limit for the 
intranuclear n + ii transition lifetime for iron nuclei set by the FrGjus experiment is 
TA 2 6.5.103’ years which, according to (4) and the suppression factor TR from [28], 
corresponds to a fiee n + ii transition time limit of r e 2  (8-IO).IO s. 

During the next decade, the large next-generation nucleon stability experiments, 
SuperKamiokande and Icarus, will improve the n + ii transition limit. M e r  a few years 
of operation the SuperKamiokande detector, commissioned in April this year, will be able 
to set an n 3 ii transition limit of TA 2 IO33 years [15] which will correspond, according 
to ( 4) and the suppression ’factor TR from [28], to a free n 3 ii transition limit 
of znji 2 4.1 O sec. 



290 - 

A new possibility for an intranuclear n + ii transition search has been recently 
considered- by an ORNL-UTK group [16]. The idea is based on the measurement of the 
concentration of long-lived isotopes (with a lifetime in the range of million years) which 
may be the remnants of n +E intranuclear transitions accumulated among the parent 
nuclides contained in deeply-deposited nonradioactive ores. As an example, the search for 
technetium isotopes 97T~, 98T~, and 99Tc. in deep-mined tin ore is discussed in [16]. In case 
of favorable backgrounds this approach can provide a limit for intranuclear n +Ti 
transitions up to TA years. 

Figure 5. Comparison of n -+Ti searches in intranuclear transitions (TA) to those in free 
neutron experiments ( r e ) .  The slope and the width of the nuclear model band relating 
these two processes corresponds to TA = TR - T : ~ ,  where TR is the nuclear suppression 
factor taken from [28]. 

4. Conclusions 
Different methods for n -+ ii transition searches are compared in Figure 5.  At the 

present time the experimental free-neutron transition limit and limits from intranuclear 
transition experiments are in agreement with each other as related by theoretical 
calculations [28] via the nuclear suppression factor TR . If the experimental limits for an 
intranuclear n + Ti transition will be improved to the level of 1033-1034 years, this will 
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correspond to an equivalent limit for the fiee-neutron transition time of -lo9 s. Future 
reactor or spallation-source experiments with fiee neutrons have a much higher potential 
for n 3 Ti- discovery and can realistically set the limit for n + ii transitions as high as 
10'' s (and ultimately at 10" sec if all experimental possibilities will be stretched to their 
limits). 

The current phenomenology of n + ii transitions is based on the assumption that 
neutrons and antineutrons have equal masses (as required by CPT conservation) and that 
the gravitational interaction with the earth is the same for neutrons and antineutrons. 
These assumptions, although perfectly acceptable by modern theories, require, in 
themselves, experimental confirmation. Strictly speaking, we do not know experimentally 
even whether antineutrons are attracted or repulsed by the gravitational field of the earth, 
and the neutron-antineutron mass difference is known with an accuracy of only - 100 KeV 
FI .  , 

It was pointed out in [33] that a positive observation of n +Ti transitions would 
allow a test of the CPT theorem (which predicts that the mass of a particle is equal to the 
mass of the antiparticle) with unprecedented accuracy. A similar conclusion can be drawn 
regarding the difference of gravitational interactions of neutrons and antineutrons. 

The presence of, either a mass difference, Am, or of a gravitational interaction 
difference of neutrons and antineutrons would result in the suppression of transitions of 
fiee neutrons to antineutrons. The intranuclear n + ii transitions, as was pointed out in 
[33], are not suppressed. This is correct provided that the mass difference, or the 
difference in the gravitational potentials of neutrons and antineutrons are considerably less 
than the difference of neutron and antineutron nuclear potentials (- MeV range). The 
experimental observation of intranuclear n += 7i transitions together with the suppression 
of the corresponding rate of transitions in experiments with free neutrons would indicate 
the presence of dm or a difference of gravitational interaction. If both types of 
experiments would measure matching n += ii transition rates, it will allow the setting of 
unprecedentedly low limits on Am or on the difference of gravitational interaction of 
particles and antiparticles. The Am-sensitivity in such a case would be of the order of I/t , 
where t is the time of neutron observation in the fiee-neutron experiment. In one of the 
,€€FIR-based free-neutron experiment options, t - 0.4 s and the corresponding dm/m 
sensitivity can be as low as Both kinds of n += ii search experiments (intranuclear 
and with free neutrons) are necessary in order to address the question of the neutron and 
antineutron mass difference. 

I would like to thank Yu. V. Efiemenko, V. A. Kuzmin, R. N. Mohapatra, F. Plasil, 
and C. D. West for useful and stimulating discussions. This research is sponsored by the 
Laboratory Directed Research and Development Program of the Oak Ridge National 
Laboratory, managed for the U.S. Department of Energy by Lockheed Martin Energy 
Research Corp., under Contract No. DE-AC05-960R22464. 
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Antineutron annihilation event generator for 
n -+ n search experiment. 
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Abstract 
Event generator for n + E search experiment has been devel- 

oped on the basis of the optical-cascade model of annihilation of slow 
antinucleons on nuclei. Available data on annihilation on nuclei of 
antiprotons at rest and antineutrons in flight have been analyzed in 
the framework of this model. Good agreement between the theory 
and experimental data on FA annihilation at rest has been observed 
that confirms a rather high accuracy of the event generator. 

One of the possible ways to search for n c) ii oscilation is the use of 
high intensity cold (N  40.K') neutron beam [l]. But there is a problem of 
efficient detection of rare antineutrons in the background of high neutron 
flux (- 1013n/s). The detection of antineutrons is based on the possibility 
to annihilate on nuclear target into multipion system. Carbon is prefered as 
a target material because its low neutron capture cross section (N 12mb) and 
high annihilation cross section (N 5kb).  It is necessary to know the detail 
characteristics of cold f i  annihilation on 12C nuclei for detector design. There 
are no corresponding experimental data and the goal of present work is to 
develop the generator for slow f i  annihilation events on 12C nucleus. The 
model proposed here is based on intranuclear cascade model. We shall use, 
as a basis, the optical-cascade modebof annihilation of slow ii [2] and stopped 
fj  [3] on nuclei. 
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Annihilation of slow antinucleon on nucleus is a multistage process: 
1st stage - antinucleon absorption by nucleus, 
2nd stage - annihilation of antinucleon on the intranuclear nucleon, 
3rd stage - the intranuclear cascade initiated by the annihilation pions, 
4th stage - the de-excitation of residual nucleus. 
The main idea of the optical-cascade model was to formulate the initial 

conditions 'for the intranuclear cascade in the framework1of the optical model. 
So, the 1st stage of the process was described by the oitical model. Op- 

tical calculation showed that absorption of a slow antinucleon takes place at 
the far periphery of a nucleus. Usually the radial dependence of the absorp- 
tion probability is approximated by the Gaussian [2,3]: 

where L e d  = R1p + 1.1 fm = 2.36 fm is the half-density radius of a 
nucleus) and a, = 1 fm. 

The 2nd stage, namely the elementary flN-annihilation, can be described 
by the modified statistical model [4]. This model describes well not only the 
multiplicities and energy spectra of pions produced in @-annihilation, but 
also different correlations between pions of different charge. The number of 
pions emitted from flN-annihilation event lies between 2 and 8; the pion 
multiplicity distribution has a narrow peak at n, = 5. The everage energy 
of produced pions E, M 230MeV is close to the energy of (3,3)-resonance. 

The 3rd stage of the process is described by the intranuclear cascade 
(INC) model. The INC model has been successfully used in analyzing the 
inelastic interactions of intermediate-energy nucleons and pions with nuclei. 
The very detailed description of physical foundations and applications of INC 
model for analysis of different nuclear reactions is presented in the book [5]. 

Finally, the 4th stage of the process was described in the framework of 
the evaporation (medium-weight residual nuclei) or explosive breake-up (light 
residual nuclei) model of decay of highly excited nuclei [6]. 

Each event of n-nucleus annihilation is simulated by Monte-Carlo tech- 
nique. The total exclusive description of annihilation process is realized by 
this method. 

Using the optical-cascade model, we described successfully the experi- 
mental data on stopped jj-annihilation on light nuclei ("(7, 14N) obtained 
at LEAR [7-91. Data [10,11] on annihilation of antiprotons on light nuclei 

1 
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Exp.[7] 
calc. 

in flight obtained at the senior-generation of accelerators and the only mea- 
surement of 750 MeV %annihilation on 12C [12] have been also described on 
the basis of our INC model [13] (the 1st stage of the process is absent in this 
case). 

Because of surface character of RA-annihilation at rest, most of anni- 
hilation pions escape from the nucleus. In the case of light 12C nuclei the 
effects of rescattering and nuclear absorption of-pions are not large and, 

' as a result, the average numbers of emitted pions and average pion energy 
' (E, = m,+T,) are close to the values corresponding to the RN-annihilation 

in vacuum (tab.1). 

Nr+ MT- M r o  E,, MeV 
1.25 f 0.06 1.59 f 0.08 1.73 f 0.10 380 f 2 

1.17 1.61 1.91 367 

Table 1. Average multiplicities and energy of pions after jjC annihilation 
at rest. 

Fig.1 presents the distribution on the number of emitted charged pions n,+- 
and figs.2 and 3 show the distribution on the total pion charge Q = n,+ -12,-. 

These characteristics demonstrate that most of annihilation pions are emitted 
from nucleus because the absorption of antinucleon takes plase in the diffuse 
nuclear layer. As it is seen from fig.3 the most probable Q values for for jjC 
annihilation are Q = 0 (pp-annihilation) and Q = -1 (Pn-annihilation), but 
for %C-annihilation most probable Q values are: Q = 0 (En-annihilation) 
and Q = +1 (iip-annihilation). The FSI effects contribute to the broadening 
of initial distribution in the regions of negative and positive Q-values. 

The annihilation pions can interact with intranuclear nucleons knocking- 
out nucleons from the target nucleus. It is seen from fig.4 that the "tail" of the 
distribution W(n,) streches out into the region np = 5. This is an evidence 
of almost complete desintegration of light 12C nucleus in the case where the 
annihilation occurs deeply inside the nuclear interior, but the probability of 
these events is small. Fig.5 presents the momentum spectrum of charged 
pions emitted in PC annihilation at rest. The pion spectra extend up to 
lGeV/c and have maximum at 200MeV/c. The average momentum of pions 
M 330MeVlc (230MeV) which is close to (3,3)-resonance. 

The energy spectrum of protons that are knocked-out from the target 
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nucleus by pions or emitted in the de-excitation of the residual nuclei, is 
softer than - the pion sp,ectrum (see fig.6) and is described by the expression 

with the slope parameter TI = 7MeV and T2 = 66MeV [9]. 
The developed optical-cascade model des-cribes well the available experi- 

inental data on annihilation of antiprotons at rest on light nuclei 12C, 14N. 
This model can predict rather correctly the characteristics of nuclear absorp- 
tion of slow antineutrons. 

In the present work we shall describe the 1st stage of EC-annihilation 
in the framerwork of optical model more correctly than in paper [2]. In 
distinction from antiprotons, slow antineutrons are absorbed by nucleus from 
the 5'-wave of continuum. The antineutron wave function can be found from 
the solution of the wave equation: 

(G2 + L2)JE'(r') = Vopt(r')Q(F), (3) 

where k is the antineutron momentum. The complex optical potential is 
given by 

where fEp(0) and fiin(0) are the Ep and iin forward scattering amplitudes in 
the lab. system, p P ( q  and p n ( q .  are the proton and neutron densities. Here 
we took p P ( q  = p n ( q  = p(r'). The wave equation was solved numerically 
by dividing the potential on N radial zones with constant densities. In each 
j-th zone the radial wave function was taken in the form: 

V s p t ( 3  = - W E * ( O ) p p ( r ' )  + fiin(O)Pn(r')I (4) 

where ~5 = L2 - Vo,t(;j). The complex constants Ai and Bj were found 
from the continuity conditions for &(r)  and &(r). We took initial conditions 
B = A = 1 at r = 0, then the solution at r >> R has the form . 

sin(3cr + 6)  
k G(r) = A, 

where S = -kuEA with aEA being the complex E A  scattering length. For 
small k 

G(T) = A,(T -  as^). (7) 
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When A,  and 6 were found we renormalised our solution dividing it by A,: 

1 a?(?=) = -6(7-) 
A ,  

The imaginary part of the iiA scattering amplitude can also be found from 
the expression 

ImFfi~(0) = -ImaEA = I @(r)  I 2  4ndr (9) 

Therefore the consistency of the solution can be checked comparing the values 
of ImaiiA found from Eq.7 and Eq.9. 

The radial distribution (see fig.7) of the ii absorption probability can be 
written its 

The calculations for 12C were done using the density p(r) in the form: 

' were R1p = 2.36 f m, t = 0.52 f m, c = 0.15. 
The real and imaginary parts of p p  scattering length are known hom the 

shift and width of Pp atomic levels. Different experiments give the values (see 
ref.[14]) of ReuM and Imu@ in the following ranges: Reu@ = (0.7 + 1.2) fm 
and ImuM = -(0.6 + 1.3) fm. The imaginary part of i ip  scattering length 
can be estimated from the data of OBELIX collaboration [15]: Irna,, M 

(0.3 + 0.5) fm. The value Reuii, can not be found because of rather large 
experimental uncertainties. We calculated aann(12C) taking different values - 
Ot 

" 1  A ffilv(0) = -2 (-p' + -ufin 
z 

where aEn = uFp (see table 2). 
(-1 + 1.7i) fm. In this case aann(l2C> = 5.11kb. 

In our calculations we used f 5 ~ ( 0 )  = . . 



f E N ( @ , f m  
cn,,, . kb l...", I I &.,A. fm I 3.26 3.19 2.83 3.11 2.69 I 

-1+1.7i -1+i i 2i '1+i 
5.1 4.1 8.5 7.6 11.6 

In the framerwork of proposEd model the following characteristics of slow 
f i  absorption by 12C nuclei were: calculated: 

0 multiplicity distributions of T+, 7r-, TO; 
e multiplicity distributions of protons and neutrons; 
0 energy spectra of protons and pions; 
0 energy carried by pions; 
0 energy carried by charged particles. 

These characteristics are very similar to ones for jjC absorption, except of 
the charged pion multiplicity distributions which are different due to differ- 
ent charges of initial states (see table 3). 

fiC 
5C 

Table 3. Average multiplicities of particles after i iC and jjC annihilation 
at rest. 

M c h  MT MT+ Mz- N.iP Mpr 
4.00 4.73 1.63 1.19 1.92 1.19 
3.99 4.69 1.17 1.61 1.92 1.22 

Summary 
The optical-cascade model of slow %annihilation on "C nuclei was devel- 
oped. The first stage of the process - absorption of slow antineutron - is 
described in the framework of optical model.' The optical-cascade model, 
which describes well the experimental data on stopped antiproton annihila- 
tion, describes the second stage of the process - interaction of annihilation 
pions with target nucleus. In the framework of this model the characteristics 
of slow antineutron annihilation on " C  nucleus are predicted. This model 
can be used as fiC event generator for detector design and optimization in 
the n t) ii search ex@eriments at the beams of cold neutrons. 
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Figure 1: Production probability (in %) of a given number of charged pions 
TIT+- in the stopped antiproton absorption on 12C nucleus. 

Total charge of pions . 
Figure 2: Probability (in %) of the interactions with a given charge Q carried 
away by pions in the stopped antiproton absorption on 12C nucleus. 
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Figure 3: Probability (in %) of the interactions with a given charge Q carried 
away by pions in the antiproton annihilation at 120MeV(left) and antineu- 
tron annihilation at 650MeV(right) on 12C nucleus. 
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Figure 4: Production probability (in %) of a given number of protons in the 
stopped antiproton absorption on 12C nucleus. 



304 

E %  
0 > 45 e 
5 
8 r s  
- 4 0  

M 

25 

20 

-15 

.10 

5 

0 

5 50 

P 3: 45 e 
5 
8 

0 

- 40 

35 

30 

25 

20 

15 

10 

5 

0 

Momentum n-.GcV/c 

-. - I _ -  . I .  

Figure 5: Momentum distribution of the T+ and 7r- mesons in the stopped 
antiproton absorption on 12C nucleus. 

. p +  C at rest 

Ennn 9 . w  , 

Figure 6: Energy spectra of protons in the stopped antiproton absorption on 
12C nucleus. Solid histogramm is INC+evaporation calculation. Dotted his- 
togram is the contribution of evaporated protons. Line is the parametrization 
from [9]. Points - are the experimental data [8]. 
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PROSPECTS FOR BARYON INSTABILITY SEARCH 
WITH LONG-LIVED ISOTOPES 

Yu. Efkemenko*, W. Buggb, H. Cohnby Yu. Kamyshkovab, G. Parker", F. Plasil" 
a Oak Ridge National Laboratory, Oak Ridge, TN 37831 

University of Tennessee, Knoxville, TN 37996 

ABSTRACT 
In this paper we consider the possibility of observation of baryon instability 

processes occurring inside nuclei by searching for the remnants of such processes that 
could have been accumulated in nature as rare long-lived isotopes. As an example, we 
discuss here the possible detection of traces of 97Tc, 98Tc, and 99Tc in deep-mined non- 
radioactive tin ores. 

Introduction 
The possible experimental observation of baryon instability remains among the most 

hndamental problems of modem physics [l]. The observed "baryon asymmetry" of the 
Universe [2] and some Unification Theories including Supersymmetric Models [3,4,5] 
require either nucleon-decay (with baryon number change by m=l) or neutron- 
antineutron transitions (with baryon number change by B = 2 )  with rates stretching the 
limits of present experimental capabilities. Future prospects for proton decay and neutron- 
antineutron transition searches by traditional detection techniques have been reviewed in a 
number of contributions to this Workshop [1,6,7,8,9]. These techniques are based, in 
general, on the direct detection in real time of the final products of baryon transformation 
leading to the disappearance of one or two nucleons inside the nuclei corresponding to A 
B=l and Al3=2, respectively. 

In 1975 a geochemical approach to the search for baryon instability was proposed by 
Rosen [lo]. This method is based on the observation of residual nuclei (noble gases) 
which are the remnants of intranuclear nucleon decay accumulated in ores during a period 
of time that is comparable to the age of earth crust. Later Evans and Steinberg [l 11, using 
existing data [12] on the concentrations of stable isotopes of xenon in a - 2.5.109 year-old 
telluride ore and comparing these with the abundance of xenon isotopes in the 
atmosphere, obtained a lower limit for the nucleon life time of 1.6.1025 years. The result is 
based on the assumption that the excess of lz9Xe concentration in the ore (as compared to 
different Xe-isotopes in the ore and in the atmosphere) can be attributed to proton decay. 
Although this l i t  is a few orders of magnitude lower than the limits obtained from 
exclusive nucleon decay modes in real-time decay experiments [1,6] it is often interpreted 
in the literature as being independent of the nucleon decay mode [13]. We believe that this 
is a misinterpretation of the results of Ref 11. These results are applicable only to certain 
particular plausible nucleon decay modes which do not have hadrons in the final state such 
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as p+e+6v, p+e+y, n+3v, n+yv, etc. The results may also be related to other nucleon 
decay modes after a mode-dependent correction factor is applied. The correction factor 
can be obtained via nuclear theory calculations of the type described in Ref. 14 which take 
into account transmutation of nuclides resulting from interactions of nucleon decay 
products with daughter nuclei. Evans and Steinberg also pointed out in [l 11 that: "The 
possibility of krther large improvement of the nucleon lifetime limit using geochemical 
techniques would seem unlikely because of uncertainties in the estimation of background 
effects over geological timespans." 

New approach with long-lived isotopes 

The new approach we discuss here relies on the observation of traces of rare long- 
lived nuclides in ancient ores which are remnants of intranuclear baryon-number-violating 
processes. The life time of such nuclides should be large enough to allow accumulation of 
the baryon-number-violating signal and small enough (as compared to the age of the ore) 
to exclude the primordial abundance of these nuclides. Nuclides with a life time in the 
region of -lo6 years are good candidates for such a search. This life time region is also 
appropriate for the reliable reconstruction of the geological history (stability) of the initial 
ore. The ore should, preferably, include no traces of fissionable or radioactive elements 
and should be obtained from a large burial depth in order to avoid cosmic-particle-induced 
background yield of the nuclides of interest. This ore should be mined in as large amounts 
as possible and should allow simple processing for the extraction of the nuclides of 
interest. We assume that chemical extraction can be used for the initial separation of the 
base element and for concentration of the residues. Considerable progress made in laser 
selective photoionization spectroscopy during the last decade [15] should allow, in a final 
step, the detection of single atoms of chosen isotopes with a typical efficiency - 1% in 
milligram samples. For technetium isotopes a detection limit of 5106 atoms and an 
efficiency of 0.4% have already been demonstrated [16]. The detection of single atoms of 
francium with a typical efficiency of - 1% was achieved in [17]. These examples suggest 
that a detection limit for technetium at the level of a few hundred atoms would be 
possible. 

We have identified a parent-daughter combination of nuclides which represents a 
transmutation which is favorable from the point of view of these requirements. This is a 
transmutation of tin into three isotopes of technetium: 9 7 T ~  with (half-life time) r97 = 2.6. 
106years; "Tc with r98 = 4.2-106 years; and "Tc with zgg = 2.1-105 years. The probability 
of a parent-daughter transmutation with AA-20 and AZ=7 is determined by final-state 
interactions [ 141, i.e. it is decay-mode dependent. Since none of the technetium isotopes 
exist in the nature (technetium was discovered in the remnants of cyclotron bombarded 
molybdenum [18] ) its chemical extraction will not be obscured by the presence of stable 
isotopes. 

Assuming that the initial extraction of the technetium can be performed on a large 
scale as a by-process in the mining industry [ 181, and assuming that background processes, 
which will be discussed later, are favorable, one can expect detectable amounts of 
technetium to signal the baryon instability at the level of -1033-1034 years. Although 
different decay modes will have different transmutation efficiencies, the limit obtained by 
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this method will not permit identification of the particular decay mode involved or even to 
distinguish between AB=l and AF+2 processes. Intranuclear neutron-antineutron 
transformations (AB=2) in Sn with multi-pion final states will have nuclide transmutation 
efficiencies spread over a wide range of AA and A2 (Figure 1). Our choice of parent- 
daughter nuclides provides a higher sensitivity to AB=2 processes than to those modes of 
nucleon decay with hB=l where AA and A2 values are expected to be lower. 

A large AA gap between selected parent and daughter nuclides should be favorable 
fiom the point of view of suppression of background processes induced by low-enera 
cosmic rays, solar neutrinos, and neutrons and alpha particles fiom natural radioactivity 
since all of these processes result in smaller transmutations of the initial nuclide. However, 
interactions of high-energy muons, as discussed below, can, in some instances, produce 
rather large AA-transmutations. 

Selection of tin (Sn) as a parent nuclide has some advantages. Tin is an abundant 
element with several stable isotopes with Z=50 and with an average mass of A=llS.7. In 
nature the major source of tin is the mineral cassiterite (SnO,). It consists of dense (-7 
g/cm3) hard granules. The world annual production of SnO, is 1.6.105 tons. The major 
deep mining areas for cassiterite are in Bolivia, Peru, Australia and England. Some of the 
cassiterites are found at a depth of more than a mile. As was pointed out in [18] it is likely 
that the industrial extraction scheme of tin fiom cassiterite can be modified in a simple and 
inexpensive way to allow the extraction of technetium with high efficiency from large 
quantities of tin ore as a by-process. 

To estimate the yield of technetium isotopes we have calculated the spectrum of final- 
state nuclides resulting fiom neutron-antineutron transformations in tin nuclei followed by 
intranuclear cascades (the latter is described in Ref 19). The results of these calculations 
are shown in Figure 1. The sizes of the boxes in this figure are proportional to the 
probability of the specific (42) isotope production. Filled boxes correspond to the stable 
isotopes, and hatched boxes to long-lived isotopes of technetium. The arrows show the 
direction of natural radioactive transformations between nuclides. It is important to notice 
that isotopes with mass number of 97 and 2 higher than 43 are unstable and have a 
relatively short life time. As a result of a chain of successive decays these isotopes are 
transmutated to "Tc and, therefore, essentially enhance its cumulative branching (6) to a 
total of 3.07 %. For the other two Tc isotopes the situation is not as favorable because the 
existance of stable isotopes of ruthenium (2=44) terminates the corresponding decay 
chains earlier. Thus, the branching for 9 8 T ~  is 0.56% and for 99Tc it is 0.38%. 

To estimate the sensitivity of our approach let us consider, for example, the extraction 
of the 97Tc isotope fiom an initial sample of ore containing 1 ton of tin (Nn number of 
neutrons). We will ignore, for the time being, the processes which might lead to the 
background production of technetium in the ore. These processes will be considered in the 
next section. We will assume that the detection of single atoms by laser selective 
photoionization spectroscopy methods can be performed with an efficiency of 1% in the 
absence of a spurious background. This assumption corresponds rather closely to the 
presently-achieved level of detection efficiency [16, 171 but does require further 
refinement of the laser selective photoionization technique. Thus, assuming that the 
detection limit in laser selective photoionization spectroscopy ( n e )  can be as low as 100 
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atoms, we can estimate the characteristic time for the case of neutron-antineutron 
transitions ( 97Tc branching 597 = 0.0307) fiom: 

Thus, the processing of an initial amount of ore corresponding to 103-105 tons of tin 
could, potentially, result (in case of favorable background) in a neutron-antineutron 
intranuclear transition limit of 1033-1034 years. For comparison, the limit of years for 
neutron-antineutron intranuclear transitions can be obtained from a five-year operation of 
the Super-Kamiokande detector which has a total active mass of 50,000 tons [6]. 

In practice, the experiment to search for technetium in tin ore would consist of two 
major stages: (a) efficient processing of a large amount of ore from deeply buried deposits 
including chemical separation of tin and concentration of technetium to a milligram-level 
sample, and (b) determination the concentration of technetium isotopes in the sample by 
laser selective photoionization spectroscopy methods. 

Background 

Neutron-antineutron transitions or nucleon decay are not the only mechanisms that 
might contribute to the production of isotopes of technetium in the tin ore. The following 
sources of background have to be considered: (a) natural radioactivity; (b) interaction of 
cosmic rays (mainly muons) with tin nuclei; (c) interaction of cosmic or solar neutrinos 
with possible admixtures of molybdenum present in the tin ore; and (d) technetium 
contamination during ore processing and sample analysis. We consider each in turn below. 
(a) Natural radioactivity. If some amount of uranium is present in the ore, a background 
concentration of technetium will be produced due to spontaneous and/or induced fission 
processes. Nuclides with atomic masses of 90-100 are positioned at the maximum of the 
mass-yield curves for 235U and 238U fission, and have the yields of about 6%. It is known 
that primary fission fragments have the most probable Z-values that are lower than the Z- 
values for the stable isotopes of the same mass. As a result, the primary fission fragment 
yield of technetium is rather low. However, for nuclei with A=99, all isotopes with charge 
less then 43 are unstable with quite a short life time. They result in the chain of fast 
successive decays which lead to an accumulation of "Tc at the level of - 6% of fission 
products. For 9 8 T ~  and 9 7 T ~  isotopes the situation is quite different. Stable isotopes of 
98M0, and 97M0 terminate the decay chains and are the end products of unstable isotopes 
with lower 2 which have been produced as primary fission fragments. As a result, the yield 
of 9 8 T ~  and 97Tc in uranium fission is the result of primary fission only. Unfortunately, 
there is only limited quantitative experimental information in the literature on the 
production of 9 8 T ~  by fission and no data at all for 97T~ .  

In order to estimate the yield of '*Tc and 9 7 T ~  isotopes we used the usual Z- 
parametrization of the fission-fragment distribution [20] in the form P(Z)=(cx)"".exp[-(Z- 
Zp)2/c] where parameter c is related to the width of the distribution (c - 0.80+0.14) and Z p  
is the most probable value of Z of fragments with a given mass number. In figure 2a the 
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Fig 2. Cumulative yields of isotopes with mass number 97 produced by a) uranium 
fission 1203, and b) antineutron annihilation in tin U91. Open circles are for primary- 
produced isotopes; solid circles are for cumulative yields. 
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cumulative yield of isotopes (primary + decay) with mass number 97 produced by uranium 
fission is shown by the filled circles. The open circles in the figure represent the 
experimental data for primary-produced isotopes. The curve depicts the parametrization 
finction with parameters c=0.8 and Zp=38.8. Using this and similar parametrization for 
mass 98, we obtained the yield per fission event of 1-10-" for 9 7 T ~  and of 7-10"0 for "Tc 
isotopes. Shown in figure 2b is the yield of nuclides with mass 97 resulting from assumed 
neutron-antineutron intranuclear transformations in a natural mix of tin isotopes as 
calculated [19] fiom the model mentioned earlier [14]. Open circles are for primary- 
produced isotopes; solid circles and arrows indicate cumulatative yields. 

Typical uranium concentrations in the earth crust are of the order of one ppm [21] and 
the uranium concentration in deeply buried tin ores has not been measured. The 
spontaneous fission life time of 238U is 8 ~ 1 0 ' ~  years. For ore with 1 ppm uranium 
concentration (by number) this should result in technetium concentrations of - 17 atoms 
of 97T~,  1,880 atoms of "Tc, and 8 ~ 1 0 ~  atoms of "Tc isotopes per ton of tin. If the 
concentration of uranium in the initial material is known (the rate of induced uranium 
fission can be estimated from the known concentration of uranium and from the measured 
neutron flux in the deposit) the corresponding uranium background contributions cari be 
calculated and subtracted fiom the measured amounts of technetium isotopes. 
Simultaneous measurement of all three technetium isotopes should provide additional 
constraints on the subtraction of the contributions of uranium fission, both spontaneous 
and induced. This would, in turn, require that the yields of "Tc and 9 7 T ~  isotopes per 
uranium fission be determined experimentally with an appropriate accuracy. In Table 1 
below we show estimated yields of Tc isotopes due to spontaneous uranium fission for 
two uranium concentrations of 1 ppm and 10 ppb representing pessimistic and optimistic 
levels. 
(b) Cosmic rays. The main component of cosmic rays that penetrate to large underground 
depths consist of muons. The flux of muons is quickly attenuated with depth. After the 
first 500 meters of water equivalent it is - 1 muonm-2-s-'. At a depth of - 4 km of water 
equivalent (-1 mile of rock), it is reduced to - 5.5~10-~ muonm-2.s-1 [22]. At this depth 
the number of muon-nucleus inelastic interactions-with a transferred energy E t  > 100 
MeV is about 0.11 per year in 1 ton of rock, as can be calculated fiom Ref. 23. The 
spectrum of these muons and their energy transfer in inelastic collisions with nuclei can be 
calculated fiom the known sea-level muon spectrum [24] and from the muon energy losses 

We pointed out earlier that the large AA of selected parent-daughter combination 
should be helpfil for the suppression of background technetium production initiated by 
muon interactions with tin. This, however, is true only for low-energy muons. If the 
energy transferred to the tin nuclei by scattered muons is sufficiently large (- > 200 MeV) 
it might result in inelastic interactions with a wide spectrum of AA losses. Since no direct 
experimental data on isotope production by high-energy muons are available, we estimated 
this effect by using the Rudstam formula [25] with parameters from [26]. In this way we 
calculated the concentration of technetium isotopes produced by muons per ton of initial 
tin at a depth of one mile of standard rock (p=2.65 g ~ m - ~ )  as 2.08-103 for 97T~ ,  0.63-103 
for "Tc, and 22 for "Tc. We hope that the accuracy and reliability of these estimates can 
be firther improved if some model (for example, [27]) that fits all the existing 

~231. 
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experimental data on the yield of isotopes in high-energy collisions for all particles can be 
employed and if measurements of isotope yields resulting from interactions with virtual 
photons can be performed (for example, in the electron beam at SLAC). In Table 1 below 
we give the estimated yields of technetium isotopes due to cosmic muon interactions with 
tin for two burial depths of 1 mile and 2 miles, corresponding to pessimistic and optimistic 
background levels. 
(c) Solar neutrino background. If molybdenum is presented in the ore the following 
reactions 97Mo(v,e)97Tc and 98Mo(v,e)98Tc might also produce technetium isotopes. In 
Ref. 28 the authors estimated the total production rate for 9 7 T ~  due to this reaction to be 
5 . 9 ~ 1 0 ~ ~ ~  atoms per 97Mo-atom per second. Thus, assuming 1 ppm level (by number) of 
97M0 in the initial tin ore (abundance of 97M0 is 9.55%) we obtain a concentration of 9 7 T ~  
at the level of - 2.5 per ton of initial tin. For the "Tc, due to the higher threshold of the 
98Mo(v,e)98Tc reaction, the corresponding concentration is much smaller (see Table 1). 
The same authors estimated the contribution of another source of background associated 
with the presence of molybdenum, the process 97Mo(p,n)97Tc. Their conclusion was that 
the yield of technetium for this process will be below the level of solar-neutrino 
production. If the concentration of molybdenum does not exceed the few-tens of ppm 
level, this source of background can be neglected. 
(d) Technetium contamination during processing and analysis. It is very often quoted 
in the literature that technetium ''was never found in nature". This is not quite correct. For 
example, tiny amounts of "Tc were found in uranium ores in the Belgium Congo [29]. 
Moreover, starting in 1945, technetium began to be produced in large quantities 
"artificially" in nuclear weapon tests and in nuclear reactors. To date, the total amount of 
technetium produced in nuclear weapon tests in the atmosphere is estimated to be 250 kg 
[30]. This includes a total of - 3 mg of "Tc, or - 3.5-104 atoms per square meter of the 
earth's surface. The distribution of technetium obviously is not uniform. The highest 
concentration should be found in the top layers of soil near the nuclear explosion sites. 
Measurements [3 13 of "Tc concentration in the soil in Japan have shown the presence of - 6-10" atoms per 1 kg of soil at the surface. This concentration falls quickly with 
increasing depth. At a depth of - 25 cm below the surface it is already lower by a factor 
-100. The concentration of "Tc should be lower by factor of -IOs and concentration of 
9 7 T ~  by another factor of - 70. Thus, we expect the artificial technetium contamination of 
tin ores from the deeply buried deposits to be negligible. We also anticipate that all 
necessary precautions can be taken in order to avoid contamination during the ore 
processing, transportation, and during analysis of the samples. 

Discussions and conclusions 

We now can include background effects in the estimates of the possible achievable 
limits in the search for baryon instability via the detection of long-lived isotopes of 
technetium in nature. The baryon instability signal can be treated as a statistically 
significant excess over the background in concentrations of technetium isotopes in deep 
deposits of tin ores. We use the assumptions discussed above and summarized here as 
follows: (a) large volumes (up to lo5 tons) of tin ore can be processed industrially with 
technetium extraction as an inexpensive by-process; (b) tin ore deposits from depths 
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between 1 and 2 miles (4-8 km of water equivalent) can be used; (c) the concentration of 
uranium in the tin ore is in the range of 10 ppb to 1 ppm and can be determined; (d) the 
chemical extraction efficiency of technetium will be - 25%; and (e) the minimum detection 
level of laser selective photoionization spectroscopy of technetium isotopes is 100 atoms, 
corresponding to an efficiency of - 1% with no ion detection background. Under these 
assumptions we have calculated the background contributions fi-om different sources for 
the three isotopes of technetium considered above. These calculations are summarized in 
Table 1 below and are also presented in Figure 3 in term of the estimated discovery 
potential of the proposed method for 9 7 T ~  and 9 8 T ~  isotopes, assuming the optimistic and 
pessimistic background scenarios fi-om table 1. 

Table 1. Expected concentrations of technetium isotopes 
(atoms per ton) in deep-deposition of tin ores. 

Isotope: 9 7 T ~  '*Tc "Tc 
Expected Tc yield due to baryon instability: 

=isotope , Years 2 .6~10~ 4.2- lo6 2.1.105 

0.03 07 0.0056 0.0038 n + Ti branching, 5 

Yield atomdton 
for yr 

Yield atomdton 

(at depth of -1 mile of rock) 
Yield atomdton 

due to 1 ppm of 238u 
Optimistic background yield: 

Yield atoms/ton 
due to cosmic p 2.6 0.8 0.03 

(at depth of -2 mile of rock) 
Yield atomshon 

due to 10 ppb of 238U 

Yield atomdton 
due to solar v 

278 82 2.8 

Pessimistic background yield: 

due to cosmic p 2077 626 22 

17 1,880 8.10' 

0.17 19 8.107 

2.5 <1 - 

The discovery potential in Figure 3 is expressed in metric tons of initial tin needed to 
be processed in order to establish the excess technetium concentration signal over the 
background level as 2.3 sigma (90% CL) of statistical fluctuation of the background. 
Additional requirement imposed on the estimated discovery potential limit is that the 
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minimum detected number of atoms be higher than 10. It is also assumed that the 
background can be estimated reliably and that systematic errors can be minimized as a 
result of direct measurements, related to the technetium production processes, made at 
different depths and extrapolated to the working depth. 

Simultaneous detection of all three isotopes, together with direct measurements of 
uranium concentrations in the ore, muon flux measurements, and determination of the 
yield of technetium isotope production in uranium fission should provide additional 
constraints on the determination of contributions of different backgrounds. The efficiency 
of chemical extraction of technetium should be measured in the industrial environment 
with samples of known concentration entered at the beginning of the separation process. A 
minimum detection level of 100 atoms of technetium by the laser selective photoionization 
spectrometry methods needs to be demonstrated. Also, it will be very important to locate 
tin mines with a burial depth of deposits of more than a 4,000 m of water equivalent. 
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SEARCH FOR TECHNETIUM IN NATURAL TIN 
- METALLURGICAL RESIDUES* 

G. W. Parker 
Chemical Technology Division, Oak Ridge National Laboratory 

P.O. Box 2008, Oak Ridge, Tennessee 3783 1-6221 

ABSTRACT 

Possible instability of baryons inside the nuclei might result in accumulation of rare isotopes in 
natural ores? In this respect, isotopes of technetium have certain advantages that can be useful in the 
search for technetium in nonradioactive ores by chemical methods. In this paper, we review the history 
of technetium research and discuss a new approach to the search for natural technetium associated with 
tin ores which appears to offer a rare possibility of discovering a smelting operation by-product such as 
flue dust, in which the volatile technetium heptoxide (TGO,), like rhenium heptoxide (RqO,), would 
be expected to concentrate. Our concept of a search for technetium in these materials would be based 
on the assumption that traces of rhenium could occur in the ore and could be traced most easily by 
neutron activation of small samples. Such a procedure would confirm that an enrichment from the ore 
to the flue dust actually occurs with the rhenium and therefore should occur with technetium. 
Furthermore, this occurrence should identi@ the best location to search for technetium. 

1. INTRODUCTION 

Possible instability of baryons inside the nuclei might result in accumulation of rare 
isotopes in natural ores. Since the technetium does not have stable isotopes, its detection in 
nonradioactive ores might be an indication for baryon instability processes.+ We consider a 
new approach to the chemical extraction and concentration of the traces of natural technetium 
from the tin ores. This new approach is based on a comparison of the boiling points of these 
two oxides, showing them to be remarkably close, 3 11 "C for T307  and 362°C for Re,,07. 
In a given air-cooled stack, therefore, technetium would deposit a little higher in the stack. 
However, there would be s imcan t  overlap. 

Existing experience of extraction of technetium is related exclusively to the artificially 
produced element 43 fiom uranium fission or fiom cyclotron bombarded molybdenum. So 
far, natural technetium has not been detected in nonradioactive ores. Section 2 will give a 
review of more than 70 years of history of technetium search and existing extraction 
techniques. 

Since our new approach is based on a chemical similarity of technetium and relatively 
more abundant element rhenium, we will discuss the existing methods of rhenium extraction 
in Sect. 3. 

*Research sponsored by Oak Ridge National Laboratory, managed by Lockheed Martin 
Energy Research Corp. for the U.S. Department of Energy under contract number DE- 
ACOS-96OR22464. 

+See the paper by Yu. Efiemenko in these proceedings. 
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These two chemical extraction processes (technetium and rhenium), coupled with the 
sensitive neutron activation analysis, are expected to form the basis for our search for 
naturally oicurring technetium. 

2. ISOLATION OF ELEMENT 43 FROM URANlCuM FISSION 
(HISTORICAL REVIEW) 

In 1925, Noddack, Tacke, and Berg' reported the discovery of two new elements of the 
manganese group and presumed them to be of atomic numbers 43 and 75. Later work has 
substantiated their claim on element 75 (now known as rhenium), but their work on 
element 43 has not yet been confirmed. 

In 1937 and again in 1939, articles appeared by Perrier and Segr&,2-3 defining some of the 
physical and chemical properties of a long-lived radioactive component extracted fiom 
cyclotron bombarded molybdenum, which they declared to be element 43. A later paper in 
1939 by Seaborg and Segrb4 discussed the decay scheme of a 6.6-h 43 isotope, which was 
also extracted fiom cyclotron bombarded molybdenum, and concluded that it should exhibit 
a ground state half-life in excess of 40 years. 

As early as 1943, the classified literature of the Manhattan Project contained references 
and possible analytical schemes for element 43 , and Glendenin' suggested in November 1943 
that the half-Ue exceeded 3000 years. Until late 1945, experimental evidence failed to show 
that even trace amounts of a long-lived activity existed in fission product mixtures. Schuman6 
announced in February 1946 a new fission product activity that carried well on Re-$, and 
followed the 6.6-h 43 daughter activity of 67-h '%to with an estimated half-life of 
-3 x 1o5yeus. 

However, in all of these cases, the amounts isolated were of such small magnitude that 
only radiochemical techniques were available for identification purposes. Motta et al.,-* 
investigated neutron induced activities in ruthenium and molybdenum during most of 1946 
and reported two isotopes of element 43, one of -90-d half-life and another 2 to 
4 x lo6 years. 

2.1 FIRST SMALL SCALE RADIOCEEMICAL ISOLATION OF 99Tc 

Early in 1946, active investigation was begun by the autho? in an attempt to isolate visible 
amounts of the long-lived isotope of element 43 from fission. The general scheme for 
isolation conceived consisted of dissolving long-bombarded uranium slugs, precipitating the 
acid insoluble sulfides on suitable carrier, filtering, dissolving the precipitate, and distilling the 
43 from the dissolved precipitate with H,SO,. A number of tracer experiments were run 
using the 6.6-h 43 isotope that resulted in the following conclusions. 

1. The uranium slugs were dissolved in HCl rather than HNO,, as has been usual. 
This eliminated a changeover step from the nitrates. 

2. Because the chloride solution as it is formed in the dissolver contains so much 
solid material, probably UCl,, an oxidation step was necessary to change the UCI, 
to UO,CI,. It was found that H202 addition followed by Br, and aeration gave a 
solution which could be handled successfully. 
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In August 1946, the preliminary tracer experiments were complete, and the process was 
transferred to a shielded cell, adapted to remote control, and hot runs started. Yields were 
collected ana combined from the first 5 slugs, processed, and precipitated as the carrier-free 
sulfide. Samples were prepared for spectrographic analysis, and spectrograms were 
photographed by D. Timma" in September 1946. Samples were prepared to produce the 
X-ray emission spectra" that was successfblly photographed with appropriate standards in 
December 1946 (Fig. 1). The sample shown by the X-ray spectra is chiefly element 43. The 
lines of element 43 measured were &, K2, Kply and Kp2. The agreement of the observed 
wave length assignment and calculated values are apparent in Table 1. The chemical and 
physical history of the material, together with the controlled conditions in obtaining the X-ray 
spectra, is conclusive evidence that this material is element 43. 

Table 1. Observed and calculated values for X-ray lines of element 43. 

Element Line Calculated XU Observed XU 

43 Ka2 677.77 677.8 

43 673.37 673.5 

43 600.14 601.4 

43 589.18 589.9 

2.2 HOT CELL INSTALLATION FOR LARGE SCALE EXTRACTION OF 
TECHNETIUM 

In the process of selecting a carrier for technetium suitable for a precipitation process to 
be used in the recovery of "Tc fiom radiochemical wastes, a method employing perrhenate 
as a carrier and tetraphenyl arsonium chloride (TPA chloride) as the precipitant was first 
proposed because ofthe unique similarity between the pertechnetate ion and the perrhenate 
ion For several reasons, including the cost of rhenium and the dif€iculty of later separating 
it from the technetium, a substitute carrier that could bemed liberally and separated easily 
was sought. The pilot-plant size installation is shown in Fig. 2. 

Besides perrhenate, it has been found that any of a certain type of anion, especially those 
comprising the perhalogen acids perchlorate and periodate, will form an efficient carrier for 
pertechnetate. Of these, periodate is the most effective, although for decontamination 
perchlorate is more satisfactory. Besides these, fluoborate (BF;) is at least as good as if not 
better than perrhenate, while permanganate is fair but forms an explosive mixture. The fact 
that anions of the type X Y i  form the only good carriers seems to support the formula TcO;. 
A few anions of the form XY4=, such as CrO,= or S208=, carry in a much weaker fashion with 
large excesses of the reagent. The flow plan,12 including the crude precipitation and the 
purification process used to recover a total of 18 g of technetium, is shown in Fig. 3. 
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Fig. 1. First X-ray spectrograms of element 43 with adjacent molybdenum 42 
and ruthenium element 44 (December 1946). 

-. . 

.. I 



323 

Fig. 2. Hot-cell process for technetium recovery. 
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Fig. 3. Hot-cell flow plan for extraction of technetium from fission product waste. 
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3. EXTRACTION OF RHENIUM 

In 1929;Ida and Walter Noddack descriied the preparation of 1 g of rhenium metal from 
660 kg of a Norwegian molybdenite. This constituted the largest single preparation of the 
metal in the 4 years following the announced discovery of the element by the same authors 
in-1 925. 

Prior to World War II, all of the rhenium of commerce was extracted from the 
' molybdenite residues recovered from the Mansfeld copper schists of Germany. Annual 
production capacity was reported to be 120 kg/year at a cost of -$2.40/g. Ifthis source has 
been exploited for rhenium since the close of the war, no mention of it fias been found in the 
literature. 

For a number of years, the only known U.S. commercial source of rhenium was a flue 
dust resulting from the roasting of an Arizona molybdenite. The origin of the rhenium- 
bearing molybdenite is a copper sulfide ore mined in the vicinity of Miami, Arizona. Over a 
period of 10 years, - 17 tons of the above mentioned molybdenite roaster flue dust has been 
processed for its rhenium content at The University of Tennessee. From this material -240 Ib 
of rhenium has been extracted in the form of potassium perrhenate. The flue dust thus far 
processed in this operation was found to be of variable composition with the rhenium content 
varying from 3,000 to 16,000 ppm (0.3 to 1.6%). 

The process for the technical preparation of rhenium having its origin in the Mansfeld 
copper schists of Germany has been described by Feit.'3 A summary of the process used prior 
to 1940 follows. 

Treatment of the Mansfeld copper ore by an unstated metallurgical process gave rise to 
a complex sulfide slime containing salts of Cu, Mo, Ni, Fey V, and Re together with minor 
amounts of other elements. After weathering in air for several months to more than a year, 
the sludge was leached with water. The leachings were next concentrated by spontaneous 
evaporation in the open with the consequent precipitation of calcium, copper, and nickel as 
sulfates. 

After separation of the solid sulfates, the leach was krther concentrated by heating and 
then cooled to remove more of the heavy metal sulfates. This process was continued until the 
leach had a specific gravity of 2. At this point, the solution was treated with a solution of 
ammonium sulfate to precipitate the insoluble nickel-ammonium salt. Further evaporation of 
the mother liquor, followed by addition of solid ammonium sulfate, gave on cooling additional 
nickel-ammonium sulfate together with complex ammonium salts of the heteropoly acids of 
phosphorus, vanadium, and molybdenum. The ammonium sulfate treatment was continued 
until only ammonium sulfate separated. The pale yellow liquor remaining from the above 
series of concentrations and precipitations gave on treatment with potassium chloride an 
impure potassium perrhenate. Solution of the latter in hot water, followed by filtration to 
remove a flocculent precipitate, gave a colorless filtrate from which nearly pure potassium 
perrhenate separated on cooling. 

In some respects, the process in use at The University of Tenne~see'~ for the extraction 
of rhenium is similar to that described by Feit. The overall process, however, is much simpler 
and less time-consuming than the German method. 
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The flue dust from which the rhenium is extracted is obtained from the Miami Copper 
Company of Miami, Arizona.” The original ore, mined primarily €or its copper content, 
contains copper as the sulfide together with a small amount of molybdenite. Associated with 
the latter is rhenium, presumably as the sulfide. After crushing and grinding the ore, the 
sulfides are concentrated by flotation. A second flotation operation serves to separate the 
copper and molybdenum sulfides, the rhenium following along with the molybdenum. 

Roasthg of the molybdenite converts the molybdenum to molybdenum (VI) oxide, MOO,, 
and the rhenium to rhenium (VU) oxide, R%O,. The conversion, however, is not 100% 
complete, and, as a result, there is collected at one stage of the operation a product described 
as “molybdenite roaster flue dust.” This product contains unaltered molybdenite, water- 
soluble complex molybdenum compounds of an undetermined composition, and rhenium 

oxide or soluble perrhenates, together with minor amounts of other constituents. On 
exposure to moist air, the flue dust frequently absorbs water. The moist product or its water 
solution, as might be expected, is acidic. 

Extraction of the rhenium from the flue dust is carried out in a large “Ceratherm-500” 
vacuum filter equipped with a “Filterstone” porous plate. The upper bowl of 1 00-gal capacity 
is separated from the 50-gal lower bowl by the Z-in.-thick porous flter plate. With air passing 
up through the porous plate, 200 lb of water, or washings from a previous extract, is placed 
in the upper bowl of the digester and 200 lb of flue dust added. The digestion is carried out 
for 1 h or until all solids are uniformly dispersed. With the air stream cut off, a vacuum is 
applied to the lower bowl to separate the soluble fraction c o n t a g  the rhenium from the 
insoluble fraction that consists largely of molybdenite. The filtrate is then transferred to a 
storage tank where it is allowed to remain for several hours in order to allow any iine particles 
of molybdenite to settle. In the meantime the molybdenite cake remaining on the porous plate 
is digested with two separate 100-lb batches of fresh water. The washings are combined for 
use in digesting fresh flue dust. 

The supernatant liquid fiom the initial extraction is transferred to a second digester, 
Similar to the flue dust digester but on a smaller scale. With air passing through the solution, 
1 lb of h e l y  ground potassium chloride is added per 1.5 gal of extract. The air stking is 
continued for 30 min to 1 h to insure complete solution of the potassium chloride and pre- 
cipitation of the potassium perrhenate. On completion of the digestion, a vacuum is applied 
to the lower receiver to separate the insoluble potassium perrhenate from the soluble portion. 

Two beneficial effects result from the above processing operations. In the initial 
digestion, there is a noticeable rise in temperature on solution of the flue dust in water. 
Secondly, on treating the extract with solid potassium chloride, the digestion mixture is 
cooled, thereby rendering the potassium perrhenate less soluble. The processing equipment 
used in the extraction and precipitation operations is represented in Fig. 4. A flow diagram 
of the process is shown in Fig. 5. 

4. CONCLUSION 

Chemical processes of technetium and rhenium separation described above, coupled 
with the sensitive neutron activation analysis, are expected to form the basis for efficient initial 
extraction of naturally occurring technetium. 
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Fig. 4. Extraction of rhenium. 
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Fig. 5. Extraction of rhenium-flow diagram. 
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Abstract 

We discuss the possibility of using Ultr*cold neutrons (UCN) for the search 
for n -E oscillations. It is usually thought that the strong absorption of an A on 
the walls of a UCN container and the phase shift associated with the difference 
in the interaction of n andE with the walls will mean that the effective coherence 
time will be essentially one collision time. However in the presence of a relatively 
small magnetic field the time dependent phase difference between n and 7 i  due 
to their opposite magnetic moments will tend to cancel the phase.shift due to 
wall collisions for one spin state. In addition using realistic parameters for the 
interaction of A with the walls we show that the absorption of A, while large, 
is not so great as might be expected especially for low energy UCE. Averaged 
over the entire UCN phase space the effective coherence time is expected to be 
about 10 collision times. This is parrticulary interesting for experiments using 
neutron guides as discussed by Steve Lamoreaux at this conference. 

1. Introduction 

This talk is based on an original idea of Yoshiki [I.] and is the result of a collaboration 
over several years [2]. As the probability of observing an E grows as t2 it  is natural to 
think of using the long storage time of Ultra-cold Neutrons (UCN)[3] as the basis of 
a sensitive search for n - E oscillations. However it is immediately obvious that the 
approach is limited and most workers in the field have concluded that the difference 
between the n and A interactions with the walls of the containing vessels will result, in 
the effective coherence time for the measurement being essentially one collision time 
[4]. This is due to the relative phase shift between n and E as well as to the strong 
absorption of 5 on the walls. 
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The work suquuarized in this talk was undertaken to study these questions in some 
detail. First we show that there is a smooth transition to the normal semi-classical 
fiee space description for particles in quantized eigenstates in a box. In the case of 
strongly absorbing walls the effective eigenstates are decaying. However in the region 
between the walls wave packets will not decay and one obtains the expected semi- 
classical limit .where the particles propagate freely between wall collisions which are 
describable in terms of the ordinary complex reflection amplitude. 

Second we calculate the reflection coefficient for UC5 starting from a reasonable 
model for the E - nucleus interaction potential. 

Then we go on to show that in the presence of an applied field the L m o r  precession 
phase tends to cancel the n-E phase difference for one spin state and we estimate the 
effects this will have on the ability to semch for n -7i oscillations in various geometries 
using UCN. Averaged over a reasonably large phase space the effective coherence time 
of the experiment can approach about 10 collision times. 

2. Semi-classical treatment of a particle in a box with absorb- 
ing walls . 

It is expected that the lifetime of Uc5i stored in a container will be much less than 
that of UCN due to the strong absorption (annihilation) of the former in the walls. 
Thus the potential of the walls (v) will have a significant imaginary part (in what 
follows we use-to indicate a complex quantity) and the states wi l l  be decaying with 
time. The energy of a given state will be complex. In the space bet&een the walls (v = 0) we have 

2m- 2m -2 - 2 

f i 2  
- ( B - i I ' ) = k  = (IC-iy) = k 2 - 7 ' - 2 i k 7  K 2  

-E 

so that 

r -Vg - = v,y = - h p  
f i  2a 

where the last step follows from the usual boundary conditions at the walls[2]. A wave 
packet formed out of states will have the form 

and the peak of the wave packet will move with (z = vgt) so that 

because of (2.2). Thus the wave packet will move without attenuation until it strikes 
the wall, the reflection coefficient following from the usual boundary condition on the 

eigenstates. 
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3. Search fQr n - oscillations using UCN 

3.1. n - K oscillations in a magnetic field 

As is well known a magnetic field splits the degeneracy between n - E so that their 
states have a time dependent relative phase which results in the E amplitude reaching 
a limit and returning to zero as time goes on. For times such that wLt << 1 the 
evolution of the amplitude is the same as for a free particle. 

'I Bef f 

- Y  / 
Fig.1. Effective field for n - A oscillations. E is the AB=2 n - E interaction. The 

system vector precesses around 

The situation can be visualized in diagrams like fig. 1) which shows the motion of 
the isotopic spin a, = + (-) corresponds to n (E) under the influence of a magnetic 
field and E ,  the AB = 2, n - A interaction responsible for the oscillations. The 
probability of obsenhng an K is given by 

P..~ (t) = pi2 = sin2 r/2 = sin2 8 sin2 wLt/2 (3-1) 
where p (t) is the amplitude for finding K after time t. If the magnetic field is period- 
ically reversed in fig.' 1), the center of rotation, 8, in fig. 2) will move to the position 
-8. If this is done at times separated by T/WL there will be a continuous increase 
of A amplitude comparable to that in zero magnetic field. A detailed discussion [2] 
shows that the results are very close to those attained with an optimum sinusoidally 
modulated [5] field, which has been suggested as a method to reduce the magnetic 
field sensitivity. 
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1 
Fig. 2. Collision of an n - A system with a wall seen in a plane perpendicular to 

B,ff. Q is the Larmor precession angle in the magnetic field during the time between 
collisions. p is the relative phase shift due to the collision. 

3.2. Wall collisions in the presence of a magnetic field 

\ 

. . .  .. 

. . .  4 5  

Fig. 3. Build up of 56 amplitude for various conditions. Successive collisions are 
assumed to be the same. For f i  = 1,p # Q the locus is two circles, for p = Q the 

'circles degenerate into straight lines (resonance), for pii < 1 the system approaches 
an equilibriuin point. 

Fig 2) shows the motion of the system in a plane perpendicular to the effective 
field. After a collision the system point precesses about the field direction labelled 
by 8 through an angle Q = wLt until the next wall collision. The collision produces 
a sudden jump in the phase of ,f3 by an amount p = $n - & and a reduction in its 
amplitude by pii the reflection amplitude €or Z for the conditions of the collision. It 
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is easy to see that for p = a, p = 1 the system will jump back and forth between two 
lines, receding further from the origin as time goes on. Thus under these conditions 
the build up of E amplitude is very close to  that in free space. For p < 1 the trajectory 
is more complicated reaching an equilibrium point at some distance from the origin 
(Fig.3). 

3.3. Reflection coefficient for Urn 

rod - 
- (a) 

c <n 9 I v 9n*,i 
- 4 n '  * " " * ' ' I '  " ' I . .  ' 

Fig. 4. Reflectivity e, and relative phase change (pn - (p5i due to a collision on 12C. 
See text for an explanation of the different cwes. 

We took the optical potential for E to be that determined for jj atoms by Wong 
et al [6]. We carried out cdculations for two shapes of potentid, a square well and 
a modified fermi distribution (diffuse potential). In addition Wong e t  al give two 
possible fits to the data which they call S and D. Fig 4) shows our results for the UCZ 
reflectivity and relative phase shift p as a function of the kinetic energy perpendicular 
to the surface for 12C. We see that the two models, S and D, give essentially the 
same results for E reflection but the results for the square well and Fermi shapes are 
somewhat different (solid and dashed lines). 

3.4. Probability of n -E oscillations in a UCN storage vessel 
We consider a UCN storage vessel in a magnetic field in the presence of n - E oscil- 
lations. As the E probability builds up there will be a loss (1 - A) of E at each wall 
collision. These losses are due to annihilation in the walls and each A lost will res& 
in a signal. We assume that the storage vessel is surrounded with suitable detectors 
so as to  allow the detection of these events. The probability of detecting an E in N 
collisions is 
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PN = PN-l+ lhd2  (1 - A) 
where & is the E amplitude before the W h  collision. 

Fig. 5. Typical trajectory in a cylindrical storage vessel under the influence of 
gravity. 

Calculations have been made for two geometries, assuming specular reflections in 
both cases. The first case was a spherical container.in the absence of gravity and the 
second was a cylindrical conther taking the effects of gravity into account. A typical 
trajectory for the second case is shown in fig. 5). The results of the calculations for 
this case are shown in fig. 6) using the parameters for 12C. We have plotted the total 
annihilation probability for E in 100 seconds. We see there is some influence of the 
shape chosen for the E nucleus interaction potential. The results shown represent an 
integration over the usual UCN phase space to  allow the use of conventional UCN 
intensity calculations. For comparison a quasi-free (beam) experiment using mev 
neutrons and a flight time of 0.12 sec would have an E probability of 2.5 x per 
neutron. However the much greater throughput of beam experiments as compared 
to current UCN sources mean that a UCN experiment is not nearly competitive. 
However the situation may change in the near future with the introduction of the 
next generation of UCN sources [3]. 

In addition, as suggested by Lamoreaux (these proceedings), the technique de- 
scribed here may allow a guide to be used for a beam experiment, the effects of the 
wall collisions being partially compensated by the magnetic field. 
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Fig. 6. Probability of detecting an A after 100 s storage time as function of applied 
magnetic field and for different E-nucleus potentials. R is the cylinder radius in 

meters, E = IO-= ev. 
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Abstract 
Both a proposed new technique to measure the neutron electric 

dipole moment (EDM) and a proposed new neutron-antineutron os- 
cillation experiment require a high flux of "supermoderated" neutrons 
(to temperatures less than 15K). The complementarity between these 
experiments will be outlined in regard to a universal source. Some 
ideas from ultracold neutron work will be suggested as possible im- 
provements for the new neutron-antineutron experiment. 

1 Introduction 
We have proposed a new technique to measure the neutron electric dipole 
moment (EDM) which might lead to a factor of 2000 improvement over the 
current experimental limits. This technique, fully described in Ref. [l], is 
based on the production, storage and detection of ultracold neutrons (UCN) . 
produced and stored in a superfluid 4He bath. Polarized 3He is introduced 
to the bath to serve as a UCN polarizer, spin precession analyzer, and mag- 
netometer. Recent progress is described in Ref. [2]. (See Refs. [3] and [4] 
for additional commentary). These ideas have also been applied to measure- 
ment of the neutron lifetime through use of UCN contained in a magnetic 
trap filled with superfluid 4He, as described in Refs. [5] and [6]. 

2 Production of UCN in Superfluid 4He 
The production of UCN by the inelastic scattering of 8.9 A neutrons in 
superfluid 4He (SHe), the so-called "superthermal" source invented by Golub 
and Pendlebury, is discussed in Ref. [7]. The basic idea is that the free- 
neutron dispersion curve crossed the Landau-Feynman dispersion curve for 
elementary excitation in SHe at 8.9 A, corresponding to a temperature of 
about 11K, as shown in Fig. 1. Neutrons of this wavelength which enter a 
bath of SHe can create a phonon, and in so doing, come nearly to rest; the 
UCN so produced will be trapped within the bath, up to energy equal to the 
effective neutron potential of the containment vessel, typically 200 neV and 
corresponding to neutron velocities of about 5m/s, the practical definition 
of UCN. SHe is particularly suitable for neutron storage; 4He is the most 
tightly bound nucleus so neutron absorption is impossible, and the effective 
potential of SHe is 20neV, much less than useful wall materials. 
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11 K 

Figure 1: Free neutron and superfluid He excitation dispersion curves. 

The inverse scattering process, that is, absorption of a phonon from the 
bath or “upscattering” to a higher energy out of the UCN range, is suppressed 
by the Boltzmann factor, exp(-ll/T) where T is the bath temperature. 
Thus, the production of UCN can be aptly compared to the spontaneous 
emission of light from a collection of atoms. The crossing of the dispersion 
curves can be though of as a quasi-two-level system. Neutrons entering the 
bath can be thought of as an excited atom; the higher energy state decays 
through spontaneous emission of a phonon, while the inverse process, requir- 
ing non-negligible energy in comparison to the system temperature, simply 
does not occur with any significant rate. 

UCN will be lost from the system through beta-decay, wall absorption, 
or upscattering, giving a loss rate of 

The’mean-free-path for an 8.9 A neutron in SHe is about lOOm so for 
all practical purposes we can assume the neutron flux through the bath is a 
constant. The production rate, equal to the downscattering rate, is (see Ref. 
PI) 

d%D 1 -3 1 P = 7.2---SS2cm s- 
dAda A t  

where A% is the shortest wavelength UCN which can be contained, 6 0  is the 
solid angle viewed by the SHe bath, and the differential flux is specified at 
8.9 A. 

The steady-state density is achieved when the loss rate is equal to the 
production rate, that is, 

p = Pr. (3) 



339 

If we take the expected flux at the proposed long-pulse spallation source, 
with a solid angle of 0.03 str (a 20 cm hole 1 m from the cold moderator), 
with Au = 500 A, we find a density of 260,000 ~ m - ~ ,  which is three orders 
of magnitude higher than any proposed or existing source, where we have 
assumed beta decay dominates the losses. Location of the SHe bath so close 
to the source is really only feasible at a spallation source where the expected 
radiation flux will be at least an order of magnitude lower than at a reactor. 

It is tempting to consider applying some of the ideas of the EDM and life- 
time experiments to a neutron-antineutron experiment, but unfortunately, 
one cannot look for oscillations with UCN stored in the superfluid bath be- 
cause of the differing potential for the neutrons vs. antineutrons. One could 
also imagine accumulating UCN in such a bath, then letting them fall freely 
through up to 20 m, but the counting rate isn’t high enough to be compet- 
itive with a free beam experiment. See Dr. Golub’s contribution to these 
proceedings for some ideas in regard to oscillation experiment with stored 
UCN. 

3 Supercold Moderation (SCM) 
To improve the neutron-antineutron oscillation time limit, it has been pro- 
posed that colder neutrons could be used, thereby increasing the free flight 
time. Such a colder neutron moderator would also be useful for UCN gener- 
ation as described above. 

The basic idea of neutron moderation is that a neutron collides with a 
stationary H atom, and in so doing, loses about half of its kinetic energy on 
average. D or C atoms can also be used, with some reduction of direct kinetic 
energy loss efficiency, but lower neutron loss through nuclear absorption. 

At present, the practical limiting temperature for neutron moderation is 
about 30-40K; this limit is independent of the moderation temperature Tm 
(for constant density) for Tm < 20K. Thi‘s is because the atoms that the 
moderator comprises are bound to a lattice; if the incident neutron energy 
is much less than the energy associated with vibrations in the lattice, the 
effective H atom mass approaches infinity, and on scattering, the neutron 
loses no kinetic energy. Not surprisingly, the neutron energy (or neutron 
temperature) where moderation become ineffective corresponds roughly to 
lattice binding and vibrational energies of atoms in liquids and solids. In 
fact, there is little interest in colder neutrons in regard to general neutron 
scattering studies, for the goal of such work is, to a large degree, associated 
with studying such vibrations, and the longer wavelengths either do not 
couple efficiently or provide no additional information; hence, there has been 
no motivation to develop a general source of colder neutrons, what we call 
here a Supercold Moderator (SCM). 

It has been proposed that either CH4 or CD4, cooled to 4K, would serve 
as a SCM because of the myriad of low-energy internal states of the molecule; 
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for the energies of interest for SCM, the rotational states are relevant. Un- 
fortunately, at low temperatures, these rotations become hindered by the 
molecular field in the solid, and at about 20K, there is a second-order phase 
transition associated with the molecular orientation, and the rotation be- 
comes effectively completely hindered. In fact, it is well-known that solid or 
liquid methane has no special moderation properties, other than its higher 
H-atom concentration compared to either solid or liquid hydrogen. 

So at fist glance it appears completely hopeless to achieve a high neutron 
flux at temperatures below 20K. However, there appears to be one possibility; 
that is to use solid methane (possibly deuterated) doped with approximately 
20% krypton. It has been shown that in the case of such high doping, the 
internal molecular field becomes suppressed, and the rotations once again 
become free; see Ref. 9 for a discussion of measurements and a review of 
the field. The doping material must be spherically symmetric, hence the 
choice of a noble gas, and should match the size of the methane molecule; 
Kr is the most suitable choice. The question of the nuclear properties will 
be addressed later. 

If the rotations are truly free, we can estimate the scattering cross section 
and energy loss by use of the Teller-Sachs mass tensor approximation[lO]. 
Here it is assumed that the neutron energy is much higher than the rotational 
level spacings (1 meV, or T = 10K for CH4) and that the momentum transfer 
on collision is large, in which case the molecules can be treated as classical 
rigid rotators. Under this approximation, assuming the methane temperature 
is 0 K, the scattering cross section for ordinary methane becomes 

do 
d6 - M a,(i + omcos e) (4) 

where a, is the free proton (or deuteron) scattering cross section, and the 
energy of the scattered neutrons is described by 

E(6) = Eo(0.59 + 0.41 COS 6) (5) 
(the average effective mass of the protons bound in the molecule is 2.4mn). 
(For deuterated methane, the two factors in (5) become 0.71 and 0.29, re- 
spectively, while in (4), 0.77 + 0.2 and the total cross section for the deu- 
terium nucleus must be used.) The density of solid methane is 2 x 
molecules/cm3, and the H atom density, which is relevant for calculating the 
nuclear absorption, is four times that. The scattering mean free path, taking 
a, = 20 barns, is 2.5 cm, while nuclear absorption length for a 10K neutron 
is about 7 cm (for deuterated methane, these lengths are 15 cm and 4000 
cm). 

The foregoing estimates are actually better for deuterate methane because 
its higher moment of inertia implies a closer rotational level spacing. 10K is 
the limit of accuracy for normal methane. 

We consider the effect of the dopant as a perturbation on the above 
estimates, with the exception of the dopant nuclear absorption which can be 
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large. The implication is that enriched %Kr (57% natural abundance) would 
have to be used, otherwise the absorption will be too high. -In the case of 
20% dopiag of deuterated methane by this isotope, for 10K neutrons, the 
absorption length is 90 cm. There is also the issue of activation of the =Kr 
which, on neutron capture, yields an isotope with a 10 year half-life. Perhaps 
another noble g& or compound would be equally effective; a more complete 
study of these points is necessary. 

The solid doped methane is best thought of as a secondary moderator, 
placed some distance from a liquid cold source. Otherwise the radiation 
damage level will be excessive; in addition there is the usual problems with 
heat removal from a solid. A reasonable geometry is depicted in Fig. 2. 
The thickness of the secondary moderator should be twice the mean free 
scattering length, or 5 cm in the case of methane, or 30 cm in the case of 
deuterated methane. If UCN are to be extracted directly froin the secondary 
moderator, deuterated methane should be used (with 20% Kr doping, the 
absorption length for very cold neutrons (VCN) with velocity 50m/s is 9 cm; 
VCN of this velocity are converted to UCN by the potential drop associated 
with a vertical rise). Otherwise, it would appear that ordinary solid methane 
is best. One might expect a factor of 2-3 increase in the effective flux at 8.9 
8, by use of the secondary moderator as shown in Fig. 2b. In this case, the 
radiation heating effects are minimal, and in fact the layer of solid methane 
can serve as an intermediate heat shield. The increase in complexity required 
for inclusion of this moderator is minimal. 

To be useful for the neutron oscillation experiment, the solid moderator 
should be located as close as possible to the reactor or spallation target cold 
source. There is no reason to have the entire cold source of solid methane, 
as the hot neutrons must scatter several times before reaching a temperature, 
where the doped solid is warranted. With the use of deuterated, doped, 
solid methane, it should be possible to moderate cold neutrons to 4-5K with 
high efficiency. The extra distance from the core or target can ease design 
limitations. 

4 Antineutron Annihilation Targets 
We have considered a number of low nuclear absorption materials for use in 
UCN storage containers; the requirements here are the same its those required 
in the annihilation target. 

The ILL oscillation experiment made use of a grafoil target; the non- 
negligible nuclear absorption in carbon led to a background gamma rate of 
a few MHz. For the new proposed experiment, the background rate would 
be of order 10lOHz; clearly, this is a problem. However, carbon is not the 
best choice of annihilation target. For example, a self-supporting block of 
compressed cold, solid helium in a suitably clean vacuum environment would 
give essentially zerb background. Fabrication of such a target is complicated; 



. 

342 

Kr Doped Solid Deuterated 
Liquid Hydmgea e SecondaryModerator 

............................................ ....---...-...-.....-..---------.-.-.----.. 

Proton 
Beam 

UCN Accumulation 

Bismuth Shot., He Cooled to 70 K; 
Radiion Shielding 1-2 m Fast Neutron and Gamma Shield 
* b 

shielding 

n 
Solid Methane Shell 
around Superfluid 4He (<low 
(m place of UCN Accumulation 
Vessel shown above) - Production Region - I 

fa-& UCN Guide, 10 cm dia. (or completely filled guide) 

@) Alternative UCN LHe Source Design 

Figure 2: a. Supercold moderation near the cold neutron source, and UCN 
superthermal source with solid angle 0.03 str; b. Supercold moderator located 
at the superthermal source. The choice of moderator thickness at the front 
of the accumulation vessel is critical; loss of 8.9A neutrons in the direct flux 
must be balanced against “inscattering”. 
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however, there are other possible mate&& such as solid oxygen which has a 
cross section 20 times lower than carbon. Manipulation of a block of solid 
oxygen would not involve too many technical difficulties. 

5 Neutron-Antineutron Oscillations in Neu- 
tron Guides? 

As described by Dr. Golub in this conference, there are some tricks to elim- 
inate the effects of the differing material potentials for neutrons vs. antineu- 
trons. The basic idea is to apply a static magnetic field to the UCN storage 
container which undoes the relative neutron-antineutron phase shift which 
occurs on reflection from the wall. Unfortunately, this tuning away of the 
wall phase shift begins to wash out after a few (5-10) reflections from the 
walls. 

Interestingly, one expects about this number of reflections for a neutron 
propagating in a typical neutron guide of lengths of order 50 m, and cross 
section dimensions of order 20 cm. A primary feature of a guide is the elim- 
ination of the effects of gravity on the cold neutron propagation which will 
be a particular problem if a SCM is used with a free flight experiment. An- 
other major advantage of a guide is that the effective cross sectional area 
is constant; this means that the detector size is of order of one meter, in- 
stead of several meters. The smaller detector will have less background from 
cosmic rays; furthermore, the guide could be slightly bent, thereby reducing 
background from the neutron source. 

A useful and cheap material to coat the guides is chemical vapor de- 
posited diamond-like films. Such films have been prepared at the University' 
of Washington, and their critical angle is about equal to that of '*Ni. 

To set the background magnetic field, the difference in the antineutron 
and neutron guide potential must be fairly well known. Also, Monte Carlo 
calculations for the optimum field, based on the spectral characteristics of 
the neutrons, must be performed. With a proper choice of guide material 
and background cancellation field, a loss in efficiency of less than a factor 
of five over a free flight experiment appears possible. Given the reduction 
in detector size and associated reduction in background rate, the net loss in 
sensitivity would be negligible. 

6 Conclusion 
We have described a possible moderation scheme which might give an in- 
crease in 11 K neutrons for UCN production in superfluid helium; this mod- 
eration scheme would also give a high flux of 4-10 K neutrons for & im- 
proved neutron-antineutron oscillation experiment. This moderation scheme 
is based on solid methane doped with krypton, in which case the hindrance 
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of the rotational states associated with the second order phase transition at 
about 20K is eliminated. 

We have also described low background annihilation targets and discussed 
the possibility of an oscillation experiment using guided neutrons. Both can 
lead to a substantial decrease in background events; furthermore, a guide is of 
more general use for future experimental work. One could imagine an entire 
neutron scattering facility subsequently developed around a guide initially 
built for an oscillation study; in the case of the proposed project with its 
anticipated intensity, this facility would be the world's best. 
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It was not until 1992 that the production of dtracold neutrons (UCN) by 
means of superthermal method predicted by Golub and Pendlebury [l] was 
verified quantitatively by changing incident cold neutron wavelengths to 
observe the maximum of UCN production[2]at a certain wavelength. At this 
wavelength the dispersion curve of the superfluid liquid helium and the energy 
momentum curve of a free neutron crosses and the energy and momentum of 
incident neutron can be converted entirely to those of a produced phonon 
(Fig.l), leaving the neutron with an infinitesimal energy, a UCN. The value 
obtahed was 8.78&0.06& in contrast to the value hitherto often quoted number 
of 8.9A for 1.1K liquid, and it fits exactly to our particular liquid temperature of 
0.45K(Fig.2)[3]. What we have learned here is that the calculation by Cohen and 
Feynman is correct and we can now calculate the rate of UCN production per 
unit time. This was referred to by the previous speaker[4] and the resultant 
UCN intensity is overwhelming, compared to the Turbine[5], or Boltzmann 
methods. It must be emphasized that 1) this method allows cold neutrons to 
come from whole 4n-directions to produce UCNs, unlike the Turbine, where 
rather fine beam collimation of cold neutron is necessary; 2) the produced 
UCNs are automatically trapped in the superfluid helium vessel, whereas the 
parent cold neutrons can penetrate freely through the wall, resulting in the 
build-up of UCN density in time in the vessel. In other methods the UCN 
transfer to an experimental volume, like a Ramsey Chamber, is necessary and 
the balanchg between inflow and outflow of UCNs to and from it occurs 
quickly. Golub predicted that required temperatures would be below 0.8K, 
where the production of UCN creating phonons (down-scattering) would not 
be surpassed by phonons reabsorbed by UCN (upscattering). This statement is 
experimentally demonstrated as shown in Fig.3 [2]. The attenuation coefficient 
at 0.45K is mainly attributed to a vertical duct open downward on the storage 
vessel (so called gravity acceleration tube) which was adopted to detect UCN 
with good efficiency. Fig.4 shows a handmade UCN detector[6]. 

The task how to keep the 15 litres of liquid helium stable at a low 
temperature of 0.45K was solved by a new heat-exchanger between the 
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purified (He3-free) superfluid liquid heilium and the liquid He3 coolant. The 
heat exchanger is made of oxgen-free copper block having 29 fins in 5mm pitch, 
each of which has 3 mm thickness and 20 mm depth (Fig. 5). The fins are 
vertical because they minimize 1) the He3 bubble formation on the surface of 
the fins and 2) the resistance to the viscous gas flow upward formed by the 
everporated He3. The delicate fabrication of the fins without resorting to 
soldering was possible by electrodischarge cutting in KEK(Fig.6) The 
improvement in cooling capacity gained in this way was enormous as Fig.7 
shows. Little He3 is needed. The liquefied He3 fills only one and half 
centimeter deep from the bottom and not only the latent heat of evaporation of 
the liquid but the sensible heat of the gas passing through the gaps of the fins 
contributes much to the cooling. 

In 1987, we calculated the heat that would be produced in the liquid helium, 
if it was exposed to a cold neutron field of 3 x 1 O I 2  /cm2/s [fl. If such situation 
is realized it would produce 5000 UCN/cm3/s (defined UCN energy upper 
limit=2 x 1 0 - 7 e ~  , a strongest UCN source up till now. However the final 
estimate of the heat to be removed from the liquid amounts to 3000 mW under 
a certain number of assumptions. They include that irradiated part of the vessel 
is a steel cylinder of 50 cm in length, 10 cm in diameter and 0.1 mm in wall 
thickness. Table 1 gives the answer to the problem by combining a new set of 
circulation pumps for He3 and a new heat exchanger which has four times as 
many number of fins as before. The proposed set of circulation pumps for He3, 
which were purchased in 1994, is five times larger in displacement than before. 
From the existing data of Fig. 7 we can extrapolate that this combination is 
enough to stand 3 x1012cold neutrons/crn2/s [qwhich is to produce 2 x 10' 
UCN/s in the aforementioned part of the liquid. Such irradiation will be 
accomplished most conveniently and most realistically by use of a spallation 
source, and not by a reactor. We will come to this point later. 

In regard to the experimental setup in ref.2, remarks are not more than in 
the article except two points. One is the characteristics of the velocity selector. 
It is a pair of disks, 380mm in diameter with a 30mm wide window, 8 meters 
apart, rotating at a speed of 20 rps by a pair of step-motors whose speed and 
phase are precisely controlled by an electronic pulse generator(Fig.8). It is the 
relative phase of these disks that determines the speed of neutrons. Each phase 
signal is measured by a clock which ticks at a rate of 10 p and locks each other 
at a predetermined value after changing one of the discs' rotation speeds by 
0.04%. It turned out that the t h e  jitter of the relative phase is less than 0.2% at 
9A. The h determined by the relative phase was systematically corrected for 
the k-5dependence of the flux. The correction was not more than 0.6% in 
contrast to the 25% of the earlier experiment[8], where a short single rotor with 
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a synchronous motor was used. The other remark is the quantity of He3 
remaining after separation by means of heat-flush through a superleak[9,10]. 
Commercial helium contains 0.16 ppm of He3 in He4. By mass spectrograph 
we did not detect He3 at all and the sensitivity of this spectrometer gave an 
upper limit of 1.3 x 10-*(1a c.1.) in He3/He4 ratio for our superleak[ll]. Ref.2 
gave an improvement in this ratio by a factor 5 to 3 x lo-’ but it was never the 
real ’ratio of the remnant He3 because we had an escape duct (the gravity 
acceleration tube) for UCN which was open always, becoming the main source 
of limited life time of UCN in the storage vessel. McClintock discusses that 
the ratio can be as low as by a single heat flush[lO]. The absorption cross 
section of He3 for 9A neutron is 25000 barns[12] and the normalized cross 
section will be 0.3 mb at most, which renders negligible effects on UCN 
production studies. The construction and operation of a cryostat dubbed 
Mark3000 are described in ref.13. 

The two main objectives for getting a strong UCN source are a more precise 
determination of the neutron lifetime and the search for the electric dipole 
moment of neutron, a manifestation of the time irreversibility. As for neutron 
lifetime, there is a proposal with superthermal source and magnetic 
confinement [14], and we are planning a similar device [15] incorporated in 
Cooling Tower II (see below). We will look into the latter more specifically in 
this talk. The search for the electric dipole moment of free neutron has been 
carried out by two groups[16,17,18], whose latest upper limit for this quantity is 
-1.2 x 10-25e.cm. In order to go a step further it would be necessary 1) to have 

UCN more in number and 2) to control systematic errors more in precision, 
such as magnetic field in its stability and uniformity, or problem of dark 
current when a strong electric field is applied. Since we are to produce UCN by 
the low-temperature engineering, the logical solution for 2) would be to take 
advantage of this orientation. In Fig9 we show the e.d.m. measurement 
machine integrated with refrigeration parts, which now is dubbed Mark3001. 
Cooling Tower I does the He3 refrigeration, Cooling Tower II supplies liquid 
heilium to superconducting shield and solenoid, and furnishes a space for 
gravity acceleration and UCN detection. The part where the e.d.m. is measured 
is conventional in layout[l8] except that the shields have to be coaxial by 
technical reasons and the chamber is filled with 0.5K purified liquid helium in 
place of vacuum. The Ramsey Block, a cylindrical object 3 m long and 0.8 m in 
diameter is a vacuum chamber. It contains three layers of high-permeability 
magnetic shield at room temperature. Coaxially toward the center, a 
superconducting magnetic shield and a superconducting solenoid exist, 
whi& are enclosed in a double layered cylinder containing liquid helium to 
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keep them at 4.X. Those are all made out of aluminum except for the 
superconducting material. We are aiming at a magnetic field whose instability 
in space-and time will be in the order of 10 ngauss. Fig.10-14, show how those 
elements are made and look like. Explanations are given in figure captions. 

Preliminary measurement was done for the three layer high-permeability 
(p=105) shield at room temperature, which turned out 0.1 mgauss at the center 
of the shield in ambient magnetic field, satisfying the designed attenuation[19]. 
As for superconducting shield, lead foil of 0.1 mm thick, 80 mm wide has been 
used for the shield material. This was wound on the aforementioned 
&.minum bobbin, which was fabricated with an accuracy of one hundredth of 
a millimeter near Ramsey Chamber, in 8 mm pitch so that ten turns would 
make a 1 mm thick shield. A model experiment was done to see the validity of 
our approach. A cup made out of the same lead foil and wound in the same 
way was made and submerged in liquid helium in a cryostat. Given an 
external field by means of a solenoid wound on the outer wall of cryostat, the 
axial magnetic field at the center of the cup was measured by SQUID to see if 
the attenuation as a function of the depth varies as theory. For a semi-infinite 
superconducting cylinder, the theory says that the attenuation is proportional 
to exp(-kz/R) where z is the depth from the end of the cylinder, R, its radius, 
and k3.83 for the axial field. Our data produced k=3.71+ 0.14 (Fig. 15)[19]. This 
shows that our approach is justifiable and the superconducting shield will be 
working as designed. By combining the high-permeability magnetic shield and 
the superconducting shield, we expect that our aim of 10 ngauss stability is 
going to be accomplished. The system is being assembled and is ready for test 
this summer. 

In Table 2, we present the achievement in past and the prospect in future of 
the electric dipole measurement of neutron. The intensity of UCN depends on 
the intensity of parent cold neutrons and it can change orders of magnitude 
whether one use a cold neutron beam, or afleld of cold neutrons (neutron bath 
created by spallation source). This is because of the difference in solid angle as 
discussed before. The number (5000 anm3) is conservative even taking into 
account the diffusion of UCN into the whole vessel out of the region they are 
created ( 50 cm long, 10 cm wide, see above and ref.9, resulting in dilution in 
density. We therefore belive that we will not face the paucity of UCN but 
rather the problem of the systematic errors, we have been discussing in 
measuring the edm. As for N - m Oscillation experiment, this vast quantity of 
UCN could even open a way to look at the R amplitude in the random-walk in 
the N - plane (Fig.16 ), not only in the coherence mode as reported by Golub 
(the Bootstrap Method) in this workshop[20]. 

The issues on neutron spallation sources with particle accelerators have been 
discussed by many neutron laboratories oHp,LANL, ORNL, Savannah River, 
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Jiilich, Wien etc). The main advantage of spallation source is that it is pulsed 
and has a high peak intensity, suited for neutron spectroscopy very well. We 
should not however overlook another big advantage in spallation source. It is 
the dedicatablity of a source (or sources) to a paricdar experiment (or 
experiments). By the dedicatability we mean that each experimenter is able to 
easily adjust his beam specifications at his own. This is impossible in case of a 
reactor. If a cold neutron source or a superthermal source are to be installed 
near the core of a reactor, it would need a very precise evaluation of flux 
distributions in planning. Once the reactor is on, it is virtually impossible to 
move these equipments and the relations among different experiments are 
fixed. On the other hand, a proton beam can be tailored to orders by 
experimenters. It can be controlled in current, space and time. The primary 
beam can be even fanned out. By owning one's own spallation target, the 
experimenter can design his own neutron source(s) or beam(s), taking no 
attention to other groups. The serious contradictions among different types of 
experiments, whether a high time resolution or a high intensity, will be solved 
by designing a target station in each case. For instance the Superthermal UCN 
production need no time resolution but a little proton current (-lo@) adjustable 
in intensity or able to be even shuf of if it is not wished. The experimenters will 
benefit much from the mobility and the dedicatability of the spallation source 
in this way[7,21] and this is one of the essential advantages in working with 
spallation sources. 

The author thanks ORNL and Prof. Yu. Kamyshkov for the invitation to this 
workshop. The works in Japan' mentioned in this talk have been supported by 
Monbusho under Grant-in-Aid for Scientific Research on Priority Areas 
(UCN,No.04244106). 
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Fig.9 EDM measurement machine. A pipe extends to the left of the figure to be 
bathed in a cold neutron field of 1012/cm2/s or to receive a cold neutron 
beam of any strength. Cooling Tower I cools all the purified superfluid 
liquid helium down to 0.5K by He3 coolant. Cooling Tower II supplies 
liquid helium to superconductiong shield and solenoid in Ramsey Block. 
It also provides space for UCN detection. 
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Fig.12 Completed superconducting magnetic shield. 

Fig.14 Aluminum thermal shield (77K) in Cooling Tower LI. 
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He3 Circulation 
P-P 

2,000 m 3 k  
( 550 I/s  1 

10,000 m 3 k  
(2300 Z/s) 

Heat Exchanger 
#ofFins 
Total &Area 

29 
5450 cm2 

116 
21800 cm2 

Cooling Power at 0.5K 150 mW(measured) 3000 mW 
enough to stand 
3 x 10l2 c o l d  
neutrons /cm% = 
5 x lo3 UCN/cm3/ 
sec (Z.Phys.B- 
CM67(1987)161) 

Table 1 Combination of a larger set of He3 circulation pumps and an enlarged 
heat exchanger, which meek the required heat removal. 
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Table 2 Numbers associated with EDM measurement in tha past and the 
future. 
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NUCLEON INSTABILITY SEARCH WITH SUPER-KAMIOKANDE 

James Stone 
Department of Physics, Boston University, Boston, Massachusetts 02215 

ABSTRACT 

This manuscript presents an overview of the current experimental situation regarding the search 
for nucleon decay. The Super-Kamiokande project is described and its expected sensitivity for 
improving measurements of the nucleon lifetime are discussed. 

1. Introduction 

For the past few decades, several experiments in the field of particle astrophysics have 
been performed using large detectors and deep underground facilities. Many of these 
experiments have already produced sigmfkant results and at the same time have posed new 
questions to be investigated. The Super-Kamiokande project represents the next 
generation of large deep underground detectors. The si,Onificantly increased fiducial mass 
and the improved resolution of the detector will allow for measurements with increased 
sensitivity for nucleon decay, solar neutrinos, atmospheric neutrinos, and supernovae 
neutrinos. In this manuscript, an overview of the project, a review of the current 
experimental situation and the expectations of Super-Kamiokande for a nucleon decay 
search are presented. 

2. The Super-Kamiokande Experiment 

Super-Kamiokande is a 50,000 tonne ring-imaging water Cherenkov detector currently 
in operation at a depth of 2700 meters water equivalent (mwe) in the Kamioka Mozumi 
mine in Japan. A schematic representation of the detector is shown in Figure 1. It consists 
of a stainless steel tank in the shape of a right circular cylinder, 39 m diameter and 41 m 
height, filled with purified water. The detector is optically segmented into an inner volume 
(34 m diameter, 36 m height) and an outer (anti-coincidence) region of 2.5 m thickness on 
top, bottom, and sides of the inner volume. The inner detector is viewed by 11,146 
photomultiplier tubes (PMTs) of 50 cm diameter, uniformly distributed on the inner 
boundary giving 40% photocathode coverage. This extraordinary photocathode coverage 
and time resolution (2.5 ns at 1 p.e.) allows the detector to attain an energy threshold of 5 
MeV and a vertex resolution of 10 cm for processes such as p 3 e+#. For through-going 
muons, the PMT configuration yields an angular resolution of -lo. The total mass of water 
inside the inner detector PMT surface is 32,000 tons. The fiducial mass for the proton 
decay search, defined to be 2 m inside the PMT plane, is 22,000 tons allowing for partial 
lifetime sensitivities of > 1034 years for several modes. 

The outer annulus of the detector is an anti-coincidence region used to tag entering 
muons and low energy components as well as to attenuate low energy gammas and 
neutrons which cause background in the sensitive volume. This outer detector region is 
viewed by 1890 PMTs of 20 cm diameter with wavelength shifter plates in the style of 
IMB-3. The walls of the anti-coincidence region are made reflective to enhance light 
collection. The PMTs are mounted facing outwards on the same super-structure as the 50 
cm PMTs of the inner volume. Also, an optical barrier is mounted on the same structure to 
separate the inner and outer regions. 
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2.1 Comparison With Other Experiments 

The largest water Cherenkov detector (3300 tonne fiducial mass) previously built was 
the Imine-Michigan-Brookhaven (IMB) detector located in the Morton Salt Company 
Fairport Mine in Ohio. IMB operated successfully from September 1982 until April 1991, 
placing significant constraints on the nucleon lifetime into 45 possible decay modes. In 
addition, important results were published on atmospheric neutrinos, neutrino oscillations, 
neutron-antineutron oscillations, and monopole catalysis of nucleon decay. A highlight of 
IMB was the first detection of neutrinos from a supernova, SN1987A. 

Another large water Cherenkov detector (1040 tons fiducial mass) is the Kamiokande 
experiment in Japan which commenced operation in July 1983 and continues even now. In 
addition to the same physics addressed by IMB, the large photocathode coverage of 
Kamiokande allowed for triggering on low energy events (7.5 MeV) which resulted in the 
first direct, real-time observation of neutrinos from the Sun. The observation of neutrinos 
from SN1987A, simultaneous with IMB, provided the first test of standard supernova 
theory with regards to neutrino production during collapse. 

In Table I, the physical and performance parameters of Super-Kamiokande are listed in 
comparison with those of Kamiokande-ID and IMB-3. With 7 times larger fiducial mass 
and 10 times the photocathode coverage of IMB, Super-Kamiokande will explore nucleon 
lifetimes to >1034years with a few years of running. The increased discrimination of 
showering and non-showering events will greatly improve studies of particular nucleon 
decay modes and the atmospheric neutrino spectrum. It should be noted that energy and 
position resolutions of Super-Kamiokande are significantly improved, an essential feature 
for the elimination of background and the detection of low energy interactions. These 
features will allow Super-Kamiokande to have sensitivity for detection of solar, 
atmospheric, and supernova neutrinos above a threshold of 5 MeV. 

3. NucIeon Decay 

Nucleon instability, expected at some level in many extensions of the standard model, 
still offers a unique probe in searches for the ultimate theory of interactions. The lifetime 
of the proton depends on the scale of grand unification as determined by the convergence 
of the three fundamental running coupling constants at a single point at very high energy. 
Recent measurements of these coupling constants at LEP1.2 have resulted in much better 
predictions of the proton lifetime than was previously possible. These lifetimes are within 
the reach of a detector the size and resolution of Super-Kamiokande. 

Super-Kamiokande is the largest nucleon decay detector ever constructed. In terms of 
its sensitive mass (22,000 metric tons) it is larger than the sum of the fiducial masses of all 
previous detectors (NUSEX, Soudan I, IMB, Kamiokande, Soudan 11, Frgjus, and KGF. 
Super-Kamiokande will not only have seven times the fiducial volume of IMB, it will also 
have ten times the light collection capability. This will result in a substantially higher 
efficiency for low-light level decay modes. When coupled with lower background rates 
from atmospheric neutrinos (due to better energy and track resolution), this will lead to at 
least an order-of-magnitude increase in nucleon decay detection sensitivity for most decay 
modes. It is this ten-fold improvement that will allow Super-Kamiokande to test 
unification theories that predict proton decay in the range 1033-35 years. 
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Figure 1. Schematic representation of the Super-Kamiokande detector. . 
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PARAMETERS 

DEPTH 

TOTAL SIZE 

TOTAL MASS 

FIDUCIAL MASS 

(Solar v) 

NUMBER of PMTs 

PMTTlMING 
RESOLUTION 

PHOTO-CATHODE 
COVERAGE 

ANTI-COUNTER 

THRESHOLDS: 
Trigger 
Analysis 

ENERGY 
RESOLUTION 

POSITION 
RESOLUTION 

ANGULAR 
RESOLUTION 

e/p SEPARATION 

p DECAY 
DETECTION 

Water Cherenkov Detectors 

SUPER- 
KAMIOKANDEIII IMB-3 KAMIOKANDE 

2700 mwe 1800 mwe 2700 mwe 

16mhx 19m$ 17x 18x23m3 41 mhx39m$ 

4500 tonnes 10,000 tonnes 50,000 tomes 

1040 tonnes 3300 tonnes 22,000 tomes 
680 tonnes NONE 32,000 tomes 

948 (20” 4) 1 1,146 (20” $) 

1,890 (8” 4 + WLS) 

2.5 ns @ 1 pe 

2048 (8” $ + WLS) 

4ns @ 1pe 7ns @ 1pe 

20% 4% 40% 

-1.5 m (Side Only) None 2.5 m (AlI Sides) 

5.2 MeV -15 MeV 4-5MeV 
7.5 MeV -20 MeV 5 MeV 

4% 3/dE k 7% 2.5% 

15 cm 35 cm 10 cm 

2.7” 5” -1” 

98k1% 92% 99% 

88 k 1% 80 k 4% 95% 
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3.1 The Standard Model Framework 

In the Standard Model, interactions between the elementary fermions are mediated by 
three forces: electromagnetism, the weak force, and the strong force. These forces arise 
from fundamental local gauge symmetries of nature, as represented in the form of the 
covariant derivative: 

. D, = 6, - iglZB, - ig&Wj - i g 3 G a  
2 ,  2 ,  

Each of the three gauge terms is characterized by a (multi-component) vector field (By W, 
or G); an internal symmetry structure (with generators Y for U(1), 7 for SU(2) , and h for 
SU(3)); and a scalar coupling constant (g1, g2, and g3). 

The vector fields correspond to spin-one bosons (one for each degree of freedom in the 
internal space) which mediate the interactions between the fundamental fermions (i.e., 
quarks and leptons). Parity violation in weak interactions is introduced by having the 
SU(2) term act only on left-handed fermions (arranged in doublets) and not on right- 
handed fermions (arranged in singlets) and also by assuming a different Y for the left- and 
right-handed states. Parity conservation is restored in electromagnetic interactions when 
the Wo and B fields mix to form the y and 2 fields. It is this framework of electroweak 
mixing that has served as a blueprint for more extensively unified models which predict 
nucleon instability. 

Nucleon instability is a natural consequence of models which attempt to extend the 
Standard Model to unify the strong and electroweak forces. In almost all models, the 
Higgs mechanism is invoked to give the intermediate vector bosons of the theory (which 
can mediate proton decay) a very large mass. In supersymmetric (SUSY) models, the 
Higgs particles can themselves mediate nucleon instability, giving in general, different 
favored decay modes. Thus, discovery of proton decay could provide experimental 
evidence for an operable Higgs mechanism and help fill the experimental void that exists 
in support of this central feature of electroweak unification and the Standard Model. 

The success in explaining much of the character of low-energy particle interactions by 
describing them in terms of local gauge symmetries (each with its own gauge coupling 
parameter and vector boson multiplet) leads naturally to the question of why these specific 
separate symmetries are the ones nature has selected to be respected. Perhaps they are part 
of a larger local gauge symmetry. Supporting such an hypothesis is the fact that the 
individual coupling constants of the Standard Model havean energy dependence, governed 
by the renormalization group equations, which causes them to evolve in such a way as to 
converge somewhere in the energy region of 1015 GeV. 

There are good theoretical reasons to believe that protons might decay into lighter 
particles. Firstly, there is no fundamental gauged symmetry in the Standard Model 
associated with either baryon number or lepton number which would lead to their 
conservation, thus ensuring proton stability. Secondly, the observed baryon asymmetry of 
the universe (i.e., more matter than anti-matter) implies that baryon number is not 
conserved at some level, if one makes the assumption that the Big Bang baryon number of 
the universe was zero. Thirdly, in many SUSY theories there are scalar Higgs particles 
which can mediate proton decay; thus the proton lifetime may be measurably short, even if 
the GUT energy scale is so high as to virtually exclude vector-boson mediated decay. 

Under SU(5) it was possible to make a relatively accurate prediction of the proton 
lifetime and branching ratio$. The proton mean lifetime was predicted to be 1029 +2 years 
with the dominant branching ratio being to the lightest lepton and meson, e+#. This 
prediction was ruled out by the first results from IMB in 1983. Current results from IMB 
set a lower limit on this decay lifetime divided by branching ratio of 8.4 x 1032 years. The 
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possibility of grand unification gains credence in light of recent LEP experiments which 
have allowed for new determinations of Mz, as and sin2 ew leading to much more precise 
measurements of electroweak and strong coupling constants at the MZ scale. As shown by 
Amaldi et aZ.17 2, the LEP measurements have allowed for more conclusive extrapolations 
to high energies in search of the unification scale. It was found that in a non- 
supersymmetric Standard Model with only one Higgs doublet, the convergence of coupling 
constants at a single point is excluded by more than eight standard deviations. With 
additional Eggs doublets unification can be obtained; however, this unification is at a 
scale conflicting with the experimental limits on the nucleon lifetime. 

The results from LEP, coupled with limits on nucleon stability, demonstrate that the 
idea of a single-point unification of the coupling constants is too simple-minded and stands 
in need of correction. Either there is no desert between the electroweak and GUT mass 
scale or GUT is broken in several steps. Since 1986 other GUT models have produced a 
broad range of possible nucleon lifetimes. Nevertheless, the recent precise LEP 
measurements now confine the nucleon decay lifetime range for many models to a region 
just above and close to the current experimental limits. 

and 
the lower limit on proton lifetime brings forward some new features related to the probing 
of grand unification through proton decay. To begin with, this inconsistency must not, of 
course, be interpreted as evidence against the basic idea of grand unification. This is 
because, as pointed out by several authors1* 2, 49 5 7  6 beginning in the 1980s (in fact prior to 
the recent observations), some well-motivated extensions of minimal SU(5) lead to values 
of sin2 ew and % which are higher than those of minimal SU(5), both in accord with the 
recent data. 

In the supersymmetric extension of the Standard Model with 'a minimal Higgs sector of 
two doublets, a single convergence point is obtained in the extrapolations of the running 
coupling constants measured at LEP by fitting both the unification scale MGUT and the 
SUSY breaking scale Msusy . For the fitted value of MGUT = 1015.8 ko -3  kO.1 GeV, the 
nucleon lifetime was estimated to be 1034.5 1-2 years, if the decay is dominated by gauge 
boson exchange. This is within the year sensitivity of Super-Kamiokande, though the 
entire "vector-boson-only" range is not completely covered. 

3.2 Current Experimental Status 

Although candidate nucleon decay events have been observed, no experiment has yet 
found evidence for nucleon decay above the expected neutrino backgrounds. The recent 
generation of detectors has included two types: fine-grain tracking calorimeters and very 
large water Cherenkov detectors. For nearly every decay mode examined, these detectors 
(IMB and Kamiokande) have placed the most stringent limits on the nucleon lifetime. This 
section provides a brief summary of the current status; more detailed reviews of the recent 
results can be found in Refs. 7 and 8. 

The decay mode that has received the most attention, both theoretical and 
experimental, is p 3 e+#. The most recently published result from IMB on this decay 
mode9 was based on data through 1988 covering 376 days of WIB-3 live time. It set a 
partial lifetime limit for p 3 e+$ of 5.5 x 1032 years at 90% confidence level when data 
from the IMB-1 detector are included. Since then an additional 448 days of data in IMB-3 
have been accumulated. Analysis of this sample indicates that there is no p + e+no decay 
candidate. These accumulated data in IMB restrict the proton's lifetime into this decay 
mode to be at least 8.4 x 1032 years. Neither the Kamiokande nor the Frgjus experiments 

The inconsistency of the minimal SU(5) model with the observed values of sin2 
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have observed a candidate for this mode. Thus, a combined lower limit on the partial 
lifetime based on the world's data is -1.2 x 1033 years. 

Supersymmetric unified theories tend to favor the decay mode p + vK+. Kaons 
resulting from proton disintegration would decay at rest either to vp+ (63%) or nOn+ 
(21.2%). For the kaon decay into vp+, four candidates with compatible muon energy were 
found in a subset of the IMB-3 data. Without subtracting background, these four events 
imply a lower limit to the partial proton lifetime of ZB 2 1.0 x 1031 years. The K+ + nOn+ 
channel, though with a small branching ratio, produces more light due to the two ys from 
the no decay; the presence of the n+ is inferred by detection of the delayed p+ decay. Two 
events were found to be compatible with this decay mode in IMB-3 data; however, each 
event had a collapsed Cherenkov ring indicating the presence of a recoil proton as expected 
from a neutrino interaction. Thus, with no p + vK+, K+ 3 #IT+ candidates the proton's 
partial lifetime becomes ZB 2 8.3 x 1031 years. The current Kamiokande lower bound for 
the p + vK+ decay mode is 1.0 x 1032 (5 candidates), and the Frkjus limit is 0.15 x 1031 
with 1 candidate. These candidates are all compatible with expected neutrino background 
so there is no evidence for supersymmetric nucleon decay. 

A general analysis that works for a l l  nucleon decay modes begins by noting that a 
nucleon that decays does so nearly at rest. The daughter particles should have a total 
energy of about 1 GeV and should be emitted to balance their momentum. However, a 
particle's energy that is visible in a detector, especially a Cherenkov detector, is often less 
than its total energy. The total visible energy is the quantity of interest for each event. A 
parameter known as anisotropy, defined as the normalized average direction of the flow of 
visible energy in each event, is used to estimate the degree of momentum imbalance in the 
event; the anisotropy should be near zero for a well-balanced back-to-back event and near 
1 for an event with a single visible track. Detailed simulations of the particle's interactions 
in the detector and the detector's response are required to determine the range of 
parameters possible for each nucleon decay mode of interest. The results of this analysis 
for IMB-3 are presented in Table II., Results for a variety of modes from IMB-1 & 2 are 
found in Refs. 10 and 11. 

For some decay modes it is possible to make a more discriminating selection of 
nucleon decay candidates by deducing the invariant mass and residual momentum of the 
particles in the event. This is possible for those events with widely separated tracks 
because then each track's momentum can be unambiguously measured. Table ID shows 
results, based on a subset of the IMB-3 data, using this analysis for some selected decay 
modes. The candidates are located among the wide angle 2 prong events that constitute a 
small fraction (-3%) of the data sample. For the selected events, invariant masses and 
residual momenta are calculated assuming all possible particle hypotheses for each track. 
This analysis usually has slightly poorer efficiency due to the stringent requirements on the 
track identification; however, in reducing the measured (and expected) neutrino 
background, it often produces better limits on the nucleon's partial lifetime. 

There is currently no compelling experimental evidence for nucleon decay above 
expected neutrino backgrounds into any mode tested so far. On the other hand, many of 
the decay modes in question remain background free or nearly background free. Therefore 
there is a clear need for a much larger detector with improved resolution to continue the 
search. The preceding section showed that there are sound theoretical reasons to expect 
that the proton is not absolutely stable. Current unified theories predict the exciting 
possibility that the proton's lifetime may be well within the discovery potential of Super- 
Karniokande. 
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p + e*q (q + charged) 
P + e+P 

p + e+w (w +nOy) 
p + e+w (w + n+rnO) 

P + e+r 
p+p+no * 

p + p+KO (KO1 + nOnOn0) 

Table II. Selected nucleon decay partial lifetime lower limits (90% c.1.) set 
by IMB using visible energy and anisotropy cuts. 
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16 
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P + P+P+F 
p + e+e+e- 
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31 

I 1.4 l3 I p + p+q (q + neutrals) 
P + P+q charge4 
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Table m. Nucleon decay ~ a r t i a l  lifetime lower limits obtained with the 
invariant mass analysis fi6m IMB-3. 
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3.2 Sensitivity of Super-Kamiokande 

In their-searches for nucleon decay over the last decade the two largest detectors have 
collected data corresponding to a total exposure of about 17.7 kt-yr (kiloton-years): 11.5 
kt-yr for IMl3 and 6.2 kt-yr for Kamiokande. According to analysis of the total MI3 
sample plus a 3.76 kt-yr sample of Kamiokande data, no candidate for a p + e+$ decay 
was found; this yields a lower bound on the proton lifetimehranching ratio of -1.1 x 1033 
years. In 5 years of running, Super-Kariiokande will achieve an exposure of 110 kt-yr. 
This will correspond to a sensitivity to -1034 years for the decay modes which give clear 
signals above the atmospheric neutrino background. 

MI33 observed atmospheric neutrino interactions in contained events at a rate of 121 
k 4 (stat) kt-yrl; Kamiokande 11 in fully contained events of 87 f 6 (stat) kt-yrl. Our 
Monte Carlo estimates that the events observed in IMB-3 constitute 69 7% (syst) of all 
the atmospheric neutrino interactions which produce particles detectable by the water 
Cherenkov technique. This leads to an estimate of 176 detectable interactions occurring in 
water per kt-yr. This estimate is free of uncertainties in the neutrino fluxes and total cross 
sections, but is subject to an uncertainty of -10% in the IMB-3 experimental event-saving 
efficiency estimate. 

It can be conservatively estimated that the neutrino background for p + e+$ is less 
than 0.1 event per year (90% c.1.) of Super-Kamiokande livetime. Assuming an overall 
event-saving efficiency of 60% one can get a lower bound on TB = 1 x 1034 years if no 
candidate is found after 5 years of livetime or 1.9 times lower if one candidate is found. 
Table IV shows the current lifetime limits for several representative 2-body decay modes. 
Included in both tables are estimates of the sensitivity which could be reached by Super- 
Kamiokande after several years of operation. 

Table IV. IMB proton decay lifetime lower limits for some representative 
two-body modes compared with that expected for Super-Kamiokande. 
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4. Conclusion . 

Recent developments in the quest for grand unification are encouraging for 
experimental searches for nucleon instability. Unification is expected in an energy region 
which implies a nucleon lifetime close to the values being currently probed. Theory, 
however, does not provide us with any definite guideline about a preferred decay mode. 
Depending on the unification model, the dominant decays may lead to a lepton and a pion 
or to a neutrino and a kaon. It is clear that the relatively small coverage of light sensors in 
IMB restricted the quality of the results for those decay modes where a better Cherenkov 
image of a massive particle with low velocity would be vital. Even if a pion is produced at 
relatively high energy, as in two-body decay modes, the nuclear interactions inside the 
oxygen nucleus and during its passage through water decrease its final light output. Some 
decay modes, e.g. p + e+&', are still easily selected from the background. We expect less 
than 0.1 background eventslyr for p + e+nO decay. In order to probe the broadest possible 
range of expected nucleon partial decay rates for the background-free modes, the increase 
in the fiducial volume and detection livetime represented by Super-Kamiokande is vital. 
However, for most decay channels an effective background rejection becomes of major 
importance. It should be noted that very few decay modes have zero candidates. Due to 
the soft spectrum of atmospheric neutrinos, many recoiling protons, as well as many 
charged pions, remained invisible with the MI3 detector light sensitivity. The observation 
of images from particles just above their Cherenkov thresholds will greatly reduce the 
number of events considered as candidate nucleon decays. Better energy resolution will 
also improve signal to background ratio. The invariant mass analysis would be more 
effective in selecting the potential nucleon decay candidates from the continuous neutrino 
interaction background. An improved energy resolution is essential for identifying 
monoenergetic muons of 236 MeV/c momentum that unambiguously signal a decay of a 
kaon resulting from any (p or n) + lepton + K+ decay. A unique identification of kaons is 
particularly interesting because they are very unlikely products of the soft atmospheric 
neutrino interactions. Super-Kamiokande has better energy resolution than IMB or 
Kamiokande due to its increased light collection and ability to calibrate efficiently from 
low-energy electrons. Hence, there are strong theoretical and experimental motivations for 
extending the nucleon decay searches begun in the 1980's by IMB and Kamiokande. 
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Abstract 
At the AMANDA South Pole site, four new holes were drilled to  depths -2050 to 

2180 m and instrumented with 86 PMTs at depths -1520 to 2000 m. 79 of the PMTs 
are working, with 4 ns timing resolution and noise rates -300 to 600 Hz. Various 
diagnostic devices were deployed and are working. An observed factor -lo2 increase 
in scattering length and a sharpening of the distribution of arrival times of laser pulses 
relative to measurements at 800-1000 m showed that bubbles are absent at depths 
z 2 1500 m. Absorption lengths are -100 to 200 m at wavelengths in the blue and UV 
to 337 nm. Muon coincidences are seen between the SPASE air shower array and the 
AMANDA PMTs at 800-1000 m and 1500-1900 m. The muon track rate is -30 Hz 
for 8/3 triggers and -10 Hz for 10/3 triggers. The present array is the nucleus for a 
future expanded array. 

1. Introduction 
The deep Antarctic ice is the purest, most transparent of all natural solids. As a 

site for a high-energy neutrino observatory it has a number of advantages over deep 
sea water. It consists of compressed pure HzO snow with the lowest contamination 
by aerosols and volcanic dust of any place on earth, and it contains neither biolu- 
minescent organisms nor radioactive 40K. Before the AMANDA collaboration began 
to measure the optical properties of ice at the South Pole, one could have listed a 
number of potential drawbacks: 

0 no one had ever drilled a hole deeper than 349 m at South Pole; 

0 the depth at which air bubbles completely transform into solid crystals of air 
hydrate clathrate was not known; 

0 the absorption length of light in ice was thought (on the basis of laboratory 
data) to be shorter than in sea water; 

0 the effects of dust, traces of marine salt, traces of natural acids, and birefrin- 
gence of polycrystalline ice on scattering of light in ice at South Pole had not 
been studied. 

These issues have now been addressed. 

2. Results from the AMANDA-A Array at 800 to  1000 m 
The successful deployment of the four-string AMANDA-A array with PMTs at 

800 to 1000 m was the first step toward demonstrating that the South Pole ice is a 
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suitable site for a high-energy neutrino observatory.1 With a hot-water drill, four holes 
-60 cm in diameter were created during the 1992-93 season and instrumented with 
PMTs spaced at 10 m intervals from 810 to 1000 m. To measure optical properties, 
a dye laser in a laboratory very close to the holes was used to send nanosecond 
pulses down any of 80 optical fibers to emitting balls located near each PMT. From 
the distributions of arrival times at neighboring PMTs, it was possible to determine 
separately the absorption length, A,, and effective scattering length, Xe EZ A s / ( l  - 
  COS^)), at wavelengths from 410 to 610 nm. Here (cos8) is the mean cosine of the 
scattering angle. Because A, << A,, the data fitted an expression for three-dimensional 
diffusion with absorption. Three major results were ~b ta ined :~ l~  

0 In contrast to laboratory ice, for which A, was reported4f5 to be < 25 m at all 
wavelengths and A, = 8 m at the wavelength for maximum quantum efficiency 
of a PMT, we found values of A, exceeding 100 m at wavelengths less than - 480 nm and values exceeding 200 m at wavelengths less than -420 m. 

0 We found ,that, independent of wavelength, Xe increased monotonically from 
-40 cm at 820 m to -80 cm at 1000 m. We interpreted this result as evidence 
for scattering by bubbles with size much larger than the wavelength of light, 
with the size and number density of bubbles decreasing with depth. 

0 We found that the absorption coefficient (CY = l/A,) increases with depth, 
from which we concluded that absorption is given by the sum of an intrinsic 
contribution and a contribution due to dust, with adust proportional to dust 
concentration and decreasing with wavelength.6 

3. Predictions of Depth-Dependence of Scattering by Bubbles and Dust 
For the South Pole ice temperature of -50" C, at pressures corresponding to depths 

greater than -400 m, the air trapped in bubbles is unstable against a phase transfor- 
mation into the air hydrate solid phase, but the rate of transformation is controlled by 
the slow diffusion of water molecules through the growing shell of air hydrate inside 
a bubble wall. When the activation energy for diffusion through the hydrate and the 
age of South Pole ice as a function of depth were taken into account, it was possible 
to fit data on bubbles in Byrd Station and Vostok Station ice cores and AMANDA 
data on A, as function of depth at 800-1000 m, and to predict that A, would grow to 
-10 m at 1450 m and to -100 m at 1520 m.7 

Measurements of dust concentration as a function of depth in a number of ice 
cores are consistent with the hypothesis that insoluble dust strongly correlates with 
global climate. For example, for Vostok cores, the dust concentration shows peaks 
at depths corresponding to ice ages at -17,000 yr BP and -150,000 yr BP and at 
an intermediate cold period at -60,000 yr BP. Although corresponding data do not 
exist for the South Pole ice, we were able to develop a model .of age vs. depth for 
that location and thus to predict that there will be peaks in absorption due to dust 
at depths of -1050, 1720, and 2400 m.8 Whether peaks in the scattering due to dust 
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will show up at those same depths depends on the magnitude of contributions to 
scattering that may not depend much on depth. 

The conclusion of these studies was that PMTs should be placed in new holes at 
depths no shallower than 1500 m and extending as deep as drilling equipment will 
permit. 

4. Technical Aspects of the AMANDA-B 1995-96 Drilling Season 
New drilling equipment, operating at a power of -1.9 MW, used water emerging 

at 75" C to drill at a rate up to -1 cm/s. It required a time of no more than 4 
days to  melt a 60 cm diameter cylinder of ice to a depth of 2000 m. Due to a late 
start and several problems associated with commissioning the new equipment, only 
four holes were drilled, of which one reached a depth of 2180 m. It took typically 
8 hours to remove the drill and water-recycling pump from a completed hole. The 
rate of refreeze was - 6 cm decrease in diameter per day, which easily allowed time 
to mount PMTs and other devices on cables, to lower the cables to bottom, and to  
route the upper ends of the cables into the AMANDA building in time to monitor 
the entire refreezing process. 

The diagnostic devices included four inclinometers to measure shear vs. time, 
thermistors to measure temperature vs 'depth, and pressure gauges to follow the 
refreezing. The measurements of temperature at three depths, together with previous 
measurements, confirmed the validity of a model of temperature vs. depth. At the 
greatest depth, the temperature of the ice was - -31" C, about 20" warmer than at 
the surface. During refreeze, the pressure reached a maximum of -460 atm. 

73 of the 80 PMTs on the coaxial cables survived the deployment and refreezing, 
and all of the six PMTs in the bottom 100 m of a prototype twisted-pair cable are 
working. With a total of 173 operating PMTs, the overall success rate is greater than 
90% for phototube deployment on AMANDA-A and B. No PMTs have failed since 
refreezing of the ice. The mean time to failure is inferred to be >150 years per PMT. 

With no local amplification, the analog signals are preserved, though broadened, 
in transmission along a 2 km coaxial cable, with a standard deviation of better than 
4 ns in timing resolution. Of this, -2.5 ns is due to the resolution of the optical fiber 
itself. 

The noise rates of the 8-inch Hamamatsu PMTs are in the remarkably low range 
of 350 to 600 He. The twisted-pair cable has a significantly shorter rise time than 
the coaxial cable and requires front-end amplifier gains of only 30 instead of -100. A 
great advantage of the twisted-pair cable is that a single cable can supply 36 optical 
modules instead of only 20. 

At the surface, the new ADCs and new amplifiers are working as well as hoped. 
A newly installed trigger logic to search for gamma-ray bursts and supernovas at 
timescales of both milliseconds and seconds is operating with 64 optical modules at 
0.8 to  1 km depth and with 79 optical modules at 1.5 to 1.9 km. Data are being taken 
by our Bartol colleagues with two radio receivers at depths of -150 m and -280 m, 
their aim being an initial evaluation of a method of detecting Cherenkov radiation at 
radio frequencies by ultrahigh energy cascades in the ice. 
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The YAG laser in the surface laboratory provides tunable pulses at 410 to 610 nm 
with only -10 dB loss down the optical fibers. A pulsed nitrogen laser (337 nm) at 
a depth 07 1820 m, held at a temperature of 24" C, is operating flawlessly. Pulsed 
blue LED beacons with filters for 450 and 380 nm emission are operating at various 
depths. DC lamps at 350 nm, 380 nm, and broadband are also operating. 

5. Physics Results 
5.1. Scattering 

The burning issue - whether the bubbles are still present at depths 1500 to 
2000 m - is now settled. We found A, to be two orders of magnitude greater at 
z 2 1500 m than at 800-1000 m. We also found that A, should be expressed as a 
function of the pulse amplitude at the detector: at the single photoelectron level, A, 
is in the range 25-30 m; with a 2 p.e. cut, it grows to 50-60 m (which is greater 
than. the interstring spacing), and for a 3 p.e. cut, it is 75-90 m. This enables us 
to use a few high-amplitude hits to anchor an event. The value of A, shows no 
strong dependence on either wavelength or depth. Because A, is comparable to the 
spacing between neighboring optical modules, many of the photons from one emitter 
have undergone none or few scatters before reaching a PMT. Thus, the analytic 
expression for diffusion with absorption is inapplicable, because the photons are not 
in the diffusion regime. Our present approach is to use Monte Carlo modeling and 
statistical techniques to find the best values of A, and A, for each combination of 
emitter, receiver, and wavelength. We will certainly know more about a possible 
dependence of scattering on depth and wavelength in a few months. 

An example of a possible contribution to scattering that would be independent of 
depth is submicron liquid acid droplets that precipitated onto the snow as the nuclei 
of snowflakes. The concentration of acid in the ice is estimated to be an order of 
magnitude greater than the concentration of dust, and chemical measurements in ice 
cores from other sites have showed that the acid concentration does not depend on 
depth (and therefore on ~ l ima te ) .~  Much, perhaps all, of the acid collects in the linear 
boundaries between three adjacent ice crystals. Veins of concentrated acid have a 
higher refractive index than that of ice andtcan scatter light. The intensity of this 
scattered light might dominate over the scattering due to dust and might thus obscure 
a local peak at 1700 m. 

5.2. Absorption 
The large absorption length of ice in the blue and UV wavelength regimes is 

confirmed by the AMANDA-B data. At 337 nm, A, is of order 100 m, which is 
astonishing in view of the fact that A, is only a few meters for lake water and ocean 
water, and was reported to  be only -5 m for laboratory ice. The measurement at 
337 nm is particularly important because it provides the first datum at a wavelength 
shortward of 410 nm and helps to pin down the absorption spectrum in the region 
where it is expected to start rising. At longer wavelengths in the blue, values of A, 
significantly longer than 100 m are being inferred from the data. A search for a peak 
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in absorption due to an increase in dust concentration expected at -1700 m is in 
progress. 

Comp&on of the data on A, at 1500 to 2000 m with data at wavelengths 410 
to 610 nm and at depths 810 to 1000 m suggests that the concentration of absorbing 
dust is greater at the greater depths. This is consistent with our observation3t6 that, 
at short wavelengths where A, is most sensitive to dust, A, is constant at depths 
800-900 m and decreases at depths 900-1000 m. Our interpretation is that the 
ice at 800-900 m was formed in the post-glacial Holocene period (<13,000 yr BP) 
where the dust concentration has been remarkably low, and that the ice at 900- 
1000 m was formed near the end of the most recent ice age, with a peak in the dust 
concentration ~ 1 7 , 0 0 0  yr BP. Assuming the correctness of our age vs. dust model 
and using the Vostok data on dust concentration vs. depth as a guide, we estimate 
that the South Pole ice at depths of 1500-2000 m contains 4 to 20 times as much 
absorbing (mineral) dust as at depths <900 m. The liquid acids, whose concentration 
is roughly independent of depth, do not contribute to absorption. 

Despite the larger concentration of dust at 1500-2000 m, the absorption lengths 
and scattering lengths are quite acceptably long, allowing us to move forward with 
plans for an expansion of the AMANDA array. 
5.3. Muons 

We now have a large collection of well-defined muon tracks. The rate is -30 Hz for 
8/3 triggers (at least 8 PMTs on at least 3 strings), and is -10 Hz for 10/3 triggers, 
as expected from a Monte Carlo model. We see coincidences of tracks of energetic 
muons between the surface SPASE array, AMANDA-A, and AMANDA-B. We are 
presently studying pattern recognition and muon track reconstruction, with the goal 
of seeing upward-going neutrino candidates. The long tails of the timing distributions 
for muon tracks can be greatly narrowed by cutting on two photoelectrons, leading to 
much longer effective scattering lengths than the 25-30 m values measured for single 
p.e. signals. 

6. Conclusions 
By any measure the 1995-96 AMANDA expedition has been a great success. The 

large values of A, mean that experiments that require large transparent volumes 
without the need for tracking are already very effective. These include searches for 
neutrinos accompanying gamma-ray bursts and accompanying supernova explosions. 
The values of scattering length A, M 25 to 30 m are acceptably long, provided that 
the spacing of PMTs is optimized. 

We estimate that, by operating the present type of hot-water drilling equipment 
in duplicate, with enough personnel to operate in shifts without undue fatigue, we can 
deploy 16 new strings of PMTs per year over a period of several years in succession, 
building upon AMANDA-A and B. An intermediate step in the expansion should be 
to drill one hole to bedrock at a depth of -2900 m and to check the predicted optical, 
thermal, and mechanical properties of the ice in the unexplored region below 2100 m. 
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ABSTRACT 

Nucleon decay appears as a consequence of models trying to explain the baryon- 
antibaryon asymmetry. This has motivated 15 years ago many underground experiments 
devoted to the search of proton and neutron decay. A very large number of decay channels 
have been investigated and no evidence has been found yielding lower limits on lifetime 
which rule out the minimal SU(5) Grand Unified Theory predictions and put severe con- 
straints on more complicated models. 

Next generation experiments like Super-Kamiokande, which is starting to take data 
now, ICARUS, whose a 600 ton prototype is under construction, w i l l  be sensitive to more 
complicated models predicting larger lifetimes. 

1. Introduction 

During its early story the Universe was dominated by radiations and baryon- 
antibaryon pairs were continuously created and annihilated. The annihilation rate 
decreased with the expanding Universe because the probability that nucleons and 
antinucleons could find each other decreased. So, it is natural to ask what is the 
mechanism which allows the observed asymmetry between baryons and antibaryons 
at least at the galactic scale. 

The hypothesis that the large asymmetry observed today is the relic of a small 
statistical fluctuation at the epoch when NN x Nr M N, is excluded [I] because the 
present ratio NN/N, is of the order of 10-l' and the present number of nucleons in 
the Galaxy is x lo6' (1Ol2M0). So, the number of nucleons and antinucleons was 
10'' before s after the bang in the same co-moving volume allowing only a lo-*' 
relative statistical fluctuation which would be 30 orders of magnitude lower than what 
observed. 

In 1967 A. D. Sakharov [2] suggested that the simultaneous effects of B-violating in- 
teractions, C and CP violation, and departure from thermal equilibrium could produce 
a small baryon-antibaryon asymmetry which, after baryon-antibaryon annihilations, 
would produce the asymmetry observed today with a nucleon density NN/N,  x 10-lo. 

Models allowing B-violating interactions have been developed in the framework 
of Grand Unified Theories (GUT) that unify strong and electroweak interactions. In 
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A(B - L )  = 0 

these models quarks, antiquazks, and leptons are members of the same representations 
and, thus, there exist gauge bosons that allow B-violating transitions between quarks 
and antiquarks or leptons. Unlike what happens at low energy the cross section for 
B-violating scattering of fermions was not suppressed relative to other interactions 
when the temperature was greater than the mass of the gauge boson. 

A fundamental consequence is that, if some mechanisms violating the baryon con- 
servation exist, one can expect that the nucleon is unstable. The simplest model is the 
minimal SU(5) GUT [3] which predicts a proton lifetime between lo2* and 1031 years. 
Its supersymmetric extension [4] predicts that the dominant channel in proton decay 
is p + TJP. As it will discussed below the first model is excluded by experiments 
searching for nucleon decay. Moreover it has been demonstrated that these models 
cannot explain the present baryon-antibaryon asymmetry [l]. 

Different schemes have been proposed [5] like dinucleon decays in nuclei ( N N  + 
Nl+ + - a), virtual meson exchanges (pn + E + q )  and models violating B - L ( N  + 
1 + mesons). The possible decay modes are summarized in table 1 for channels which 
may be detected in underground experiments. 

A(B - L) = 2 

A B = 2  
p p  + 1+1+ N N  + M M  
p n + l + F  pn + l+Y 

nn + l+l- 

2. The experiments 

Among seven experiments [6-121 devoted to the nucleon decay searches listed in 
table 2, three were eerenkov devices and four were ionization tracking calorimeters. 
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Table 2. Major characteristics of Werent underground experiments. 

Experiment technique Total mass Fiducial mass Depth 
(Tons) (Tons) (m.w.e.) 

IMB Water 5 
HPW Water 5 

KGF Tracking cal. 
NUSEX Tracking cal. 
Fr6jus Tracking cal. 
Soudan I1 Tracking cd. 

KAMIOKANDE Water 5 

6900 
700 

4500 
140 
150 
912 
963 

3000. 
150 

1000 
60 

100 
550 
800 

1600 
1500 
2700 
7600 
5100 
4700 
2100 

The principle of the search of nucleon decay candidates is based on the selection of 
fully-contained events with energy-momentum balance compatible with the nucleon 
decay hypothesis. For this purpose only events with the primary vertex inside the 
fiducial volume and with aJl secondary tracks stopping inside the detector are selected. 
The energy of each track is estimated. The final selection consists in rejecting all 
events but those for which the sum of energies of all detected secondary particles 
(visible energy) and the sum of their momenta (visible momentum) are compatible 
,with what is expected for the nucleon decay hypothesis. 

3. Experimental method 

The method used to estimate the nucleon lifetime consists in searching for a signal 
and in correcting it to take into account of the background contamination and of the 
detection efficiency. 

3.1. Eficienc y estimate 
In order to calculate the detection efficiency a Monte Carlo simulation is used. 

Nucleon decays are generated inside the nuclei. The secondary particles are propag- 
ated in the nuclear matter by taking into account nuclear effects such as elastic scat- 
tering, charge exchange interactions and absorption. Effects due to the reinteraction 
inside the nucleus involving nucleons which are 08 their mass shell and due to the 
Fermi motion of the nuclear matter are also taken into account. 

Particles leaving the nuclei are tracked in the detector and their interactions with 
the detector matter are simulated. The detector response is treated with the same 
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algorithm as real data. 
The analysis of simulated events allows to define the selection cuts on the visible 

energy and on the visible momentum. The overall detection efficiency is calculated as 
the ratio of the number of accepted events to the number of simulated events. 

3.2. Background calculation 
It is well known that the main source of background is atmospheric neutrinos inter- 

actions in the detector. In principle these events are characterized by a Evis- I @..is I 
balance, where Evi, and I $& I are the visible energy and momentum and MN is the 
nucleon mass, incompatible with the nucleon decay hypothesis. Nevertheless, nuclear 
effects and Fermi motion of the target nucleon may degrade the energy-momentum 
balance in such a way that several neutrino interactions may simulate nucleon decays. 
In order to calculate this contamination a Monte Carlo technique is used to simulate 
the v N  interactions. The detector response to secondary particles is simulated as 
described for the efficiency calculations. The contamination of each nucleon decay 
channel is then estimated by taking into account the number of events which are se- 
lected by using the same topological and kinematical selection criteria as for nucleon 
decay events. The contamination is given by NB = NselSeXp/S~c where Nscl is the 
number of selected events, S,, and SMC are the exposures (in kt y) used respectively 
for the real data and for the simulated atmospheric neutrinos interactions. 

3.3. Calculation of the nucleon lifetime 
A large number of decay channels has been investigated by different experiments [6- 

121. For all channels no significant excess of events has been found and, thus, lower 
limits on the nucleon lifetime have been estimated for each channel. 

The method of this calculation is based on the search of the upper limit at 90% of 
confidence level on the signal So by taking into account. othe number of selected can- 
didates, the estimated background and corrections for the efficiency and for branching 
fractions of mesons in the final state. 

The branching fraction of each nucleon decay studied is unknown. So, only limits 
on the ratio of the nucleon lifetime TN to the branching fraction BR are given. Its 
expression is: 

where N' is the number of protons or neutrons per mass unit, M is the mass of the 
fiducial volume and T is the operating time. 

4. Present status 

A very large number of decay channels has been explored by underground exper- 
iments up to 1994. Since this date no new results have been published in this field. 
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All results are reported in the “Review of Particle Properties” published in 1994 [13] 
and are summarized in table 3. 

Table 3. Ranges of nucleon lifetime lower limits for different type of decay channels. 

’ .  

A(B - L) = 0 

A B = l  N + f M  1031 - 1 0 3 3 ~  

N + t i l  6 lo3’ - 6 103’y 
N N  + I+N 2.1031 - 1 0 3 2 ~  

A B = 2  p N + l + f  1.6 . i o 3 0  - 5.8 .1030~ 

A ( B - L ) = 2  

A B = 1  N + l M  5 . io30 - 5.5.1031~ 
5 . io30 - 7.4.1031~ 

 AB=^ N N  + M M  5.1029 -3 .4 .1030~  
9 . i o 2 9  - 5.8 .1030y 

N + l l f  

N N  + E f  

Clearly limits obtained for channels characterized by A B  = 1 with A(B - L) = 0 
are sufficiently constraining to rule out the minimal SU(5) GUT. Othe model which 
benefit of larger degrees of freedom, like the supersymmetric extension of SU(5) and 
models capable to explain the B - B asymmetry are also well constrained but not 
completely ruled out. The lower lifetime limit for the dominant SUSS channel, p +- 
K+Fp, is lo3’ years. 

In order to reach more severe constraints more massive detectors are under con- 
struction or in project. 

5. Future perspectives 

The Super-Kamiokande detector has started to operate in March, 1996 [14]. The 
total mass is 50000 tons and the fiducial mass wi l l  probably be 30000 tons. The 
~erenkov light is collected by 11146 PMTs with 20” photocathode diameter. The 
total photocathode area is 40% of the total walls area doubling the light collection 
efficiency compared to the Kamiokande detector. 
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Lifetime limits will be improved by a factor 5-20 and the limit of years will 
be reached for p + e+no. 

Afterwards, the ICARUS project [15, 161 wii l  achieve a significant improvement 
on the background rejection. Its 5000 tons version will explore the region between 

years in 5 years equivalent running time. A 600 tons prototype is under 
construction [16,17]. This detector will be able to reach lifetime limits comparable to 
what obtained by the present experiments and will improve by an order of magnitude 
the limits for exotic channels. 

years 
is to use a detector containing nucleons which corresponds to several 
hundreds of ktons. With the present technologies only a eerenkov detector can be 
considered with several 100000 PMTs for a cost of several lOOM$. It is clear that, 
due to financial and technological considerations, this kind of project could be realized 
only by a very large international collaboration and could be integrated in a larger 
programme like the cubic kilometer detector. 

* 

and 
‘ 

Looking futher in the future, the only way to explore lifetimes above 
to 

6. Conclusions 

The different underground experiments have accumulated more than 15kt-y of 
total sensitivity and no evidence of nucleon decay has been found in any decay channels 
studied. 

In order to improve significantly the sensitivity to nucleon decay, progresses must 
be achieved in increasing the detector masses and in improving the background rejec- 
tion. 

It has been shown by the Kamiokande collaboration [8] that no significant back- 
ground contamination can be expected below 100kt.y for several decay channels. 
This means that the Super-Kamiokande experiment will yield a major improvement 
for decay channel like p +- e+no. Moreover, the ICARUS project will allow a further 
improvement on the background rejection- yielding to a considerable increase of the 
sensitivity to decay channels which still suffer frm a large background contamination. 

years requires a detector with a 
mass greater than that of Super-Kamiokande by at least an order of magnitude which 
represents several 100kton. The only way to realize such a huge detector is to go to 
a worldwide collaboration. 

To reach a sensitivity to lifetimes above 
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BARYON INSTABILITY WORKSHOP 
SUMMARY TALK 

Barry C. Barish 
High Energy Physics, California Institute of Technology, Pasadena, CA 91 125 USA 

ABSTRACT 

This workshop reviewed both the theoretical and experimental status of our 
. understanding of baryon instability. New projects that are being implemented, and 

various ideas for proposed future initiatives were presented. In this summary talk I 
review the present situation and future prospects from an experimentalist's perspective. 

1. Introduction 

Xn 1967, Sakharov conjectured that in order to e x p f i  the on,& of the matter- 
antimatter asymmetry in the VGverse, three conditions are required: 

1) baryon non-conserving interactions 
2) CPviolation 
3) thermal non-equilibrium of these interactions 

0 4 .8 12 16 20 2 4 .  28. 0.  

j n  ( p / l 3 0  G e V )  

Figure 1. Grand UniFcation (almost) 
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This motivation, coupled with the specific predictions of SU(5) Grand Unified 
Theories motivated a generation of experiments searching for the consequences of baryon 
instability. The main prediction was the existence of nucleon decay modes and branching 
ratios at detectable rates. In particular, large proton decay experiments, IMB and 
Kamiokande, were built to search for such decays, especially the decay mode p 3 e" no , 
which was predicted to have a branching ratio of between 9% and 38%. This mode has a 
particularly clear experimental signature using Cerenkov techniques and the experiments 
resulted in setting limits well below the predicted level. 

'Rn (p/130 G e V )  

Fi-pre 2. Evidence for SUSY? 

This result rules out the simplest Grand Unified Model SU(5) and'motivates us to 
make both mare generalized searches of possible decay modes, and to develop sensitivity 
to longer proton lifetime. Predictions of other models of Grand Unification are generally 
less specific and usually predict longer Metime. 

Over the past decade or so, while the experiments yielded negative limits for proton 
decay over a broad range of decay channels, theoretical alternatives to SU(5) have 
emerged. Figure 1 shows that, although the general convergence of the electromagnetic 
weak and strong forces appears to occur at a large mass (= 10l6 GeV), in d e t d  they do 
not cross at one point. If this very long extrapolation is taken seriously, some other 
physics between present energies (- 10' Gev) and the Grand Unification point (7 10l6 

., Gev) might be indicated. 
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Table 1. Current Experime& Limits - Nucleon Lifetime Limits. 

! I t t I l l 1  1 1 1 I I I I I  I I I 1  I l l )  t 1 I I I I I I I  

0 Particle Quto Book 

Frejus 

0 Soudanl 

0 Baksan , 

. 1030 io3' io3' 1033 dI3inYears 

A favored solution that can help this m c a t i o n  to occur at a point is supersyrnmetry. 
Figure 2 illustrates how insertion of a SUSY mass scale could fix this problem. Is this 
evidence for SUSY? Although that would be too strong a statement, it certainly implies 
that Grand Unified Supersymmetric Theories and their consequences should be considered 
seriously: This model and a variety of other Grand Udication alternatives have been 
discussed in this workshop and they lead to a large variation of predictions regarding 
baryon instability. This means that a new generation of proton decay experiments should 
not only have greater sensitivity, but also be sensitive to a broad range of possible decay 
channels. 
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In general, there are two complementary approaches to observing the consequences of 
baryon instabilities: 

I) decay of protons (or bound neutrons) 
2) neutron-antineutron oscillations AI3 = 2  

B = 1  

The -first generation of experiments focused primarily on large proton decay 
experiments. This was logical because they were to a large extent motivated by SU(5) and 
it should be emphasized that the minimsl SU(5) model predicted specific decay and rate 
for p -+ e* IC', perhaps at detectable rates but nii oscillations. A more general set of 
theories predict proton decay, but some possibly at undetectable rates, and some predict 
nii oscillations. It is therefore plausible that, in addition, to the next generation proton 
decay experiments, a complementary project at a significantly increased sellsitivity should 
be pursued for nE oscillations. That question coupIed with the prospects of doing an 
experiment on nii osciIlations at several orders of ma,anitude improved sensitivity (at 
ORNL or elsewhere) has motivated this workshop. 

Table 2. Soudan 2 Proton Decay Limits - Exclusive Channels. 

Regardhg the approach and value of oscillation studies, it is .worth recalling that 
strangeness non-conservation has been observed and studied in Ko + Eo transitions, 
beauty non-conservation in Bo -+ O - transitions, and likewise, Baryon non-conservation 
can be probed in n -+ ii transitions. In this case, nii oscillations probe new physics at a 
mass Scde of - 105-106 GeV. This nii oscillation process, which represents AB = 2 
transitions can be studied two different ways: 

1) reactors (free moving neutrons) 
2) intra-nuclear transitions 
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2. Review of Proton Decay Status 

, 

The major proton decay experiments have been of two types: 
1) Cerenkov detectors (e.g. IMB, Kamiokande) 
2) Fine Grain Sampling (e.g. NUSEX, Frejus, Soudan 2) 

M e r  more than a decade of searches in a large number of channels, n~ne of these 
experiments report any evidence for proton decay. The limits are r(e+d') 2 yrs, well 
beyond the minimal SU(5) prediction, and rVK+) 7 years in the favored 
supersymmetric mode. A summary of all results is shown in Table 1. 

Fiawe 3. Momentum {Me V/c}. 

The Only ongoing search is in the Soudan 2 detector, which is aimed at checking 
Kamiokande limits with lower backgrounds for candidates in some modes. In particular, 
there is low background for multi-track events, ionization information gives information 
on the track direction and recoil proton, and neutron detection gives added rejection of v 
interactions. Results on several exclusive channels are given in Table 2 for present 
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running and the projected improvement is projected to be to reach an integrated 5 kiloton 
years by the year 2000. 

n 
(v > 

E 

a 
W 

N 

4 

0 0.5 . -1 0 0.5 . 1 
s.inZ 2 8. sin'28 

n 
(v > 
a 
W 

N 
E 
a 

Figure 4. Kamiokande Lower Limits And Allowed Oscillation Parameters. 

. The only result from experimental data in proton decay experiments that has been 
suggested as a possible indication of proton decay comes from a dlfferent possible 
interpretation of the atmospheric neutrino anomaly- For several years, there has been 
evidence for an anomaly in this data which is usually interpreted (if the effect is real!) as an 
indication of-neutrino oscdlations. An alternative interpretation of the anomaly as being 
due to proton decay events in the sample has been put forward by Manu, et-al.' 

Briefly, the effect is the following: a flux of neutrinos are created mar the top of the 
atmosphere from the interaction and subsequent cascade of primary cosmic rays, in the 
subsequent cascade, many pions are produced which emit muon neutrinos in their primary 
decay (n + p vp); this creates a flux of muon neutrinos on the earth; in addition, the decay 
of the muon from this decay yields both another muon and electron neutrino (p + e v, 
v,); from the combination of n and p decay it is easy to see that we should find 
appro-kmately two v i s  for every v,; the experimental data, .however, indicates a 
substantially smaller ratio. 

The data for this anomaly fiom the Kamiokande experiment is shown in Figure 3. 
Alsoahown are the results of a f l u  estimates based on modeling the hadronic cascade, but 
it should be noted that while one model (denoted BGS) indicates a deEcit of muon 

' 

* 
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neutrinos, the other (denoted by BN) actually indicates an excess of electron neutrinos. 
This radical difference in the predictions is a result of different extrapolations from 
accelerator data to the small x region where no data exists. 

For the usual and favored explanation explaining the anomaly in terms of a muon 
deficit, an interpretation as being a result of neutrino oscillations is shown in Figure 4. 
The shaded regions show oscillation solutions for vp + vc and for vP=v2. Both of these 
result in the disappearance of v, 's consistent with the experimental observations. 

. 

Figure 5. Relative Number of EventdPositive Momentum {Me V/c 1. 

An alternate interpretation, in terms of proton decay, would be that there is'not deficit 
of muon neutrinos, but rather an excess of v, events, which are actually due to proton 
decay"events in the data. Possible two body and three body decay momentum 
distributions for positrons is shown in Figure 5, where the decay p + e" vv shape has then . 
been used to explain the effect, as shown in Figure 6. If this excess is due to proton 

+ 19 . decai, the rate is r = 4.0 - Lo 10" years. 
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Fiague 6. Events { 100 Me V/c}/Lepton Mo'm'entum {Me V/c}. 

More detailed analysis of this anomaly, including an independent flux estimate using 
satellite data at high altitude on muon rates and an@Iar distributions with respect to the 
zenith for higher energy neutrinos strongly support the interpretation as a muon deficit and 
therefore the neutrino osdation hypothesis, of course, assuming the effect is real. 

However, this example should be taken in the spirit that it illustrates the importance 
for future proton decay experiments to have the ability to measure such decay channels 
and to separate them from background. For example, at least one mode? based on SU(4) 
of Color, unifying quarks and leptons, has A@-L) = -2 and a dominance of p 3 e" w 
over alternate channels, p -+ pvv; etc. 

3. The Next Generation Proton Decay Experiments 

For future experimentation in proton decay experiments there will be two large new 
complementary detectors. At the Gran Sass0 in Italy, the ICARUS detector is a long drift 
imaging liquid argon detector that will have reconstruction ability that will allow low 
backqound studies of many difficult channels, while the SuperKamiokande detector with 
its enormous volume will have significantly improved sensitivity based on its volume for 
the channels that are .not background limited. The ICARUS detector is still in its 
developmental stage and it will be several years before a full size operational detector will 
exist, In contrast, the SuperKamiokande detector is being turned on as this workshop 
goes on and it should produce significant new results in the very near future. 
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Figure 7. Icarus Muon Decay. 

Figure 7 shows an example of an observed muon decay in a small (- 3 ton) ICARUS 
prototype chamber that has been built and tested at CERN. The powerful reconstruction 
capability of'such an imaging chamber is evident. Simulations of searches in many exotic 
decay mod& indicate that a substantial improvement over present limits can be achieved 
with such a detector. Figure 8 shows the projected improvement that ciin be obtained in - 

an extended mn for a variety of decay channels. 
I note in.order to illustrate of the power of such a detector the analysis of its projected 

ability in the channel p 3 e"v v that I discussed above as an alternative explanation of the 
atmospheric neutrino results. Present detectors cannot distin,ouish proton decay in this 
channel from neutrino interactions. For that mode, they propose to use as selection 
crite&: 1) one isolated electron shown, and 2) a reconstructed energy 150 MeV < &a 
< 450 MeV. With those criteria, they estimate a reconstruction efficiency of - 75% for 25 
events/module/year and most importantly, with a signdbackground of 5/1. So, such 
chanpels for proton decay will be identifiable for the first time in the ICARUS detector. 
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I I I I I  I I 

p +  e-K+n+ - Present limit - 
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3300 tomes 
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p + p+KoL 
n + e-x+rr+ - ICARUS i o  
p +Yx+ 
p”, i+vv.  
p i p+vv 
n --f e-e+v 
n --f e-z+ 

n + p-e+v 
n + e-K+ 
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. n + p-e+en+ 
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* ’ Sup&noVa 
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$+ PiMTs 
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948 @ 50 cm I 2048 Q.20 
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1033 

Figure 8. ICARUS 600 Ton Limits For Exotic Decay Modes. 

F i p e  9 shows the structure of the enormous SuperKamiokande detector, which is 
presently beginning operations. The major parameters 0% detector, in comparison to 
IMl3 and Kamiokande are given in Table 3. The new detector is not only much larger 
than last generation HzO detectors, but also has superior resolution, phototube 
coverage, background shielding, etc. The projected improvements for a large number of 
decay channel ax shown in Figure 10 and an indication of the sensitivity as compared to 
various Grand Unification Schemes is shown in Figure 11. 

Table 3. Physical Parameters of Large Water Cerenkov Detectors. 

PEOTO-CATHODE 

PMT TIMING 
RESOLUTION 

. .  I . ;WLS 
20%. - . 4% 

-5 pelMeV I * -1 pe/MeV 
4ns 0 1 pz 

. I llns@ lpr I 

I None . 
-1.5 rn 

SUPER 1 

.22,000 to& 
22,000 tonnes 

2.5 ns @ 1 pe 
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Figure 9. Super K. 

The improved sensitivity and reconstruction capability for SuperKamiokande has been 
studied for various decay channels. In particular, the favored supersymmetric channel p 
3 Vk. K+ 3 IT" IT' will be searched for as was done in IMB (ELR. = 21.2%), and also in 
the.dominant K" 3 V,, IC' 3 p" v channel through observation of the l6O excited state 
and rapid decay of a 6 MeV ray, which can be detected. This will potenmy further 
improve the sensitivity of this important channel. 
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4. Review of nii Status 

Neutron - anti-neutron oscillations are AB =.2, K = 0 transitions which would be 
suppressed in SU(5). In other Grand Unification schemes, however, those transitions are 
possible. There are two approaches experimentally 1) nE oscillations in a nucleus; and 
2) free neutron - anti-neutron oscillations. 

For the case of nfi oscillations in a nucleus, data from the large proton decay 
detectors ha? been used to set limits for these transitions. 
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Present Limits and Sensitivity of Super-Kamiokande 
Compared to Various Grand Unification Schemes 

IMBand. tk' 
Ramioknade e 

e*zo + 

Tk+ 
Super-Kamiokande _______)_ 

World Average 
-1.2 x 10" years 
-2.6 x 103' years 

1 I 1 I I 1 I I io3' . ro:" 10% . 10'' 

- Lifetime (years) 

Minimal SUGRA 

Split Multiplets . 
ESSM 
String 

Figure 11. Super K Present Limits and Sensitivity. 

For Kamiokandz the process would take place on l6O where one expects a total 
multiplicity of - 5.1 (4.1), charged multiplicity - 3.2 (2.6) and mean value of charged 
pion momentum spectrum <p> - 350 MeVk (300 MeVk), where the numbers in 
pareqthesis indicate the modification due to nuclear effects. 
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Table 4. 

. 

250° 

Detector Events Observed T nE 90% CL z nE90% CL 

Kamiokande (l6O) 0 4.3 10" yr 1.2 IO' sec 
Frejus (56Fe) 0 6.5 10" 1.2 IO' sec 

The search is performed with fully contained events, which have multiple rings due to 
the multiplicity, and selected kinematics consistent with.this process are imposed. The 
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A sample of data from 474 days of running with 141 N y  contained events (44 
multiple rings) has been ahalyzed. Figure 12 shows the data (b), and Monte Carlo 
expectations for both ni? oscillations (a) and cosmic ray background (c). There are no 
data events in the allowed kinematic region indicated with dashed lines. 

d .  

W 

a 
-a. 
- 

1 

0.8 

0.6 

0.4 

0:2 

1 OGO 1 so0 zem 500 
0 .- 
0 

€(&4 

€#JeVl Figure 13. Frejus Data. 
4 A similar analysis in Frejuswith 1600 days of running and 142 fully contained events 

for 56Fe also shows no events as indicated in Fiawe 13 for mdhplicity equal to at least 4. 
Ths results given both as an observed lifetime and through model calculations of 

Dover, et. al. are shown in Table 4. 
me search for neutron - anti-neutron oscillations using free neutrons has been carried 

out over the past decade by ILL at Grenoble. This search used a high flux cold neutron 
beam (- 1.3 x 10" dsec), for an integrated running period (- 1 year). The flight time of 
the qeutrons (u = 600 dsec)  was > 0.1 sec. The experiment was in vacuum with a 
reduced B-field to satis€y the "quasi-€ee condition". 
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- In triggering with estimated = 77% the rate is reduced 1 MHz + 4 Hz 
- The total data sample is then T = 2.4 lo7 seconds 3 6.8 lo7 events 
- Kinematic conditions are applied (vertex condition, Visible energy, etc.) a 

12,000 events 
- These are hand scanned 3 335 
- These are reconstructed a 0 

The final result yie1d.s m candidacy leading to a result Tnz 2 0.86 lo8 sec (90% C.L.). 

5. The Future €or nE Experiments 

At this workshop we have heard about future prospects for developing a new 
experimental facility with free neutrons at O W  (or possibly elsewhere), as well as the 
projected capability of SuperKamiokande with bound neutrons. 

The free neutron possibilities at ORNL include the €€FIR or future spallation sources. 
The possible gains (relative to ILL Grenoble experiment) that could be realized in such a 
new experiment are impressive,. as tabulated below: 

. Table 5. Possible Discovery Potential Gain at Upgraded HFJR 
Reactor Relative to ILL-Grenoble Experiment 

Gain Factor 

Reactor power (100 Mw v 57 MW) 

Large acceptance elliptical focusing reflector 
Cold neutron moderators 
Larger cold source area 

x 1.75 

x 50 

x 16 

Larger area detector x 3.3 

3 years running x 3  

TOTAL io4 

The key elements for realizing this large improvement are to implement a close 
focusing reflector on a cold neutron solirce as shown in FiDwe 18. The second element 
introduced, however, is the necessity to handle the higher intensity both in terns of data 
rate in the detector and having sufficient rejection for the data analysis. Further Monte 
Carlo studies are needed in this area to determine the requirements this imposes on a 
detector. . 

Assuming these improvements can be realized, the sensitivity would approach Tnn = 
10" sec, which is well beyond that reachable by SuperKamiokande with bound neutrons 
(see F i p e  18). 
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. . 

The ccquasi-fiee” neutron propagation region is shown in Figure 14 and the simulated 
- 600 intensity distribution on &get in Figure 15. The beam is cold (<E> - 2 lo-’ eV ; 

dsec)  and with a divergence 8div - 5.7 mrad. 

Figure 14. The nE Experimental “Quasi-Free” Neutron. 

The neutrons are drifted for L - 60 m, giving a drift time t - 0.1 sec. In order to 
capture the neutrons and direct them onto the target a divergent guide (neutron horn) 
shown &I Figure 15 is used. It is 33 m long with a taper of 3 mrad. This horn reduced the 

beam divergence to Sdiv I 2 mrad. In addition, the flight region is shielded with a 

combination of passive and active magnetic shielding which reduces the field from Bj,,jt = 
510-5 T -+ B - 1OnT. , 

,The neutron beam is incident on a graphite target, which is surrounded by a Q = 0.94 
x 4.n solid angle detector with streamer tubes and scintillator €or detectors. Figure 16 
shows the target and detector with a typical recorded event. 

< 
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Figure 15. Simulated intensity distribution of &e neutron beam. 

Figure 16. A Typical Recorded Event. 

The triggering and analysis have the difGcult job OP reducing a - 1 MHz trigger rate to 
- an analyzable sample. This is done in steps: 
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.. 
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Figure 17. Conceptual Layout of nii: -Search Experiment. 

This large gain would make an nii oscillation experiment truly complementary to 
proton decay experiments. Although ody some models of Grand Unification yield nZ 
oscillations, those possibilities can be explored beyond the capability in proton decay 

, . 

experiments. 

x n i ,  seconds 
Figure 18. Range of Neutron - Anti-Neutron Transition. 
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C u r r e n t  limit 
- - - - - 

6. Conclusions 

In anticipation of a new round of proton decay experiments, we have assessed at this 
workshop both the theoretical and experimental status of our knowledge of baryon 
instability. We have seen that the next generation of experiments being developed can 
improve our sensitivity to observe baryon &ability in a large variety of models, or to the 
possibilities. However, it will not be possible to rule out some theories that yield very low 

S y m m e t r i c  U n i v e r s e  4 
E 
3 

Q) 

*- - 1x10-6 
AhIen et al.,(Ap.,J. 260,20,1982) / 

1 x 1 0 - ~  
E 
- 

. This  experiment 
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Figure 19. The Current Limit Is Not Sensitive. 

We also heard at this meeting of some longer range projects (under ice or the ocean), 
complementary information form ultracold neutrons and electric dipole moment studies 
and some new ideas (gaseous p-decay detector, long-lived isotopes, etc.). Hopefully, 
some of these will develop into operational experiments. 
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Finally, we were presented with an 'ambitious search for antimatter in space (AMs). 
This experiment, which will fist fly on the space shuttle, then be implemented on the 
space station involves a large aperture permanent magnet spectrometer With high Held, 
large acceptance and modem instrumentation. AMs wiU improve our experimental 
sensitivity by 2 lo3 (see Figure 19). Despite the fact that it remains a Iong shot to 

discover galaxies of anthatter, this project represents a very large step experhentally and 
wiU put a sophisticated instrument in space that will make many other observations. 
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