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Abstract: Recent experimental and theoretical progress in hypernuclear physics is
reviewed. Different models for hyperon-nucleus central and spin-orbit poten-
tials are compared: several models yield a very small spin-orbit strength
for the A, as experimentally observed, but differ considerably in cheir pre-
dictions for tht S. The new data on the 1;JC hypernucleat spectrua, as ob-
tained in Che (K~,T~) strangeness exchange reaction at 300 MeV/c, are dis-
cussed. We show how on* extracts constraints on the .'.-nucleus and effective
A-nucleon interactions froa the data. The new BNL data on the (K~,i+) reac-
tion at 720 MeV/c, leading to.U-hypernuclear states, are examined. We elu-
cidate the case of 6Ll(K"",*+)!j!H in some detail, and also present sone specu-
lations concerning the (IC,-+) reaction an other targets. Me analyze :he
physical mechanisms uhlch may lead to unusually narrow I excitations in some
system. Finally, ue review the physics motivations for several future hyper-
nuclear experiments which are already under development, such as CK'.n'v)
and C^-.K*) studies, or under preliainary consideration, for Instance, the
(K'.K*) reaction producing S--2 hypersuciei.

1. Introduction

There are several excellent reviews of hypcmuclear physics in the literature,
for instance - ose due to Cxi.1', ?ovh2' and, aore recently, Oalitz3'. Other as-
pects of ka ii -eractions with nucleons and nuclei have also been surveyed4'.
The present r < J essentially updates that of Dalits ' at the Berkeley conference,
to include a discussion of the neu data on A and I hypernuclei and their theoreti-
cal Interpretation, as well as an appraisal of sone of the future prospects for
kaon physics. He treat the .allowing topics: O the theory of hyperon-nucleus
single particle potentials, 11) constraints on the A-nucleon residual interaction
and A- luclcus slngla particle potential from the spectroscopy of 1\c. iii) lnter-
preta ion of the neu data on Z hypernuclear states seen in the (K"',̂ 1") reaction,
including a disci'---' - jf the mechanisms which lead to narrow Z states, iv) future
prospects for hype- -lear physics via the study of (K~.''~v), (T-,K ), and (K~,S+)
reactions, as well a; weak decay nodes.

2. Kyperon-nucleus single particle potentials

Froa an analysis of the " o t r . O ' f o reaction at 71S MeV/c, the CSR.V sroup
5)

arrived at the conclusion that the one-body spin-orbit potential for a A in the
nucleus is at least an order of magnitude saaller than that for a micleon. The
essence of the argument Is that the two strongest states seen in 1fo at 0° nust
correspond to the coherent (nP'J^P, ,,)0+ and (nPT^©.?^ ,,)Q+ excitations, since
the xoswntua transfer q is ssall~<r:4o £eV/c). 3ccause' these p«.iks are observed to
be separated by 6 MeV, which is attributable to the nuclcon spin-orbit splitting
in 1 D 0 , it is concluded that the .' ipin-orblr potential must he snail. The argu-
acnt waJ aadc nore quantitative by 3ouyssy^', who used the observed separation
energy AE between Che cwo 0+ states ar.d their relative intensity N to derive the
difference VLS" VL^ oi spin-orbit veil depths, given a aodcl for the Ml residual •
interaction, which weakly adaixes the :vo states. If vie -vritc the baryon-nucleus
potential in the form
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we find

9.8 ± 1.3 MeV (2)

Since V ^ g . s >iev is required to fit the P]y2"
p3/2 spin-orbit splitting for the

nucleon in 0 (assuming rj[ «1.1 fm, a, «0.65 fm), Eq. (2) indicates that V,J is
on the order of 1 MeV or leas.

There have been several theoretical attempts 7-1°) to understand the small size
of the-A spin-orbit coupling. Pirner'' has used quantum chromodynamics (QCD) Co
estimate the average baryon-nudeus spin-orbit potential from the combined ex-
change of a quark and gluon between the baryon and the core nucleon. He obtains
the ratios VJJ:VJJ^§-1:0:4/3. Mote that a large spin-orbit potential is in-
dicted for the Z. Recently, it has been pointed out by G. S. Brown11-1 that the
interchange of quarks required for color conservation generates an additional
factor ?x (space-exchange operator) in the potential, which has been omitted by
all previous authors. Since the one-body spin-orbit potential arises mostly from
the two-body relative P-wave, we should use Px«-1. Thus one predicts a nucleon
spin-orbit potential of the wrong sign. It is then doubtful that the relative
strengths VjJ have any significance.

The other attempts8'1"' to explain the snail V, J value use various extensions
of the relativistic mean field theory CM?T) developed for ordinary nuclei by
Walecka and his collaborators12*. Noble ' uses the MFT to predict tA, fixing
the parameters for the hypernudear case to reproduce the central well depth
V,\"30 MeV. He includes only the scalar (e) and vector (u) meson exchanges shown
in Fig. 1, and neglects the other graphs. The contribution of u exchange contains
two parts, due to vector coupling (lg$rvi!f«u) and tensor coupling f fo^ P***"-^ J*1)

In the quark model, the ratio
f/g is related to the anomalous
moment of the baryon: for the
A, we have (f/s)AAu"Jp U^-0.73.
Noble observes that the tensor
coupling contribution to VLg
tends to cancel the usual
Thomas part or the interaction,
leading to a small .value8'
VL^1.5±0.4 MeV. A siailar cal-
culation in the context of MFT
was done by Bouyssy", who also
considered the Z potential. In
the latter case, the tensor
coupling enhances VjJ, since
(f/g)EEiil»+0.S8 in the quark
model. Bduvssy" obtains

Brockmenn and Weise1"' used
a different approximation to

Hi, M obtain an estimate of the ratio

Fig. 1 Meson exchange processes which contribute to the AN interaction.



V L S ^ L I ' ^'y include only the second order TT and TP exchange graphs, with inter-
mediate Z and Z(1385) excitations, plus the K and K* exchanges. They omit the one
boson e and u exchange graphs, which are assumed to be only phenomenological rep-
resentations of the second order -T(S) and *o(u) processes- k comparison of these
graphs with the corresponding terms for a nucleon, with N and A(1236) intermediate
states, yields the rough estimate V^g/Vjj^l/3. In comparing H and Z Intermediate
states, this reduction factor for the A is just (g\E1,/gHHi,)''"(2apS/i/3)

2 in SU(3)j
the pseudoscalar F/D ratio is aps%l/2. For 4(1236) and'£(1385), we also obtain a
factor(f*Ai:*/f*Ha)

2!?!(O.S-0.6)2, where f* is a coupling strength obtained from the
decay width of each resonance.

The MFT calculations8"1*" of hyperon-nucleus potentials, although appealingly
simple and easy to interpret, have several drawbacks. The main problem is that
the effects of short range repulsive correlations are omitted (in the Hartree
approximation, one simply assumes a Yukawa form exp(-ur)/ur down ta r»0). The t
and u exchange terms contributing to the central potential are individually very
large, although It is arranged that their sum produces the phenomcmological well
depth. Fock terms from * and 0 exchange, which are neglected, would contribute a
large repulsive term to VJJ. The Important role of correlations in stabilising
relativistlc calculations' for the nucleon potential has been emphasized by Shakln
and his collaborators1^). So far the relativistic approach with correlations has
not been worked out for hyperons, although this is an important program for the
future.

Within the noa-relativistlc approximation, correlation effects have recently
been included in a one boson exchange (OBE) picture of hyperon central, spin-orbit
anil isospln potentials14'. The Moszkowski-Scott (MS) method1" is used to derive
an effective aucleon-nudeon or hyperon-nucleon interaction G from the free-space
OBE potential. Thus the close connection between the free space two-body problem
and the many-body potential (lost in the MFT approach) is preserved. The two-body
potentials are taken from Che OBE model of deSwart and collaborators16', who im-
pose Stf(3) constraints on coupling constants in a simultaneous fit to all NN and
IN data. Exchanges of nonets of scalar (5,e,S*,«), paeudoscalar (ff,n,n',K) and
vector (o,u,$,K*) mesons are included. Two versions of the model (D and F) are
considered 1*5. In Model 0, the e meson is treated as an SU(3) singlet, while in
Model F, ideal mixing Is used for the scalar nonet. Sard cores are used to para-
metrize abort distance behavior; in Model F, although not in D, SU(3) constraints
are applied to the core radii re as well as to coupling constants. The phenomeno-
logical ratios f/g of tensor to vector couplings for vector mesons required to fit
the data differ considerably, particularly for Model 0, from the SU(6) liait used
in rets.3.5*.

The MS method"' consists in using part of the intermediate range attraction
(rc<r<r0) to cancel the repulsive phase shift produced by the hard core. The re-
sulting interaction G, corresponding essentially to a Yukawa fora cut off for r<r0,
has a much smaller volume integral (typically 1/10) than the unnodifled interaction
used in the MFT. The various individual terms which contribute to the single par-
ticle potentials are thus ouch smaller when short range correlations are included,
and the calculations are more stable with respect to small changes of the para-
meters. Tor channels where the interaction is act repulsive, the free Fermi-
averaged t-aatrix is used for C.

The two-body potentials for r>rc have the form
16'

V(r) - Vc(r) + Vo?1.?2 + v TS I 2 + vLSl-S+ + V^gL-S. (3)

where Sj, is the usual tensor operator and S±-l/2(g]±o-2). The new feature which
appears for the YD system is the antisymmetric spin-orbit term t*5-, which van-
ishes for MI because of charge independence. We have not included the Isospln
dependence explicitly in Eq. (3); for isovector (i,p,5) and strange (K,%*,<) ex-
changes, there are isospin factors Ji'j2 and (1+Ji"l2), respectively. For A and
E, the net spin-orbit potential is determined by the Interplay between \ s and
V I n tn* non-relativiscic nodel, we find for the dominant u> and c



contributions to chetYN system

V
LS

(4)

-0.17 (A)

Note chat in the quark model, we relate f/g to isoscalar anomalous moments so
(f/g)3gu-ia»B./n!j«(-0.12, -0.73, 0.58) for B»tf,A,E, respectively. Thus we find that
VALS tends to cancel Vj_s for the A, uhere the two terns add coherently for the Z.
This is equivalent to the tensor coupling effect discussed by Noble8) and Bouyssy9'.
la the deSwart models10', the sign of this effect is preserved, although the cen-
sor couplings are chosen to be consistent with SU(3) but not SU(6): we have16'
(f/s)AAu"f-°-122» -0-538} and (f/g)uu»{1.417, O.7S3} in Models D and F, respec-
tively. Model 0 is seen to exhibit significant differences from the SU(6) limit
(note, however, that the MK and TO data cannot be fit in this liaiti)

Given the effective interaction G constructed from the sum $Vt(r) of OBE ex-
changes, the one-body potential of Eq. (1) Is obtained by a convolution of G with
the nuclear density p(r):

-/o(r')VB(r) -/o(r')G(r-r')d
3r' (5)

For nucleons, Fock terms are also included; for N, E and H, an isospln decomposi-
tion of the well depths Vg and V^g is also performed:

V. - -V + V, t -T/A3 OB IB -3 (6)

VLS VLSO + VLS1 h -/A

For the XN system, there are strong couplings of the AH and ill channels, the
most Important of which is due to the tensor force (^S^-^D^, isospis 1-1/2). The
tensor potential also contributes Important diagonal (MMra and YN+YN) couplings
of 3S± and *&i waves. In the present approach15', these are included as second
order effective potentials -8Vf(r)/A in the two-body problem, where the energy
denominators A arc adjusted in each channel to reproduce the exact coupled channel
calculation of deSvart et al1^'. The second order tensor terns are also included
in the central potential of Eq. (6), but omitted in the spin-orbit potentials
quoted later. Scheerbauo17' has shown that second order tensor terms give rise to
about 1/3 of the nuclcon-nucleus spin-orbit potential In heavy nuclei; we antici-
pate a siailar effect for hyperanc.

The results for-the N, A and £ central potentials are discussed in detail in
ref.1*), and compared with other recent calculations1""20). A byproduct of the
calculation is a quantitative understanding of the origin of the nucleon's Isospin
(Lane) potential: aost of VJ^J is found to arise from ? and a Fock terns and
second order tensor contributions involving t* and up. Contrary to the assumption
of the MFT approach12), only a relatively small part of V 1 N arises from the direct
p exchange (Rartree) tera. Since V^ arises essentially from exchange and second
order processes, it is predicted21' to decrease strongly as the nucleon energy
increases. There is now experlsental evidence22' for this effect in the preferen-
tial excitation of the Gasow-Teller spin-Isospin node over isobaric analogue states
in the (p,n) reaction on nuclei at 160 MeV. One also predicts a significant Lane
potential for the 2: in Model D, we obtain14' V],»aj55 MeV, while Oabrowski and



Rozynek19* obtain 60 MeV.
The results for the isoscalar spin-orbit veil depths in Models D and F are as

follows14' (in MeV):

VLSO * 7- 3 ( D )' 3- 3 ( F )

*LSO "

VLSO " '

The main contributions to V *[ are from u> (4.3 MeV), e(1.35 MeV) and o(1.35 MeV)
exchanges (Model D). The litter is entirely a Fock term, while Che u and e pieces
Include a factor 3/2 from antisymmetrization. The o exchange tent and the 3/2 are
omitted by Bouyssy9', who thereby overestimates the ratio VLIC/^LIO' Note that
both VL|0 and VjJo are rather small; VjJ- is due almost entirely to u(2.36 MeV)
and e(0.<t5 MeV) exchange, with very snail contributions from $, K and K*. For
V,jL, the K and K* terms are larger (-0.35 and 0.61 MeV) but tend to cancel, and
u(D.5S MeV) and e(0.52 MeV) produce most of the net value of VjJ-.

These results suggest that a QBE model with SUC3) symmetry is capable of ex-
plaining both the two-body TOI and YH data and the single particle properties of
nucleons and hyperons in nuclei. The results of Eq. (7) for V^JQ are very similar
for Models 0 and F, even though the scalar nonet is treated quite differently in
the two models. In particular! the small value of VJJQ is not inconsistent with
treating the e as an SU(3) singlet.

3. Recent progress in A hypernuclear spectroscopy

the most recent data on the production of hypernuclei involve the non spin-
isospin saturated targets 13C, 14N and i a0. The (K~,O reaction on these targets
at 800 MeV/c was studied at the Brookhaven AGS. The data23' for ^ C at di*Q* at
15* are shown In Figs. 2 and 3. In contrast to spectra reported earlier5,24) for

closed shell targets such as 12C and 1 60, the spectrum of 13lC displays a greater
richness of peaks as well as a marked angular dependence. The energy resolution
in this experiment is 2.5 MeV, so each peak in Figs. 2 and 3 represents a number
of unresolved hypernuclear levels.

A comprehensive shell model for light hypernuclei, including core excitations
and the effects of the AN residual interactions, has recently been developed2-"
and applied to 1^C as a first example. The calculations are done in the distorted
wave impulse approximation (DWIA), using phenomenological Hoods-Saxon optical
potentials to generate the SC~ and ?~ distorted waves. The parameters of the poten-
tial are adjusted to fit the available K- and a" elastic scattering data26' on 12C
at the sane momentum. A Fermi-averaged K~n-Mr~A amplitude in the lab system is
uted in the transition matrix element. Another ingredient is the choice of neu-
tron and A bound state wave function*. These were generated from Woods-Saxon
potential* whose geometry was chosen to be consistent with electron scattering
chsrg* distributions and neutron/proton single particle energies. Binding ener-
gies of (0.6, 0.1) MeV were used for the A in the P3/2 and Px/2 orbits, reflecting
a small spin-orbit potential.

The differential (K",*"") cross section for a transition a
i-Il

T
1"*"

 afJfTf in~
volving the single particle orbitals /tr'A i s proportional to the sum

ft : ?)!«% it w . i(.5.5A ̂ ) W i )
where 1L is the transferred angular momentum (spin flip is very small and has been
neglected), and M^L'Cq) are functions of momentum transfer q which result from
the DWIA integration over distorted waves and tn effective zero range amplitude



for K~n-»"it~A. The ampli-
tudes M^1'(q) peak at
different q values (or
equivalenr.ly, angle) and
lead co Che excitation of
distinct final states.
M<0)(q), which excites 1/2"
states in *?C in P^"T^
transitions', starting from
the 1/2" target 13C, peaks
at 9L-0*. The Ptr+S&.ti-an-
sition, driven by
leads co l/2+ and
final states, and peaks
near 8L«10* for an
300 MeV/c incident aoaem-
tum. Transitions Pjf*pA
also receive a contribu-
tion from M { 2 )(q), which
peaks near 3r"15° h e r e a n d

dominates M(0)(q) in this
angular region; Mv^'(q)
populates 3/2" and 5/2"
final states. The 5/2+
and 7/2" states which
arise in ps-*s and ps+pA

transitions (involving the
coupling of the A to a 2+

core excited staces of ̂ c)
involve spin flip (iS«l)
for their excitation, and
are produced only very
weakly in the (K~,TT") re-
action.

.The theoretical spec-
tra25' at 4* and 15*, to
be compared with the data
in Figs. 2 and 3, are
shown in Figs. 4 and 5.
The predicted cross sec-
tions are binned as in the
experiment to facilitate
comparison. The contribu-
tions of each AL are shown
separately, and display
the qualitative feature*
just discussed. In Fig. 6,
we show the full angular
distributions for the 10,
16 and 25 MeV peaks. The
agreement of the DWIA
theory and the data is very
good, both in angular
shapes and absolute cross
sections. This gives

Fig. 2 and 3 Spectrum for the reaction 1 3C(K-,T-) 13C at 800 MeV/c as a function
of excitation energy E^,., from ref. (23), for \'0* (top) and 9L"1S* (bottom).



confidence in our theory of Che
reaction mechanism and the re-
sulting spin assignments.

We not? discuss the de-
tailed spectroscopy of ^C.
Some of the main features, in
particular rough estimates of
the energies and relative inten-
sities of the dominant peaks,
already emerge from a weak
coupling picture (but, as we
see later, there are Important
changes In some cases from re-
sidual AH interactions). Core
excited states in 12C play a
crucial rola in the interpreta-
tion: besides the 0+CT-O)
ground state of 12C, strong ex-
citations in ljC are seen in
which the A couples to the
2+(T»0), 1+(T«O), 1+CT-l) and
2+(T-l) excited states of 12c
at i.i, 12.7, 15.1 and 16.1
MeV, respectively. In weak
coupling, the entire (K~,:r~)
cross section associated with a
given core state is proportional
to the neutron pickup strength,
known from Che reaction
13C(p,d)12C*. A poor resolu-
tion experiment, which suns
over groups of final states,
sees just this strength.

The AL-1 strength seen
around excitation energy 0 and
4-5 MeV corresponds to the l/2+

ground state and a 3/2* state
obtained by coupling the Si/2
A to the ^~C ground state and
2+(T-0) state at 4.4 MeV, re-
spectively. The peak around
10 MeV is due to PN*?^ transi-
tions; for 9L-0* aad 15*, the
1/2" and 3/2" states respective-
ly, obtained by coupling ,\Pi/2
and \Pjf2 to th« 0 + ground
state of 12C, dominate the
cross section. As we.show
later, the energy shift of the
10 MeV state between 0* and IS*
offers a constraint on the A
spin-orbit interaction. Be-
tween 12 and 16 MeV of excita-
tion energy, one sees several •
positive parity (l/2+, 3/2+)

from ref. (25). The results
are binned in 1 MeV intervals to facilitate comparison with the data in Fig. 2
and 3.
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Fig. 6 Differential cross sections for the
l 3C(K",O l3c reaction at 800 MeV/c, as a func-
tion of lab angle, from ref. (25). The cros3. sec-
tions to the main peaks at 10, 16 md 25 MeV e!c-
cication energy in 1^C are shown, together with
the data from ref. (23).

states obtained by coupling
• ̂ Si/2 t 0 c o r e excited states
of IZc. The 3/2+ states rep-
resent a significant fraction
of the strength in the 16 XeV
peak at IS*. The rest of the
16 HeV strength at 15*̂  is
mostly due to two 5/2" states
(AL-2) obtained by coupling
Apl/2,3/2 to the 2+(T«0) core
state at 4.4 MeV. At 4*, in
contrast, the 1/2" from ^3/2
coupled to 2+(T-0) is domi-
nant (AL-O) . The 25 MeV peals
encompasses many states
arising i'roa the coupling of
\^l/2 3/2 to core states in
the lJ-16 MeV excitation re-
gion in 12C. At 0', 4L-0 is
largest and we see mostly
1/2" states from A P3/2 co»-
pled to J^-l* and 2+ cores.
At 15*, the 3/2" and 5/2"
members are seen via AL-2,
but there are also sizable
contributions fron j>«-Ksd).
transitions with AL-1,3.

The interesting physics
of ^ C is revealed in the de-
viations of the energies and
relative Intensities froa the
naive weak coupling picture.
These differences are gener-
ated by the AN residual inter-
action V^JJ, which we take to
have the' phenomenlogical
fora

In addition to two-body
symmetric and antisymmetric
spin-orbit potentials Vip »e
have introduced a one-body
spin-orbit term for the A, as
in Eq. (1). We expand the

central part V$lJ-E/l> £ L V rs, rA ) Pk < c o s 9r» 5 A> and define the usual Slater in-
27) (k) f 2 (C"" *N,*A

tegrals F -J R l^r^fat W r S rA)drNdrA' "or^N"1. i.V1 we ta™ only
F^"' and F^2'; the latter re£lectsNthe'quadrupolis part of the AN potential. The
spin-orbit potential gives rise to a splitting ep1/2-sP3/2*V In the present
calculation25*, we assume23' F(°>«-1.16 MeV, a—0.1, e-0 and study the ^jc spec-
trum as a function of F<2* and ep. The energy differences of the observed peaks
differ fron naive predictions based only on the energies of core states, allowing
u< to constrain c0 and ?'*^.



In the absence of an interaction of a^ with the nuclear core, the lowest 1/2"
and 3/2" states of ̂ C , obtained mainly by coupling ,\pl/2,3/2 t0 cne 0+ g r o u n d

state of " C , would be degenerate. Independent of F(2j, the small shift23) iE -
0.3610.3 MeV In the 10 MeV peak between 0* (l/2~ dominant) and 15* (3/2") con-
strains the combination of one and two-body spin-orbit potentials to be small.
If we choose V±«0, a value ep!(j0.5 MeV is likely, as shown in Fig. 7, while if we
use a pure two-body spin-orbit force, a slightly larger s p is favored. This
example provides a particularly clean test of the A spin-orbit strength. These
conclusions are consistent with those of the CERN group5'6' based on *jjO, i.e.,
the A spin-orbit strength is very small but likely of the same sign as that for
the nucleon. A better value for the A spin-orbit coupling is in principle obtain-
able from the (K~,*~Y) reaction. The El v-rays from the 1/2" and 3/2" levels lead
to the ground state of 1:?C, but with isotropic and 1-0.6 cos-9 angular distribu-
tions*2', A

respectively.
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Using ep"0.5 MeV, V^>0, we may now use
other energy differences'ta constrain r'2'.
The results are shown In rig. 7. The shift
AE-1.7+0.4 MeV of the 16 MeV peak between
0* and 15*, if we subtract the Pjr*S,\
strength, yields a l/2"-S/2" splitting
(same 2+(T«0) core state) generated by F(2'.
The splitting of the 16 and 25 MeV peaks
at 0*. both dominated by 1/2" states with
Ap3/2i is !•»• < 9- 3 M e V> chat tne M i v e
estimate of 11.7 MeV based on the 2+(T-0)
and 2+{T»l) core states. This is also due
to F1-2'. In both cases, the data can be
accounted for by using -3.4 MeV<F<2)<73 MeV;
this value is close to the value of F^—' ex-
tracted froa the 0* 'Be spectrum by Dalitz
and Gal 2 8 ). A

The most, interesting aspects of the
^ C spectrua are the energy splitting AE
and intensity ratio R of the 16 and 10 HeV
peaks at 0*. Here, the weak coupling
basis states |0+(T-0)g^P1/2

>l/2- ami

|21"(Tp)®P i i f i l|21"(T
by F<

then

/
®J\P3/2>i/2- are significantly mixed

If we write

(10)

R - (se(i/2)+oe(3/2))2/(ae(i/2)-ae(3/2))2,

where 8(1/2) and 8(3/2) are the spectro-
scopic amplitudes for neutron pickup from
the " C ground stite to the first 0** and 2 +

states of 1 2C, respectively. With no mixing,
and using Cohen-Kurath wave functions2",
ona obtains R"1.8. The experimental value23'
is R%5, while the theoretical values one ob-
tain with mixing (o%0.96,B%0-28, F2%-3 to
-3.5 MeV) arc R%6-7. If one makes e too
large, R increases to unacceptably large
values.

7 The top three curves show the energy splitting between various states in
as a function of the matrix element F^-' of the AN interaction, for A spin-

otfbit splitting co-0.5 MeV. In the bottom figure, we show the energy dif:
the "10 MeV" peak in ̂ C , seen at 0* and IS*, as a funccion ofAE between .

fixed F<2).

p
difference

for



Despite che relatively weak AN force, the hypernucleus displays a tendency to
seek a higher degree of spatial symmetry in Che lowest 1/2 state. If instead of
the weak coupling basis, we used the states of [541 and [441] symmetry, the first
1/2- is dominately the [54] symmetry, which is forbidden by the Pauli principle
for a system of nucleons. In the limit where 154] symmetry is exact for this
1/2" stateTone has a dynamical selection rule inhibiting its population in the
(!C- IT") reaction, since a [54] symmetry is unreachable with iL-0, starting with
the dominant [441] of the l3C ground state. This tendency towards spatial symme-
try (increased by using e>0) accounts for the strong deviation of R from its pick-
up value in the weak coupling limit.

The full exploitation of the structure information available from A-hyper-
nuclear spectra clearly requires a considerable improvement ia energy resolution,
available only with more intense K" beams. As indicated here, however, one
already obtains non-trivial constraints on ep and F<

z> from che coarse resolution
data. •

4. The physics of J-hypernuclei

The first evidence for relatively narrow t states in nuclei was reported by
the CERN group30*. They studied the forward production of £'s in che (K ,n-) re-
action at 720 MeV/c. Targets of «M. *U. 9Be, and « C were used. The clearest
evidence for narrow Z structures was seen in the aBe(KT\ir )=?Be data, reproduced
in Fig. 8. The data for the same process in the A region are also shown. More
recently, the reaction 6li(ir,s+)|H at 713 MeV/c was studied3" at the Brookhaven
AGS. The preliminary 4* spectrum in the 2 region is shown in Fig. 9. ^here is
clear evidence for,two peaks superimposed on a quasielastic background. An pperi-
„ „ - „_ 16n(K- n+^SC at 720 VleVfc has just been completed at Che ACS, but Ch«
daw tove not yet blen analyzed32*. Further £ experiments at CERN are expected
in the near future335, using a redesigned low momentum K" beam. These experi-
ments33) should provide considerable impetus to the study of S-hypernuclei, since
at 450-500 MeV/c one is much closer to the "magic momentum of 300 MeV/c for which

the momentum transfer q«0 for S^-O ; the
coherent substitucional Z states (which
should also be the narrowest, as we in-
dicate later) should emerge from the
quasielastic background in a more
striking fashion than seen in Figs. 8
and 9 at a higher incident momentum.

There have been several theoretical
approaches19»34"36* to the problem of
the width of S-hypernuclear states. The
widths of the £-nuclear states seen in
the (R-.it1) reaction are related in an
optical model picture to the shifts and
widths of the I'-atomic states seen in
x-ray experiments. These have been
analyzed by Batty et al37J in terms of
a complex E optical potential of the
from

V,.(r)- -U(r)-iW(r)- -~i

where u is the I-nucleus reduced mass,
fl(r) is the nuclear density, and

Fig. 8 Daca at aL»0
a on the reaction 98e(K",ir")A'j.Be at 720 MeV/c from ref. (30).
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Fig. 9 The spectrum of jH, as seen in
the SLi(K-,Tr+)j>H reaction at 713 MeV/c,
9j,»4*. The solid curve represents a
fit to the data with two Breit-Wigner
resonances plus the quasielastic
background shown as a dashed line,
from ret. (31).

b»0.3S±0.04+i(0.19±0.03)fm. The
well depth in nuclear matter is Chen
U(0)-28±3 MeV, W(0)«15±2 MeV. Deep-
ly bound £ states in a heavy nucleus
have a single particle !>A conver-
sion width of Che order of
TC2W(0)%30 MeV. In light nuclei,
and for Z levels uich small binding,
che optical model widths can be
considerably less.

The problem of relating V<r)
for the I to the underlying ZN-+AH
conversion process, with inclusion
of the Pauli, dispersion and binding
effects due to the nuclear medium,
has been considered by several
authors i 9« 3 s> 3 6>. The Paul! effects
are found Co suppress the SS*AS
coupling in nuclear matter signifi-
cantly (25% or so). Dispersive and
off-shell effects are also included
by summing ladder graphs for the EN
effective interaction, using modi-
fied hyperon and nucleon propagators
in the medium. In ref. <36), a par-
ticularly simple discussion is given,
uhich shows how one can understand
W(0) in terms of the free space !>A
conversion cross section, if medium
corrections are included.

A thorough study of Z hyper-
nuclear states, based on the phenom-
enological Z~ potential of Eq. (11),
has been given by Gal, Toker and
Alexander*6). They suggest that
normalizable £ unstable bound states
(sometimes embedded in the S contin-
uum) are seen in the (K~,IT) process.
The properties of these states are
studied in detail, in order Co iden-
tify relatively narrow (f<10 MeV)'
candidates. They arjue that the £

continuum states observed in (K~,ir) reactions are unlikely f?,be of the usual' .
(nonnormalizaBle) Gamow type. In Fig. 10, we show results ' for IS and 1? un-
stable bound states (UBS) in the system 3.|C. The binding energy 3 and width V
vary within the four-sided figures as one varies che complex depth of the pheno-
menological Z~ potential within its error bars. He see that the IS state in ^|c
is always broad but that the IF UBS could be as narrow as 6 MeV in the optical
model. In the case of ?3e, it is shown36' that Che IF UBS has a width of only
3-4 MeV if ie lies 8 Mev in the Z continuum, corresponding approximately to the
lower " peak in Fig. 8. Thus it is possible for narrow £ states to arise in the
opcical model, in contrast to one's naive intuition based on the estimate r«2W(0).

The optical model picture presented above neglects an important feature of
E!J-<-AM conversion, namely its spin-isospin selectivity3^. At low momentum the
dominant contribution to conversion arises from the JSj_, I»l/2 partial w a v e W .
Dynamically, this arises because of the £N initial state interactions, which are
strongly attractive for 3S^, 1-1/2 and repulsive for ^So, 1-1/2. The attraction
focuses the wave function, so Chat conversion takes place more easily. In addi-
tion, the tensor part of i and p exchange is kinematically favored in the 30 MeV
SN-fA!! conversion.
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Tig. 10 Calculated (ref, 36) binding et-.trjies 3is,ip
*nd width* r of nocaalizabl* I*+12C states in the
opeieal pocential V shown In the figure. The central
points correspond to usinj !>32.5 and '•.'•17.6 M*V.
Th« four corners labaied (ir) repreoenc the effect
or" varying U and 3 up to the error bars in either
direction.

In heavy nuclei,
where spins and iaosplns
are close to saturation,
this selectivity has
little consequence, "or
light systems, its ef-
fects are more pronounced.
In its simplest fora,
the expectation value of
the transition operator
."S(r.-r_) which occurs

in the optical sodel
sust be replaced by

)

(1-TJ^-CT). This opera-
tor* IS co be sandwiched
between hyperauclear
wave functions which de-
pend explicitly on spin
and isospin. Depending
on the total spin J and
isospin I of th« Z hyper-
nuclear levels, as veil
as che details o£ the
coupling scheae, one
obtains vidchs which are

iometiaes quenched ar.d soaetimes increased with respect to the optical aodel l i a i t .
the no*t <ira=atic effects ot se lect ivi ty are found for 0* •states of aaxiaun

isospin foraed by the coherent replace=ent ( l j>:;*^j)r. For exasple, in a staple
j - j coupling picture of : | c , ch« width of th« coherenc <N?3/jSV?3/2>0+ t *"ees
change* significantly from the nuclear =at:er value "»rs+rp to r(0+,I"i/2) »
r s +12/7rp a n j r(0+ ,I«3/2)"r s . "or ri* > 3 / 2 state , the V annihilation on ?-sheil
nucleons i s totally suppressed by the presence of spin-isospin correlations in the
in i t ia l J-J hypernuclear wave function, the quenching factor r? /" s+rp assumes the
value 0.41 if one uses oscil lator v»ve function*, so a totf^ width oi £ h * order of
5 X*V sight be anticipated for the 0*,1-3/2 excitation in l;Ba, if one uses the
optical model uidth of 11.4 MeV for the lp state obtained ill ret". 36).

Other «xaBpie» of selectivity involving 'L. , ?B« and l»0 targets are d i s -
cuiacd in r«f. (34). In a simple LS coupling r.odel, tentative quantum number
assignaents arc given for the two peaks observed in the g3e speccna of ~lg. 3 .
Theie are suggested to ba 0+ states involving the coherenc transition lPj]*iP\,
with (S.,,Ij,,I) - (0,0,1) and Cl,1.2) for ch* lower and upper pea1*, respectively,
where <S.,,i s} are ch* ^Be core spin and isospin. This slnplc picture aay be
aleered by Che strong spin dependence ot ch* ~X residual interaction, -Jhicil would
aix th« (1,1,2) and (0,1,2) configuration*, for instance. Noce that of che two
peaks seen in th* 9B* ( K ~ , ^ - ) | B « speccrua, only the upper 1-2 pea'* 1* predicted
co be scan in th*9S« (>r,s«->?Ht rtactisn, which actj *t an isospin f i l t e r .

The s-shell targets 3H*"and -"He also offer interesting poss ibi l i ter* 3 ' for
narrow Z states, although no experlaents have yet been atteapted. In ch* reaction

r . - r ^ K e , for instance, on* can pooulac* two 0* state* with t»l/2 or 3/2 froa
l k diff h

, p
the Si""S\ transition. Selectivity stakes an enoraous difference in che width of
th*«e state*: the 1-1/2 state i s predicted to have twice che optical =od*l width,
while the 1*3/2 iieabcr has essentially no Z-\ conversion width. To see th is , con-
sider th« 4H«(K-,->+)in reaction to the 1-3/2 state. The in i t ia l pp pair i s in a
l sQ scat*; after a coherent sub«titutitn ?-"", the resulting ""? pair reaain* a*
^ Q . Sine* :-n cannot cinvert and Z~p lonverts dooinately in JSi, ;he width of
the 1-3/2 scat* should be saall . The probles in observing such a state is that
it aav well l i o fairly high In :he Z c;ntinuua. Since i t corresponds to an



S-wave, it cannot exist as a conventional single particle resonance. However,
it nay survive as a noraalizable U3S in che E continuun, ot" Che type discussed bv
Gal «c al.36>.

The case of 5Li(K~,n+)$H provides the best test of the selectivity sechanisa
to date. The data shown in"rig. 9 display cvo distinct peaks, at roughly 7 and
22 MeV of excitation energy. The upper peak is seen to be narrower, with a width
of 3 MeV consistent with the experiaental resolution. In ref. (33), these data
are given a quantitative Interpretation in teras of PN— ?•? and P«j"*

s<" transitions
(lower peak) and the S.;*Sr transition (upper peak). Since the Ss-I hole strength
in *Li is known Co be doalnated by a very narrov (HfclOO keV) 5Re" 3/2+ excited
state at 16.76 MeV. coupling a 1 In t'.ie IS to this core state to fora 1+ produces
a narrow state, in analogy to a similar S«]»SA transition observed

3?' in ^ii, and
interpreted"*0' in a cluster aodel. For Z", the cluster decooposition expected
for this state is

—3/2.S-O)

Since .n has the structure -n-d'p) 0<nn) , tne f can only convert to A on the
proton in the deuteron cluaEer, and tne viaeft remains saall.

In ref. (28), angular distributions for the reaction 6Li(X~,i+)§H at 720 MeV/c
are calculated in the eikonal OHIA approximation. Typical results are snown in
rig. 11. The ratio of cross sections in the two peaks is consistent with the data

in ?Ig. 9. A very siailar
calculation38' for ?Li, with
the same choices for optical
potentials and the geometry
of the nucleon and hyperon
single particle veils, yielded
good agreement in both absolute,
cross section and angular shape
with the CEKJ data3?" for the
%-*S. transition. The cross
section for the lower buop is
susacd over all states arising
from ?JJ->SA and ?JJ-*PJ transi-
tions. Since q%13Q >!eV/c is
rather sizable even for 3L"0*.
the P«j*S; process Co a complex
of negative parley levels is
nor.-negligi.ble, accounting for
about 60 ab/sr at 4* in ?ig. 11.
The coherent P,,-*PJ transition
(4L-0), leading to a 1+ level
(doainanely Stf, yields a
sharply falling angular distri-
bution. The incoherent P>j*Pr
transition (-1L-2) leads in the
L| liait to a l+,2+,3+ triplet
(3D») with branching ratios
2J+I. The iL-2 pare is non-
negligible (",'33ub/jr) even at
0*. and exceeds che -1L-0
strength above 6* or so. The
30 levels are expected to have
a width conparable Co that of
the 3Si state; their mean

rig. 11 Theoretical angular distributions, fran
ref. (38), for the reaction sLi(K-,:r+)§H at
720 MeV/c. The curve labeled S->S corresponds to
the narrow upper peak in Fig. 9, while the summed
P-*S, P-»P curve is to be associated with the total
strength in the lower peak of Fig. 9.

position should lie scae 2-3 !!«V higher Shan 3S t. Thus the lower buop in "ig. 9
reflects Che presence of several :-hyp*rnuclear states; the apparent width then



r
arises t'ron resolution and energy splittings (P-.-S,., S,- D.) as veil as the in-
trinsic Z width.

The role of the "S residual Interaction has been ignored In che siapl* consi-
derations •-« have pre*cnted thus far. Unlike the .'.:! interaction, the :;.' potential
exhibits stronj spin and isospin dependence {attractive for Sg, 1-3/2 and Si_,
1-1/2 and repulsive for 1S 0, 1-1/2 and

 3S l f 1-3/2). In the I central potential,
these channels appear with the ordinary statistical weights (2S+1)(21+1), result-
ing in a veil depth VQj. soaeuhat shallower than for the A. Vhen considered as a
residual interaction, on the other hand, say connecting S~*S particle-hole states,
the V.I force enters with different Heights depending on the coupling schcae. In
some cases, coherent shifts of ~-hypernuclear states occur, "or instance, in
1?C and ^O. the relatively narrow 0*. 1-3/2 state* are shifted upwards, while the
3*. 1*1/2 states enjoy a significant downward shift. Ssaller effects arc found
for V and 2* states. Thus for the Z, there aay be very interesting (and strong)
deviations froa the weak coupling liait. However, it will be difficult :o develop
a phenoaenology of IN effective interactions unless a nuaber of narrow scaccs ars
seen. The experlaents to dace are tantalizing, but sne requires aore data an a
variety of targets, particularly angular distributions for the lowest ?os»ibl« K"
•aoaentua. As we have indicated, the widths of Z levels, as well ai their energies
and relative cross sections in the (K~,i-) reactions, are sensitive indicators of
the degree of configuration fixing Induced by the ZS interaction. Exciting pros-
pects for r-hypernuclaar physics lie ahead.

S. Future directions for hypernuclear research

There are several other proposals for experisents in hvpernuciear physics
which are either approved or under active consideration. We review here the
physics motivations fot some of these proposals.

The planned CER.N experlacnts^) on the foraation of "-hypernuciai with a
450-500 MeV/c .<" beia have already been aentloned. These low aoaentua experiments
are crucial, for they will optiaize the t'oraation of coherent subscitucional Z
states by reducing the background due to <juasielastic~processe«. Since we expect?
the coherent Z states of saxlaua isospln I a a x to be the narrowest, the (K",-

+) re-
action is sore favorable than (IT",T~), since the latter will contain contributions
froa broader excitations with lower isospin.

The (K~,-r"v) reaction was acntioned earlier, in connection with the decay of
certain states in l\c, which aay enable us to determine the A spin-orbit splitting
with auch greater precision. A (K",T~Y) experlaenf*1' is approved for the
Srooknavcn ACS. The role of the y ray aeasureaents In elucidating hypernuclcar
structure has been discussed by Dalit* and tial42). A central point is that even
if one cannot obtain good energy resolution on the T~, the r energy can be aea-
surcd with precision. One then obtains energy differences of levels accurately,
which can be used to aore tightly constrain the .IX interaction. The (K",-r") re-
action significantly populates only natural parity levels (0+,l",2+ etc.) starting
with a spin zero target. The subsequent y ray eaisslon, however, also populates
soae of the unnatural parity levels. In soae favorable cases, one aay be able
to detect the Ml Y ray connecting the two asabers of the ground state doublet
(2~-*-l~ in ^~C, foe instance) • A knowledge of the energy splitting would enable
us to quantitatively dctaraine the spin dependence of the effective AN interaction
in the IS, "state". Transition* froa levels with J,!<0 constrain the spin-orbit
teras In E«j. («>. A

Another fascinating subject of stud? concerns the weak decay nodes of hyper-
nuclei. An approved experiaent^) for the ACS will aeasure the lifetiae and the
rates for f" and o eniasion in the weak decay of ^rC. In a hypernucleus, the free
decay nodes .'.-*?-r-,.-.-rO are suppressed by the Pauli principle, since the recoiling
nucleon has only 5 MeV of energy. On the other hand, the presence of nuclear
natter introduces -on-iesonic decay aodes '.p-*np and An-*nn, Involving the eaission
of energetic nucleons. The hypcrnucleus provides a unique laboratory for the
study of such four fcraion weak interactions.



.44)
a possibility for *he
for the ACS. Some pre-

Recently, the ( i , !0 reaction has been suggested as
production of hypernuclei, and an expxriaent i s planned"5'
liainary (-r,K) runs45' with nuclear targets have also been carried out at CERN.
Since the aomentum transfer q in the associated production reaction **n"vT(\\ i s
large (>300 MeV/c for p,<1.2 G*V/c), the (t.K) reaction on nuclei wil l preferen-
t ia l ly populate high spin states. This ccnplements nicely Che (K~,:i~) studies at
low q, which emphasize low spin configurations. In a staple A particle, n hole
picture, the largest <i,'K) cross sections are to natural parity "stretch" states
with J'i +*..

n A In Fig. 12, we 4
show a predicted

— spectrum for
the

Fig. 12 Predicted excitation spectrua of ".Ca, as seen
at 0* in tht (ir+,K*) reaction at 1.1 CaV/c/'froa rer". (44).
The high spin states near or above the A continuum are
arbitrarily 3iven a width of 2 MeV.

l.l CeV/c. the
largest crass sec-
tions are to 4 + and
5" states arising
from the <U.-*d̂  and
ds*f^ single parti-
cle transitions;
the f; orbit lies
in the continuua,
so the 5" level may
be quite broad.
The population of
the 2 + ground state
of *°Ca is weak,
since J and q are
aismatched. rite
quasifree spectrum
for (^+,K+) is very
flat as a function
of excitation ener-
gy unlike tba
<K",T") reaction,
since q is large.

One can also conteaplace the production of - hypernucliii; this would be best done
via th« (ir",K^ reaction. 4 6 )

As a final topic of she "futuristic" sort, we mention the possibi l i ty of
producing 5" or .'.A hypernuclei of strangeness S--2 with the (K",K ) reaction. Such
studies would shad light on the AA and =.V interactions at low energies, thereby
extending our knowledge of the SU(3) structure of baryon-baryon forces. The
eleaentary process K"p-̂ C*"i" i s backward peaked, so th« (K",K*) cross sections on
nuclei near 9j,»0* arc very saall (a few hundred nb/sr in the most favorable cases).
Since q i s large, high spin ^ states wil l be favored. ,~

In F i j . 13, wa display a predicted"6' spectrua for th« reaction -0Si(K-,jrrrHg
at 1.26 CeV/c. It should be emphasized that these results are highly speculative:
on* has no reliable eapirical knowledge of the 5's real potential in a nucleus, or
i t s conversion vidth via l"p*".A. Even the sitn of the real part is uncertain (sec
section 2), although i t i s probably weakly attractive (we assume a depth VQ5-15MeV
in Fig. 13). In analogy with the case of Z hypernuclei, we expect that narrow I
states exist at least in some light systens. Sana of the s states can also bene-
f i t fron the select ivi ty aechanisn
S~p-AA conversion aust proceed
high sp^n states populated in O C y
however"0. One ugcrly avaits experiments which could reveal the predicted rich
spectroscopy of doubly strange hypernuclei.

ome light systens. Sana of the s states can also bene-
echanisn discussed earlier for Z's,_sincc the low energy
ceed from the '•SQ, > 0 channel of i"p. The width of the
in O C X * ) are very littlts effected by selectivity.

d d ih
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Fig. 13 Hypothetical 4* apectrua of the doubly strange hypernucleus VMg, pro-
duced in the (K",K+) reaction at 1.26 CeV/c, from ref. (46). An attractive real
potential of depth 15 MeV, plus a Coulomb potential, was assumed for the =""•
Widths of 5, 4, 3 and 3 MeV are arbitrarily assigned to the states involving a
i" in a s,p,d,f orbit, respectively. The highest natural parity spin state,
which dominates the cross section, is indicated for each peak.
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