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Abstract: Recent experimental and theoretical progress in hvpernuclear phyvsics is
reviewed. Different models for hyperon-nucleus cencral and spia~orbit poten-
tials are compared: several wodels vield a very szmall spin-orbit strength
for the A, as axperimentally observed, but differ considerably in their pre-~
dictions for the L. The new dats on the “)C hypernuclear spectrum, as ob-
tained in the (R™,n") strangeness exchange reaction at 300 MeV/c, are dis-
cussad. We show how one extracts constraints on the A-nucleus and effective
i-nucleon intaractions from the data. The new BNL data on the (X~,7") reac-
tion at 720 MeV/c, leading to,.-hypernuclear states, are examined. We elu-
cidate the case of 6Li.(!(" 1*')6‘{ in some detail, and also present some specu-
lations concerning the (K-, ~"') reaction on other targets. We analyze :he
physical mechanisms which may lead to unusually narrow I excitations in some
systems. Finally, we review the physics motivations for several future hyper-
nuclear experiments which are already under development, such as (K™,77y)
and (‘I-.-") studies, or under prelininary consideration, for ins:ance, the
(£~,k*) reaction producing $=-2 hypernuclei.

1. Introduction

There are several excellient reviews of hypernuclear physics in the literature,
for instance - 2se due to Cist/, Povh~'! and, more recently, Dalitz Other as-
pects of ka .1 "eractions with nucleons and nucledt hﬂle also been surveyed"

The present r ¢ 2 essentially updates that of Dalit at the Berkeley -:onferencc.
to include a discussion of the new data on A and I hypernuclei and their theoreti-
cal interpretation, as well as an appraisal of some of the fuzure prospects for
“aon physics. We treat the .ollowing topics: 1) the theory of ayperon-nucleus
single particle potentials, ii) constraints on the A-nucleon residual interaction
and A- wecleus singlae particlc potential from the spectroscopy of -\C, 111) inter-
preta ion of the new data on I hypernucleir states seen in the (K~,%") reactionm,
including a discv~-¢ - of the nechanisns which lead to narrow [ states, iv) future
prospects for hype- .lear physics via the study of (K™,71°¥), (1-,K7), and (X~,%x%)
reactions, as well .: weak decay modes. )

2. Hyperon-aucleus single particle potentials

from an analysis of the 16g(x=,+) lgo reaction at 715 MeV/c, the CZRN groupS)
arrived at the conclusion that the one-body spin-orbit potential for a A in che
nucleus is at least an order of magnitude saaller than that for a rmcleon. The
assence of the argument is .ha: the two strongest states seen in 160 at 0° musc
correspond to the coherent (nP‘ ..J\P .,)04. and (nPy 1-.@\P1/..)0+ excltatians, since
the momentum transfer q is s.nIf (& "cV/c) Becausa' thesge puaks are observed to
bSe separstad by 6 MeV, which is attributable Zo the nucleon spin-orbit splitting
n 160. it is concluded that the ! spin~orbit potential must be small. The argu-
acnt wad aade more qua-u:ita:tvc by 3ouyssy?’, who used the aobserved separation
energy AE between the two OF states and their relacive intensity ! to derive the
difference VL§‘VL§ of spin-orbit well deptis, given a model for the AN residual .
iaceraction, which weakly adnixes the Iwo states. If we write the baryon-nucleus

potential in the form
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Since VLS:{""‘S MeV is required to fic the P, ,,-P, ., spin-orbit splitting for the

aucleon in 160 (assuming tf,’s-l.l fm, 315-0.65 fm), Eq. (2) indicates that VLg is
on the order of 1 MeV ar lass.

There have been several theoretica] attenmpts 7-10) to understand the small size
of the‘A spin-orbit coupliang. Pirner’’ has used quantum chromodynamics (QCD) to
estimate the average baryon-nucleus spin-orbit potential from the combined ex-
change of a quark and gluon between the barycn and the core nucleon. He obtains
the ratics VT_§:VL§:VT_E-1:O:4/3. Note that a large spin-orbit potential is pre=
dicted for the £, Recently, it has been pointed out by G. E. Brown that the
interchange of quarks required for color conservation generates an additional
factor P, (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 Py~-1. Thus one predicts a nucleon
spin-orbit potential of the wrong sign. It is then doubtful that the relative
strengths Vi 8 have any, siasuificance.

The other at:mptss'l to explain the small V. 4 value use various extensions
of the relativistic mean field fheory (Hgf) developed for ordinary nuclei by
Walecka and his collaboratorsi2), Noble uses the MFT to predict VLA. fixing
the parameters for the hypernuclear case to reproduce the central uelf depth
V3=30 MeV., He includes only the scalar (g) and vector (w) meson exchanges shown
in Fig. 1, and neglects the other graphs. The contributioan of w exchange contains
two parts, due to vector coupling (ig¥v,ysy) and tensor cousling ?.‘f"' [ G¥e¥-3"%

)
In the quark model, the ratio
f/g is related to the anomalous

4 N A N moment of the baryon: for the
A, ve have (f/g)Mu';% upR-0.73.
r » Noble observes that the tensor
== coupling contribution to Vi
z N g N tends to cancel the usual
b - Thomas part of the interaction,
leading to a small valueB)
v d31.5%0.4 Mev. A sinilar cal-
A N A N culation In the context of MFT

vas done by Bouylsy”. who also
considered the © potential. In
the latter case, the_tenscr

A N A N N A coupling enhances Vr.5, since
(£/8)y; =+0.58 in the quark
model, ldu!s:yg obtains

-2 -2, L8 v dx0.4, vpgn?, valo vev.
Brockmann and Weiseld) used
. a different approximation to
i A N A N A N obtain an estimate of the ratio

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



VLs/ng They include anly the secand order =7 and »TP exchange graphs, with inter-
mediate T and $(1385) excitations, plus the K and K* exchanges. They omit the one
boson € and w exchange graphs, which are assumed to be only phenomenological rep~
reseatations of the second order =71(c) and z=0(w) processes. A comparison of these
graphs with the corresponding terms For a nucleon, with N and 4(1236) intermediate
states, yields the rough estimate VlevLﬂsk:J.IB In compar1n§ N and Z in:ermedia:e
states, this reduction factor for the & is just (g45./gyy -(ZagS//S) in SU(3);
the pseudoscnlar F/D ratio is aps'.gllz. :or 3(2236) and’ .,(1335)_ we also obtain a
f‘c:x(f’Az*lf1“A) %(0.5-0. 6)2, uhere £* 1s a coupling strength obrained from the
decay width of each rescnance.

The MFT calculations®-10) 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 t> r=0). The ¢
and w exchange terms contributing to the central potential are individually very
large, although it {s arranged that their sum produces the phenomenological well
depth, Fock terms from * and p exchange, which are neglected, would contribute a
large rapulsive term to Vy. The important role of correlations in stabilizing
relativistic calculations for the nucleon potential has been emphasized by Shakin
and his collaboratoral3). So far the relativistic approach with correlations has
not been worked out for hyperons, although this is an important program for the
future.

Wichin che nou-relacivistic approximation, correlation effects have recently
been included in a one_ boson exchange (OBE) picture of hyperon central, spin-orbit
and isospin potrentialsl®). The Moszkowski-Scorz (MS) methodl3? is used to derive
an effective nucleon-nucleon or hyperon~nucleon interaction G from the free-gpace
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. }he two~bady
potentials are taken from the OBE model of deSwart and collaborators-®’/, who im-
pose SU(3) conscraints on coupling constants In a simultaneous fit to all NN and
¥N data. Exchanges of nonets of scalar (5,¢e,5%,%), paeudoscalar (7,n,n",X) and
vector (o,w,?,K") mesons are included. Two versions of the model (D and F) are
considerad 155. In Model D, the t meson is treated as am SU(3) singlet, while In
Model F, ideal mixing 1s used for the scalar nonet. Hard cores are used to para=-
metrize short distance behavior; in Model F, although not in D, SU(3) constraints
are applied to the core radii r, as well as to coupling constants. The phenomeno-
logical ratios £/g of tansor to vector couplings for vector mesons required to fit
ths data dlft.r considerably, particularly for Model D, from the SU(6) limit used
in refs.d

The MS n.:hodu) consists in using part of the intermedlate range attraction
(ro<r<zy) to cancel the repulsive phase shift produced by the hard core. The re-
sulting interaction G, corresponding essentially to a Yukawa form cut off for r<r,
has a much smaller volume integra) (typically 1/10) than the unmodified interaction
used in the MFT. The various individual terms which contribute to the single par-
ticle potentials are thus much smaller when short range correlations are included,
and the calculations ars more stable with respect to small changes of the para-
meters. Yor channels where the interaction is aet repulsive, the free Fermi-
averaged t-matrix {s used for G. '

The two-bady potentials for r>r, have the form 16)

V(r) = Ve(r) + U 2020y + ViS5 + Vpghe$e + VapgleSa (&)

where S is the usual tensor operator and S-I-l/z(g;ﬂr-,). The new fcature which
appears for the YN sysctem is the antisyzmetric spin-orbit term [+S., which van-
ishes for NN because of charge {ndependence. e have not included the isospin
dependence axplicitly in Eq. (3); for isovector (7,p,5) and strange (K,X*,<) ex-
changes, there are isospin factors ty-3; and (1+r;°12), respectively. For A and
I, the net spin-orbit potential is deternined by the interplay between V;g and
Vars. In the non-relativiatic model, we find for the dominant w and ¢



contributions to the YN system .

vl ermvy, - crom,] oy

VLg Y372 + (£/8) gy, * (m.i/m\)” (£/8) gy,
. (4)
Var 2 2 0.17 (A)
Yars -0.
v——'"“ = (myemy) /2mmg % { -0.26 (D)
Ls

Note that in the quark model, we relate f£/g to isoscalar anomalous moments 3o
(f/g)sgu mBlm‘(-(~0 12, ~0. 73 0.58) for B=N,A,I, respectivaly. Thus we find that
V.¥s tends to cancel Vpd for the A, where the two terms add coherencly for :he Z.
This is equivalent to t;u tensor coupling effect discussed by YobleB) and Bouyssy 9,
In the deSwart modeisl®), the sign of this effect 1s preserved, although the ten-~
sor couplings are choun to be consistent with SU(3) but not SUU(6): we have
(£/8)yp m{-0.122, -0.538} and (£/g)gsye{l.417, 0.753} in Models D and F, respec-
I:!.vcly. Model D is seen to exhibit sign:l.ficanr. differences from the SU(6) limit
(note, however, that the NN and YN data cannot be fit in this limit!)

Given the effective interaction G constructed from the sum rvi(r) of OBE ex=
changes, the one-body potential of Eq. (1) 1s obtained by a comvoiution of G with
the nuclear density p(r):

vy(r) = ﬁ(g'm(g-g')d’g' (s

For nmucleons, Fock terms are also_included; for N, I and 2, an isospin decomposi-
tion of the well depths ¥ and Vy5 1s alsc performed:

Yy = VoV, t -T/A
2 0B i -3 )
):
Vs ™ Vigo * Vidy &1/

For the TN system, there are strong couplings o§ cho AN and IZN¥ chennels, the
nost important of which is due to the tensor force (°Sy- Dl, isospin I=1/2). The
tlnsor potcntial also contributes important dhgonnl (‘IN-»N‘I and YN+YN) couplings

S; and D]_ wavea, In the presant approach , these are included as second
ordcr effective potentials -8V4(r)/4 in the two-body problem, where the energy
denominators A are adjusted in each ch 1 to reproduce the exact coupled channel
calculation of deSwart et all®), The second order tensor terms are alao included
in the central potential o; Eq. (6), but omitted in the spin-orbit potentials
quoted later. Scheerbaum*’) has shown that second order tensor terms give rise to
about 1/3 of the nucleon-nucleus spin-orbit potential in heavy nuclei; we antici-
pate a similar effect for hyperons. .

The results for-the N, A and I central patmtialg an discussed in detail in
raf. %) and compared with other recent calculationsl8~2 A byproduct of the
calculation is a quantitative understanding of the or.‘.gin of the nucleon's isospin
(Lsne) potential: most of Viy is found to arise from 7 and o Fock terms and

d order t contributions involving 77 and np. Contrary to the assumption
of the MFT approachu), only a relatively small part of Viy arises from the direct
p exchange (Hartree) tera. Since Viy arises essentially from exchange and second
order procasses, it is predictnd 21)7¢o decrease gtrongly as the nucleon energy
increases. There is now experimental evidence??) for this effect in the preferen-
tisl excitation of the Gamow-Teller spin-isospin mode over isobaric analogue states
in the {p,n) reaction on nuclel at 160 MeV. One also predicts a significant Lane
potentisl for the Z: in Model D, we obtainl ¥1:%55 MeV, while Dabrowski and




Rozyneklg) obtain 60 MeV.
The results for the isoscalar spin-orbit well depths in Models D and F are as

followsl®) (in Mev):

N
Vigg = 7-3(D), 8.8(F)

A
Vigo = 1-9(D), L7(F) &)

b4
VLSO = 2.9(D), 2.4(F)

The main contributions to V,¥ are from w (4.3 MeV), e(L.35 MeV) and p(1.35 MeV)
exchanges (Model D). The l&iger is entirely a Fock term, while the w and ¢ pleces
include a factor 3/2 from antisymmetrization. The p exchange term and the 3/2 are
omitted by Bouyssy?), who thereby overestimates the ratio VLEONLSO' Nate that
both VLéo and VLEO are rather small; VL’: is due almost entirely to w(2.36 MeV)
and £(0.45 MeV) exchange, with very smﬂ contributions from ¢, K and K. . For

v, Ao, the K and K* terms are larger (-0.35 and 0.61 MeV) but tend to cancel, and
wr(B.SB MeV) and €(0.52 MeV) produce most of the net value of Vyd,.

These results suggest that a QBE model with SU(3) symmetry gs capable of ex-
plaining both the two-body WN and YN data and the single particle properties of
nucleons and hyperons in nuclai. The results of Eq. {7) for VL§0 are very similar
for Models D and F, even though the scalar nonet is treated quite differently in
the two models. In particular, the small value of vLéO is not inconsistent with
treating the ¢ as an SU(3) singlec.

3. Recent progress in A hypernuclear spectroscopy

The most recent data on the production of hypernuclei involve the non spin~
isospin saturated targets -°C, ““N and “0. The (K™,n”) reaction_on these targets
at 800 MeV/c wvas studied at the Brookhaven AGS. The dataZ3) for IRC at 9;=0° ac
15° are shown in Figs. 2 and 3. In contrast to spectra reported earlier3,24) for
closed shell targets such as 12¢ ang 169, the spectrum of *}{C displays a greater
richness of peaks as well as a marked angular dependence. The energy resolution
in this experiment is 2.5 MeV, %0 each peak in Figs., 2 and 3 represents a number
of unresolved hypernuclear levels,

A comprehansive shell model for light hypernuclei, including core excicag;.ons

and the effects gf the AN residual interactions, has recently been developedz
and applied to 1Ac as a first example. The calculations are done in the discorted

vave impulse approximation (DWIA), using phenomenological Woods-Saxon optical
potencials to generate the X~ and =~ distorted waves. The parameiers of the poten-
tial are adjusted to fit the available K™ and 7~ elastic scattering data on
at the same momentum. A Fermi-averaged K~n+n~) amplitude in the lab syatem is
used in the transition matrix element. Another ingredient is the choice of neu-
tron and A bound state wave functiona, These were generated from Woods-Saxon
potentisls whose geometry was chosen tc be consistant with electron scattering
charge distributions and neutron/proton single particle energies. Binding ener-
gies of (0.6, 0.1) MeV were used for the A in the P3/; and Py/) orbifs, reflecting
a saall spineorbit potential.

The differential (K~,r™) cross section for a transition ai.Ti’rl» rxf..rf‘l.'f i~
volving the single perticle orbitals ZN"'E\ is proportional to the sum

Iy oL A)z ¢ 2 oL 2
X 'u“‘)()'(a:r at !aJr) ®
;000 i QI fff"(l'\lx)liii

Bt

where AL is the transferred angular momentum (spin flip is very small and has been
neglected), and M(48L)(q) are functions of momentum transfer q which result from
the DWIA integration aver distorted wvaves and in effective zero range amplitude
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for Kn+n"A. The ampli-
tudes M(&L) (q) peak at
different j values (or
equivalently, angle) and
lead to the excitation of
distinet firal states.
w0 (q), which excites 1/2™
states in A(: in py*pp
transitions, starting from
the 1/2~ target “°C, peaks
at 8;=0°, The p tran-
sitign, drdven birr’slel) (q),
leads to 1/2% and 3/2%
£inal states, and peaks
aear 8;=10° for an
800 MeV/c incidzant momem-
tum. Transitions PN P,
also receive a contriby-
tion from (2} (g), which
peaks near 95-15' tiere and
dominates M(U)(q) isl this
angular region; M¢(2){q)
populates 3/2™ and 5/2%
final states. The 5/2%
and 7/2° states which
arise in P.\l"'s ‘l and pN-*pA
transitions (involving the
coupling of the A to a 2
core excited states of 12¢)
involve spin flip (AS=1)
Eor their excirtation, and
are produced only very
weakly in the (K=,7"} re~
action.

zs‘fhe theoretical spac-
tra at 4* and 15°, te
be compared with the data
in Figs. 2 and 3, are
showvn in Figs. 4 and 5.
The predicted cross sec-
tions are binned as in the
experiment to facilitate
comparisan. The contribu~
tions of each AL are shown
separately, and display
the qualitative features
Jjust 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 isvery
good, both in angular
shapes and absolute cross
sections. This gives

Fig. 2 and 3 Spectrum for the reaction 136(!!',1-)1;\0 at 800 MeV/c as a function
of excitation energy E,n., from ref. {23), for BL-O‘ (top) and eL.]_s' (bottom).



confidence in our theory of the
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i aL2 py=n e now discuss the de-
300  BaLst py—s, 7 tailed spectroscopy of 136.

Some of the main features, in
particular rough estimates of
the energies and relative inten-
N gities of the dominant peaks,
Betkn, w3 q already emerge from a weak
P coupling picture (but, as we

Sia” b see later, there are important
changes in gome cases from re-
sidual AN interactions). Core
excited states in “<C play a
crucial role in the interpreta-
tion: besides the 0T(T=0)
ground state of 2¢, strong ex-
citations in +7C are seen in
which the A couples to the
2+(T=0), 1¥(1=0), 1¥(T=1) and
2+(T=1) excited states of 12C
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Fig, 4 and S Theorvcical spectrum for 13C(l(',~.r-)13c from ref. (25). The results
are binned in 1 MeV intervals to facilitate comparison with the data in Fig. 2
and 1.



states obtained by coupling
* 7S1/2 to core excited states

of 12¢. The 3/2* statas rep-
= resent a significant fraction
of the strength in the 16 eV
peak ac 15*, The rest of the
16 MeV strength at 15° is
mostly due to two 5/2° states
~ (AL=2) obtained by coupling
AP1/2,3/2 to the 2+ (T=0) core
- state at 4.5 MeV. At 4%, in
concrast, the 1/27 from zP3sp
] coupled to 27(T=0) is domi-
nant (2L=0). The 25 MeV peak
encompasres many states
arising from the coupling of
AP1/2.3/2 to core states in
16 Mev PEAK B the 13216 Mev excitation re-

300 =J 10 Mev PZAK
200

100

1500

1000

- \\ gion in 126, ae 0®, AL=0 is
3 Q)\ largest and we see mostly
S 1/2~ states from 4P3/ cou-
Y so0 ...M'. \\ J pled co JTm1t and” 2% cores.
a4 \ At 15°, the 3/2" and 5/2
: atr \ < — ALr2 menbers are seen via ALw=2,
j .>' \\ ~ but there are also sizable
! E_'__.,.....---"' SRS ey contributions from p. ‘*(sd)A
; 9 == 1 transitions with alal,3.
: 1 1 The interesting phyaics
! 3000 "( of 1 s vevealed in the de-
| . viations of the energies and
I relative intensities from the
p
J 25 Mev PEAK naive weak coupling pilcture.
2000 - These differences are gener-
! ated by the AN residual inter-
| action V,y, which we take to
: have the phenomenlogical
I 1000 - form @
|
i Van(Entg) ™
! - - .
o , Vo ety (L e+eP ) (1+agy+g,)
0 & 8 12 6 W 24 28 32 + V. (reer. ) (o to.)
LABORATORY ANGLE (deq) LUENORATEATEN ;ZNI\
Fig. 6 Differential cross sections for the In addition to two-body
13c(x‘.n')1ﬂc reaction at 300 MeV/c, as a func- symmetric and antisymmetric
tion of lab angle, from ref. (25). The cross sec~ spin-orbit potentials V., we
tions to the main praks at 10, 16 ind 25 MeV ek~ have introduced a one-body
cication energy in IRC are shown, together with spin-orbit term for the A, as
the data from ref, (23). in Eq. {1). WYe expand the

o
central part vo(g.q-r_:“)- Z Vk(ru,r;\)Pk(°°’°t:N.: A) and define the usual Slater in-

:egralsznl-'(k)-szl_‘(r\:)nzzA(r\)V..(r,z r\)drudrA. tor lN-l. ZA-]. we have only
£(9) and F(Z); the latcer reflei:cshth'e'q{xadrupole part of the AN potential. The
spin-orbit ge:en:ul gives rise to a splitting sél 27%Py/2%Cp+ In the present
calculation 5), we assumeZ3) F(0)u_p 15 NaV, a=~0.1, e=0 and study the '\C spec=

trum as a function of F(2} and €n« The energy differences of the observed peaks
differ from naive predicEion: based only on the energies of core states, allowing
us to constrain ¢p aud F 2), .



In_the absence of an interaction of g4 with the nuclear core, the lowest /2
and 3/2° states of 1%0, obtained mainly by coupling i\P}/2‘3/2 to the 0% ground
state of 12¢, would be degenerate. Irdependent of F(2), the small shift23) 4E =
0.3620.3 MeV in the 10 YeV peak between 0° (1/2~ dominant) and 15° (3/27) con-
strains the combination of one and two-body spin-orbit potentials to be small.

If we choose V,=Q, a value epi0.5 MeV is likely, as shown in Fig. 7, while if we
use a pure two-body spin-orbit force, a slightly larger ep 1s favored. This
example provides a particularly clean test of the A spin-orbit strength. These
conclusions are consistent with those of the CERN group?:°/ based on AO' 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™,7"y) reaction. The El y-rays from the 1/2; and 3/27 levels lead
to the ground state of 1 C, but with isotropic and 1-0.6 cos~6 angular distribu-
tions“</, respectively.

Using ep-O.S MeV, Vi=0, we may now use

- * other energy differences to constrain F(Z).
! 29 3.0 ¥ 3.4 LY The results are skown in Fig. 7. The shift
. . AE=1.720.4 MeV of the 16 MeV peak between
st 1000 fuzg - w2y sor 0° and 15°, if we subtract the pySj

strength, yields a 1/27-5/27 splitting
(same 2*(T=0) core state) generated by r(2),
The splitting of the 16 and 25 MeV peaks

at 0*, both dominated by 1/2™ states with
AP372, 1s less (9.3 MeV) that the naive
estimate of 11.7 MeV based on the 2%¥(T=0)
and +§'r-1) core states. This is also due
to F In both cases, the data camn be
accounted for by using =3.4 er<F(2)<E§)HeV;

L& this value is close to the value of F'=! ex-
L3 rracted 5 om the 0° IBe spectrum by Dalitz
i 2 .y and Gal? f. A
| g . The most interesting aspects of the
1.f *RC spectrum are the energy splitting AE
b and intensity ratio R of the 16 and 10 MeV

W

peaks at 0°. Here, the weak coupling
basis states {o* (T=0)@5P1/2>1 /2~ and

|2 (T=0)R7P4/2>1 /2~ are significantly mixed
by £, 71F we write

25(0%) - 16(0")
L ed

1 - - T - T
{12, a|0 ©Py /07 g2 @yPq/5” (10)

then

R = (88(1/2)+ad(3/2)2/(a8(1/2)~38(3/2)) 2,

where 8(1/2) and 8(3/2) are the spectro-
scopic amplitudes for neutron picluag from

+ f
P

2.0- the +9C ground state to the first and 2t
3 Fuse ane soovr . states o% 12C, respectively. With no_aixing,
E ok ‘. e wo 800y and using Cohen-Kurath wave functions P
< NN PC X RN\ one obtains R=l.8. The experimental value3)

—— is RY5, while the theoretical values one ob-
{) , tain with mixing {ak0.96,8%0.28, F2%-3 to
oS o T e o -3.5 MeV) are R%¥6-7, 1If one makes ¢ too
op(Mav) laige, R increases to unacceptably large
values.

Fig. 7 The top three curves show the ener%g) splicting between various states in

C, as a function of the matrix element F of the AN interaction, for A spin-
ogbit splieting 2g=0.5 MeV. In EH. bottom figure, we show the energy difference
AE E:thg;l the "10 MeV" peak in 1C, seen at 0° and 15°, as a funstion of ep. for
fited ¥ .



Despite the relatively weak AN force, the hypernucleus displays a tendency to
seek a higher dagree of spatial symmerry in the towest 1/2~ state. If instead of
the weak coupling basis, we used the states of {54] and [441] symmetry, the firsc
1/2- is dominately the (54] symmetry, which 1s forbidden by the Pauli principle
for a system of nucleons. In the limit where {54] symmetry is exact for this
1/2~ state, one hags a dynamical selection rule inhibiting its population in the

(K™,7”) reaction, since a {541 symmetry is unreachable with 3L=0, starting with
the dominant (441] of the 3¢ 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 informacion available from A-hyper-
nuclear spectra clearly requires a considerable fmprovement in energy resolution,
available only with more intense K~ beams. As indicated here, however, one
already obtains non-trivial constraints on €p and F$2) from the coarse resolution

data, .

4, The physics of Z-hypernuclei

The first evidence for relatively narrow [ states in nuclei was reported by
the CERN group3° . They studied the forward production of £'s in the (X*,7%) re~
action at 720 MeV/c. Targets of o1, 7Li, 98e, and 12¢ ywere used. The clearest
evidence for narrow I structures was seen in the gBe(K‘,rr')%Be data, reproduced
in Fig. 8. The data for the same process in the A region are also shown, More
recently, the reaction E’Li(}!‘,.+)g}i at 713 MeV/c was studied®l) at the Brookhavem
AGS. The preliminary 4° spectrum in the I region is shown in Fig. 9. There is
clear evidence for §“° peaks superimposed onr a quasielastic background. An experi-
ment on 1-60(1(",1;+)1zc at 720 MeV/c has just been completed at the AGS, but the
data have not yet been analyzed 2}, further £ experiments at CERN are expected
in the_pear futu:‘e33), using a redesigned low momentum K™ beam. These experi-
menta33} should provide considerable impetus to the study of I~hyperruclel, since
at 450~500 MeV/c one is much closer to the "magic momentum” of 300 MeV/c for which

) the momentum transfer gq=0 for 9y=0%; the
coherent substitutional I states (which
should also be the narrowest, as we in-

a00 T v dicate later) should emerge from the
* b quasielastic background in a more
(KT~ en 93 ] acriking fashion than seen in Figs. 8
1 and 9 at a higher incident momentum.

J There_have been several theoretical

appraacheslg’-” =36} to the problem of
the width of I-hvpernuclear states. The
widths of the I-nuclear states seen in
the (K=,7*) reaction are related in an
optical model picture to the shifts and
widths of the I~ -atomic states seen in
x-ray experiments. Thege have been
analyzed by Batty et a137) in terms of
a complex T optical potential of the
from

200

W) T
=
———)
L
o]
)

Counts / 2 MeV

Vylr) = = U(2) - 4(x) = = Fulltug/m)bals)
an

8.~ where y is the I-nucleus reduced mass,
n~By (Mev) p(r) is the nuclear density, and

.Fig. 8 Data at aL-O" on the reaction 9Be(K',7r-)l\9:Be at 720 MeV/c from ref. k30).
,
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Fig, 9 The spectrum of gH, as seen in

the SLi(K~,7P)EH reaction at 713 MeV/e,

91#4°, The solid curve represents a
£it to the data with two Breit-Wigner
resonances plus the quasielastic
background shown as a dashed line,
from ref. (31). )

continuum states observed in (K°,7) reactions
In Fig. 10, we

{nonnormalizable) Gamow type.

b=0,3520.04+1(0.1920.03) fm. The
well depth in nuclear matter is then
U(0)=2823 MeV, W(0)=15+2 MeV. Deep~
ly bound I states in a heavy nucieus
have a single particle =\ conver-
sion wideh of the order of
rv2w(0)430 MeV, In light nuclei,
and for T lavels with small binding,
the optical model widths can be
considerably less.

The problem of relating W(r)
for the I to the underlying IN¥-AN
conversion process, with inclusion
of the Pauli, dispersion and binding
effects due to the nuclear mediunm,
has been considered by several
authors19+33:36) | The Pault effects
are found to suppress the IN-AN
coupling in nuclear matter signifi-
cantly (25% or so). Dispersive and
aff-shell effects are also included
by summing ladder graphs for the IN
effective interaction, using modi-~
fied hyperon and nucleon propagators
in the medium. In ref. {(36), a par-
ticularly simple discussion is given,
which shows how one can understand
W(0) in terms of the free space I+
conversion cross section, if medium
ecorrections are included.

A cthorough study of I hyper-
nuclear states, based on the phenom-
enological I~ potential of Eq. (11),
has been given by Gal, Toker and
Alexander36), They suggest that
normalizable I unstable bound states
(sometimes embedded in the I contin-
uum) are seen in the (K™, 7) process.
The properties of these states are
studied in detail, in order to iden-
tify relatively narrow (T'<l0 MeV):
candidates. They arzue that the &

are unlikely 58 be of the usual’
show results ) for 1S and 1P un-

stable bound states (UBS) in the system 13C. The binding energy B and width [
vary withia the four-sided figures as one varies the complex depth of the pheno-
menological I™ potential within 1ts error bars. We see that the 1§ state in e
is always broad but that the 1P UBS could be as narrow as 6 MeV in the optical
model. In the case of 2Be, it is shown>®) that the 1P UBS has a width of only
3-4 Mev if it lies 8 MeV in the £ continuum, corresponding approximately to the
lower T peak In Fig. 8. Thus it is possible for narrow I states to arise in the

wptical model, in contrast to one's naive intuition based on the estimate '=2W(0).

The optical model picture presented above neglects an important feature of
IN-+AN conversion, namely its spin-isospin selectivit 3“). At low momentunm the
dominant contribution to conversion arises from the 35Sy, I=1/2 partial wavelf),
Dynamically, this arises_because of the IN initial state interactions, which are
strongly attractive for 351, I=1/2 and repulsive for 150, I=1/2. The attraction
focuses the wave function, so that conversion takes place more easily, In addi-
tion, the tensor part of 7 and p exchange is kinematically favored in the 30 MeV

IN+Al conversion.



In heavy nuclei,
«here spins and lsospins
T T T T T T 1 T T 7 T are close to saturacion,
' '2c this selectivity has
"y =G Wialep(O) lictle conseguence. Torv
U*32523.7 MeV light systems, its ef-
Wr17.6¢28 MeV fects are morte pronounced,
In its simplest form,
the expectation value of
the cransition operater
.'25(51-5__) «which aoczurs

G
By, (Mav}

L (’.ﬂ

- b =i

. (*-1

B, (Mev)
T

fn the aptical aodel
=ust be replaced by
1/1288(ry~23) (2+ag 7))

2

(*+)
S (on) (- -
. -+
B AT o N N T N R S (1-ty-gz). This opera-
38 7 9 11 13 18 7 @ 21 23 25 27 tcr s co be sandwiched
P IMev) bYetuween hyperauclesr
wave functions whish de~
R send explicitly on spin
Fig. 10 Calculaced (ref, 36) binding erergies 315 25 and isospin. Depending

¢~ W

and widths © of normalizable I*+12C staces in the on the zotal spia J and
optical potential V shown in the figure. The central isospin I of the l hyper-
saints corraspond to using Us=32.5 and Wsl7.5 MeV. nuclear levels, as well
The four cormers labeied (%) repregent the eifect as the datails of =he

of varving U and W up to the error bars in zither coupling scheme, one
direction. obtains widths which are

sometimes juenched and sometimes increased with respect to the optizal =model lixzic.

The most drazatic cffects ot seleczivity are found for o* staces of maximun
isospin formed by the cohercat replacezent {13)4*(23)y. For example, in a simple
j=3 ccupling picture of -%c, the width of the coherenkt <N?§}43§?3/,)0+ t states
changes significanzly from the nuclesr zatzer value ?-FS+PP to r{oF,inl/2) =
Toel2/7T, and r(o*,1=3/2)=F,. “or che I=3/2 state, the I" annihilstion on P-shell
aucleons is totally suppressed by the presence of spin-isospin correlations in the
initial }-j hypernuclear wave function. The quenching factor T4/T M, assumes the
value 0.41 {f one uses oscillator wave functions, so a total width of thae order of
5 MeV aight be anticipated for the o*,I»3/2 excitation in 1:!e, if one uses thc
opticai model width of 11.% MeV for the lp state obtained 1N ref. 36).

Other exampies of selectivity iavelving 7L., %8e and 16g targers are dis~
cussed in ref. (34). In a simple LS coupling -odel, tentative guantum aumber
assignments are given for the two peaks obgerved in the EBQ spectrum of Fig. 8.
These are suggestad to be ot states involving the coherent transition 1Py+iP,,
with (Sy,1y,1) = (0,0,1) and {1,1.2) for che lower and upper peax, respectively,
whare {Sy,Iy} are the 33e core spin and isospin. This sinple picture zay be
aleered by the strong spin dependence of the IN residual inceraction, which would
aix the (1,1,2) and €0,1,2) coniigurations, for instance. Note that of the two
seaks sean in the JBe (K‘,w')%ne cpectrum, only the upper I=2 peak is predicted
to Ye seen in the 93¢ (X=,2H) e reactizn, which acts as an isospin filter,

The s-shell zargets Me“and *He also offer interesting poszibilittl3s) for
narrow  stares, although no experinents have yet been actenmpred. In the reaction
“Ye(K=,1~)}24e, for instance, one can populace two OF statas with I=1l/2 or 3/2 froa
the Sy-5y transition. Selectivity nakes an enormous difference in the width of
these states: the I=1/2 state i3 pradizced To have twice the optical zodel width,
while the I=3/1 neaber has ussentially no I-} conversion width. To see tiiy, con-
sider the “Hei{k™, ") ¥n reaction to the I=3/2 state. The iaillal pp pair i3 in a
Sq state; after a cokerent substituticn p=i~, the resulting I7p pair remains as
Sg+ Since Z”n cannot convert and I”p ioaverzs deminately im °Sy, the wideh of
the I=3/2 state shcuid bHe small., The problem in observing such a state is that
it za7 well lic fairly high in the I continuum. Since it corresponds o an



S-wave, it cannot exist as a conventional single particle resonance. However,
it may survive 35 2 normalizable U3S In che I concinuum, of the type discussed by
Gal at al. .

The case of 5!.1(!‘,:1")9.11 provides the best test of the selectivity mechanisn
to date. The data shown in Fig. 9 display two 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 experimental resolution. In tref. (38), zhese data
are given a quanticative interpretation in teras of Py~?; and Py~Se transitions
(lower peak) and che Sy+Sr transition (upper peak). Since the S:I'I hole strength
in 6Li is known to be dominated by a very narrow (%100 keV) SHe 3/2+ axcited
state at 16.76 MeV, coupling a I in =he iS to this core state to gom 1* produces
a narrcw state, in analogy to a siuilar Sy»S, transition observed??) in ‘,’_Li. and
mterpreted"o) in a1 cluster nodel. For I°, the cluster decomposition expected
for this state is

.

[;n(I-'B/Z. I;~-3/2, 5=0) @d]1+ (12)

2 A
Since ,n has the structure "n-(t-p)s_ {an)._., tne I~ can only convert %o A on the
pror.on"‘in the deuteron cluléer. and r.ge 215:2 remains szall.

In ref. (28), angular distributions for the reaction 5Li(K',fr+)gH az 720 MeV/c
are calculated in the eikonal DWIA approximation. Typical results are snown in
Fig. 1ll. The ratio of cross sections in the two peaks is consistent with the data

in Fig. 9. _A very similar
caleulationdd) for %L1, with
T T T T T T L T the sape choices for optical
CT. 6 potentials and che geometry
LitKZ, =% gH | 0f the nucleon and gyperon
720 Mevric single particle wells, yielded
good agreement in both absolute
cross section and ig,ular shape
with the CERN data”®/ for the

160

SUM OF P-=5,P-=P

120 Sy*S. transition. The cross
T sec:ion for the lower bump is
3 sumned over all states arising
2 from ?3;-SA and P}{‘PZ transi-
ald a0 tions. Since q3130 MeV/c is
vio ratker sizable even for 3;=0°,

the Py+S- process to a complex
of negative parity levels is
noa~negligible, aceouanting for
about 60 ub/sr at 4° in Fig.ll.
The coherenc P,+P: transition
(3L=0), leading t3 a 1% level
(dominantly 351), yields a
sharply falling angular distri-
bution. The ircoherent Py+Pr
transition (3iLel) leads in the
Qi (deg) L§ limit co a 1*,2%,3% cripler
(“0y) with branching ratios
2541, The 3Lw2 part is non-
7ig. 11 Theorerical angulaz distributifons, from negligibie (:35ub/sr) even at
ref. (38), for the reaction SLi(X~, )% at - 0°, and exceeds the :L=0
720 MeV/c. The curve labeled 5+S corresponda to strength above 6° or so. The
the narrow upper peak in Fig. 9, while the summed D levels are expected o have
P+S, P+P curve is to be associated with the total 3 wideh comparable to that of
strength in the lower peaik of Fig. 9. the °S; state; their mean
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position should lie scae 2-3 eV higher than 351. Thus che lower bump in Fig. 9
reflects the presence of several I-hypernuclear states; the apparent width then



arises ‘rom vesolution and energy splictings (Pp-S., 351-3!31) as <ell as the in-
triansic Z widch, B

The role of the IN residual inceraczion has Yeer iznored {n che simpla consi-
derations we have presented thus far. iinlike the N inteuciion. the IN posm:hl
exhibits stronz spin and Isospin dependeace {atiractive for “Sy, I=3/2 and S5y,
1=1/2 and repulsive far 150. I«1/2 and 351. I«3,/2). In the I central potential,
these channels appear with the ordinary statiscical weights (25+1)(2I+l), =esult-
ing fa a well Jepth V.. somewhat shallower than for the 1. ‘hen considered as a
residual interaction, on the other hand, say connecting N~!T particle-hole states,
the I force enters with different weights depending on the coupling scheme. In
some cases, coherent shifts of Z-hypernuclear states occur. Tor instance, in
lgc and lgo. the relatively narrow 0%, Te3/2 states are shifted upwards, while the
0%, I=l/2 states enjoy a significant downward shift. Sczaller effects are found
for 1™ and 27 grates. Thus for the I, there may be very interesting {and strong)
deviatfons from the weak coupling limit. However, it will be difficult zo devalop
3 phenomenoclogy of IN effective interactilons unless a nunber of narrow scates are
sesn. The expariaents to date are tantalizing, but one requires more Jdata on a
variety of targets, particularly angular discributions for the lowest possible X™
momentum. As we have indicated, the widchs of T levels, as well as their energies
and relative cross sections in the (K™,72) reactions, are sensitive indicatars of
the degree of configuration mixing induced by the IN interactlon. Exciting pros-
pects for T-hvpernuclsar physics lie ahead.

. Tuture directions for hypernuclear research

There are several other proposals for experizents in uypernuclear physics
which are either approved or undeér active consideration. Ue review here the
physics motivations for scme of these prcposals.

The planned CERN experimenta an the foraation of I-hyperauclel with a
450-500 MeV¥/c X7 beam have already been aentioned. These low aomentua experizents
are crucial, for they will optimize the formatlon of coherent substitutionsl I %)
states by reducing the background due to quasielastic pracesses. Since we exptcl.}
the coherent I states of =aximum isospin L., to be the narrowest, the (K~,=*) re-
action is more favorable than (X™,x”), since the latter w11l contain contributiona
from broader excitations with lawer isospin.

The (K™,*™¢) reaction was aentioned earlier, in conneczion with the decay of
certain states in l\c. vhich 2ay enable us to deternine the ! spin-orbit splicting
with much greater precision. A (X~,7"y) experiment®l) is apprcved for the
Srookhaven AGS. The role of the y ray measurements in elucidating hypernuclear
structure has been discussed by Dalitz and Gal®?), A central point is chat wven
if one cannot obtain good energy resolutionm on the 17, the y energy can ba z:ea-
sured with precision. One then obtains energy differences of levels accurately,
which can be used to zore tightly constrain the N interaction. The (X*,<") re-
action significantly populates only natural parity levels (0%,17,2% etc.) starting
with a spin zero target. The subsequent y ray emission, however, 1lss populatcs
some of the unnatural pacitv levels. In some favorable cases, one 3ay be able
to detect the ML y ray connecting the two membars of the ground state doublet
(2=+1% in 1-'-’(:, for instance). A xnowledge of the anergy splitting would ensble
us to quantitativaly deternine the spin dependence of the effective N interaction
in the 1S, "state". Transitfons from levels uith 2 ¥0 constrain the spin-orbit
terns in Eq. (9), A

Another fascinating subject of study concerns the weak decay zodes of hyper-
nuclei. An approved expcri:cn:‘3 for the AGS will measure the lifetize and the
rates for *” and o5 emiasion in the weak decay of 2\C. In a hyperaucleus, the free
decay modes '=on—,27) are suppressed by the Pauli b:(nciplc, since the recoiling
nucleon has only 5 MeV of energy. On the other hand, the presence of nuclear
matter introdices non-nesonic decay =odes lp-+np and in+nn, involving the emission
of energetic nucleons. The hypernucleus provides 1 unique labaratory for the
study of such four fermion weax interactions.



Rccently, the (7,X) reactlon has Yeen suggested“),.\a 2 possibility for “he
production of hypernuclei, and an experizent is planned” for the AGS. Some pre-
liminary (7,K) runs*?’ yith nuclear targets have also been carried out at CERN.
Since the womentum transfer q in the associated production reaction T s
large (>300 MeV/c for pgs<l.2 GeV/e), the (1,X) reaction on nuclei will preferen-
tially populate high spin states. This ccmplements nicely the (K7,77) studies at
low q, which emphasize low spin configurations. In a simple } particle, n hole
picecure, the largest (1,X) cross sections are to natural paricy “scretch” staces
with Jed +2,..

nA In Fig. 12, we 44)
show a predicted
spectrum for
thie process,
:“)Ca(ﬁg,icz)‘?c.z‘ at
1.1 Ge¥/c. The
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Fig. 12 Predicted excitation spectrua of "?Ca, as seen ﬁ':‘::t:,;;f:i::_
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at 0° in che (77,%%) reaction at 1.1 GaV/c, from ref. (44).
The high spin states near or above the !\ continuum are
arbitrarily ziven a width of I MeV.

gy unlike cha
(k=,7™) reaction,
since q is large.

One can also contemplate the production of { hypernuclei; this would be best done

via the (=~,X" reaccion.

46)

As a final topic of the "futuristic” sort, we mention the pozsibili:y of
producing I~ or 14 hypernuclei of scrangeness S=-2 with the (X™,K’) reaction. Such
studies would shed light on the A\ and 3N interactions at lov energies, thereby
extending our knowledge of the S5U(3) structure of baryon-baryon forces. The
alezentary process R=p**t:z" is backward pesked, so the (K°,K%) cross sections on
nuclei near 9 =0° are very small (a few hundred ab/sr in the most favorable casas).
Since g is large, high spin 2 statas vill be favorad. 5 5

In Fig. 13, we display a prcdic:ed"6 spectrum for the reaction 'sSi(K‘,K"') Ev
at 1.26 GaV/c. It should be emphasized that these results are highly speculative:
one has no reliable empirical «nowledge of the 3’s resl potential in a nucleus, or
its conversion width via = p+AA. Even the sign of the real parc is uncertain (see
section 1), although it {s probably weakly attractive (we assume a depth Vgz=15MeV
in Fig. 13). 1In analogy with the case of I hypernuclei, we expect that narrow =
states exist ac least in some light systems. Some of the I states can also bene-
£4it {rom the selectivity nechanism discurnd earlier for f's, since the low energy
37p~A)\ conversion nust proceed Erom+:he Sgs =0 channel of z"p. The width of the
high spin states populaced in (K™,K") are very little effected by selectivicy,
Yovever~?., One wagerly awaits axperiments which could reveal the predicted rich
specsroscopy of doubly strange hypernuclei.
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Fig. 13 Hypothetical 4° jpectrum of the doubly strange hypernucleus ﬁ?x » pro-

duced in the (K~,K*) reaction at 1.26 GeV/c, from ref. (46).

An attractive real

potential of depth 15 MeV, plus a Coulomb potential, was assumed for the =™
Widchs of 5, 4, 3 and 3 MeV are arbitrarily assigned to the states involving a

in a s,p,d,f orbit, respectively.

The highest natural parity spin state,

which dominates the cross section, is indicated for each peak.

which is taken from our joint work.
S. Kahana and D. J. Millener.
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