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S = -2 DIBARYONS AND HYPERNUCLEL
C. B. Dover
Brookhaven National Laboratory, Upton, New York, USA
ABSTRACT

Future prospects for the exploration of doubly strange hypernuclear systems are
evaluated. Such systems may be produced via the double strangeness exchange reactions
(K ,K) or (K ,K") on nuclear targets. Theoretical estimates are_given+of the forma-
tion cross sections for = hypernuclegr stafes via the one-step K p + K Z” process, or
discre:g states of the Af hypernucleus in the two step reaction K p + 70 followed by
mp > K'A. Recently, there has been much discussion of six quark (dibaryon) states in
the Bag Model. Axgumgnts are giv.n which iIndicate that the (K ,K ) reaction on light
nuclear targets (ex. “He) affords a very promising way of producing the lowest-lying
S = -2 dibaryon (called the H).

I. INTRODUCTION

The spectroscopy of strangeness 5 = -1 hypernuclei (A and I) has received much
attention over the past decade (1). In contrast, the properties of nuclear systems
of strangeness -2 are essentially unexplored. A few candidates for AL and =" hyper-
nuclear events exist in the emulsion data (2, 3) but these systems have not heen
looked for in modern experiments with magnetic spectrometers, which have focussed on
studies of the (K ,m) reaction. In this paper, strong motivation is provided to look
for bound states of S = -2 systems, in the form of = or AA hypernuclei or stable six
quark states.

*

The simplest § = -2 systems beyond the =(1321) or = (1530) are dibaryons. Quark bag
models (4) predict a variety of six quark states with different strangeness. There has
been Intense discussion on the existence of § = 0 dibaryon resonances in nucleon-nucleon
scattering (5), as well as possible S = -1 dibaryons seen in the /ip system (6). In both
cases, the proposed six-quark bag states are unstable with respect to strong decay. This
gives rise to difficult questions of interpretation, since one must distinguish between a
true dibaryon signal and a threshold erhancement produced as a coupled channel effect
(NN++~ AN for S = 0, AN++IN for S = -1), The situation is potentially more favorable in the
S = -2 sector, where the Bag Model predicts (7) a dibaryon (the H, with quark composition
(uuddss) o4 1=g) Which is stable against strong decay. The H plays a special role in multi-
quark (n »’3) spectroscopv, since it is the only such object which is predicted to decay
weakly. In addition, it cannot be confused with a deuteron-~like non-relativistic bound
state, since it 1s supposed to be strongly bound (80 MeV or more) with respect to the A4
threshold. Here, we provide some estimates of the crcse section for the reaction

3HE(K',K+)nH, which indicate that chis process offers a most promising tool for H production.
The (K_,K+’°) reactions on nuclear targets provide a window on the spectroscopy of =
and AN hypernuclear states. We argue here that such studies represent one logical nex
step in tue evolution of hypernuclear physics (another important step would be the high re-
solution study of S = ~i hypernuclei). The new spectroscopy of & and Al hypernuclei is
rich, although only a restricted portion of these states (high spin states with no spin
f1ip) are excited with measurable cross sections in the high momentum cransfer (K ,K)
reaction. One goal of these studiles would he to extract information on the single particla
properties of a = in the nucleus, i.e. the real and imaginary well depths and the one-body
spin-orbit potential. Recently, narrow I-hypernuclear states have been ohserved (8), Aes
wve indicate here, narrow = states are also likely to exist; their widths depend delicately
on the hypernuclear wave functions as well as the (essentially unknown) rate for the EN-AA
conversion process. One might alse ultimately hope to learn something about the AA and =X
residual interactions, which would be useful in extending our knowledge of the SU(3)
structure of baryon-baryon forces.



IT. = H PERNUCLEI

The spectroscopy and production cross sections expected for = hypernuclei are dis-
cussed in some detail in a recent paper by Dover and Gal (%), which is summarized in
skeletal form here.

In the emulsion data, there are about seven events which are candidates for interpre-~
tacion in terms of I hypernuclear formation (10). The species tentatively identified
ranged from gHe to “zMg. Except for the 3gHg event, the = binding energy B_ displays a
smooth mass dependence, which can be reproduced with a phenomenological poténtial V_{r) of
the form =

VD) = V(14 expl(r-n)/an W
Assuming R = rquls, with r = 1.1 fm and a = 0.65fm, ve obtain the = well depth V _ %
24 £ 4 MeV., Theoretical prgdictions (11) based on the SU{3) potential model of deSart
et al. (12) give V__ = 23 MeV (Model D) or -28 MeV (Model F). Thus, if the Z emulsion data
are taken scciously; Model F of deSwart et al. {12) is strongly disfavored, since it pre-
dicts a repulsive = potential. Using the potential of Eq. (1), one may now generate the
spectrum of anticipated = single particle states in a variety of nuclei. The results are
shown in Fig. 1. These are the bound = states that aniqwnu}g pogu]ate in the (K ,K') re-

action on 1°¢, 1%, 2854 and 40ca rargets,
respectively; the resulting =N-1 particle-hole
states would acquire a spreading width [z due to
the strong conversion process =7p » AA. No data
——-—ég exists on this reaction in the momentum region
: (<300 MeV/c) of interest. Estimates of I'; have

' been based on a XK and K* exchange model for
=p + A\ (9). This yields rough estimates of
—25 |1 T_ % 1D MeV for s-states and 5 MeV or so for :
states near threshold. For particular £ con-
figurations, the optical model estimates of T_
may be substantially modified due to the sgin5
isospin selectivity of the = p + AA process, l.e.,
et low momentum, it can proceed only via the
150, 1 = 0 channel. Such an effect has been dis-
cussed for [ hypernuclei (13), where the analo-
gous_reaction I p + An goes predominantly through
the *S;, I = 1/2 channel.
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Various schemes may be envisaged for mak-
ing £ hypernuclei: a) pioduce a beam of fast
E particles, deg-ade them in energy, and look
for capture of slow 2's in nuclei; b) look for
- s - - 19 s the direct one Eteg producgion of a =-nuclear
B+ ET4ON E Tt BT state in the (K ,K') or (K ,K°) reaction; c¢) the
25 —— use of multi-body final states, such as (K ,Km),
. " = to produce a lower momentum =, Methods b} and
Fig. 1. Simgle parricle states for the c) have heen examined in ref. (9). The (K ,Kr)

channel does not appear to be very promising, since the produced = is still not slow, and
the problems g‘ detection efficlency and resolution are more severe. The momentum transfer
Q(0°) for a2 K at 0° is shown in Fig. 2 as a function of K lab momentum, both for proton
and heavy nuclear targets. For a wide range of p, ., we see that Q(0°) for the (K ,X') re-
action on a nucleus is somewhat larger than the Fermi momentum, hence leading to the popula-

tion of high spin 2N ' grates.

—— 1S

The rates for the formation of # hypernuclear states in (K-,K+) are proportional to the
elementary K'p + K 2 cross section. The available information is summarized in Fig. 3,
taken from re’ (9); the data is sveraged over the small angle region for the K , including
a factor o which accounts for the kinematic transformation from the two-body to mauny-body
lab systems. The forward K p » K¥'=~ 1ap cross section displays a peak in the region of
p % 1.8 GeV/c. Since Q(0°),varies slowly in this region, as per Fig. 2, the (K~,KF)
cfuss sections to discrete ENIZ hyper%gclear states just follow the momentum dependence of
the elementary process. For ~~C and ““Si targets, the forward lab differential cross sec-
tions for the (K‘,K+) reaction, leading to =N ~ states in EBe and 2§Mg, are shown in Fig. 6.
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e toa , bound states shown, the reaction is mis-
}53 * Ry ad matched, I.e. the cross section drops
_ | : monotonically with angle. In the regloe
§oor ' of 1.B GeV/c, the cross sections to =x-1
ER ax- J states are predicted to be as large as
B { . -
S0 i 1 ub/sr; since kaon beam intensities at
o= P3/77'9012 37202¢ \
LERY 0z " ' this momentum are mucn_larger than at
L , BDO MeV¥/c, where (K ,7 ) experiments are
! (0372931720~ ! typically done, such cross sections
 typ ¥y
LTV LIPPsPey ot ; should be accessible experimentally.
02 : 4
g \ High resolution is not required, since
4 . o ! the = spreading width is presumably of
12 15 2.0 24 2 1.6 20 24t the order of a few MeV or more.
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Fig., 4. Forward cross sections for discrete z-hole
states
ITI. AA HYPEXNUCLEI

Double A\ hypernuclei may be formed in the (K-,K+) or (K-.Ko) reactions viz tuwo-step
processes K ~ mA followed by 7N + KA or K¥ - K= plus =N + AA. These two mechanisms are
expected to be well separated kinematically. As we saw ian II, the KN — K= process peaks
around 1.8 GeV/c, while nN - KA is maximal at a much lower pilon momentum about 1.02 GeV/e,
correspouding to a kaon momentum of 1.1 GeV/c. We concentrate on this latter process here,
providing estimates of (K ,X%) cross sections for discrete AA hypernuclear states. Earlier
estimates focussed on sum rules (14), which indicated that most of the (K7,K*) strength (a
few pb/sr) went into the quasielastic part of the AA spectrum (because of the sizable
momentum transfer). Here we concentrate on the very small cross sections (a few nb/sr) to
discrete AN states.

- +
To estimate the AA cross sections via the two-step process K p *WOA, ?p + KA, we
have adapted (15) the coupled channel code (16) CHUCK to the present situation. Back
courling is neglected, so our results are equivalent to second order DWBA. Full distoctions



of the K_, -n°, and K+ waves are included, using optical potentials of Woods-S5axon_shape
which are adjusted to reproduce the available scattering dara for K's and n's on ““C at
800 MeV/c (17). Bound state wave functioms for protons and A's in a Woods-Saxon poten-
tial are used to generate transition form factors; the parameters of the well are adjustecd
to reproduce the appropriate separatijon energies.

As typical examples, the reactions IGO(K-,K-F)%\gC* and AOCa(K_,K*-)zAgAr* have been in-
vestigated at 1.1 GeV/c. As for the = hypernuclei, the highest spin states of the ih hyper-
nucleus are preferentially populated in the (K™ ,K*) reaction, since the momentum transfer
is of order 400 MeV/c, even at 0°. Some of the states expected in ]; C are shown in Fig. 5.
We indicate only natural parity states obtained by coupled (sAsA)L=sl=o, (S\pI)L=1 g=Q or

14 4 ) o
(ppP1)1a2 5=0 Mpairs to the OF ground state of the ~'C core and the 2% core excited state
at about 7-8 MeV. The latter state in J4¢ i5 particularly rele:ant in a weak coupling
picture of 3C, since in the shell wodel it is 2
relatively pure two-hole state, i.e.
32 - léq(g.s.) ® (p3/2p1/2),f=2’5___0. The other low
lying core states in 15¢ are dominantly of 3 hole-
E 1 particle or 4 hole-2 particle character with
respect to ~°0, and do not enter in the weak cou-

24 pling limit considered here. The highest spin bound
I 1 1

4 > 4, +
L o% 2%(2),4" ——— Mg 2 1®pApA

state of #AC which would ge populated in the
ol o2t 0@y, | (K ,KZ reaction is the 4 configuration of struc-
z - e (Do ture ic(2h) ® (P/\PA)lﬁz,§=o. Note that the spin-
g ! A2 flip amplitudes for both KN + nA and N + KA are
H er ] rather unimportant, so we consider only natyral
2 parity srates in the intermediate nucleus -AF’N and
z 121 R " E S = 0 AA palirs in gPC. The possiblj routes to 4%
z "% (0" @ 35, final states for the two-step (K™ ,K7) process which
S ot " D ] we consider are shown in Fig. 6. Each transition
“ ATA is labelled by the orbital angular momentum trans-
WL ] fer AL, which also equals AJ (since A5=0). The
ok o @iy St %5ra fanane!

3=
16 ‘."uz’lo(-,ks,)\.g

Fig. 5. Natural parity levels in "

transition to the ppp, final state is . 2" 0y3aPass)
seen to proceed in two successive 4l=2 b
transitions via SpAp"l)2+ states in -
?N. Since the XN - nA"process has By
low momentum transfer q at 0° and

78 + KA has high g, a different

sharing of the total angular momen- U )
tum change AJ = 4 can lead to a

kinematic enhancement of the (K',K"')

cross section. An example is given in

1 0% b

rig. 6, where oL = 1 followed by " . .
AL = 3 leadslzo a+4+ state - = » °
of the form *7C(27) & (sl\d/\)L=2,S=0' - + 16 N
The differential 0° cross sections Fig. 6. Routes from the 0 carget ~ 0 to the 4
to the two 4% states are shown in states in 1\‘c

nn

Fig. 7. Even though the d, is 2
continuum state (here taken to be artificially bound by 0.1 MeV, with a very large r.m.s.
radius), the cross sections to the Pip;, and spdy 4+ states are comparable, of the order
of several nb/sr. In an oscillator potential, the spdy configuration would have the same
energy as p;pj. For a more realistic Woods-S5axon potential of depth Vg, % 30 MeV, the dﬁ
single particle resonance lies more than 10 MeV in the coatinuum and is very broad '
(T>10 MeV). Thus the 4+ state in AAC arising from s5,d, would generate a smooth
background spread over a broad range of excitation energies above the
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is particle stable (p, is bound by about 3 MeV here).

In Fig. 7, we
also show the (K~,K") cross sections
te ather selected states in *AC. The
cross sections to lower spin states
of type (spd;) and (pypp) are
much less than those to
"stretch states". Note that one can
opulate unnatural parity states in
C at 8 # 0°, even in the absence
of spin flip in either of the two-
body reactions, but the cross sec-
tions are
negligible. The (K™,K%) cross sec-
tion to the y{C ground state is
also seen to be small (low spin).
In Fig. 8, we display the (k~,kH)
excitation_function at 0°. We in-
clude the RC states of Fig. 5.
The largest cross section to a AA
bound configuration goes to the 3~
state. The strength associated with
the continuum sydy configuration has
been spread over about 15 MeV, rough-
ly the escape width of the dy. The
other states are provided with a widc:
of 2 MeV, to account for experimental
resolution.

We have made some attempts (15}
to determine an optimum target for
(K™,K™) reactions, in order to pro-
vide the best matching of AJ and q.
In addition to ~°0, a2nother good
example seems to be "“Ca. 1In this
mass reglon, the dy single particle’
state is just bound (by ~ 1 MeV),
so one can have successive d » d,
transitions to particle =table stater
in RAr. In the shell model, the

Ar core bas a 4% excited state
which has a sizable component of
40ca @ (d—ld—l)L=4’5=0. In the
weak coupling picture, we abtain a
high spin 8% state by coupling a
(dpdp)i.4 g=p Pair to this 4% core
state. The ?K’,K+) cross section
to this state is of the order of a
few nb/sr, as for an 0 target.



Iv. THE H DIBARYON

The spectroscopy of multiquark states is a very intriguing subject. Quark "molecules"
with more complicated structures than QQQ or QQ _have often been discussed theoretically
and searched for experimentally, for instance Q 52 "baryoniun" stztes, Q Q z* resonances,
and Q6 dibaryon states. The Q° states come with various values of strangeness. For S=0
and S = -1, many states have been gredicted, and some experimental candidates exist (4-6).
The problem is that all of these Q° states have strong decay channels available, and so it
is difficult to disentangle multiquark bag states from cross section enhancements due to
coupled channel effects mear thresholds. This is true for structures seen in NN scattering
near the NA threshold and in the Ap system near the IN thresholds. The § = -2 sector is
unique, in that it offers a candidate for a six quark state which is stable against strong
decay. This particle, the H, was first proposed by Jaffe (7). It has quantum numbers
JT = 0+, 1 =0, and a predicted mass some 80 MeV below the A threshold, around my = 2150
MeV. The quark composition of the H is uuddss, with all six quarks in the lowest s-state.
Such an object could be formed by a fusion of two three-quark bags, without the need for any
quarks to be promoted to higher orbitals (for NN, in contrast, some guarks must be pushed up
to the p-state to satisfy the Pauli principle in the six quark bag). Clearly, the fact that
all quarks occupy s-states in the H contributes to its appreciable "condensation energy"
with réspect to two A's. As an amusement, one might also imagine other stable multiquark
objects of this type, an example being a "Noah's Ark" particle with all quark species present
in pairs: (uuddssttbbcc)0+’1=0.

One might ask whether an object with the quantum numbers of the H can be produced in
ordinatry potential models. Using the SU(3) model of deSwart et al. (12), one can construct
AA and = p potentials from various meson exchanges in the S5,1=0 channel (18). Because of
the absence of a one pion exchange term, the attractive potentials in this channel (or any
other) are not sufficient to support any S = -2 bound state. Thus the H, if it exists, 1is
clearly not a non-relativistic two-body bound state.

The weak decay modes available to the H depend on its mass. For tm_tm, < <2m[
(2195 MevV < my < 2230 MeV), the channel H + ANT is open, so Ty is presumably of ordet
10710 gec (WTA). If m_+m < < +m_+m, (or 2130 to 2195 MeV), then the modes
H~+ZIp, Eon, and An prevaiﬁ. For m, + mNﬁ< oy < By Hiy (2055 to 2130 MeV), only H + An
is left among the YN decays. Finally, if Zmn < < m, + m,, only the doubly weak mode
H + nn survives, and the H lifetime would be very long (assuming a tyfical strong inter-
action decay width of 100 MeY or Tgerong =310' sec, and Tweak ¥ 10~ 0 sec, we might
naively expect TH*gn (Tweak) /Tstrong » 10° sec, give or take a few orders of magnitude).

If my < 2130 MeV, the neutral H decays only to neutral particles, and it could not have
been seen in emulsisu experiments.

To get an idea of how to produce the H, it is useful to note its approximate wave
function decomposition (19):

v ers I8 @8, >+ s #1780 (e w3760 8o

When grouped into two three-quark states, we see that the H prefers to dissociate into

color octets. The most favorable observable channel is 3N, which enjoys 10% of the pro-
bability. An attempt to find the H in the reaction pp * K'K'H was made at Brookhaven (20),
but the cross section limits are not very restrictive. The simplest mechanism for this
reaction involves two p + KTA dissociations, followed by AA -~ H recombination. However, the
“'s are in general far off-shell and have a large relative momentum, which is unfavorable
for 1 formation; quasielastic AA production is much more likely. A more natural way to
produce the H is via the (K~,KT) or (K~,K°) reactions. Here one brings in one unit of
strangeness, which obviates_the need for using double associated production. The mechanism
for the prototype reaction He(X~,K")Hn is shown on the left in Fig. 9. The process

K'p > K*2~ is followed by ¥ » fusion to gorm the H. The quasielastic background is generated
by the process on the right. Note that “He is the simplest target which supglies a di-
proton; since the pp pair is automatically in a_~S, state and the K (pp) + K (z7p) reaction
has no spin-£flip at 0°, the =~p gair is also a 1S, and hence in the correct spin state to
form an H., In reactions K™d + K (57n)1-1 or K7d » KU(E-p)5=1 at 0°, on the other hand, the
="N pair is prepared with the wrong isospin or spin to become an H.



There are other advantages of the process of Fig. 9 for H production: the elementary
0° cross section for K p + Kt~ is not small, being about 40 ub/sr at L.8 CeV/c (see Fig. 2).
Also, the =7 recoils with a lab momeantum
i around 400 MeV/c; thus the Z7p relative
I momentum pp can be fairly small for pro-
K™~ _,-K+ o ,K+; tons near the Ferml surface. In calculat-
- ~ - H
1

~ - ~ .

~ H /\®<\_§

=
—_—
n

ing the cross section for H formation 2 la
Fig. 9, we (21) have used an expression

¢ for the z7p ~ H vertex T motivated by the
1 harmonic oscillator quark model:

\ I = Tgexpl-pZRZ/12), where is the bag

!

i

E-2 -
2o

radius of tﬁe H, ana Fo contains the color-

spin-flavor recoupling coefficient anc

geometrical factors involving the bag

radii. Thils expression for I' emvhasizes

Fig. 9. Regctilon mechanism for H production on the importance of having low pg to obtain
a2 “He target (a); quasielastic back- a sizable ="p + H fusilon probability.
ground (b) For the “He wave function, we have used a

simple product of harmonic oscitlator func-

tions in the relative momenta. Plane waves are uged for the K',K+, n and H, Preliminary

results for the H production cross sections on a “He target are shown in Figs. 10 and 11, In

a missing mass experiment, in which both the K" and neutron are detecred, the H would show

up as a well defined peak which, 1f my 1s well below the AA threshold, is nicely separated

from the broad quaslelastic background. Even if only the K* is detected, it should still

be possible to see the H, since it shows up as a narrow peak in the K* momentum spectrum

at 0°. If the H mass is too close tc the AA and =7p thresholds, however, the signal due to

the H may be more difficult to separate from enhancements due to final state interactions.

One may also consider heavier targets, which provide more di-proton pairs, but are more subjec

to distartion effects. The effective number of pp pairs is expected to grow much less rapialy

than Z(2-1}, due to absorption (particularly of the K7}, in analogy to the very slow N de-

pendence o’ the effective neutron mumber in (K~,w") reactions (22). The SHe(K™,K'nm)H

reaction is the cleanest case, if ooth K' and neutron are detected in coincidence. This

experiment is well worth doing: 1t tests a crucial prediction of the MIT bag model, i.e.,

the existence of the stable H, and may provide the first definitive example of an n quark

state with n 2 4,

(a) {b)

for H nroduction {only Kkt detected) as a
function of the mass of rhe H.
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