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Production of the H dibaryon in relativistic heavy-ion collisions
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We discuss mechanisms for the production of exotic hadrons in heavy-ion collisions at high ener-

gy, focusing on the doubly strange H dibaryon. In a hadron gas phase, we estimate the H formation
rate, per central Si+Au collision, to be of order 0.01 for temperatures T = 120—140 MeV, based on
a conventional coalescence model. If the quark-gluon plasma phase is excited, we expect an
enhancement relative to the rate for a hadron gas. We explore various schemes for detecting the H
in the high multiplicity background characteristic of heavy-ion collisions. The proposed detection
techniques include the measurement of weak decays such as H ~X p, the search for nuclear frag-
ments with anomalous charge/mass ratio, and diA'ractive dissociation processes such as Hp ~" pp.

I. INTRODUCTION

There has been much theoretical attention devoted to
the possible existence of stable multiquark systems with
baryon number B=1,2. For B=1, certain pentaquark
states (csuud ) are predicted' to be stable with respect to
strong decay, while for B=2, strangeness S=—2, —3
there are also candidates. ' The system which has re-
ceived the most scrutiny is the H particle, with quark
structure uuddss (J =0+, I=O). In the context of the
Massachusetts Institute of Technology (MIT) bag model,
as well as the Skyrmion picture, the H mass m& lies
below the AA threshold, so it is stable with respect to
strong decays. In the most recent estimate of mB in lat-
tice gauge theory, it was also found that mH (2m~.

There have been numerous suggestions for experiments
to search for the H dibaryon. Two of these, involving
the double strangeness exchange (K,K+) reaction, will
be carried out at the Brookhaven Alternating Gradient
Synchrotron (AGS). In the present article, we suggest
that the H can also be produced with measurable rate in
relativistic heavy-ion collisions. We find that such col-
lisions at AGS energies would be a suitable place to
search for the H, because of the recently reported ' high
stopping power in nuclear collisions at 14.5
GeV/nucleon. Another suitable place would be the tar-
get fragmentation region corresponding -to nuclear col-
lisions at CERN energies 60 and 200 GeV/nucleon.

Unlike other methods, where one detects another parti-
cle produced in conjunction with the H (e.g. , the monoen-
ergetic neutron in = d +Hn ), in he—avy-ion collisions it
is necessary to detect the H directly, because of the high
multiplicity of particles produced in a typical heavy-ion
collision event. We address the experimental problems
associated with detecting the H in each region of mH.
An encouraging feature of heavy-ion collisions is the
rather substantial fraction of events at AGS energies
which involve creation of more than one unit of strange-
ness. ' The E802 collaboration' reports a K+ /m+ ratio
of -0.25+0.05 in the Si+ ' Au collision at 14.5

GeV/nucleon. Preliminary data on the ~+/p ratio indi-
cate a value -0.4. Since the data indicate nearly com-
plete stopping of the projectile in target nuclei heavier
than Ag in a typical central collision, one might expect
that nearly all target nucleons are finally involved in the
reaction process. The total number of active protons is
then approximately given by Z(Si)+Z(Au) = 14+79
=93, yielding about 37 m+'s. If we now assume that the
number of K+'s is approximately the same as the number
of K 's, we find —15 s quarks produced which have to be
balanced by K's and hyperons. Since the number of K's
turns out to be small as deduced from the measured' ra-
tio K /m -0.05, we expect roughly ten hyperons with
Nz-2 —4 in a typical central collision. A diferent col-
lision scenario is depicted in Fig. 1. Here, the incoming
projectile interacts with the nucleons it cuts out of the
target. The number of participating nucleons is then
=108 for the central Si+Au collision. Since this is ap-
proximately one half of the total number of nucleons, we
assume that the ~+/p ratio for the "hot" fireball would
be —1. Assuming further that the number of participat-
ing protons is ——", , we end up with the same estimate for
hyperon production as before. Although the internal dy-
namics of these two scenarios would be di6'erent, a large
amount of negative strangeness is produced in both cases.
We predict that a measurable fraction (of order 10 ) of
such events involve H formation through baryon-baryon
coalescence.

Our goal in this paper is to address H formation in
heavy-ion collisions in two diff'erent regimes: (i) from a
hadronic fireball in thermodynamic equilibrium, and (ii)
from a quark-gluon plasma (QGP) phase. If the "strange-
ness enhancement" signature" of the transient QGP
phase is indeed preserved through the complicated
dynamical evolution of the hadronization process, we ex-
pect the production of multistrange objects such as the H
to be similarly augmented. For the H, enhanced produc-
tion in the QGP phase can be driven by the large degen-
eracy factor associated with color octet three-quark clus-
ters, 8„which in the deconfined phase can fuse to form a
H.
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can exist in an SU(3)-flavor singlet with spin zero, a
configuration which takes maximum advantage of the at-
traction due to the color-magnetic interactions of quan-
tum chromodynamics (QCD).

The color-magnetic interaction term in the MIT bag
model is given by '

H = — g M(m, R, m)R )(Ao );(Ao. ), ,R

FIG. 1. Sketch of the collision geometry assumed for a typi-
cal central collision between Si and Au at —14.5 GeV/c beam
momentum.

with a, the QCD coupling constant, R the bag radius, m,
the mass of quark liavor i =(u, d, s ), and I A, , o.

, I are the
color and spin operators of quark i Ign. oring SU(3)-
Aavor breaking and assuming m„=m„one finds a mass
term

(H ) —
—,'N(N —10)+—,'S(S+ I )+-,-'C2+ CF2 (2)

The outline of this paper is as follows. In Sec. II, we
brieAy summarize the theoretical predictions regarding
the H. In Sec. III, we present our estimates for the H
production rate from a hadronic fireball. A system in
thermodynamic equilibrium leads to a spectrum of pro-
duced hyperons which is peaked at low momentum. This
is favorable for H formation via the baryon-baryon fusion
mechanism. We calculate the overlap of the momentum
space wave function of the H with baryon-baryon plane
wave states whose momenta are distributed according to
a Maxwell-Boltzmann form. This yields the rate for H
formation via baryon-baryon fusion.

Section IV is devoted to a discussion of H production
from the QGP phase. We argue that the H rate can be
enhanced in the plasma phase due to 8, 8, cluster fusion
at short distances. We also explore the role of ss separa-
tion and multibody forces in the baryon-rich regime.

A variety of considerations relevant to experimental
searches for the H are given in Sec. V. As the mass mH
drops below successive thresholds (ANTr, XN, AN), the
weak decay lifetime ~H increases, and diA'erent experi-
mental techniques are required to detect the H. These
are developed in detail for each range of m~ values.

Our perspective and conclusions are given in Sec. VI.
We predict an experimentally accessible rate for H pro-
duction in heavy-ion collisions at Brookhaven AGS ener-
gies. Heavy-ion experiments appear to be competitive to
K induced reactions for H production. The (K,K+)
experiments offer the simplicity of two-body kinematics,
so direct H detection is not necessary, but they suff'er

from the low intensity of available K beams. Heavy-ion
beams have higher luminosity, but one must search for H
decay in the debris of complicated multibody final states
(a typical charged particle multiplicity for a central
heavy-ion collision at AGS energies is about 100—300).
This search, although dificult, does seem to be feasible.

II. THE H DIBARY(ON

The H particle, a dibaryon with the quantum numbers
of two A particles in a singlet s state, is the most promis-
ing candidate for a deeply bound six-quark state. In the
spectrum of six-quark bag states, the S= —2 sector plays
a special role. Indeed, only a six-quark system containing
two up (u), two down (d), and two strange (s) quarks

for systems composed of N quarks. The C, denote the ei-
genvalues of the quadratic Casimir operators of the cor-
responding SU(3), . Obviously, a hadron which is a color,
(Iavor and spin singlet (C, =C+=S=O) has the largest
color-magnetic attraction.

Within the bag model, it was first noted by 3aff'e that
the (uuddss) state with spin parity I =0+, isospin I=0,
which he called the H, would be stable against strong de-
cays, with a mass approximately 80 MeV below the AA
threshold (2m& =2231 MeV/c ).

The color-spin-flavor wave function of the quarks in
the H is often written as a linear combination of 8, (38,
and 1, 1, structures, with weights ( —', )

' and ( —,
'

)
'

given by SU(3), Clebsch-Gordan coefficients. ' However,
it has been pointed out by Donoghue et ah. ' and Vento
and Gonzalez' that the color singlet (1, ) three-quark
clusters already form a complete basis of states for the ex-
pansion of the H-wave function. Donoghue et al. ' dis-
cuss in detail how 8,8, can be reexpressed in terms of
the hadron-hadron basis ( l, g 1, ). For our evaluation of
H production from a hadron gas, we omit the 8,@8,
"hidden color" component, and expand the H-wave func-
tion in the baryon-baryon basis as

(AA+ X'X'+ a+r-+ r -X+
H

+:- p+p= +:- n+n" )

displaying explicitly the SU(3) Aavor singlet character of
the H.

A variety of predictions for the mass spectra of strange
dibaryons are available. Most early calculations are
based on some version of the quark bag model&, is —zo o„
the Skyrme-type soliton model. ' A review of the
work can be found in Ref. 7. More recently, the H di-
baryon mass has been calculated in lattice QCD, ' as
well as in the quark cluster/resonating group
method. ' Weakly bound deuteronlike S= —2 di-
baryons can also exist in meson exchange models. In
the most complete lattice QCD (Ref. 6) and quark clus-
ter calculations, the H dibaryon lies below the AA
threshold, and is thus stable against strong decay. How-
ever, the predicted binding energy BH:—2m~ —m~ is
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pp ~K++K++H,
p+A~X+H .

(4a)

(4b)

A cross section limit of 0.~ (50 nb was obtained by
Carroll et a/. for reaction (4a) in the mass range
2. 1~m~ ~2.23 GeV/c . However, if one accepts the es-
timate o~—- 1 nb for reaction (4a) due to Badalyan and
Simonov, this experiment is not sensitive enough to
rule out the H;- Similarly, Condo et a/. quote an upper
limit of 9X10 for the branching ratio of (4b) at rest.
Given that AA production was not observed in this ex-
periment, it is not surprising that the H, which would
have a much smaller rate, is also not seen.

An event which could be interpreted in terms of the
formation and decay of an H has been reported by Shah-
bazian et al., based on their study of high-energy
proton-propane interactions. The event is consistent with
H —~X p decay, but unfortunately the X ~~ n decay
was not seen, so the interpretation is not very convincing.

For the future, there are two approved experiments
for the Brookhaven Alternating Gradient Synchrotron
(AGS) and another at the KEK laboratory in Japan
which utilize the double strangeness exchange (K,K+ )

reaction to produce an S=—2 system. In one AGS ex-
periment the K +p ~K + +:- reaction is used to tag
the formation of a =, which is then slowed down elec-
tromagnetically and captured in deuterium. One then
looks for a monoenergetic neutron from the process

+d ~n +H. In the other, the reaction
K + He ~K + +H + n is studied. Status reports on

strongly model dependent: The converged lattice QCD
result gives a deeply bound H(m~=2m„), while the
quark/gluon plus meson exchange model of Straub et
a/. yields a weakly bound system (BJi =20 MeV).

In the first estimates of the H mass in the context of
the Skyrme model, ' all SU(3) coordinates were treat-
ed as collective modes, so that the pion and kaon fields
were treated on the same footing. This extension of the
SU(2) Skyrmion to SU(3) fails to reproduce the
S= —1, 8 = 1 spectrum, unless one adopts an unaccept-
ably small value of the pion decay constant F . An im-
provement was made by Callan and Klebanov, who in-
corporate strong SU(3) breaking from the beginning by
treating the K and ~ fields on a separate footing: The La-
grangian is expanded to second order in the K field (vi-
brational approximation), while the m field retains a clas-
sical limit. The 8 = 1, S= —1 configurations then corre-
spond to kaon bound states in the background field pro-
vided by the SU(2) Skyrmion. The 8=2 spectrum in
this picture has been calculated by Kunz and Mulders.
It is worthwhile noting that the treatment of the K field
as a vibration leads to a lowest-lying state H with
J =0+, I= 1, SU(3) flavor (f J

= j10*) and mass
m~ =2350 MeV/c . The first excited state H ' has
1 =0+, I=0 (which corresponds to the quantum num-
bers of the H in the Q model), but [f )

= (27) rather
than (f J

=1.
Numerous methods have been suggested (for discussion

and references see Refs. 7, 31, and 32) for producing the
H. The H has been searched for in the reactions

these two (K,K+) experiments have been given by
Franklin and Barnes. It has also been proposed that
the H may be found in p-nuclear reactions. The case of
p+ He~(KKvr)++H has been discussed in detail by
Guaraldo. '

The observation of two AA hypernuclear events ' is
often taken as an argument against the existence of the
H. However, Kerbikov' has argued that the sequential
A —+pm decays observed for these events does not rule
out a weakly bound H. A similar conclusion follows if
the H is deeply bound (m~ ~ 1900 MeV/c ), since then
the strong decay ~~He~H+cx, for instance, is greatly
suppressed by wave function effects. We regard the ex-
istence of the H as an open question, and urge further ex-
perimental searches utilizing relativistic heavy-ion col-
lisions.

III. PRODUCTION OF THE H DIBARYON
FROM A BARYON-RICH HADRON t"AS

We now estimate the production probability of the H
dibaryon in a baryon-rich gas of hadrons. The observa-
tion of large transverse energy production at AGS ener-
gies (E„b—10—15) GeV/nucleon suggests a large degree
of stopping. Accordingly, we assume that complicated
multibody interactions lead to the formation of a hot
dense hadron fireball, which could consist either of
deconfined quarks and gluons or matter composed of in-
dividual hadrons, depending on the energy or baryon
density reached during the initial stage of the collision
process. Here we will assume that the fireball consists of
hadrons only.

In our approach, we assume that, for example, the col-
lision process for a Si+' Au collision proceeds roughly
as indicated in the sketch in Fig. 1. Depending on the
impact parameter, a certain fraction of projectile and tar-
get nuclei will interact and form a fireball. We assume
now that in a typical central collision the 28 projectile
nucleons will initially interact with the number of nu-
cleons the projectile cuts out from the target. If the pro-
jectile is stopped by the nuclear matter in that tube, we
can estimate the number of baryons contained in the fire-
ball. From simple geometrical considerations, one finds
the number of participating nucleons to be

AJ, +1.5( A~ Ar)' =108 .

Assuming further that the hadrons in the fireball reach
chemical equilibrium, we can calculate the mean number
of hyperons for a given baryon density as a function of
temperature. This is shown in Fig. 2 for two difT'erent

baryon densities p~/po= —,
' and 2. 5(po=0. 15 fm ). We

see that for any reasonable temperature larger than
T ~ 100—110 MeV the number of produced A's and X's is
larger than two. One should note that. this number is
very close to what we have extrapolated from the AGS
data. We regard this as a check that our assumption of
chemical equilibrium is reasonable. We note that the
chemically equilibrated hadron gas would even predict a
quite appreciable number of:-'s.

In the case of a Au+Au collision (see Fig. 3), we have
—394 participating nucleons in a central collision. As-
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FIG. 3. The same as Fig. 2, but now for a Au+Au collision
with p& =po, resulting in a fireball radius of R =8.5 fm.
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FIG. 2. Abundances of hyperons as calculated in the chemi-
cally equilibrated hadron gas as a function of temperature T. In
the top half of the plot, we have fixed the baryon density to be

p~ =
4 po (po =0. 15 fm ' = nuclear matter ground-state density),

which corresponds to a fireball radius of 6 fm when the number
of participating nucleons is =108, appropriate to a Si+Au col-
lision. In the bottom half, p&

——2.5po is chosen.

suming a baryon density pz -po, we estimate that rough-
ly 10—20 A's 15—40 X's (summed over all charged states),
and even 1 —5:-'s will be produced at reasonable temper-
atures.

Thus, we can expect a relatively large number of events
where at least two hyperons are produced, opening up
the possibility of H production via baryon-baryon fusion.
This process is described in terms of the momentum
space overlap of the baryon wave functions with that of
the H. Microscopically, the formation of the H results
from the fusion of two three-quark bags into a six-quark
bag. Following Aerts and Dover, ' the amplitude for this
fusion process is approximated by,

d ki
~B B (2~)» I 2E,

d'k,
%H kH(k, k6)%'~~ k~ (k, . k3)+s~ q~ (k4. k6)

R2 N —1

g k,exp

with the momenta labeled 1 —6 now referring to the quark rnomenta. For the wave functions 4 an oscillator approxi-
mation for N quarks confined to a bag of radius R was used:

3(X—1)/4

4~ k(k, . k~)=5' ' k —g k; N
R

(6)

where I k; I is an appropriate set of N 1relative momen—ta and k is the corresponding total momentum. If the H is not
far below the AA threshold, the violation of energy conservation implicit in our approach is not a serious problem.
Hence, one finds '

A(k, k )=(2') (2E 2E 2E )'~ 6' '(k —k —k )I (k —k ),
where

2R~ RH
1 (k —k )=I

R~+R~

3
2R~ R~

RH+R~

3 ' 3/4
8~R„'

3
exp

—RH
(k~ —k~ )
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where the sum over {i,j I includes AA, XX, and:-N
pairs.

The f(k) are the phase space distribution functions of
the fusing baryons. In squaring the amplitude we have to
take care of the 5 function. We use the prescription

[5' '(k —k —k )] = 5' '(k —k —k ),V
H 8) B2 (2 )3 H 8) B2

where Vis taken to be the volume of the fireball.
Consistent with our assumption that the projectile and

target nuclei form a complex intermediate state (fireball)
in kinetic and chemical equilibrium, we approximate
f(k) by a thermal distribution. For our estimate it is
sufhcient to utilize the nonrelativistic Boltzmann approxi-
mation, which in the rest system of the fireball is given by

T

2
ki mi p8 ps

2mT T T Tf (k;)= exp
1

(2m. )'

The factor I o is due to color-Aavor-spin recoupling.
We have neglected changes in the wave functions due

to medium efFects as caused by the surrounding hot and
dense hadron matter, as well as dynamical distortions of
the wave functions as the bags approach each other.
These approximation seem adequate for our first-order
estimate.

In Eq. (8) RH, Rii, and Ra represent the oscillator
l 2

parameters for the H, and the two fusing baryons. We
follow Ref. 41 and choose all parameters
R~ =R~ =RH=0. 8 fm. Within these approximations

1 2

we calculate the total number of H's in the rest system of
the fireball as

d3k, dk dkH

7

fireball. Formula (12) is not difficult to understand. The
total number of H's grows proportionally to the product
of the number densities of the baryons from which it is
produced. The factor (RH /R ) rejects the fact that the
baryons must be found in the volume occupied by the H.
For given radius RH and large volume, the density of
baryons decreases for fixed total number. Hence, also the
probability to form a H decreases. A more subtle limit to
understand is the case where the H is very large, i.e.,
RH ~~. In this case the formation probability depends
on (m;T) ', which can be interpreted as a penalty factor
one has to pay for embedding high momentum modes
into a spatially extended and massive particle. This
suppresses H formation by particles with high momenta
or high temperatures.

In Fig. 4 we have shown the number of H's produced
for some typical parameters (baryon density, tempera-
ture) we expect to be relevant for a hadron gas produced
in a nuclear collision. Here we have assumed that each
central collision leads to formation of a hadronic fireball.
For illustration we have chosen Si+Au and Au+ Au col-
lisions. We have also shown the separate AA, XX, and
:"X contributions to H formation. Although the =X
channel is the largest part of the H-wave function, the
fusion rate is dominated at low temperatures by the A' s
and X's. For T&130 MeV, the =N channel becomes
significant, and for very large T it contributes —,

' of the H
formation rate.

One should note from Eq. (12) that the number of H's
is proportional to the factor

1
exp ——(m;+mj )

coming from the Boltzmann factor of the two fusing
baryons. If we had taken energy conservation into ac-
count properly, we would expect to find a factor—m /TH

The efFect of our approximation is clearly shown in
Fig. 5, where we have plotted the H abundance as calcu-

with p~, jM& the chemical potentials introduced to control
the baryon number and strangeness content of the fire-
ball. S; corresponds to the strangeness quantum number
of the baryon under consideration. We then obtain

1/2
H

R

5 x IO

IO-I

I I I

H s PER CENTRAL COLLISION

R mT R mT
XQNN I;. 1+ +

EJ

—3/2 NH

)0 2

where

4
3

N;= '
3

' (mT) ~exp
(2m)

+ ~~+ ~~s
T T T

is the total number of baryon species i in the nonrelativis-
tic Boltzmann approximation and R is the radius of the

IOO I 20 I 40 l60 l80
T(MeV)

I 20 I 40 l60 I 80 200
T(MeV)

FIG. 4. The total number of H's per central collision and the
individual baryon-baryon fusion contributions are shown as a
function of temperature for Si+Au collisions (left-hand side)
and Au+ Au collisions (right-hand side).
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should be measurable at the AGS. Note that o.H will
drop rapidly as the energy decreases: At 5 GeV/nucleon,
Sano et al. have estimated AH =2.6 pb for Ne+Ne col-
lisions. Our model cannot be sensibly extrapolated to
such low energies, since the assumption of chemical equi-
librium for the hyperons breaks down.
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140 IV. HADRONIZATION AND EXOTICS
0.05— T=IOOMeV

0,02—

0.0 I
I

3
I

4

~T =120 MeV

I I

4 5

FIG. 5. The abundance of H's as calculated in the (a)
Boltzmann particle approximation and (b) in the fusion model
as a function of baryon density pz, for various values of the tem-
perature T. As an example, a Au+Au central collision was
chosen.

lated from our fusion process, compared with that ob-
tained if one treats the H as a Boltzmann particle with a
mass of 2.1 GeV. The error introduced in our approach
is most pronounced for low temperatures because T is of
the order of I,+I —m~. Our fusion estimate can be
viewed as a lower limit for H production, especially in the
low temperature domain. The Boltzmann particle limit
for the H might be relevant if the H is considered to be a
hadron and not a loosely bound state as, for example, the
deuteron. However, it is not clear that the collisions of
the H with other hadrons in the fireball are sufhcient for
the H to reach its chemical equilibrium value (i.e. ,
Boltzmann particle case). Keeping all these uncertainties
in mind, we expect our fusion model estimate to be ade-
quate as an order of magnitude estimate if a pure hadron
gas is formed. One might speculate that the Boltzmann
particle limit for the H might be relevant for the case
when a quark-gluon plasma is formed during the initial
stage of the collision process. In this situation it is possi-
ble that the H would be produced directly from the plas-
ma with its chemical equilibrium abundance. In this
case, the H would stay in equilibrium with the rest of the
hadrons until freeze out. At reasonable freeze-out tem-
peratures in the range 100—120 MeV, the Boltzmann H is
approximately a factor of —10 more abundant than the
"fusion" H. Although this cannot prove plasma forma-
tion, it constitutes a strong hint that an initial state exist-
ed where a number of quarks occupied a small space-time
region.

Assuming that essentially each central collision leads
to the formation of a hadronic fireball, we only have to
multiply the number of H's produced for given fireball
parameters by the cross section o, for having a central
collision. For example, for a Si beam incident on a heavy
target, we estimate cr, =rrR, with R =(—,')'~ (r )s(, or
o., =500 mb. For T=130—150 MeV, appropriate to a
fireball formed at AGS energies, we obtain
o.JI =%~o.,=5—10 mb. This level of H production

Quantum chromodynamics lattice calculations pre-
dict that, under conditions of high temperature and
baryon density, hadronic matter undergoes a transition to
a deconfined chirally symmetric phase composed of
quarks, antiquarks, and gluons. According to current ex-
pectations, the required conditions can be attained in ul-
trarelativistic collisions of suKciently heavy nuclei. First
experiments searching for a quark-gluon plasma have
been already performed at CERN and the Brookhaven
AGS. A plasma produced in such a way, however, is
expected to be a highly unstable state which undergoes a
complex dynamical evolution. In the past several years, a
considerable eAort has been devoted to obtaining the
space-time picture of quark matter formation and decay.

Unfortunately, not much is known about the hadroni-
zation of the plasma on the microscopic level, although
some model calculations based on phenomenological
descriptions of color confinement have been attempted to
describe hadronization from the outer surface ' (meson
radiation) as well as meson formation during hadroniza-
tion in bulk based on a simple combinatorial picture. "

Within these models, the crucial assumption is made
that the plasma hadronizes directly into the low mass ha-
dronic states. Although such an assumption seems
reasonable for the radiation of mesons from the plasma
surface, it is no longer obvious for that portion of quark-
gluon matter which hadronizes in bulk at a late stage
when the plasma has reached the phase boundary with
hadron matter. At this stage, one can no longer expect
that color screening is operative in such a way that it for-
bids short-range color correlations.

Guided by the success of phenomenological models in
hadron spectroscopy based on the short-range color mag-
netic interaction arising from quark-gluon exchange, one
might expect that close to the phase transition region the
interaction mediated by gluons favors certain quark
configurations due to their color-magnetic attraction.
The relevance of diquark clustering in a quark-gluon
plasma has been discussed recently, and it was found
that in cold matter a buildup of diquark clusters might be
favored at certain densities. Gleeson et al." have dis-
cussed the special role of three- and four-point gluon ver-
tices and argued that these could even dominate the in-
teraction between certain color configurations at high
density. It was found that the three-quark interaction an-
nihilates overall color-singlet and decouplet states, and
therefore does not contribute to the energy of baryonic
states but it does not vanish in the case of the color oc-
tet three-quark state.

Even more interesting from our point of view is the
idea by Barrois that in dense quark matter an unusual
variant of superconductivity might show up. Instead of
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pairing of fermions (quarks), the quarks may clump into
units of 6X quarks in the case of SU(X) Aavor quark
matter. Adding the requirement that, in the absence of
any symmetry breaking, the condensing unit must be a
singlet under every symmetry group, this clumping would
favor the formation of multiquark states like the H in the
case of SU(3) Aavor symmetric quark matter.

From these considerations, one might expect that in a
quark-gluon plasma close to the hadronization point, a
considerable amount of clustering takes place. The bulk
of all possible singlet configurations will not represent ob-
servable resonant states. These unstable states will be so
broad (and plentiful) that one cannot expect to isolate any
specific one of them: They will build up a rather struc-
tureless continuum of final particles. In this sense they
might serve as "doorway" states for hadronization from
the plasma. The H, if it is stable, stands out with respect
to the continuum, and could be formed in the plasma
through the fusion of color octet three-quark clusters.
This could lead to an enhanced production rate.

Another mechanism which would be relevant for the
formation probability of the H dibaryon from quark
matter is the recent speculation ' that in baryon-rich
quark-gluon plasma an enrichment in the s-quark content
of the plasma can result. This mechanism was found to
be further supported by cooling and net strangeness en-
richment due to prefreezeout evaporation of pions and
K+,K, which carry away entropy and antistrangeness
from the system. Thus, it was found that metastable
droplets (which decay by weak interactions) of strange
matter ("strangelets") can be formed during the phase
transition. Even if large clumps of strange quark matter
are not stable with respect to strong interactions, a stable
H dibaryon would be one of the most favored products of
"strange1et" decay. In this case, H production would not
requir'e one to bring together two hyperons which are
separated in phase space, and again one expects some
enhancement of H dibaryon production relative to that
from a gas of individual hadrons.

Channel

AA
ANm.

NNm~
XN
An

nn

TABLE I. Possible decay modes of the H.

Threshold mass (MeV/c )

2231
2192
21S2
2134
2055
2016
1879

AS

0
1

2
1

1

2
2

IO

DECAY LIFFTIME T'+

F H DIBARYON

IO

d ~He+ v, or, phase space permitting, the strong process
d ~He+. We do not consider this case further, and re-
strict our attention to the range 2m„( m~ & 2m ~.

Several estimates of weak decay lifetimes for the H ex-
ist in the literature. The most systematic approach is due
to Donoghue et aI., ' who have predicted ~~ in the entire
range 2m„& m~ (2m~. A plot of their results is shown
in Fig. 6. They may be summarized as follows.

(i) For ES= l with m~) mz+mz, r& is in the range
10 —10 sec, at least an order of magnitude longer
than the free space A lifetime ~~=2.5X10 ' sec. Even
near the AA threshold, where the mode H —+ AN+ comes
into play, ~~ & 10 sec is predicted by Donoghue et al, '

in contrast to the naive estimate ~& =~A.

V. EXPERIMENTAL DETECTION OF THE H IO

The experimental challenge is to detect the H in the
high multiplicity background of particles produced in
central collisions of relativistic heavy ions. If we are
looking for the weak decay of the H, we must take cog-
nizance of the lifetime ~~ and the various branching ra-
tios, which depend sensitively on the mass m&. For each
range of m~, different techniques are appropriate. In this
chapter, we outline the experimental requirements.

The thresholds for the possible decay modes of the H
are given in Table I, together with the strangeness change
AS for each channel. For m~ &2m~, the H decays
strongly. In this domain, one could look for broad
enhancements in AA, :-X, or XX invariant mass plots.
This would be a dificult endeavor in a high multiplicity
environment. Here we focus on the case m~ (2mA,
where the H decays weakly. Note that for m& (2m„, the
H would be absolutely stable (neglecting processes which
violate baryon number conservation). However, in this
case, deuterium would decay via the hS =2 weak process

IO

IO

nn

-9 81
l.9

I

I.95

NN~ An

i l
2.0 2.05

rn& (GeV/c )

I

2. I

XN AN~ AA
Jt lih

2. I 5 2.2

FIG. 6. The weak decay lifetime ~~ of the H dibaryon as a
function of the H mass, m~ (adapted from Ref. 13).
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(ii) For AS=1 parity conserving decays, the b,I=—,
'

transition is found to dominate the AI =
—,
' one, ' and thus

the XN final state is preferred over An. This is due to the
Pauli principle, which forces the s-wave six-quark final
state to be the I27I-piet of SU(3). If confirmed experi-
mentally, the decay H ~EN would represent the first ex-
ample in which the well-known EI=—,

' rule for the non-

leptonic decays is violated. As a consequence, the value
of hatt becomes markedly longer (10 to 10 sec) below
the XN threshold.

(iii) For bS =2, the H lifetime is of the order of several
days (hatt starts from 3 X 10 sec just below the An thresh-
old and exceeds 10 sec for mtI ( l.96 GeV/c ).

We now discuss several classes of experiments for
detecting the H. These are (i) detection of the decay
mode H ~X p; (ii) difFractive dissociation of the H
through collision with a nuclear target far from the pro-
duction point; (iii) search for charged nuclear fragments
containing the H in a bound state. Note that any trigger
which can select events with multiple strange particle
production (e.g. , multiple K+ mesons) will enhance H
production.

In the mass range 2134&m~ &2231 GeV/e, the de-
cay channel H —+X p is present. Even close to the AA
threshold, the YN decay modes are predicted by
Donoghue et al. ' to be larger than AN~. They find
I (H~ I'X)/1, ,=0.7 for mtt —2m~. The relative
branching ratios for the H —+ YN modes, neglecting phase
space factors, are found to be'

I (X p ) = I (X n ),
I (An)= —,'I (2 n ),

(14)

whereas the usual octet rule for the weak Hamiltonian
would lead to'

I(X p):I(X n):I (An)=5:3:2.

In either case, the X p mode features prominently in the
decay of the H. For an H produced at rest in the c.m.
system for 15 GeV/nucleon S incident on a ' Au tar-
get, the decay length of the H is about 1.5 m for
~~ =0.5 X 10 sec. This is a favorable situation for
detection. The characteristic signature of the X p decay
mode is a "V' originating more than 1 m from the target.
The X will travel about 10 cm before decaying into a
7r and an (unobserved) neutron. Most A's will decay
closer to the target. The decay of the Kl, with
~=5.2X10 sec, will also contribute "Vs," but they
will be distinguishable from H decay by detailed analysis.

In the range 2055 & mII & 2134 MeV/c, the decay
mode H ~An prevails. Here the decay length is
100—500 m. A A decay this far from the production tar-
get would be highly unusual. Due to the long decay
length, the techniques described in the next paragraph
may also be applicable.

For 1879&m& &2055 MeV/c, only the mode H~nn
with AS=2 is available. Here w&) 3X10 sec, ' so the H
is stable for the purposes of laboratory experiments. A
possible approach consists of looking for nuclear frag-
ments of abnormal charge to mass ratio Q/M, for exam-

pie the systems consisting of an H attached to a nuclear
core consisting of Z protons and N neutrons. Writing
m& =(2+x )m„with 0(x (2(mz/m„— 1), we have
(A =X+Z)

(16)

TABLE II. Charge to mass ratios of bound nuclear systems
containing an H.

System

H+p(~H)
H+d( H)
H+ t(~~H)
H+~('„He)

Q/M range

0.296—0.33
0.11-0.125
0.186-0.2
0.313—0.33

where we have neglected the binding energy and ex-
pressed M in units of the neutron mass m„. In Table II,
we display the range of Q/M values for various choices
of nuclear core. Normal X=Z nuclei have Q/M= —,',
whereas H nuclei have Q /M (—,'. Note that some
neutron-rich metastable nuclear species (e.g. , He, with
Q/M= —,

'
) also have small Q/M values, but these would

also be rather infrequently produced and could be dis-
tinguished from H nuclei by a measurement of M.

In the preceding discussion, we have assumed that the
H will bind to a nuclear core, but it is unclear whether
the light systems listed in Table II are actually stable
against strong decay. We can offer no detailed model for
the binding mechanism, except to note that exchange of
an I=O scalar two-pion system (the o ) between the H
and the core will yield an attractive potential. In addi-
tion, there will be an attractive contribution coming from

second-order pion exchange, i.e., HN~H', N~ HN,
where H I is the Aavor octet 1+, I= 1 first excited state of
the H. ' This is analogous to the chains

NN —+AN~NN or AN —+EN —+AN, which contribute at-
traction to the N- nucleus or A-nucleus potentials, re-
spectively. The contribution of this mechanism to the H
well depth has been discussed in Ref. 52. Note that since
the H is much more massive than the nucleon, only a

'rather shallow attractive potential is needed for it to bind
to a nucleus. For a square well potential of depth Vo and
radius R = ro 3 ', the requirement for binding the s
wave is Vo ~~ /SpR, where

p =mIt /(1+ mtI /Am„)

is the reduced mass. For rc, = 1.4 fm, the minimum value
of Vo varies from 16 MeV for 3 =-2 to less than 3 MeV
for 3 ~ 11. Thus, a small well depth su%ces to bind the
H.

The production of H nuclei may proceed via a second-
order coalescence mechanism in which td, t, a I clusters
are formed, subsequently fusing with the H to form

I ItH, ItH, tt He)I. Bando et al. ' have performed such cal-
culations for AA hypernuclear formation. There will be a
substantial penalty factor for such a higher-order fusion
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process. We estimate a rate of order 10 to 10 for ~H
formation, relative to that for the H itself. Thus such ob-
jects will be rare, but their signature of an anomalously
low Q /I ratio is quite distinctive.

Another rather speculative possibility is that of an
H =(HH)z o bound state [J"=0+, I=Oj, an S= —4
analog to the a particle. Only a small amount of attrac-
tion is required to bind such an object. Some of this
would be provided by second-order pion exchange

(HH~H iH', ~HH, analogous to XX~hb, ~XX).
The binding of a state with 8 =4, S= —4 has been con-
sidered by Issinskii et al. in the context of the SU(3)
Skyrme model. They find a binding energy of 15—20
MeV with respect to the H+H threshold.

In heavy-ion collisions, such an object could be formed
by a second-order fusion process, with a rate estimated at
10 —10 per central collision at AGS energies. The
weak decays of the HH system could provide spectacular
experimental signatures, for instance H —+-4A —+4p
+4m (an eight-prong event) or H ~X pH +X-
+3p+2rr (a six-prong event).

An alternative method for detecting the H is diAractive
dissociation, a suggestion attributed to Bjorken in the re-
view of Guaraldo. ' Mechanisms for this process are
shown in Fig. 7. For example, the K could decay virtual-
ly into two baryons, and then one of the baryons interacts
with a nucleon in the target, and transfers the necessary
four momentum to go on she11. The top two graphs in
Fig. 7 are of this type. Alternatively, an Hp collision
could result in the excitation of the H to an excited state
H*, which subsequently decays into two A' s. This is il-
lustrated in the bottom graph of Fig. 7. The most favor-

able channel for experimental detection would be =N, for
two reasons: (i) the H~:-X recoupling coefficient is
larger than for AA or XX (see Sec. II), and (ii) the final
state NN amplitude t is larger than for YN scattering.
One would then look for the decay chain

Hp~pp=, = ~w A, A —+~ p . (l7)

where

y =coshy,
(y2 I )1/2

and y is the fireball rapidity, 0 the c.m. emission angle of

2.5

The final state would contain five charged particles
(pppm m ). The same final state occurs for Hp~pAA,
but in this case there are two Vs. The dissociation mech-
anism should work well if the mH is near 2m&, but the
cross section will drop o6' rapidly as the H becomes
strongly bound. The dissociation of the H into X+X or
X X is not favorable for study, because of the presence of
two or more neutral particles in the final state.

The threshold momentum for H dissociation on a hy-
drogen target is shown in Fig. 8, as a function of mH.
The average lab momentum (pH ) of the H emitted from
a typical heavy-ion fireball is well above threshold. To
see this, we note that the total mean lab energy (Ett ) is

(EH ) =@[mH+ ,' T+13(3m—tIT)' cosH],

I.5

Z.'
LLI

O

Kl

C)

O
V)
UJ
lX

0.5

H

2.23
I

2.2
I I

2.I 5
mH(Gev/c }

I

2. I 2.05

FIG. 7. Diagrams for H dibaryon dissociation.
FIG. 8. Threshold momentum for H dissociation on a proton

target into AA, :- p, or X+X, as a function of the H mass.
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the H. For ' 0+' Au collisions at 15 GeV/nucleon we
have @=1.83, P=0. 84. The maximum lab emission an-

gle for the H is about 17.8, corresponding to 0=120'.
For this case, we have (pH ) =—'mH, while for 8=0 emis-

sion, the result is (pH ) =&8mH. In all cases, (pH ) is
more than 3 GeV/c, so we are far above the thresholds
indicated in Fig. 8. Note that within the fireball, the H-
nucleon relative momenta are relatively small, and hence
one is usually below the thresholds shown in Fig. 8.
Thus, the H will not often dissociate while escaping the
fireball.

For large (pH ), the main contribution to the cross sec-
tion comes from the dissociation of the H into baryons of
momenta around (pH ) /2, with low relative momentum,
followed by a Ap, = p, or pp final state interaction
which serves to put the process on shell. A very rough
estimate yields

—„'o. =10 mb for Hp —+" pp
o

—,
'o.~ =3 mb for Hp~AAp

assuming 0 =40 mb and o.
~z /o.

The presence of a large neutron Aux could constitute
an important background which might mask the signal
due to H dissociation. The cross section for the process
np —+5 prongs varies from 0.2—0.6 mb in the 3—4 GeV/c
region, which is much smaller than Eq. (19). However,
X, /X~ is very large, so a detector would need to distin-
guish between the 3p27r final state (the signal) and
events containing combinations like 2p~+2~, which
could arise from np interactions.

VI. CONCI. USIQNS

The quest for dibaryon resonances is an exciting one.
Only in the strange sector are such objects likely to be

long lived or even stable with respect to strong decay.
The production of such objects requires an intense source
of strange baryons. This could be supplied by a high
momentum kaon beam, with the (K,K ) reaction used
to transfer two units of strangeness to a baryon. An al-
ternative, which we have explored here, is to exploit the
copious production of strangeness in high energy heavy-
ion collisions. In collisions at Brookhaven AGS energies
(15 GeV/nucleon), we predict that H's will be produced
at the level of 10 per central collision ( —10 mb cross
section). In contrast to the (K,K+) reaction, where
one detects one or two particles recoiling against the H in
a two or three-body final state, one must detect the H
directly when it is formed in the high multiplicity envi-
ronment of a heavy-ion collision. If the H lifetime ~~ is
less than 10 ' sec or so, direct detection will be dificult,
since the decay occurs close to the production vertex.
The very short lifetime also limits the possibility of
detecting stable objects containing a charmed quark, for
instance the pentaquark csuud. ' However, if ~~ 10
sec, as predicted in the quark model, ' several strategies
for detecting the H are viable. These include the detec-
tion of weak decay products (X p), diffraction dissocia-
tion of the H by a nuclear target, and the search for H-
nucleus bound states of anomalous charge and/or mass
ratio. The choice of an optimum experiment is governed
by the mass of the H, which has not been reliably predict-
ed. Several complementary experiments are thus re-

quiredd.
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