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H dibaryon in the chiral color dielectric model
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The mass of theH dibaryon with spin, parityJp501, and isospinI 50 is calculated in the framework of the
chiral color dielectric model. The wave function of theH dibaryon is expressed as a product of two color-
singlet baryon clusters. Thus the quark wave functions within the cluster are antisymmetric. Appropriate
operators are then used to antisymmetrize intercluster quark wave functions. The radial part of the quark wave
functions are obtained by solving the quark and dielectric field equations of motion obtained in the color
dielectric model. The mass of theH dibaryon is computed by including the color magnetic energy as well as
the energy due to meson interaction. The recoil correction to theH dibaryon mass is incorporated by Peierls-
Yoccoz technique. We find that the mass of theH dibaryon is smaller than theL2L threshold by over 100
MeV. The implications of our results on the present day relativistic heavy ion experiments are discussed.
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I. INTRODUCTION

The possibility of the existence of a stable six qua
dibaryon composed of two up (u), two down (d), and two
strange (s) quarks confined in a single hadronic bag a
having spin, parityJp501, and isospinI 50 was first pro-
posed by Jaffe in 1977@1#. This object is a singlet of color
flavor, and spin and thus results in a maximally attract
color magnetic interaction between the quarks. Jaffe’s ca
lation predicted the mass of theH dibaryon (H1) to be
around 2150 MeV which is about 80 MeV less than theL
2L threshold. Such a state would then be stable aga
strong decays into three-quark baryons and can decay
by weak interaction into a pair of baryons. Jaffe’s calculat
was performed in the MIT bag model. Later, this calculati
was refined by including the center-of-mass correction@2#,
SU~3!-flavor symmetry breaking@3#, surface energy term in
the bag model@4#, coupling of pseudoscalar meson octet@5#,
etc. Calculations have also been performed in the nonrela
istic potential model@6–9,10–16# and Skyrmion model@17#.
Production cross sections ofH dibaryons in various experi
ments have also been estimated@18–21#. Most of these cal-
culations predict the mass ofH1 to be very close to theL
2L threshold. Some of these calculations predict thatH1 is
stable against strong decays with mass below theL2L
threshold where the others predict an unstableH1. If the
H-dibaryon mass is below theL2L threshold, one expect
that, unlike the deuteron, theH dibaryon would be a state o
six quarks bound in a single bag and not a two-baryon s
bound by meson exchange interaction. The reason for th
that in the deuteron the pion exchange interaction provi
the bulk of the binding force where as in theH-dibaryon
case, one-pion exchange is not possible in theL2L channel
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and therefore the meson exchange contribution to the b
ing is expected to be small. Therefore the experimental
termination of theH-dibaryon mass is expected to impose
strong constraint on the quark models used in hadron s
troscopy.

With these considerations, the experimental as well
theoretical investigations ofH dibaryons in particular and
dibaryons in general is of great interest. As is well know
QCD is the theory of strong interactions and in such
theory, six-quark color-neutral objects are expected to ex
Whether these are stable against strong decays depend
the details. Already a number of QCD-inspired models ha
been employed to investigate the properties of baryons,
three-quark color-neutral objects, and generally these mo
are quite successful. The calculations of the properties oH
dibaryons and other dibaryons in these models and a c
parison of these with the experimental results is needed
these models are likely to yield different results in t
dibaryon sector. The experimental observation~or otherwise!
of the H dibaryons will then be able to indicate which o
these models are better.

The H dibaryon, if stable, is likely to be produced i
relativistic heavy ion collisions due to the abundant stran
ness production in the hot and dense hadronic matter for
in the collision. For example, calculations using a casc
code such asARC @16# find that in a collision of Au ions with
similarly heavy target nuclei, more than 20 hyperons are
pected to be produced in central collisions at AGS energ
This implies that there is a large probability ofL2L coa-
lescence leading to the formation of aH dibaryon. Further-
more, the formation of quark gluon plasma with large bary
density and its subsequent decay is also expected to enh
the strangeness production in the fragmentation region. T
would lead to an enhancement in the formation ofH dibary-
ons in the relativistic heavy ion collisions. So far, eviden
for the existence of theH dibaryon or otherwise is rathe
scanty and inconclusive. An isolatedH candidate has bee
1714 © 1998 The American Physical Society
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PRC 58 1715H DIBARYON IN THE CHIRAL COLOR DIELECTRIC MODEL
reported in bubble chamber experiments@18#. ThreeH par-
ticle candidates have been observed in three different em
sion experiments@19#. In another experiment of the heav
ion collision of Au 1 Pt, E886 Collaboration has reported
null result for the search of theH particle@20#. On the other
hand, in a more recent heavy ion experiment@21# a number
of H dibaryons seem to have been detected. This experim
seems to give aH-dibaryon mass of about 2180 MeV and
lifetime of about 3.3310210 sec. Of course, it must b
noted that this result is not yet conclusive enough.

In the present work the mass of theH dibaryon has been
calculated in the framework of the chiral color dielectr
~CCD! model. The CCD model has been used earlier
baryon spectroscopy@22# and for the investigation of stati
properties of nucleons in nuclear medium@23#. These calcu-
lations have shown that the model is able to explain the st
properties of light baryons very well. Furthermore, when a
plied to the quark matter calculation, the model yields
equation of state which is quite similar to the one obtain
from lattice calculations for the zero baryon chemical pot
tial @24#. The CCD model differs from the bag model
several aspects. First of all, in the CCD model, the confi
ment of quarks and gluons is achieved dynamically throu
the color-dielectric field. In the bag model this is done
hand. Also the quark masses used in the CCD model
different than those used in the bag model. In the bag mo
u and d masses are taken to be zero. The CCD model
quires that these masses are nonzero. It has been found@22#
that to fit baryon masses, the requiredu and d masses are
;100 MeV. It might be noted that similar masses are u
in relativistic quark models@25#. Thus, the values of quar
masses in the CCD model are closer to the constituent q
masses. The main difference between the present calcul
and most of the earlierH-dibaryon calculations is the inclu
sion of the pseudoscalar meson coupling to theH-dibaryon
state~however, see Refs.@5# and @9# which include meson
self-energy!. The meson self-energy corrections are expec
to shift the masses of dibaryons by a few hundreds of M
just like the shifts produced in the baryon masses. There
one needs to include these self-energy contributions i
more realistic calculation. Furthermore, the explicit break
of SU~3!-flavor symmetry, which arises from the differenc
between strange andu(d) quark masses is included in ou
calculation.

The color dielectric model has been used earlier to co
pute the masses of dibaryons. Nishikawa, Aoki, and Hyu
@26# have computed the dibaryon mass without including
pseudoscalar meson interaction and Pal and McGovern@27#
have included meson interactions but they do not fit
baryon masses. Our calculation of the meson self-energ
similar to that of Pal and McGovern but we compute the b
dibaryon wave functions using the cluster method~see later!
whereas Pal and McGovern use the group theory techni
We believe our method of computing bare dibaryon wa
functions has an advantage that it can be generalized
states having larger baryon numbers.

The paper is organized as follows. In Sec. II, the chi
color dielectric model is presented and the methodology
the calculation is described. In Sec. III, the dibaryon wa
functions are constructed and the expression for the mas
ul-
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theH dibaryon is given. Finally, the results of the calculatio
are discussed in Sec. IV.

II. THE CHIRAL COLOR DIELECTRIC MODEL

The CCD model Lagrangian density is given by@22#

L~x!5c̄~x!H i ]”2Fm01
m

x~x!S 11
i

f p
la

f fa~x! D G
1

g

2
la

cA” a~x!J c1
1

2
@]mfa~x!#22

1

2
mf

2 f2~x!

2
1

4
x4~x!@Fmn

a ~x!#21
1

2
sv

2@]mx~x!#22U~x!,

~1!

wherec(x), Am(x), x(x), andf(x) are quark, gluon, scala
~color dielectric!, and meson fields, respectively,m andmf
are the masses of the quark and mesons,f p is the pion decay
constant,Fmn(x) is the usual color electromagnetic field te
sor, g is the color coupling constant, andla

c andla
f are the

usual Gell-Mann matrices acting in color and flavor spa
respectively. The flavor symmetry breaking is incorpora
in the Lagrangian through the quark mass termm0

1@m/x(x)#@11( i / f p)la
f fa(x)# wherem050 for u and d

quarks. Therefore, the masses ofu, d, ands quarks arem, m,
and m01m, respectively. The meson matrix consists of
singleth, a triplet ofp, and a quadruplet ofK.

The self-interactionU(x) of the scalar field is assumed t
be of the form

U~x!5aBx2~x!@122~122/a!x~x!1~123/a!x2~x!#
~2!

so thatU(x) has an absolute minimum atx50 and a sec-
ondary minimum atx51. The parameters of the CCD mod
are quark masses (m and m0), the ‘‘bag constant’’ (B),
strong coupling constant (as5g2/4p), pion decay constan
( f p), glueball~or dielectric field! mass (mGB), and the con-
stant a in U(x). Of these parameters, the value ofa is
chosen to be 24 since from our earlier calculations@22# the
results are not sensitive to it. Also, we choose the experim
tal value of the pion decay constant (f p593 MeV) in our
calculations. Thus we are left with five free parameters to
adjusted. In our earlier calculations@22# we found that a
reasonably good fit to the baryon masses is obtained fom
and B1/4 ranging between 100 and 140 MeV. We therefo
choosem andB1/4 in this range and adjustmGB, as , andm0
to fit the nucleon,D, and L masses. Computed masses
other octet and decuplet baryons are within a few percen
their experimental masses.

The methodology adopted in the present work is sim
to the one followed in the baryon spectroscopy calculatio
@22# or, for that matter, the one followed in the cloudy ba
model calculations@28#. Thus we first compute the quar
wave functions in the mean field approximation by solvi
coupled quark and dielectric field equations obtained in
CCD model. These equations are
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S aW •pW 2m02
m

x~r ! Dc~r !5Ec~r !, ~3!

x9~r !1
2

r
x8~r !2

]U~x!

]x
1

m

sv
2x2~r !

^c̄~r !c~r !&50.

~4!

Here c(r ) is the four-component Dirac spinor,x(r ) is the
color dielectric field, them’s are theu andd quark masses
m0 is the mass difference betweens and u quarks, sv

2

52aB/mGB
2 , mGB is the mass of the dielectric field, an

U(x) is the self-interaction of the dielectric field.
In the mean field equations above, we have assume

spherically symmetric and time-independent dielectric fi
generated by the quarks present in thes1/2 orbital. ~For de-
tails of the CDM Lagrangian, field equations, mean fie
solutions, etc., the reader is referred to Ref.@22#.! The bare
wave functions of the dibaryon states are constructed by
ting six quarks in thes1/2 orbitals obtained by solving the
field equations given above. The details of constructing
antisymmetric six-quark wave function are given in the f
lowing section. The mass of this state is computed by ev
ating the matrix element of the CCD model Hamiltonian

H05E d3xF(
i

c†S 2 iaW •¹1
m

x
1m0D

3c1
sv

2

2
@~¹x!21P2#1U~x!G ~5!

between the dibaryon state. Herec is an annihilation opera
tor of a quark in the state computed in Eq.~3! andP is the
momentum conjugate to the dielectric fieldx. The method of
coherent states@29# has been used to better account for t
energy associated with the dielectric field. To this the col
magnetic interaction between the quarks is added pertu
tively ~see Refs.@22,30# for details!. The bare mass of the
dibaryon is then

MB
05^B~0W !uH0uB~0W !&1EM , ~6!

whereuB(0W )& is the bare dibaryon state having zero mome
tum. This state is constructed by using Peierls-Yoccoz p
jection technique@31,32# which helps in removing the en
ergy due to the spurious motion of the center of mass. N
that the first term in the bare mass is same for all dibary
having same number of strange quarks and the second t
representing the color-magnetic interaction, depends on
spin-color wave function of the dibaryon. The color ma
netic energyEM is given by

EM5
1

2(i , j
E d3r jW i

a~rW !•AW j
a~rW !, ~7!

whereAW j
a(rW) is the ~color! vector potential generated byj th

quark andjW i
a(rW) is the color current ofi th quark. The vector

potentialAW is obtained by using the Green’s function tec
nique @22,29#. Thus, we have
a
d

t-

e

u-

-
a-

-
-

te
s

rm,
he
-

EM5
as

3 (
i , j

K H1Ul i
c
•l j

csW i•sW jE rdrr 8dr8

3
gi~r ! f i~r !

x4~r !

gj~r 8! f j~r 8!

x4~r 8!
G1~r ,r 8!UH1L , ~8!

whereg and f are the upper and lower components of Dir
spinor, x4 is the color dielectric function, and the Green
function G1(r ,r 8) is defined in Refs.@22,29#.

In order to compute the correction due to meson inter
tion, we evaluate the matrix element of meson-quark int
action Hamiltonian

H int5
i

f E d3x
m

x~x!
c̄~x!g5l i

fc~x!f i~x! ~9!

between bare dibaryon states. Thus, the meson interac
contribution to the dibaryon mass is given by

Emeson5 (
B8,f

E d3k
^BuH intuB8,f(kW )&^B8,f(kW )uH intuB&

MB2EB8~k!2vf~k!
.

~10!

Note that one needs to sum over all dibaryon states (B8)
which couple toB via the octet of mesons. Fortunately, th
H dibaryon has spin zero and color and flavor neutral. The
fore B8, in this case, are the flavor-octet, spin-1 dibary
states. Also, the dibaryon masses appearing in the en
denominator in Eq.~10! are the physical masses~including
the meson correction!. In our calculation we approximate
these by the bare masses. This approximation is likely
introduce an error of less than 10% in the meson interac
contribution. Since the meson interaction contribution its
is a few hundreds of MeV, we expect an error of ten MeV
less in theH dibaryon mass. The dibaryon mass is then giv
by

MB5^B~0W !uH0uB~0W !&1EM1Emeson. ~11!

III. H -DIBARYON WAVE FUNCTION

The wave function of a six-quark cluster is then co
structed as a product of a six-quark space wave function
a spin-flavor-color wave function. Since all six quarks are
the s1/2 orbital, the space wave function is symmetric. W
find it convenient to express the spin-flavor-color wave fun
tion as a product of two color-neutral three-quark wave fu
tions and then antisymmetrize the wave function with resp
to the exchange of quarks between the two clusters:

uc1c2& f ,s,c5P(
1,2

a1,2uc1& f uc1&suc1&c3uc2& f uc2&suc2&c ,

~12!

where the subscriptsf , s, c denote the flavor, spin, and colo
wave functions of three-quark clusters andc1 andc2 denote
the first and second clusters, respectively. The color w
function uci&c5( l ,m,ne l ,m,nu l &um&un& is antisymmetric
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PRC 58 1717H DIBARYON IN THE CHIRAL COLOR DIELECTRIC MODEL
~color-singlet! with respect to exchange and that is ensu
by the Levi-Civita symbole l ,m,n . (1,2 includes the summa
tion over possible spins, isospins, and hypercharges of
clusters 1 and 2 so as to give a dibaryon state of definite s
parity, isospin, and strangeness. The permutation operat

P5
1

A8
@11S c

14A f s
14#@11S c

25A f s
25#@11S c

36A f s
36#

~13!

is required for proper antisymmetrization of quark wa
functions between two clusters. Note that since the co
wave function of a cluster is a color singlet, we need
symmetrize the intercluster color wave function and the
fore antisymmetrize the spin-flavor wave function. Also, t
spin and flavor cluster wave functions are symmetric a
therefore are simply the octet and decuplet baryon w
functions. The state thus constructed is a bare dibaryon s
and corrections due to gluon and pseudoscalar meson i
actions need to be included.

The H-dibaryon state we want to consider in this work
a color-, flavor-, and spin-singlet state. In terms of the clus
wave function described above, the spin-flavor-color wa
function of theH dibaryon is

uH1&5
1

4
P$upJ2&1uJ2p&2unJ0&2uJ0n&2uS1S2&

2uS2S1&1uS0S0&1uLL&%$↑↓2↓↑%uC1&cuC2&c ,

~14!

where the first term on the right-hand side of Eq.~14! con-
sists of a combination of baryon octet flavor wave functio
and the second bracket is the antisymmetric~two baryon!
spin wave function. Note that the baryon wave functio
themselves consist of the product of SU~3! color and SU~6!
flavor-spin wave functions of quarks. The fact that the wa
function uH1& is a singlet of color and spin is obvious. On
can convince oneself that it is a flavor singlet as well
showing that the operation of~quark! isospin,V spin andU
spin raising and lowering operators onuH1& gives zero.

Let us now consider the mass of theH dibaryon. In the
cloudy bag model approach, the mass is given by

MH1
5MB

01Mmeson, ~15!

where, from Eq.~6!, one can writeMB
05M01Mc . M0 is the

contribution to theH-dibaryon mass from quarks and diele
tric field, whereasMc is the contribution due to color mag
netic field and is evaluated using Eq.~8!.

The meson self-energyMmeson is computed by coupling
the pseudoscalar meson octet to theH dibaryon. The meson
coupling to theH dibaryons leads to an octet of dibaryo
states and the meson energy calculation requires the w
functions and masses of these states. The octet diba
wave functions are obtained by operating( il i

asW i on the
H-dibaryon state. Herel i

a are the~flavor! SU~3! Gell-Mann

matrices for i th quark andsW i is the spin operator. The
masses of the dibaryon octet have been calculated by u
the procedure outlined in the preceding paragraphs.

The expression for the meson self-energy is@from
Eq. ~10!#
d

he
in,
r

r

-

d
e
te

er-

r
e

s

s

e

ve
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ng

Mmeson5
3

2 f p
2 p2F3E k4dkvp

2 ~k!

ep~k!@M02MS2ep~k!#

12E k4dkvK
2 ~k!

eK~k!@M02MN2eK~k!#

12E k4dkvK
2 ~k!

eK~k!@M02MJ2eK~k!#

3E k4dkvh
2~k!

eh~k!@M02ML2eh~k!#
G . ~16!

HereM ’s are the masses of the dibaryon states excluding
meson self-energy1 v i(k) ( i 5p,K,h) is the form factor for
the i th meson coupling to the quark in the dibaryon sta
and e i(k) is the energy of the corresponding meson. Sin
theH-dibaryon state is a spin-flavor singlet, the pseudosc
meson octet induces a transition between theH dibaryon and
the ~flavor! octet of the dibaryon states having spin 1. T
dibaryon octet states, in turn, couple to other dibaryon sta
through the coupling of the pseudoscalar meson octet. T
in a complete calculation, the coupling of the octet dibaryo
with other dibaryon states should be included and the ma
of all the dibaryon states should be determined in a con
tent fashion. Such a somewhat formidable calculation is
ing done. Here we want to present the results of a restric
calculation described above.

IV. RESULTS AND DISCUSSION

We now come to the discussion of the results of our c
culation. The parameters of the CCD model are the qu
masses (m0 andm), the strong coupling constantas , the bag
pressureB, the meson-quark coupling constantf p , the mass
of the dielectric fieldMGB, and the constanta. Of these, we
have fixedf p593 MeV ~the experimental pion decay con
stant! anda524. The rest of the parameters have been c
sen by fitting the octet and decuplet baryon masses. Ea
@22# we have shown that the fitting procedure yields a li
ited range of values ofm0, B, and m (m0;100 MeV, m
;200 MeV, and 100 MeV,B1/4,140 MeV) whereas
the strong coupling constantas is essentially determined b
the nucleon-D mass difference. But equally good fits to th
baryon masses are obtained for a wide range of the glue
mass (0.8 GeV,mGB,1.5 GeV). However, it has bee
found that the lower values of glueball mass yield bet
values of charge radii and magnetic moments. In the pre
calculation theH-dibaryon mass has been computed for
large set of the parameter values which fit the masses
nucleon,D, and L masses. For these sets, the differen
between calculated masses of other octet and decuplet b
ons and the experimental masses is within few %. This
reflected in the x25(baryons@M (exp)2M (CCD)#2/
M (exp) given in Table I. This clearly shows that the qual

1The notation used for the dibaryon octet is same as that of
baryon octet. Thus,MN is the mass of the dibaryon with isospin 1/
hypercharge 1, and spin 1. It should not be confused with
nucleon mass.
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of fit is the same for all the parameter sets so long as
baryon masses are considered. We have also shown the
ton rms radius and magnetic moment for these param
sets. It is clear that these values are closer to experime
values for smaller values of glueball mass.

The calculatedH-dibaryon masses are displayed in Tab
I. In the results shown here the glueball mass has been va
from 800 to 1250 MeV, theu and d quark mass is varied
between 100 and 135 MeV andB1/4 is varied between 100
and 125 MeV. It is interesting to note that theH-dibaryon
mass increases almost linearly with the glueball mass
does not show any systematic dependence on the othe
rameters. Furthermore, the variation in theH-dibaryon mass
is quite large. For example, theH-dibaryon mass changes b
about 70 MeV when the glueball mass is increased fr
about 800 to 1250 MeV. This variation in the dibaryon ma
arising from the change inmGB is about an order of magni
tude larger than the variation found in the baryon octet a
decuplet masses. Here we would like to note that the lo
values of the glueball masses (mGB,1 GeV) yield better
agreement with the static properties of baryons~charge radii,
magnetic moments, etc.! @22#. Furthermore, it has been ob
served that a better agreement with thepN scattering data is
obtained formGB;1 GeV or smaller@33#. We therefore feel
that results withmGB<1 GeV are somewhat more realistic

The results in Table I show that the computedH-dibaryon

TABLE I. The dependence ofH-dibaryon mass (MH1
) on the

parameters of the CCD model.as is dimensionless, the proton rm
radius ~column 6! is in units of fm, the proton magnetic momen
~column 7! is in units of nuclear magneton, and the masses ar
the units of MeV. TheH-dibaryon mass is given in the last colum

mGB as m0 m b1/4 r rms mp x2 MH1

819.0 0.269 103.0 211.0 103.0 0.781 2.44 4.32 207
893.0 0.472 122.0 210.0 103.0 0.760 2.37 3.84 207
927.0 0.288 108.0 212.0 108.0 0.751 2.37 4.37 208
968.0 0.578 133.0 209.0 106.0 0.740 2.34 3.80 208
1008.0 0.216 102.0 214.0 113.0 0.731 2.33 4.81 210
1059.0 0.271 111.0 213.0 115.0 0.717 2.30 4.68 210
1118.0 0.261 112.0 213.0 118.0 0.703 2.27 4.85 211
1167.0 0.430 132.0 211.0 118.0 0.689 2.24 4.59 212
1208.0 0.232 112.0 214.0 123.0 0.683 2.23 5.19 213
1251.0 0.214 111.0 215.0 125.0 0.673 2.20 5.41 214
. D
e
ro-
er
tal

ied

d
pa-

s

d
er

masses are smaller than theL2L threshold. Thus, theH
dibaryon is stable against strong decays in the CCD mo
The binding energy of theH dibaryon varies between
160 MeV ~for mGB of 800 MeV) and 90 MeV~for mGB of
1250 MeV). These values are larger than the result
Ahmed et al. @21# as well as Jaffe’s prediction@1#. Similar
values ofH-dibaryon masses have been obtained by Ni
ikawa, Aoki, and Hyuga@30# (1002200 MeV of binding!
and Pal and McGovern@31# (100 MeV of binding! in color
dielectric model. However, our calculation is better th
these calculations in several respects. For example N
ikawa, Aoki, and Hyuga do not include meson interactio
We also compute meson corrections and center of mass
rections more accurately.

To conclude, we have calculated theH-dibaryon mass
using the CCD model. Along with the color magnetic e
ergy, we have also investigated the effect of the quark-me
coupling on theH-dibaryon mass. The correction due to th
spurious motion of the center of mass is included in
calculation. The projection technique is used to project
the good momentum states and these states are used i
computation of the dibaryon-meson form factors. It is fou
that theH-dibaryon is stable against the strong decays for
parameters of the CCD model considered in the calculati
with the binding energy of about 100 MeV or more. Th
determination of theH dibaryon width ~due to the weak
interaction!, masses of other dibaryons, and their strong
cay widths~due to their decay into a pair of baryons! in the
CCD model needs to be done. These calculations are
progress.

Our results are significant in the context of the ongoi
search for the quark-gluon plasma in the laboratory. One
the possible unambiguous ways to detect the transient e
tence of a temporarily created QGP might be the experim
tal observation of exotic remnants such as the formation
strange matter or strangelets@34,35#. The six-quark
H-dibaryon state is supposed to be the lightest strang
state. Therefore, the fact that such states are found to
stable for the reasonable parameter ranges in the pre
study makes it imperative to put more experimental efforts
detect such objects.
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