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Dibaryons as six-quark states
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Abstract. In this paper we consider the experimentally observed dibaryons as sixquark states. The mass spectrum of S-wave six-quark states is investigated in the
recently developed variable pressure bag model. There is very good qualitative
agreement between theory and experiment.
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1. Introduction
Ever since the development of the quark model which describes ordinary mesons
and baryons as quark-antiquark (qq-) and three-quark (q3) composites, the question
of multiquark states with configurations containing additional quarks and antiquarks
has been considered as a possibility. But lack of experimental evidence discouraged
early quark model enthusiasts from giving serious attention to this problem. However, recent experimental observations of "baryonium" and " d i b a r y o n " states
have resulted in a revival of interest in this sector of hadron sepctroscopy.
Growing experimental evidence is available for the existence of what are described
as dibaryon states as enhancements in BB channels such a s N N , NA; N A , AA and
so on. The conventional explanation that these might be bound states of two baryons (de Swart et al 1971, Kamae and Fujita 1977) is difficult to understand in the
quark picture incorporating colour. Jaffe's pioneering works (Jaffe 1977a, b, c)
on multiquark states in bag model have led to the exiciting possibility of considering
them as colourless six-quark (q~) states. Following Jaffe (1977a, b, c), Mulders et al
(1980) have worked out the spectrum of orbitally-excited q6 dibaryons in the M1T
bag model (de Grand et a11975, Johnson and Thorn 1976) on the assumption that the
quarks form clusters sitting at the ends of an elongated bag. The present work aims
at understanding the experimentally observed dibaryon resonances as colour singlet
six-quark states in the variable pressure bag model (Babu Joseph and Sreedharan
Nair 1981) which proved to fare better than the traditional MIT model (de Grand
et al 1975) in the low mass sector of hadron spectroscopy where the constituent
quarks are light.

2. The variable pressure bag model
This is a variant of the fixed sphere MIT bag model (de Grand et al 1975) which is a
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highly successful model for hadron spectroscopy. It differs from the original MIT
model in two respects:
(i) The bag pressure term B is not a universal constant as with the original model.
It is dependent on the energy density of the bag. B has been shown to be given by
B=

P-

(1)

3
where p represents the contribution to the energy density of the bag from sources
other than the volume tension.
(ii) The bag size does not vary from hadron to hadron as in the case of the MIT
model.
The phenomenology of the variable pressure bag model is developed along the
same lines as the MIx model wherein the mass of a baryon is derived from four different sources: the volume energy Ev, the quark rest and kinetic enelgy Eq, the colour
magnetic interaction energy E m and the zero-point energy E0,

M = Ev + E~ + Em ÷ Eo.

(2)

The kinetic energy of the quark of mass mi moving in a spherical cavity of radius R
is given by

,o (ms R ) =

+

m, j

,

(3)

with x = x(msR) being the smallest positive root of the transcendental equation
X

tan x
Thus

-- 1 - - m s R - ( x 2 + m i 2 Ra)I/~.

E~ = ~ N, ,o (rn, R),

(4)

(5)

i

where Ns is the number of quarks and antiquarks of the ith flavour. The colourmagnetic interaction energy for the various quark pairs in a baryon is of the form

E m --

-° XX
)~

a

(V" ~r)i (r" e)j M,j,

(6)

i>j

M u = ]~1 /V (m~ R)/~' (mj R) I (mI R, m, R)

(7)

4 o R + 2mR -- 3

t~' (m R) = 2`oR (,oR - 1) + mR'

(8)
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*i is the spin vector and ac is the quark-quark colour coupling constant; I(m~ R, mj R)
is a slowly varying function of mi R and mj R. The zero-point energy
Eo =

-

(9)

Z/R,

where Z is assigned the phenomenologically determined value of 1.84.
The mass of a baryon excluding the volume energy is written

A (R) = ) . N, co (rn, R ) - ~ ) . ) . (Fa or), (Fa ~)j M,~ - Z/R.
i

a

(10)

i>i

To this the volume energy
Ev = 4~rR3S = 1 A(R)

3

3

(11)

is added to get the total mass in the form

M (R) = 4-~A(R).

(12)

The model has proved to make better predictions of the static properties of hadrons
than the original MIX model. It has been possible to reproduce the mass spectrum
of the light hadrons, with an exact fit with the pion mass. Also, the magnetic moments of baryons have been computed and found to be in far closer agreement with
measured values than the MIT model.

3. Six-quark states in the bag
In the bag model the exotic six-quark states are constructed by populating the cavity
eigen modes with quarks just the same way asthe familiar q~ mesons and qZ baryons
are obtained. The allowed six-quark states are determined by Pauli's exclusion principle which requires that the total wavefunction must be antisymmetric. It is also
required that the colour part of the wavefunction corresponds to vanishing net
colour for the hadronic state.
We assume the quarks to be in S½ states of the bag. Since up to 18-eoloured
quarks can be accommodated in these states, we can regard these states as belonging
to an SU (18) representation. It is the direct product of SU (3, F), SU (2, 9') and

s u (3, c):
SU (18) D SU (3, F) ® SU(2, J) ® SU(3, C)

s u (6, eJ) ® s u (3, c)

(13)

in which F, J and C stand for flavour, spin and colour respectively. It follows that
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the qe states belong to the irreducible representation [490] of SU(6, FJ). The decomposition of SU(6, FJ) into irreducible representations in flavour and spin is
[4901 ---- [1, O] ~ [8, 1] ~ [8, 21 ~ [10, 1]
[10", l] ~) [27, 0] 0) [27, 2] ~ [10', 3]
[35, I] ~ [28, 0].

(14)

Table 1 contains some of the allowed qO states and their quantum numbers. States
are designated as Q6 ( y , / ) . The quark content of a state is expressed by specifying
the number of nonstrange quarks Nn and the number of strange quarks N, in that
state.

4. Masses of six-quark states

Since the mass of a hadron varies roughly in proportion to the number of constituent
quarks, multi-quark hadrons are expected to have relatively higher masses than the
conventional mesons and baryons. In § 2 we considered various phenomenological
contributions to the mass of a hadron in the variable pressure bag model. Denoting
the sum of the quark kinetic energies E~ and the zero point energy E 0 by M 0, we write
for the mass of a multiquark hadron

4[Mo-{- acMaya] ,
where

(15)
(to')

Mo = Nn oJ (m. R) + N, co (ms R) -- Z/R,
Table 1. Someof the allowedsix-quark states

SU(3, F)
multiplet

ji*

State
Qe ( y, I)

Quark content
(Am,Ns)

1
8

0+
1+

Q' (0, 0)
Oo (1, ½)

(4,2)
(5, 1)

2+

Q' (1, ½)

(5, 1)

10
10"

1+
1+

Q° (1, 3/2)
Q° (2, 0)

(5, 1)
(6, 0)

27

1+
0+

Q° (1, ½)
Q' (2, 1)

(5, 1)
(6, 0)

o+
0+
0+
o*
O*
1+
I÷
1+

Q° (1, D
t2e (2, 3)
Q' (0, 2)
Q' ( - I , 3/2)
Q° ( - 4 , 0)
Q5 (1, 5/2)
Q° (--2, I)
Q* (--3, ½)

(5, 1)
(6, 0)
(4, 2)
O, 3)
(0. 6)
(5, 1)
(2, 4)
(1, 5)

28

35
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~ (F~ a), (F* a)j M~j has been replaced by May A. May results

a

i>j

from an approximation to the mass dependence of M (m, R, m3 R) introduced to
render the calculations simpler (Mulders et al 1979):

May = [½N.(Nn- 1) Mn, + ½ N , ( N , - 1) M,,
+

N,

[½ N ( N -- i)]%

in which N = N,, + N,. By the averaging procedure the flavour-dependentfactor Mij
which determines the strength of the colour magnetic interaction has been factored
Out from Era. The remaining spin- and colour-dependent group theoretic factor A
is given by

a

i>j

Introducing a new group called colour-spin SU(6) for the description of multiquark
systems, Jaffe (1977 a, b) has evaluated the expression on the rhs of (18) in terms of
the Casimir invariants of spin SU(2), colour SU(3) and colourspin SU(6), for an N
quark/antiquark system
A=SN+~C

6(tot)-~

4]

tot(Jtot + 1 ) + Ca(q)

+ ~Ja(Jq -]- 1)-- Cs(q) + Ca(q) -]- ~J'~(J~ + 1 ) - Ce(~)

(19)

The lables q, ~ and tot refer to representations of quarks, antiquarks and the entire
system respectively. Knowing the SU(3) ® SU(2) content of a given representation
the Casimir invariants of SU(3) and SU(6) can be evaluated. Eight A matrices and
three ~r matrices generate SU(6). For states which do not contain antiquarks, the
operator A gets simplified: it reduces to the form

A

~

¼N(N--IO)+~J2+F~+

~

F C~~

(20)

in which F~ is the Casimir operator for the colour SU(3) irreducible representation,
F~ that of flavour SU(3) and J the total spin of the multiplet. The eigen values of
F~ and F~ are evaluated using group theoretic techniques. For colour singlet states
F~ = 0. Hence for the six-quark states the factor 6 becomes

A = --6 +

l) + e$.

(20

Values of A, along with allowed flavour (F) and spin (9') combinations are presented
in table 2.
To estimate May and hence the colour magnetic interaction energy we need the bag
size and other parameters of the model. The quark masses ms (nonstrange), m,
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(strange) and the quark-gluon coupling constant % and the constant Z are the
parameters of the theory. For these we choose from the phenomenological values
obtained by de Grand et al (1975)

(22)

m, = 0, ms = 290 MeV, a c = 0.55, Z = 1.84.

To fix the bag size the traditional approach is to minimise the hadron mass with
respect to bag radius in the zero-quark mass limit. However, we follow here the
alternative approach of adopting a parametrization based on the assumption that
the bag volume is proportional to the number of constituent quarks
R = R0 N 1/3,

(23)

with Ro = 3.467 GeV -1 chosen to reproduce the nucleon bag size in the ~tIT model.
For the six-quark states this yields R = 6.3 GeV -1. The above parameter values are
used to estimate values of May for various quark configurations. These are then
used to predict the masses of a number of six-quark states. The results arc
presented in table 3.
Table 2. Values of A

F

1

8

8

10

10"

27

27

28

35

J

0

1

2

1

1

0

2

0

1

F~

0

3

3

6

6

8

8

18

12

2/3

2/3

2

4

12

20/3

A

- 6

- 7/3

- 1

Table 3. Masses of six-quark states
State

Flavour

Q6(y, I, JP)

multiplet

Mass in GeV
Present result

Aerts et al

Q6(2, 3, 0 +)
Q6(2, 1, 0 ÷)
Qe(2, 1, 2+)
Qe(2, o, 1+)
Qe(2, o, 3+)
Qe(l, 5/2, 1+)
Q6(1, 3/2, 1+)
Q6(1, 1/2, 0 +)
Qe(I, U2, 1+)
Q6(1, 1/2, 2 +)
Qe(0, 2, 0 +)
Q6(o, o, 0 +)

28
27
27
10"
10"
35
10
27
8
8
27
1

2.45
2-25
2.28
2.217
2.28
2.566
2.45
2.48
2-40
2.39
2-705
2.558

2-79
2-24
2.36
2.16
2.34
2.69
2.38
2.38
2.21
2-29
2-62
2-20

Q,(o, o, 2+)

27

2.656

2-43

Q6(--1, 3/2, 0 +)
Qe(--2, 1, 1+)

28
35

3"098
3.238

3"16
3.06
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5. Discussion

On the basis of the variable pressure bag model, we have presented an evaluation of
the mass spectrum o f several q6 states which are interpreted as dibaryons. Some of
these resonances have already been experimentally observed. The predicted masses of
the dibaryons, regarded as q6 states, are found to be in good agreement with the observed masses of the corresponding resonances (table 4). These identifications refer
to extensive experimental study carried out in the past relating to the deuteron
B 2 (1.875; Y = 2, I : 0, Je : 1+) and other resonances such as B 2 (2.17; Y = 2,

I = 1, J P = 2+); B~(2.4; y = 1, J P = 0÷); B~(2.495; Y = 1, I---- 3/2); B2(2.32;
Y = I) and B 2 (2-37; Y = 0, I = 0). The deuteron B 2 (1-875) is a bound state in
the 3S1 q- 3D 1 NN wave is the best known dibaryon state. The state B 2 (2.17) was
first observed as an enhancement at the NA threshold in the cross-section of
the photo disintegration of the deuteron (Keck and Tollestrup 1956). The lowest
of the experimentally observed resonances (Hoshizaki 1978; Grein and Kroll
1978) in the N-N scattering is a good candidate state, B 2 (2.4). Quite recently,
Shabazian et al (1981) have reported an enhancement in the APzr invariant mass
spectrum at a mass 2.495-t-8.7 GeV. Existence of a dibaryon resonance in
the Z-p system at mass 2.32 GeV in the reaction K - d ~ ~r-~r°p has been reported
by Misra (1979). The above states B ~ (2.495) and B 2 (2.32) with Y = 1 occur as
resonances in the nonstrange-strange baryon scattering. The enhancement in the
AA invariant mass spectrum at 2.37 GeV is interpreted as a possible dibaryon
resonance produced in E • N interaction (Beilliere et al 1972).
The identifications we have made differ from those of Aerts et al (1978) who,
using the conventional M)T bag model, interpreted some of the resonances in NN, A N
and 27N scattering as six quark states. An experimental resonance structure found
around 2.38 GeV in deuteron photo disintegration has been identified by them as
D (2.36; Y = 2, I = 0, JP = 3+). The state D (2.36; Y = 2, I = 1, JP = 2+) is said
to correspond to the resonance with (I, JP)= (1, 2+) in the D~ NN wave and in NN~r
at N A threshold o f mass 2.17 GeV. Two other assignments proposed by these
workers are the following: (1) D (2.24; Y---- 1, I = ½, JP = 2+) -- B z (2.25, Y = 1,
I = ½, JP = 2+) and (2) D (2.430; Y = 0, I = 0, J P = 2+) -- B 2 (2.36; Y = 0, I = 0,
JP = 2+). However, the values obtained by them for the states herein identified
(table 4) do not agree well with the experimental values in most of the cases. Our
Table 4. Dibaryons and six-quark states compared

Experimentally observed
dibaryons
B e (1.875)
B~(2-4)
B~ (2"17)
Bs (2.495)
Bs (2.32)
Bt (2.37)

P--5

Predicted six-quark
states
Q6(y, I, jt,; M (GeV))
Q6 (2, 0, 1+, 2.217)
Q~ (2, 1, 0+, 2"25)
Q6 (2, 1, 2+, 2.28)
Q6 (1, 3/2, 1+, 2.45)
Q6 (1, 1/2, 2+, 2"39)
Q6 (0, 0, 0÷, 2.558)
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values for the resonances they have identified as dibaryon states are in qualitative
agreement with the data. The divergence between the two sets of predictions stems
partly from the fact that these are based on different bag models. Since the variable
pressure bag model has been found to be superior to the standard model in the low
mass regime, it is hoped that the present predictions pertaining to dibaryon spectra
will be closer to the truth. Another source of error is the various uncertainties present in the experimental data which have not yet been subjected to an unambiguous
analysis. Further experimentation is called for throwing more light on this exciting
area of hadron spectroscopy.
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