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We derive certain mass relations among the various isospin multiplets of the baryonium states in a quark
model. The mass spectrum for these states is also predicted by identifying the interquark-interaction-
potential parameters used for this calculation with those used previously for the calculation of the masses of
mesons and baryons. We predict two spin-1 states at 1497 and 1799 MeV, which could be identified with the
experimentally observed states at 1495 and 1820 MeV, respectively. Three other spin-1 states are calculated
to have masses of 1692, 1898, and 1932 MeV. These are very close to the mass values of the experimentally

found states 1684, 1897, and 1935 MeV.

I. INTRODUCTION

Recently narrow structures in NN scattering
have been observed! which have a characteristic
reluctance to decay into mesons. These objects
were first predicted from duality considerations?
as the multiquark bound states, being dual to the
ordinary gq meson trajectories, in baryon-anti-
baryon scattering. These states are generally
known as baryoniums. The reluctance of the
baryonium states to decay into mesons could pos-
sibly be explained by a new selection rule of the
Okubo-Zweig-Tizuka (OZI) type in a color-gauge
model.? ‘

However, in this paper we address ourselves to
the problem of calculation of masses of these
baryonium states from the quark model. We de-
rive certain mass relations among various iso-
spin multiplets constructed out of the ¢ggqgq system

J

where the ¢’s are the ®, N, and A quarks. Misra
and Sastry* have obtained a number of mass rela-
tions among the baryon multiplets and also among
the meson multiplets by parametrizing the differ-
ent quark-quark and quark-antiquark interaction
amplitudes with the usual additivity assumption
among the amplitudes. The results obtained by
them agree well with the experimental values. In
this paper we apply their method to obtain mass
relations among baryonium states of spin 2, 1, and
0. By identifying the parameters with those for
mesons and baryons* we predict the masses of
different multiplets. It is assumed that the quarks
and antiquarks interact with each other directly

or by exchanging spin or unitary spin or both. The
noninteracting quarks and antiquarks remain pas-
sive or as spectators. The quark-quark and
quark-antiquark interactions are parametrized as®

VIO, R,) = Vol® ) + Vo, [90,0) + V,ile 900 + l,e.,)

VIO, R = Vyl® D + Vi [R@ D + Vle _3)+ v, loe,),

1)

Vie D =V2le D+ VR INe D+ VRIe 1) + VO @),
VIMAD = V@ D + V2 INAD+VEIN X))+ V& [A,)

and
Ve, T, = Vule 3,
Ve R = Vule ) + Vulle 50 - le F,)1,
Ve 3D =TRle XD+ VRle, XD - e X1,

@)

Ve, ® ) =Vyule +@ D + V[0, @0 + 9. TO1+ VR LD + V[le.e ) - e _@,)]
+V,[le.@0 —lo @)+ 19,30 - | )]+ VXD - A X)].

The usual additivity assumptions relate the am-
plitude as

Vi(JZ) +Vy= 2V,(})
and (3)
VP4V, =277,

where 7 and j stand for either d or e.

|
II. MASS RELATIONS

Now we shall proceed to calculate the masses
of the two-quark-two-antiquark systems of the
405 representation which occurs in the direct pro-
duct of 6X6x6X6. We shall mainly concentrate
on the states contained in (27, 5), (8,,5), and (1, 5)

2928 © 1979 The American Physical Society



20 BARYONIUM MASSES IN A QUARK MODEL 2999

of the 405 representation. The states in these
representations are symmetric in the quark (anti-
quark) indices. If we denote by s(q,4,9,9,) the sym-
metrized state of four quarks (antiquarks) with the
minimum number of terms, we can write®

, 1 o
|B,(27;2, 0, 2)>=ﬁs(a>+<s>+sn+ 9qN), (4)

where 2, 0, and 2 stand for the isospin, hyper-
charge, and the third components of isospin, re-
spectively, and 27 is the SU(3) representation.
Similarly we can write

|B,.(27;1,2,1)) =—1ﬁs(@+@j+i+) . (5)

Now we have
(B,(27;2,0,2)|V|B,(27;2,0,2))
=2V, +2V,,+2V,, +4V,,;=24  (6)

and
(B,(27;1,2,1)|VIB,(27;1,2,1))

=2VQ +2VP + 2V P+ 2V + 4V P =240 . (1)
The mé.ss of all the remaining states in the 27
and the masses of the states in 8, and 1 can simil-
arly be calculated. They are shown in Table L

The masses in the 8, representation satisfy the
Gell-Mann-Okubo mass formula

B,(8;%,1,3)=2B,(8;0,0,0)+:B,(8;1,0,1) (8)
as expected. The other relations that follow from
the table are
B,(27;2,0,2)+B,(27;1,2,1)=2B,(27; 4,1, %),
5B,(27;1,0,1)=4B,(27;1,2,1) +B,(27; 2,0, 2),
10B,(27;3,1,3)=11B,(27;1,2,1) - B,(27;2,0,2),
5B,(27;0,0,0)=6B,(27;1,2,1) - B,,(27; 2,0, 2),

9
and
15B,(1;0,0, 0)+3B,(27; 2,0, 2) +6B,(27; 1, 2,1)
=8B,(8;1,0,1)+16B,(8;3,13),

where the particle index stands for the (mass)2

In a like manner states with spins 1 and 0 can be
constructed and mass eigenvalues of the multiplets
obtained.

It is to be noted that not all the above states in
the mass relations are physical states. States
with the same quantum numbers in the different
SU(3) representations will get mixed. Knowledge
of some of the masses of these states would be
necessary to determine the mixing angles.

III. MASSES

Now we make use of the values obtained for the dif-
ferent quark-quark and quark-antiquark amplitudes
in Refs. 4and5. We neglectV,, and VX’ to ensure
ideal mixing of w-¢ (Ref. 5) system. Then using
squared masses for both mesons and baryons, we
obtain the masses of the baryoniums listed in
Table II. For example,

m3(2,0,2;5)=2A=5N*+4p?, (10

where the particle symbols on the right-hand side
stand for the masses of the corresponding par-
ticles. This gives the mass of the baryonium
state with quantum numbers T=2, T,=2, and

Y= 0 belonging to the (27, 5) representation as
1.841 GeV. Similarly, the masses of the baryon-
ium contained in (27, 3) and (27, 1) representations
can be expressed in terms of the known masses
of the decuplet baryons and vector and pseudo-
scalar mesons. For example, the wave functions
of the T=2, T;=2 and Y =0 states contained in
(27,3) and (27, 1) representations are

1 — = =
IBm(zy 0,2; 3» ='2\/—%—‘[S((P+d>+m+f’l_) - s((P+(P —m+m+)]

and

|B,(2,0,2;1)) = 43—5[2s(&+@+ﬁ_§l_) +2s@ @ N, X,)

-s@.® 9, 53)] (11)

and their mass values are 2(A +27,,) and
2(A +3V,,), respectively. Therefore -

m3(2,0,2;3)=3N*24+2p%+ 272
and . (12)
m3(2,0,2;1)=2N*24 p2+ 372, ‘

It may be mentioned here that in calculating the
masses of the baryonium belonging to the octet
and singlet representations, the mixing angle for
n and n’ mesons is taken as 6=-10°as usual.”

IV. DISCUSSION AND CONCLUDING REMARKS

Two states with spin 1 have been experimentally
observed at 1495 and 1820 MeV.® These could be
identified with spin-1 states with quantum num-
bers T=2, Y=0and T=1, Y=0 with masses 1497
and 1799 MeV that occur in the 27 representation
(Table II). However, the parity assigned to these
states in Ref. 8 does not agree with ours. The
much talked about state at 1935 (Refs. 3, 9, and
10) could be associated with either the spin-1,
T=0, Y=0 state of the 27 representation with mass
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TABLE II. Masses of the baryonium states in MeV.
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TABLE 1. Wave functions of (1,5), (84,5), and (27, 5) in the 405 irreducible representation
that occurs in 6 X6 X6 X6 of SU(6) and their mass values (the spin index is omitted).

T Y T3 States Mass values
_ 1 ——
0 0 0 L [25(CCFP) + 25 RART) 34 +EAD £, + 570
—s(@NEN) +s(EAPX)
—s@ATIX) +25ONAX)]
84
1 0 1 ———2}56 [25(CETT)—25(CNNN) EA +2 A0 57, 4270
+ (@ ARX)]
% 1 b s Rs@OFR)-sOTTN) LA AT, 4T
+2s(CAAX)]
0 0 0 S Us(COPT) +4sUIANT)  —FhA +HAD T, 4T
-25(CNP J)—-s(CAPX)
+s(RATX)~8s(ANAX)]
27
1 o
2 0 2 75 sCEII) 24
3 1 $ —z‘b'v'ﬁ-‘s(G’(PﬁX) A A®
— S(OE ®
1 2 1 7 s(CEPAX) .
1 0 1 _2}:3—5 [s(@CPT)— s(CRAN) 244240
—25(PAJX)]
'ZL 1 J2' 6-\1/_—5 [25(CCE X)~s(CNAX) __JE;_A +‘1§1'A(1)
—3s(® ARX)]
0 0 0 241@ [4s(CCPP)+ 45(MANAN) —24+240

—25(PNER) —~65(® AEX)
—6s(MATX)+125(AAAX)]

T Y T, Spin 2 Spin 1 Spin 0
27

2 0 2 1841 1497 1291

% 1 3 1997 1692 1516

1 2 1 2148 - 1867 1713

1 0 1 2086 1799 1637

+ 1 % 2170 1898 1749

0 0 0 2198 1932 1785
8y

1 0 1 1905 1798 1743

+ 1 ¥ 2114 1975 1902

0 0 0 2180 2031 1953
1

0 0 0 2047 2011 1994

1932 MeV or the spin-2, T=1, Y=0 state of the 8
representation with mass 1905 MeV. We also pre-
dict that the experimentally observed states at
1684 (Ref, 11) and 1897 (Ref. 12) should have spin
land T=%, Y=1and T=%, Y=0 by comparing with
the states we obtain at 1692 and 1898 MeV, re-
spectively, in the 27 representation. Also, the ex-
perimentally observed state at 1646 MeV could be
identified with the spin-0 state at 1637 MeV and
should have T=1, Y=0. Similarly the experimen-
tally observed state at 2020 MeV"® could be the
spin-1 state of the 8 representation or singlet

- representation with 7=Y =0, and the state at 1794

(Ref. 14) may be associated with the spin-1 state
with T=1, Y =0 having the mass 1978 of the 8
representation. Besides these, the masses of a
host of as yet undiscovered states and their quan-
tum numbers are predicted in Table II. Many of



these mass values lie close to the masses of the
experimentally observed states. But we cannot
accomodate in our scheme the observed baryon-
ium state at 1395 MeV. However, in predicting
the above masses we have neglected the mixing of
the different multiplets with the same quantum
numbers. I the physical states are mixtures of
different states with the same quantum numbers,
the masses predicted could have slight variation.
Owing to the lack of proper identification, we have
not taken this into account.
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The observation that the baryoniums may be
prohibited to decay into mesons due to the color
quantum number does not alter the above mass
relations.

ACKNOWLEDGMENTS

We are grateful to Dr. T. N. Tiwary for discus-
sions and Dr. J. Maharana for a valuable communi-
cation. One of us (K.M.) is grateful to the CSIR.
for financial support.

*Present address: Physics Department, Utkal Univer-
sity, Bhubaneswar 751004, India.

g, F. Chew, in Antinucleon-Nucleon Intevactions, pro-
ceedings of the Stockholm Symposium, 1976, edited
by G. Ekspong and S. Nilsson (Pergamon, New York,
1977); LBL Report No. 5391, 1976 (unpublished).

%J. L. Rosner, Phys. Rev. Lett. 21, 950 (1968); D. P.
Roy and M. Suzuki, Phys. Lett. 28B, 558 (1969).

3G. C. Rossi and G. Veneziano, Phys. Lett. 70B, 255
(1977). -

4. P. Misra and C. V. Sastry, Phys. Rev. 168, 1402
(1968).

5C. V. Sastry and S. P. Misra, Phys. Rev. D1, 166
(1970).

ép. A. Carruthers, Intvoduction to Unitary Symmetry

(Interscience, New York, 1966).

'S. Okubo, Phys. Rev. D 16, 2336 (1977).

‘;S. Protopopescu, BNL Report No. 781 (unpublished).

A. 8. Carrol et al., Phys. Rev. Lett. 32, 247 (1974);
V. Chalupka ef al., Phys. Lett. 61B, 487 (1976); T. E.
Kalogeropoulos et al., Phys. Rev. Lett. 34, 1047
(1975); W. Bruckner et al., Phys. Lett. 67B, 222 (1977).

OChan Hong Mo, CERN Report No. 2540 (unpublished);
A. A, Carter, Nucl. Phys. B132, 176 (1978).

p_ paviopolulos ef al., Phys. Lett. 72B, 415 (1978).

127 Kalogeropoulos and G. S. Tzanakos, inAntinucleon—
Nucleon Intevactions (Ref. 1).

3p, Benkheiri et al., Phys. Lett. 68B, 483 (1977).

1., Grey et al., Phys. Rev. Lett. 26, 1491 (1971).




