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In the chiral bag model we calculate the masses of six quark states arising from the group theoretical decomposition of the underlying SU (3)p ® SU (3)c ® SU (2)1 symmetry group. Restoration of the chiral symmetry gives rise to bigger binding energies and opens the question of variety of decay modes. A brief overview of decay modes is given. 
1. Introduction

The existence of multiquai"k hadron states has attracted great interest during the last few years. Our current theory of hadrons allows for the existence of these »quark molecules«0 bearing in mind that observed states are colourless. Since the­se states represent degrees of freedom of the OCD confining phase, one is forced toresort to phenomenological models. Jaffe2 • 3> used the MIT bag model4• 5> to cal­culate various multiquark states, and discovered that a state, dubbed H, with Jn = 
= O+, I =  0, Y = S + B = 0 had a mass MB = 2150 MeV which is about 80 MeV below the threshold for strong decay into AA (m.1 = 1115.6 M eV), this beinga consequence of recoupling the spins of the quarks in two A hyperons. 
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Also a baryon B = 2 state is recen1 ly rediscovered in the Skyrme model 5>,in which baryons are described as solitons in an effective meson theory 7 - 1 3> . All the calculations in the nonlinear topological chiral model give masses lower than the bag model prediction. Also by considering a number of colours N it  was shown within the same theory that for N -+ oo only B = I states are stable1 4> , correspon­ding to mappings belonging to the third homotopy group, :rc3 (SU (N)) = Z, whe­reas for N = 3 the multibaryon spectrum of the Skyrme and the quark model ag­ree. It is known that the MIT bag model breaks chiral symmetry, i. e. it is dyna­mically broken at the quark level so that solutions of the field equations derived from QCD do not respect the same symmetries as the fundamental Lagrangian. To restore the chiral symmetry one introduces mesons outside the bag and obtains the so called chiral bag model1 5 • 1 6>. Further development is motivated by the fact that instabilities at small bag radius 1 7> can be cured by combining the Skyrme model with the chiral bag model (CBM) ending with the often called hybrid mo­del1 s . 1 9>.In this article we will adopt the chiral bag model ( CBM) to calculate masses of dibaryon states which arise as colourless six quark objects from the symmetry decomposition of the underlying general symmetry group. In Sect. 2 the group theoretical analysis provides dibaryon spectrum and Sect. 3 describe our model. In Sect. 4 the mass spectrum of the dibaryon resonances iscalculated and comparison with other calculations is given. Sect. 5 is devoted todiscussion and concluding remarks. 

2. Colour sfnglet multiquark states

It is well established that the internal quantum numbers of mesons correspond to quark-antiquark (qq ) states and those of baryons to three-quark states (qqq ).Since multiquark states can also be formed, to rule out the existence of unobserved states like quarks, diquarks (qq), four-quark states, etc. one can postulate that all physical observables (currents, energy-momentum tensor, etc. ) and all hadrons are colour singlets. We consider the colourless six-quark states in the s1 12 states, and we use the Pauli principle according to which a state should be totaly antisymmetric relative to the quark colour, isospin, spin and angular momentum. Assuming only three flavours the states can be classified according to SU (3)c, SU (3)p and SU (2)1 for the colour, flavour and for the angular momentum part. In the development of the model the flavour symmetry will be broken to . SU (2), i. e. we will assume that isospin is a good symmetry and ignore electroma­gnetic effects and u-d quark mass differences. Since SU (1 8) contains all the requ­ired groups2 0> we decompose it at two levels, namely we introduce SU (6)F sym­metry group2 1 • 2 2> as a subgroup ofSU (1 8) whose 35 generators are given by2 u 

212 

· A« ® l.c2> ; !c3, ®u1 (a = 1 ,  . . .  , 8; i = 1 ,  2, 3)
(2. 1 )  
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(see Appendix A) where l ea> is the identity operator on V (a =  2, 3), and a 6-di­
mensional space on which the group SU (3) F ® SU (2) acts irreducibly is formed 
by the tensor product 

(2.2) 

The space V 3 for instance is spanned by three states (u, d, s) forming representation 
3 .  for SU (3)F. The space V6 is irreducible under SU (3) x SU (2) and the group
SU (3) x SU (2) is a maximal subgroup of the group SU ( 6). The reason for such 
a decomposition is quite physical since QCD is colour gauged and the product 
group SU (6)FJ >< SU (3)c is a subgroup of the unitary group SU (18).

Another decomposition arises when one has to break the SU (3)F symmetry,
so that total spins Js,n of strange/nonstrange quarks have to appear as well as the
hypercharge2 0> : 

where again 
SU (6) ::> U ( l)r ® SU (4)u0 ® SU (2)J,

SU ( 4)un ::> SU (2)i ® SU (2)1n•

(2.3) 

(2.4 )
Since we have to have a colour singlet which represented by the Young tableau 

has to be rectangular with 3 rows and 2 coloumns, in the decomposition of SU (6)FJ 
from Young tableaus we can see that the required representation is [490] (having 
2 rows and three coloumns), i. e. 

[490] -+ (SU (3)F, SU (2)i) = (!, 1) <t> (!, 3) (±) (!, 5) ( 10, 3 J (f) (10, 3) <t>

€9 (27, 1) (f) (27, 5 ) (f) (!Q, 7 ) €9 (35, 3 ) @ (28, 1) .

Colour forces in a dynamical model (CBM in our calculation) will pick up the re­
quired decomposition and a set of operators for a given representation is needed to 
completely specify the given state. As a result hyperfine splitting with respect to 
the flavour (N - A) or spin (N - LI) occurs. So one has to calculate nonlinear
operators - Casimir operators and their eigenvalues for symmetry groups given 
in the above decomposition (see Appendix A and Refs. 1, 2 and 21). For instance, 
for the unbroken symmetry group SU (3)c the Fe spin operator is given by F: =
= 1/2 l« (a = 1, . . .  , 8) and by defining 

C2 = l: (F:)2 (2.5) -
« 

we can calculate C2 from the simple formula 

1 c2 = _ (p2 + q2 _ pq + Jp)2 (2.6) 

when the dimension of representation D (p, q) is given by 

(2.7 )
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Eigenvalues of the quadratic Casimir operator are given in Table 1 .
In the same way one calculates other Casimir operators and their eigenvalues.

In Table 2 qudratic Casimir operators for SU (6) are given2 3>. 

Dimension of 
representation 

Quarks 
indices 

c2 (n) 

TABLE 1. 

Eigenvalues of the quadratic Casimir operator for SU (3) (m - mixed, s - symmetric). 

TABLE 2. 

Dimension of I J
S I 21 I S6 I 70 I 20 I 10S I 490representation 

-

I I , ,� 
-

1-1-1 1-1-1-1Young tableau I I II I
-

C2 {n) 14 20 4S 33 21 32 18  3 3 4 4 4 3 
Young tableaus and eigenvalues of the quadratic Casimir for SU (6)23>. 

In a QCD - based model one is forced to allow for colour forces mediated by
gluons, and interactions of this kind will be represented by corresponding terms 
in a Lagrangian. So there will be corresponding contributions to the mass of (mul­
tiquark) states and for instance this will cause N - LI splitting5>. For the electro­
static interaction we have that a contribution is proportional to B"' • B« · (a = 1,
. . .  8) where - ,..,, 

Er = Fg, (2.8)

is the colour electric field and a similar contribution comes from the colour-magnetic 
interaction with 

(2.9)

In a small domain inside the hadron, where colour dielectric constant and colour 
magnetic susceptibility are approximately equal to one (s = µ = I) (this corres­
ponding to the asymptotic freedom of QCD) the perturbation theoretic methods 
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are applicable. The effect of the colour forces can be calculated from quantum me­chanical methods by finding eigenvalues of corresponding operators. This bringsus back to the group theoretic methods sketched at the beginning of this sectionsince underlying symmetry group of the colour forces is contained in SU (18). These lead to calculations of expressions of the type (calculated in Appen­dix A) 

or 

(2.10) 
A1 AJ = :E (A11)1 (lcx)J (2.11) 

(2.12) 
If we sum the expression (2.10) over all quarks in a N - quark hadron we get2 0> 

l: O'iO'J = 2 12 - :!_ N  
i>i � 2 (2.13) 

or (F reffers to flavour) 
:E .aF lp = 2 c2 - 2 N c2 (3) = 2 c2 - � N 

i>J ' " 3 (2.14) 
by using Table 1. In the same manner we get2 0• 2 4> 

- .:E. (lc0'),0,cO')J = N (N - 10) + : !/' + 4 C2• (2.15) 
•>I 

Performing restricted sums (strange quarks only, for instance) one gets similarexpressions which are then incorporated in a particular operator acting at states ofa dynamical model for hadrons. The actual form of operators requiring the aboveformalism is given in the next section together with appendices where additionaldetails are given. 
3. Bag model : MIT and CBM 

The MIT bag model energy of a static spherical cavity approximation is 
B (R) = Bv + Bo +  Bo + EM +  Bs 

where the volume term is 

FIZIKA 19 (1987) 2, 211-231 

B - 4n BR3 v - 3 .

(3.1) 
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The zero point energy term is 
Bo = -Zo/R (3.3) 

and the quark kinetic energy contribution is 
(3.4 )

where No. s is a number of nonstrange/strange quarks. ro's are solutions to the li­near boundary condition imposed by the reason of confinement 
(3.5) 

It should be pointed out that (3.5) is not the only possible BC which quantizes ener­gy, but for instance the so called bilinear BC leads to calculational difficulties2 5 • 2 6>. As mentioned before perturbative gluon interactions are expressed by the co­lour electric (E 8) and the colour magnetic (EM ) contributions, and they are given 
byS . 2 4) 

(3.6 )and 
(3.7 )

In our calculations we will neglect the EE contribution. The M - function in (3. 7) · is determined by three parameters (given in Ref. 5 or 24).Because the linear BC (3.5) breaks chiral symmetry2 6> a new BC must be in­troduced as well as a field residing in the bag exterior which restores chiral symme­try. The new BC for the SU (2) case is 
(3.8) 

and the field 'PM satisfies the Klein-Gordon equation for r > Rs.cG· f M = 0.093GeV is the pion decay constant. So nonlinearities in (3.8) are neglected and 'PM is treated as an elementary pion field. From the continuity of the isovector axial current 4 a solution for 'PM is found,and an extension of the quark core is made by assigning qq {flavour) content to a meson field2 1>. Therefore we enlarge the symmetry group to SU (2)F and include meson nonet into consideration. 
The meson field with a mass µ is given by 

<pM = DM e-µr (x+ A X ) (d b + b+ d+ ) + DM (-1 + _I_ )e-µr riv+ (C1 r) A "' ] .,..,, O µ r m ...., n m n m n 1 µ r µ2r2 l.Jt p  ...., _, A.II 

216 

. (b: bq + dp d:) (3.9 )
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where D�1 are constants determined from the continuity of the axial current, and b (d) are quark (antiquark) annihilation operators. Mesonic contribution to energy (3. 1 )  of a hadron is given by the operator 
(3. 10) 

where BP (R) is in somewhat different notation given in Ref. 27 and 
l: = � (H l (�, !�) (!., .:.,) I H) (3. 11)

should be evaluated between hadron states !H). The boundary condition (3.8) leads, when developed up to linear term in the meson field, to a transcendental equation whose solutions (for mu, d  = 0 and ms :/= 0)enter in the kinetic energy term (3.4). Therefore, we end up with five terms for the hadron masses1 ((3. 1) + (3. 10)) which depend on four parameters : the bag constant B, the colour coupling constant as, the zero point energy parameter Z0, and the strange quark mass ms. From the stability condition 
(3. 12) 

R is determined for a given set of the four parameters which are adjusted to repro­duce baryon masses. In Table 3 we present four sets of fitting parameters together with respective baryon masses, as well as some other fits found in literature to facilitate comparison. Our fits are calculated in such a way that we- can investigate stability of calculations 
with respect to small fluctuations of the model parameters.

4. Dibaryon masses in the CBM 

Until now we have prepared almost all ingredients for the calculations of di­baryon masses. What is left to calculate is the magnetic energy part (3. 7 ) which canbe expressed in terms of Casimir operators discussed in Sec. 2. (and Appendix A). Also, we have to calculate the pionic contribution (3. 1 1) when SU (3) group is ta­ken to be the flavour symmetry group (see Appendix B). Here we quote the results only and more details can be found in appendix. We have applied our model to the dibaryon spectrum starting from S = O( Y = -2) states down to S = -2 ( Y = 0) states and special attention was paidto the H - dibaryon. So in doing summation in (3.7) sometimes only nonstrange quarks have to be taken into account ( S = 0), but mostly summing over nonstrangeand strange quarks has to be done. For the first case (Y = -2) we have (Nn equals a number of the nonstrangequarks) 3 4 � (lca) 1 (lca)2 = 4 N; - Nn - C4 + 3 C2 (a, n) + 4 C2 (T, n) (4. 1)
n1 >n2 
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TABLE 3. 

I F.J I Our fits I F.3 I F.4 I Ref. 5 I Ref. 24 I Ref. 28 
F.2 F.5 F.6 F.7

n1 14 . 1296 . 1 33 .144 . 146 . 1 16 . 1 51 . 1 63 

Zo .4 .8 1 .0 1.2 .84 1 . 3 1  1 .98 ··········-·
ac .7 .5 .6 .5 .56 .35 .42 

ms .278 .286 .301 .309 .206 .21 8 .232 

I Fit .937 .937 .938 .938 .938 .939 .939 
mN 

.938 exp 

I Fit I .082 l .084 I .082 1 .084 I . 105 I . 1 32 I . 1 1 6  
mA 

1 . 1 16  exp 

I Fit 1 . 178 1 . 170 1 . 182 1 . 1 77 1 . 144 1.209 1 . 1 67
mx 1 . 1 89 exp 

·-I Fit 1 .321 1 . 321 1 .321 1 .321 1 .289 1 .361 1 .312 
ms 1 .321 exp 

I Fit 1.2995 1 .215 I .2891 1 .238 1 .233 1 .232 1 .232 
m,1 

1 .236 exp 

I Fit 1 .7842 1 .751 1 .858 1 .842 1 .672 1 .672 1 .672 
fflD 

1 .672 exp 

R 5.11 5.46 4.92 4.86 4.96 5. 12 4.56 

Different sets of bag parameters : CBM (F. J-F.4) our fits, F.5 - MIT bag model, F.6,7 - MIT 
bag + pions model. R is an average radius (in GeV- 1).

or when Casimirs are considered we find 
L (Ac0')1 (,tca)2 = ; N; - 8 Nn + : £! + 4 12 

n1>n2 

where ln is spin of the nonstrange quarks. 
(4.2) 

For the strange sector the nonstrange (Nn), strange (N3) and the total (N) num­ber of quarks is connected with the hypercharge by 
2 1 N,. =

3 N + Y; Ns =
3 N - Y (4.3) 

so 
L (A.c0')1 (,tca)i = ! N; - Nn + 4

3 [! + 4 .£2 + 2  ,l! +
n1>n2 
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(4.4) 
where ls is spin of the strange quarks. These two expressions (( 4.2) and ( 4.4)) are to be introduced in (3. 7) for a given 
Y. In the strange sector similar calculation for sum over all and sum over strangequarks has to be done (Ref. 20 and Appendix A).In the very similar way, the matrix element (3. 1 1 ) is calculated when the SU (3) group is taken to be the flavour-symmetry group (Appendix B). By taking sum over the total of N quarks 

. � (lf �,) (lf �) = -2 N2 + 36 N - ! :!, - 4 C3 (F) (4.5)
1,1 = 1  

only eigenvalues of the quadratic Casimir operators (see for instance Table 1 )  have to be calculated between diagonal states. 
TABLE 4. 

I 3 2 1 1 0 0 

J 0 1 2 0 3 1 

F 28 35 27 27 10 10 

M2 48 80 16  8 1 6  8
3 

i: 36 52 52 76 36 76 

M/R 2.23 2. 12 2.08 2.02 2. 10 2.00 
(FIT 1) 7.61 7.42 7.32 7.23 7.45 7.20 

M/R 
2.1 8  2.09 2.06 2.00 2.08 1 .99 

(FIT 2) 7.28 7. 13 7.04 6.97 7. 1 6 6.95 

M/R 
2.34 2.23 2. 19 2. 12 2.22 2. 10 

(FIT 3) 6.75 6.60 6.51 6.46 6.62 6.44 

M/R 
2.3 1  2.21 2. 17 2. 1 1  2.20 2.09 

(FIT 4) 6.62 6.49 6.40 6.36 6.51 6.34 

M/R 
2.69 2.46 2.36 2.24 2.38 2. 18 

Ref. 24 6.78 6.61 6.52 6.45 6.52 6.41 

Y = 2 ( S = 0) sector F is the SU (3) representation and M2 is calculated from ( 4.2). Masses are 
given in MeV and R·s in Mev- 1 • .E is calculated from (3. 1 1) (see Ref. 20), Mu M2, M3 are eigen­
values of magnetic energy operators (2.15), (A.26) and (A.12), respective. 
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In Table 4 we present the appropriate quantum numbers and matrix elements for the nonstrange sector, as well as the masses for different fits. Also, results from literature are given. This nonstrange sector (apart from stability properties) is interesting when one considers low energy n-nucleus scattering and possible resonant channels which could give a hint of how the results are to be compared in the experiments. In Table 5 we give the Y = 1 (S = 1 )  spectrum. Multiplicity of states arisefrom nonstrange-strange spin couplings which yield the total spin J. Some of these states are selected and masses are calculated. The choice of the quantum numbers and representations is such that results from literature can be compared with ours. The results are presented in Table 6. 
TABLE 6. 

I 1 /2 1 /2 1 

J 2 2 

In 3/2 1 /2 

F 8 8 

I: 1 16  380/3 

2.00 
M/R 

1 .95 

(FIT 1) 6.18  6.18 

2.05 2.00 
M/R 
(FIT 3) 5.63 5.51 

2.27 2.20 
M/R 
Ref. 24 6.33 6.28 

Y = 1 (S = - 1) sector., for 8 representation (see also caption of Table 4). 

Tables 7 give the results for Y = 0 (S = -2) sector. H-dibaryon (I = 0,
J = 0) has become very popular lately especially in connection with the explanation 
of the Cygnus X-3 events2 9- 3 0 in terms of radioactivity in strange quark mat­ter3 2• 3 3>. One should notice J-F degeneracy (for a given J s = 0 for instancethere are two F's, 1 and 27) which is lifted by Ml interaction. The mass spectrumis presented in Table 8. 

5. Discussion and conclusion

In this paper we calculated masses within the chiral bag model developed to restore the chiral symmetry which was broken in the MIT bag model. 
FIZIKA 19 (1987) 2, 211-231 221 
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TABLE 8. 

J 0 0 0 0 I 

In 0 0 1 1 

,. 0 0 1 1 

F 1 27 1 27 

2.00 2. 10 
M/R 

t .99 2.10 

(FIT 1 )  5.45 6.49 5.47 6.48 

H - dibaryon (Y = 0 = B + S) (see caption of Table 4). 

Starting from the symmetry considerations motivated by quantum number 
which describe the six quark states, and dictated by the Pauli principle we · were 
able to construct a spectrum of dibaryon states in the nonstrange ( Y = B + S = 2)
and the strange ( Y = 0, l )  sector. 

In the nonstrange sector from Table 4 it can be seen that our model consistent­
ly produced di baryons with lower masses in the range from l O to 20 percent. This 
is rather important sector since it can play a role in the nucleon-nucleon scattering 
at low energies3 4>, where many precise experimental data are available. 

In the strange sector with S = - 1  there is no flavour singlet state (as in S =
= 0) 3 5 > but S = - 1  is closer to the strong decay threshold which for A N  is at
2055 MeV and for L N at 2130 MeV. These states have very small widths34> and
there are some experimental signals near the l; N threshold.

Our model for the S = - 1  sector gives masses which are, differing from the
MIT-bag-model-based calculations 2 4>, lower for about I O % (Table 6) than the 
MIT bag calculations and this brings us below strong the decay threshold, within 
the LIS = I weak decay of an S = - 1  dibaryon. One can proceede then via a well 
known route by taking HeJJ and calculate widths in a model, or one can take a phe­
nomenological amplitude of a form 3 0> 

A =  G mM (A - B y5) (5.1)

where m"', and A and B can be inferred from a LIS = 1 process with the required
selection rules in terms of isospin assignments. 

For the Y = 0 sector when consulting Tables 7 and 8 we can see that again
masses of S = -2 dibaryons are smaller then the masses calculated in the MIT
bag2 0, 2 4> or in the topological soliton model3 6> . This simply means that in CBM 
model H-dibaryon is more deeply bound with respect to a strong decay, and that 
one should look for more favourable (weak) decays with jLIS I  = 1 or jLIS I  = 2.

We have also checked that the possibility of the strange-nonstrange spin coup­
lings which give the total spin O (Table 7) when Jn/s = 0 and when Ints ::f:. 0 does
not bring practically any difference (less then l %). These results are given in Table 9. 
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TABLE 9.

�I 1 I 2 I 3

Mit. o> 2.07 2.06 2.13 

M,2. 0> 2.12 2.10 2.18 

Mi� 0> 2.14 2.12 2.21 

Afit• O> 2.27 2.23 2.33 

Mi�·cOJ. o> 2.10 2.14 2.17 

Mi�·c1� u 2.10 2.08 2.17 

M1°lo%> 2.00 2.00 2.06 

M1°(1�l> 2.00 2.00 2.06 

Y = 0 sector for different representations (F) and for (J,, Jn) = (0, 0) or (J., Jn) = (1, 1). The 
ast two rows are results for H - di baryon. 

Another interesting comparison can be made by involving the calculation inRef. 36 where the following relations (>>sum rules<<) arise from their model : 
M�t .. o) - MB = 302 MeV 
M,2 .. 0> - MB = 349 MeV 
M�f,..0> - MB = 581 MeV 
M�l·o> - M8 = 698 MeV 

where notation gives the total J, Y and the representation (F) : My.Y). Also Mlf""' ,...,,, Afj!�. 
In our model the above relations give on the right hand side the following va-lues (for the respective fits as in Table 9) (in MeV) : 
FITI FIT2 FIT3 AVERAGE 
68.4 62.9 70.1 67.1 

117.1 105.2 120.2 114.2 
144.1 126.3 144.7 138.4 
265.0 234.5 270.9 256.8 
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which shows that differences are smaller for different representations, i. e. statesare more deeply bound and closer to the lowest H-dibaryon state. When a compa­rison is made it should be pointed out that for a given (J, F) there is always morethen one state differing in isospin (Table 7). The states are mostly chosen in sucha way that there was no splitting in the spin of strange quarks, although other choi­ces would lead to the same conclusions. According to our results one ·should look for a second order weak decay ofH-dibaryon since the IL1 S I  = 1 threshold ( in N + A) is 2.055 MeV and the ave­rage mass from the three fits is 2.02 MeV. This kind of decay is considered in Ref.30 in a simplified model of V-A theory, as well as in Ref. 29 where calculation isdone by looking at the box diagram for the·transition ss -+ dd. One reliable method for calculations of masses are the lattice calculations. Oneof the latest results 3 7> gives that m8 > 2mA , which is in a complete disagreementwith all the calculations cited or did in this paper. Apparently the existence of H-dibaryon together with its decay modes is stillan open question which has not been resolved by recent experimental searches 3 S> aimed at energies below the AA threshold including the possible mass range whichs the result of our calculation for Y = 0 sector. 

AppentUx A 
Here we spell out the major steps in the calculation of the colour magneticenergy. In order to calculate the colour magnetic contribution to barion masses wehave to consider spin and isospin states of three quarks separately. In the calcula­tion of the expectation value of the colour magnetic operator between dibaryonstates the colour and colour spin tensor operators have to be expressed in terms ofquadratic Casimir operators of SU (2)p, SU (3)c and SU (2) . Then the summationover quarks is done according to a baryon flavour contents : a) all quarks, b) strangequarks and c) nonstrange quarks. 
a) 

1
The sum ooer all quarks 

From the Pauli exclusion principle 

where the permutation operators are 

Pf, = ! ( � + u, u,) (for SU (2)J) 
P" i 

+ 
i .,p "" c� su (3) iJ = y  2 11,' ,., ... or P 

P� = ! + � lf lf (for SU (3)c) 

(Al) 

(A2) 
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we get 

By introducing 35 SU (6) generators At (2. 1 )  we can write 

and from (A.3) we get 

From the normalization condition for Casimirs (for SU (6) for example) 
f(Aa)2 = 35
a=l 6 

and from their eigenvalues2 1 • 2 2> ((2.6) and Table I )  we obtain 
3 l: u, u1 = 2 C2 - -2 N

i>i 

_l:_lf lf = 2 C3 - ! N
s>J 

and together with (A5) we finally get (2.15). 
b) The sum over strange quarks
In the similar fashion as in a), from

where now 

we get 

FIZIKA 19 (1987) 2, 211-231 

(A.6) 

(A.7) 

(A.8) 

(A.9) 
(A.10) 

(A. 1 1) 
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and from the definition of Casimirs we obtain 
- I: (.,tc 0')1 (.,tc 0')2 = � N: - N/S - � C2.

s1>s2 
(A.12) 

c) The sum O'DeT nonstrange quarks 

From the antisymmetry of permutation operators 
(A.13) 

where now (see also (A.2) and (A.10)) 

we get 
(A.14) 

By introducing 15 SU (4, I, In) generators Bb in the same way as we did in (2.1)for SU (6), and from 
(A.IS) we get 
(A.16) 

where we used the quadratic Casimir operator 
(A.17) 

Together with 
(A.18) 

one finds 
- I: (.,tca)1 (lca)2 = ! N! - Nn - C4 + : C2 (a, n) + 4 C2 ('r, n).

n1>n2 
(A.19) 
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The next step is to express C4 in terms of quadratic Casimir of SU (2). So 
(A.20) 

and � Ji.! Ji.; = 2 C3 (C, s) - : Ns 
s1>.r2 

(A.21) 
where C3 (C, n) (C3 (C, s)) is quadratic Casimir for SU (3)c group for nonstrange(strange) quarks only. We know that 

(A.22) 
since the colour irreducible representations must be complex conjugate of each other. 

For instance in the Y = 2 region C3 (C, n) = 0 (colour singlet condition) and 

so 
- � (lca)1 (Ji.cah = : N! - 8 Nn + : J; + 4 I2.

n1>n2 

In the S 'I= 0 region we have 

and one finds 
1 Ns = - N - Y3 

C4 = 2 1: + ! Y2 
- ! N (N - 18) + : (N - 9) Y

and 

(A.23) 

(A.24) 

(A.25) · 

- � ().Ca)1 (Ac0")2 = ! N; - Nn + : J! + 4 1.2  + 2 1: + ! Y2 
-

n1>n2 

1 4 - - N (N - 18) - - (N - 9) Y.6 3 (A.26) 

Appendix B 
In this appendix we calculate the spin-flavour operator (3.11) in terms of qua­dratic Casimir operators of SU (3)p and SU (2) . We use again the Pauli principleas in Appendix A and by using results from App. A we get 

(B.1) 
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and from the following expression 
8 

L (la �), (la �), = 16 (B.2) 
a= l 

we have for i = j
(B.3 )

Since the above expression appears N times in summation over i, j in (B. 1 )  we have to substract it N times and complete the summation by adding (B.2) N times. Hencewe obtain 
.� (l� !!,,) (lf �J) = -2N2 + 36 N-: : l/ - 4 C3 (F) (B.4) 
1,1=1 

where J is the total spin of six quarks and C3 (F )  is quadratic Casimir operatorfor SU (3)p . The expectation value of this operator contains eigenvalues of qua­dratic Casimirs which are constants for a given irreducible representation. 
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Originalni znanstveni rad 

U kiralnom modelu vrece izracunate su masc stanja od sest kvarkova, dobivenih grupno-teorijskom dekompozicijom SU (3)p ® SU (3)c ® SU (2)1 grupe simetrija. Uspostavljanjem kiralne simetrije povecava se energija vezanja i otvara se mogucnost razlicitih nacina raspada. Dan je kratak pregled vrsta raspada. 
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