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1. - INTRODUCTION

In this paper we wish to investigate the masses of multhuark bag states,
including the contribution from the pion field. For the ordlnary baryons and
mesons these contributions have been shown to amount to 100 MeV or more 1)-5)
Furthermore, the pion energy provides another mechanism for splitﬁing the
N and A, I and A, and s0 on - a Job usually reserved for the one gluon

exchange interaction” Gy

Both because of its size and its spin dependence
one expects substantial changes In the paramaters of the MIT bag model, and

hence in the predictions for the more exctic, multiquark bags.

In arder to determine the new bag model parameters we shall use the
spherical, static cavity approximation7). The_pionic corrections will be
treated as a ﬁerturbation to the masses found by applying the non-linear
boundary condition (2!1/3R = 0) to the rest of the bag energy. In this way

=35 behav1ourj) of

we avoid the collapse of the bag ), caused by the R
the attractive picnic self-energy term. Such a term would be dominant at
small R, driving the over-all bag mass to zero. Since the chiral bag
models neglect the finite size of the pion itéelf, the calculations for
small R cannot be trustedlo). Moreover, it seems unlikely on the basis
of QCD that the pion should play a major rele in determining hadronic
sizes. Clearly in cur work the bag size is stlll determlned by B, the

energy density required to make a bubble in the QCD VacuumJ)’T)-

There is one other uncertainty in determlnlng the bag parameters - that
is deciding which masses to use for the unstable hadrons. Prev1ous bag
model calculations have usually used the resonancé energy (ln, say, a
Breit-Wigner {it) for unstable hadrons. For example, the A. is usually
tzken to have a mass of about 1.23 GeV. Of course, if one has a coﬁplete
dynamical model for the background in a resonant system, the underlying
resonance position can be determined unamblguously. This ldea was illus-
trated by the Cloudy Bag Model (CBM) deqcrlptlon ‘of the A resonance 2), 5)
although even there only the most lmportant (Chew Low) background terms were
included., In genera] one would not expect to have such a clear idea of the
most important background. Morecver, it would be 1mpractlcal in a glebal
£it of the kind which we are undertaking. to first make a coupled channel

calculation for each unstable rescnance.
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A much simpler approach was proposed by Jaffe and Lowll).

They
suggested identifying bag model masses as 'primitives', or poles in the

P matrix - rather than the S matrix. In the case of the A there is a
large shift from the resonance position to the P-matrix polel2). For
instance, with a matching radius of the order 1.3fm, the P matrix

pcle of the A occurs at 1.31 CeV. The value of 1.31 Gev, however,
takes into account only the open Nw channel. If one were to include
closed channels, like Am, the shift would be even greater, Thus, the
analysis using the P-matrix formalism is also model dependent. Further-
more, the primitive masses for stable particles like the nucleon are also

shifted because of closed channels.

In view of these ambiguities we have decided to follow the usual prac-
tice of using observed resonance positions in the determination of bag model
parameters, To some extent this pragmatic approach is supported by the CBM
analysis of the A, There one could unambiguously define the mass of the
A bag, including pionic self-energy corrections, and it turned out to be
very close to the observed resonance energy. This certainly does not

establish the result in the general case, but it is indicative.

For the exotic, six quark bags we do not know in general how to cal-
culate their experimental consequences. Instead we shall compare our results
with the predictions of the original HIT mods1®'+14)  or Siocinl interest
is the lowest double strange (Y= 0) dibaryon (H dibaryon), which according
to Jaffe's initial work should be bound by 80 MeVlBJ. Once pionic correct-
ions are included this state moves much closer to threshold, and it is either
unbound or very weakly bound. It may therefore be much harder to identify,
which may explain why our experimental colleagues have not been successful
in finding itlS)’l6).

2. ~ BAG ENERGY INCLUDING PIONS - ORDINARY BARYONS AND MESONS

In the limit of a static, spherical cavityT)’5) the usual expression
for the energy of the MIT bag is

E(R)= E, +E_ + E

M . (2.1)

B I L B R B -
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Here Ev is the energy required to make a hole in the wvacuum (BV), minus

a phenomenological term (—ZO/R), originally attributed to zero point energyT).

More recently the latter has been asscciated with centre of massl7)’18)’19)’5)

and colour electriczo)_22) contributions. We shall comment on the latter in
the final section. However, all calculations have been performed in the same

way as the original MIT bag model, using

3
FE = 47 BR™ — Z#£ (2.2)
v —° 4
3 R
with ZO constant |
The quark kinetic energy is -
= E{ m. i{:>
E s pa (m: , (2.3)

i R
where ¢ is the usual eigenfrequency of the lowest mode in the cavity resul-

ting from the linear boundary condition, which is a function of the product of

quark mass and bag radius, u= miR We have

2 2z

g = /u, + x", _ (2.4)

where % iz a function of 4y, satisfying
tan o = X /(d—p-e). 2.5

For massless quarks =% =2.043.

The last term in Eq. (2.1} is the colour magnetic interaction assocclated
with the exchange of a single gluon between two quarks inside the bag. It is

given by the expression

: c c
M (m, R, m;
B o= "Z: g __(_:_’L_JR)CFP:)(F.‘?:) (2.6)
M . s 5 L P

i>] R
where ag is the effective quark-gluon coupling constant, and F¢ and a
are respectively the colour and spin of the quark. The function M{u ,u, ) 1is

1

a wave function overlap. Its precise form was given in Ref.7); for uw < 1.5

it can be well approximated as:

V’(Obp> ™~ 0.1?? —0.025/u)
M (/A,/u.) = 0.42% -0-043/»(.

(2.7)
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As explained in the introduction we obtain the masses of baryons and

mesons from
M= Wl E@T + £, 2.0

where Ep is the pion self energy. We have chosen to use the simple pheno-

menological forml)

- -4 Z(r9, (s )
E, = - 2, . (ez) | .,
PBwn 4 J
where p 1is an adjustable constant. This corresponds to keeping only inter-
mediate states with quarks in the lowest radial state, and treating all such

states as degenerate. The eigenvalues of the operator

=, = - = (& z). (cz) (2:20)
r .. — L — ——t J »
(5J)5Cu,d>
were given in Refs 3) and 4) for the ordinary baryons and mesons - see alsc

the Appendix of this paper.

Using Eq. (2.8) we choose to fit the masses of the w(782), N{(939),
A(1232), and Q(1672), as well as the mass splitting of the A and I (77 MeV)

in order to fix the five parameters of the model (B, Zo’ s M., p) - as

s
usual mu :ma =0, These parameters are given in Table 1, togetier with the pre-
dictions for all the low-1ying mesons and baryons. For the mesons the results
are not very satisfactory, suggesting {not surprisingly) that we need a more
scphisticated treatment of the pionic corrections to the mesons. {The pion
itself should really be excluded, and the n,n' problem is not unique to the

bag model. However we show these for completeness., )

On the other hand, the resulting fit to the baryon spectrum is quite good.
The size of the pionic correction Ep, and the bag radii are in qualitative
agreement with Refs. 3) and 4). There are a number of interesting features of
the parameters that come out. First, as discussed by a number of peopleg)—q)’23).
The colour coupling constant is significantly reduced; we find a reduction of

about 35%. In addition the strange Quark mass is reduced to 218 Mev

(from 280 MeV) - see also Ref 9) - which is closer to the 150 MeV preferred
by current algebra. Finally we note that the agreement between the phenomeno-
logical value of pl/z, namely 1.49 GeV, and that computed on the basis of

chiral symmetryl’S),



1
Ib% = (%_OL“) f_ﬂ_ = 1.52Gel 2.1
3

A

is excellent.

We cannot resist the tempatation to mention a fit to the P-matrix
'positions of baryons and mesons, although there are many questions involved about
the procedure - as discussed in the introduction. Taking the siﬁplest and least
model dependent approach we determine the P-matrix poles from scattering in
open channels. Of the five particles we used to fit the barvon and mescn spectrum
only the (unstable) A& has a P-matrix pole with a position different from
the S-matrix pole. We thus fit to the w(782), N(93%9), A(1310), Q(1672),

and the A - L mass difference (77 MeV). It is surprising - and maybe
accidental - that an excellent fit is obtained with parameters Bl/q =0,169 GeV
2,=1.80, a_=1.69, M =0.181 GeV, and oL/2 _1.85. The kaon in this fit

for example has a mass of 498 MeV, the A has a mass of 1109 MeV.

3. - BAG MODEL PREDICTIONS FOR THE DIBARYONS

In order to calculate the masses of the baryon number 2 bag states we

£ollow the work of Ref. 24). The colour magnetic interaction is approximated by
E = m A (3.1
M °P )
where m(R) is the strength averaged over non-strange and strange quarks, and
Aop is the operator
c C )
A°P = "“Z. (FE). .(FE‘ . (3.2)
¢ J

L>J'

which for N quarks has the expectation value

A = N(iO—N)/Lr +S(S+i)/3+f;+ziz/z.<3.3)

Here S is the total spin and fi and fé are the eigenvalues of the SU(3)

quadratic Casimir operaters for flavour and colour.
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Once again the pionic corrections are calculated after minimizing the

rest of the bag energy. They are given by

Z = °k__ (3.4)
P F{E
P min
where Eop was defined in Eq.(2.10), For ¥ non-strange quarks the expec-
tation value of zop is given by [see Eq. (A.6)7].

s = +.;, N 23 A/+3-F:+ b sGc+1) +4LI(I+1),(3.5)

where S and I are the total 8pin and isospin of the non-strange quarks, and
fg is the eigenvalue of the SU(3) quadratic Casimir operator for colcur—
again for the non-strange quarks only. As discussed in the Appendix Eq.(3.5)

agrees with the result of Jaffel) for. N=3, but is differént for larger N,

The results for the non-strange (Y =2) dibaryons are given in Table 2,
In this case the inclusion of pionic corrections {column B) does not greatly alter
the original predictions based on the MIT modell3)’14) (column A), There is
gome tendency for the smaller colour coupling ceonstant in case B to yield lower

masses for dibaryons with large, positive A.

For the strange dibaryons the inclusion of pionic correcticns is more com-
plicated, because we need to know the spin and colour of the non-strange quarks
alone, One finds that the colour magnetic contribution EM [Eq. (2.6)] and
the pionic correction [Eq. {2.9)] do not commute. Instead of doing the full
calculation of the mixing between all dibaryons with g given spin and isospin -
total spin and isospin still do commute with EM and Ep -, we only indicate
the minumum and maximum value of the correction. For the low-lying states of
greatest interest these upper and lower estimates are very close. We show
the calculated masses of the lowest Y =1 and Y =0 dibaryons in Tables 3
and 4 respectively. By far the most dramatic change is the increase in mass
of the lowest Y =0 dibaryon (H). While this is still the most interesting state
to look for, it appears quite likely that it may not be bound.

There are two main reasons that we find to make the H dibaryon less
bound once pioh corrections are included - although actually all contributions
to the energy do change. First, as mentioned earlier the colour coupling constant
Oy iz significantly reduced; this reduces the coloupr magnetic attraction for the
H dibaryon. Second, a free A receives some -130 MeV self-energy because of
its pion cloud. The H dibaryon has a radius about 20% larger than the A.

RIS  U HE IRE 8 AR L UL LU0 A e G e e g BN ANy som i ® e e
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Because of the strong dependence of the pion self-energy on the bag radius,
NR_S, we expect the correction to be about half the correction for two A's
(we actually find -110 MeV). The result is that the H has a higher mass

than in the original MIT calculation where this pion correcticn was not included.
4, - DISCUSSION

The main results of this work are summarized in Tables 2 - 4. By far the
most significantresult is the increase in mass of the lewest Y =0 dibaryon,
discussed in detail in section 3. In this final section we will not repeat what
has already been said, Instead, we shall make some brief comments on the pos-—
sible relevance of our results to experiment, including the implications of

recent work on the guark self—energyZO)_zz).

There is 1little chance that there will be any dramatic experimental con-
sequences of the non-strange states listed in Table 2. They all lie far above the
appropriate threshold ~ be it NN, HNA (and NNm) or 4A {and NNmr) and will
be very broad, This ?as been demcnstrated explicitly within the framework of the
25

P-matrix formalism On the other hand, if the masses would be lower - that
is, near or below the thresnolds - dibaryons might produce striking consequences
in NN or nd scattering. In this case the small width of, for example,.the
I=2, S=1 state might compensate enough for its small (isospin violating)
coupling to those channels to produce a clear signal over a narrow energy region.
One is tempted to suggest such a possibility to explain the discrepancy between
the recent SIN and LAMPF measurements of t20 in md scattering26)’27) -
although it is probably an experimental problem.

We would hesitate to even mention this unlikely possibility were it not
for the recent appearance of a mechanism which might conceivably produce a down-
ward shift in mass for exotic states - with respect to our calculation.
It has been argued by Chin et a1.20), and by Breitzl), on the basiz of
the scliton bag model28)’29), that the -Z /R term (Ea. (2.2)7] in the usual
MIT model results from the quark self-energy. The constant ZO is then given by

Z = l\/ ;1 s (4.1)

o



-8 -

where N is the number of confined quarks, and X 1is some ~ still controver—

20)-22) _ imber. In Briet's work 1} =0.25, which for baryons and with the

sial
MIT wvalue cof o =2.2 1is in excellent agreement with Zo =1.8. C(Clearly if
all of the phenomenological -ZO/R term were interpreted this way, we would
get twice as big a contribution for dibaryon states (with N =6 instead of 3},

a reduction in energy of typically 100 - 200 MeV.

On a more realistic level it seems to us that a fairly convincing case
can be made that centre of mass corrections contribute of the order 0.6 -0.8

to Z, for the usual baryonsé)’l7)_19).

With our coupling constant, o =1.4,
and Z0 =lt3l a value A «0.15 is required. If this combination of effects

is indeed the origin of the infamous ZO term, there will be no major change

in the energies of the exotic bag states form those given in Tables 2 - 4, 4
more precise statement than this will have to wait until we understand all of
the difficulties -~ centre of mass corrections, quark and gluon self ehiergies and
the appropriate mass parameter for comparison with experiment - much better

than we do presently.
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APPENDIX

In order to find the expectation value of the spin-isospin cperator

I__, appearing in Eq.(2.10) we use the anti symmetry of the full N-quark

op
wave function. That is, we use the fact that (for i#3)

N S
‘J LJ ?zd

-1, (4.

= 1)
and hence
C I S
:P;J = - ‘P.,J ’FLJ' P (4.2)
where the Pij are permutation operators for colour, isospin, and spinzq)
c 1
72 . - (3 +- jl F:
bJI 4 J ?
:P‘J - Y (L+ =z f) (8.3)
o 4
o= (i+£:--f_rj).
Substituting (A.3) into (A.2) we find ({for i 23)
Co“z:) (gf() = -?/3"’8 FC F-c - 0.9 z:,t-(ﬁm
=~/ -VJ' v -t'y ~ )
Finally, using
o .0 = 9 (A.5)
Wwe obtain the desired result
<-Z(zo, (£2)>
b,j
= ?N 18N+3§+45(5+1>+4'I(I+i) (A.6)

where f 2 is the eigenvalue of the colour, quadratic Casimir operator.

C
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Table 1: Result for bag parameters and masses of baryons and mesons including
pionic corrections “Egs. (2.9) and (2.107". Roin 1S eiven in Gev™
other quantities in GeV.

sM4 o 1m) ay, Z,=1.31, o =1.41, n_=0.218 GeV, p’/?=1.49 Gev

Particle| R . E, Eq N E M Mexp
N 5.058 0.0285 1.212 | -0.099 -0.199 | 9.939 {0.939
A 5.034 0.020 1.339§ -0.099 ~0.127 | 1.132 [ 1.116
x 5.034 G.C20{ 1.339{ -0.079 ~0.071) 1.209 | 1.163
s 5.009 0.014 1.467 | -0.088 -0.0322] 1.361 | 1.318
A 5.328 0.086 1.150 0.094 -0.098 1 1.232 t1.232
Z* 5.306 0.081 1.278 0,085 ~0.060 | 1,383 | 1.385
E* 5.283 0.076 1.405 0.076 -0,0281 1.529 [ 1.533
2 5.261 0.071 1.533 0.069 0.0 1.672 | 1.672
m 4,049 -0.178 1.009 | ~0.247 -0.,163 | 0.420 ] 0.138
nn+) 4,049 -0.178 1.009 | -0.247 0.0 0.583 ] 0.549(n)
ng*’ 3.987 } -0.190 | 1.262(-0.198 | 0.0 |0.873)0.958(n"!
K 4,018 =0.184 1.135 | -0.218 -0.063 | 0.670 | 0.496
o) 4.659 ~0.060 0.877 0.072 -0.071) 0.818 ;0,776
w 4,659 ~0.060 0.877 0,072 -0.107| 0,782 | 0,782
0] 4,606 -0.070 1.128; 0.085 0.0 1.113 | 1.020
K | 4.632 | -0.065 | 1.003] 0.062 | 0.041] 0.959 ] 0.892

+)
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EORTT

The n and

denote the pure non-strange and

T meson, respectively.
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Table 2: Masses of the non-strangs (Y =2) dibaryons in the original MIT
bag model calculationlB)’IQ) (4), and in the present calculation
including pionic corrections (B)
B
I S & % | RGevTT) M(GeV) |R(GeVTT)  M(GeV)
0 1 2/3 ~76 6.60 2.16 6.41 2.18
1 0o 2 =76 6.68 2.23 €.45 2.24
1 2 4 -52 6.79 2.35 6.52 2.36
o 3 4 =36 6.79 2.35 6.52 2.38
2 1 20/3 =52 6.93 2.5C 6.61 2.46
3 0 12 -36 7.19 2.79 6.78 2.69
Table 3: Masses of lowest two Y =1 dibaryons in cases A and B
(see caption of Table 2).
A B
-l -1
I 8 A L R{GeV ) M{GeV) R(GeV ™) M{GeV)
i/2 1 -7/3 =67/-57 6.38 2.16 6.28 2.20/2.22
i/2 2 -1 -57/-39 6.47 2.23 6.33 2.27/2.31
Table 4: Masses of lowest Y =0 dibaryon (E) 1in cases A and B
{(see caption of Table 2}.
A B
-1 -1
I S & z R(GeV ™) M{GeV) R{GeV ) M{GeV}
0 0 -6 =56/=48 £.09 2.15 6.11 2.22/2.23






