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We study electromagnetic mass differences of 2 baryons in the constituent-quark model and the

Skyrme model. We find that the mass differences can be explained better in the presence of a
photon-cloud contribution.

I. INTRODUCTION

Since the beginning of hadron spectroscopy, elec-
tromagnetic (em) mass differences have posed a problem
in their understanding. The proton-neutron mass differ-
ence is probably the oldest puzzle in hadron physics. ' In
the quark models, this problem has only shifted to under-
standing the up-down quark mass difference. The em
mass differences among hyperons have also been studied
via different approaches. Recently, with the appearance
of the Skyrme model as a promising candidate to explain
hadron phenomenology, these mass differences have again
attracted the attention of some authors.

For a long time, strong interactions were supposed to be
isospin symmetric and the observed isospin violations
were attributed to em interaction. In order to solve the
problems faced by this idea, the tadpole mechanism was
proposed. This mechanism, associating the bulk of em
self-energy with an SU(3) octet, led to the celebrated
Coleman-Glashow sum rule. Then other em mass sum
rules were derived in SU(3) and higher symmetries. In
quark models, these mass differences were thought to
arise from up-down quark mass differences and two
quark interactions: i.e., Coulombic and magnetic interac-
tions. Quantum chromodynamics has provided signifi-
cant insight into hadron masses. ' The idea that hyper-
fine splitting in the mass formula arises from single-gluon
exchange between quarks led to the realization that such
an exchange would also contribute to em mass differ-
ences. " But this development only led to partial success.

In the past few years, the Skyrmion, a soliton solution
of an effective field theory of mesons, has been used to
reproduce nucleon behavior. ' It has been extended to the
SU(3) sector and many of the baryonic properties have
been studied. ' The agreement with experiment, however,
is within 30%, indicating that new features may be re-
quired. The em mass differences of the baryons have also
been calculated in this model. But these show large
discrepancies with observed values.

A probable reason for the discrepancy found in the
study of the em mass differences may be the neglect of a
cloud of virtual photons surrounding the baryon state.
The order of magnitude of its contribution to the baryon
mass is similar to isospin breaking due to m„&md (Ref.

14). Normally one assumes that the cloud contribution
might have been included in the quark mass terms, ' but
explicitly calculating, this does not seem to be the case. '

Therefore one should consider these, while comparing
theory with experiment.

We, in this paper, study the em mass differences among
the —, baryons in the constituent-quark model and the
Skyrme model. We find that the agreement improves in
the presence of the self-energy contribution due to the
photon cloud.

II. ELECTROMAGNETIC MASS DIFFERENCE
IN CONSTITUENT-QUARK MODEL

A. Without photon-cloud energy

In the constituent-quark models, the s-wave baryon
mass formula can be written' ' as

M =pm;+g (cr; ol),b

I i)j m™j
where

(2.1)
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6

(2.2)

(p —n)=(&+ —X )+(:- —:-)
( —1.3 MeV) ( —1.6+0.7 MeV) (2.3)

and the isospin mass formula

m; and Q; denote mass and charge of ith quark. The em
mass difference, therefore, gets effective contributions
from the constituent-quark mass difference and hyperfine
splitting due to spin-spin interaction. Other flavor-
dependent effects arising from the difference in kinetic
energies of the quarks and the Coulombic interactions, '

etc., have been absorbed in renormalizing the quark mass
terms in (2.1). In our analysis, we ignore aQ;QJ, i.e., the
photon-exchange term in (2.2), since this is very small in
comparison to the a, -0.5 required for hadron masses. '

The mass expressions for different —,
' baryons are

given in columns 2 and 3 of Table I. The Coleman-
Glashow formula (particle symbol denotes its mass)
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TABLE I. Mass contributions to 2 baryons.

Baryon

n
y+
yO

0

Quark
constituent

mass

2m„+ md

m„+2mq
2m„+m,

m„+m~+m,

2m' +m
m„+2m,
my+2m

1 —4x
x —4x
1 —4y

1+x
2

—2y —2xy

x —4xy2

y' —4y

y —4xy

Hyperfine splitting &&b/m„
(x =m„/m~, y =m„/m, )

Isospin breaking
(M = 1) in the
Skyrme model

—p/10
+p/10
—p/2

0

+p/2
—2p/5
+2p/5

AX =X++X-—2X'=0

(1.78+0. 19 MeV) (2.4)

follow. Determining m 0 ——( m„+ m~ )/2- 340 MeV,
m 0/m, =—,

' from the average isomultiplet mass and
5m =m~ m„ from—the n pmass -difference, the em mass
differences can be obtained as given in column 2 of Table
II. The disagreement with experiment is clear.

B. With photon-cloud energy

In the presence of em interaction, the hadron emits and
absorbs photons. The cloud of virtual photons would
then contribute to the mass of the state. This is expected
to be about the fine-structure constant cz multiplied with
the scale of the strong interactions. To lowest order the
effective Lagrangian describing this contribution' is

= ——,
' e f d y D(x y)TJ"(x)J„(y),— (2.5)

where D is the photon propagator and J„(x) is the em
current. Renormalization of the Lagrangian (2.5) would
introduce some terms which effectively can be absorbed in
the quark mass differences. ' The photon-cloud energy
can be calculated either within the quark model"' or
through the electron scattering data. ' Both of these esti-
mates are in good agreement. ' %'e use the latest estimate
given in column 3 of Table II, as made in Ref. 14, from
the Born term in the electron scattering. The inelastic
contribution introduces only an uncertainty of +0.30
MeV in the estimates. '

It may be noted that AX=X+ —X —2X, which was

predicted to be zero earlier, is found to be 1.78+0. 14
MeV, due to the photon-cloud effect, in nice agreement
with the experimental value of 1.79+0.19 MeV. All the
em mass differences calculated in column 4 of Table II
have improved in the presence of the photon-cloud contri-
bution.

III. ELECTROMAGNETIC MASS DIFFERENCE
IN SKYRME MODEL

2 — 2

f f d x Tr[A, 3(U+U )],16
(3.1)

where f is the pion decay constant and A, 3 is the third
Gell-Mann matrix of SU(3). Sandwiching this term be-
tween the baryon wave functions, one obtains the em mass
contribution to the baryons as given in column 4 of Table
I, where p is given by

p, = —,'m(m o —m + )f f [1—cosF(r)]r dr

—3.3 MeV . (3 2)

This term yields the em mass splitting as displayed in
column 2 of Table III. All the signs are right, but magni-
tudes differ considerably from experiment.

A. Without photon-cloud energy

A promising soliton picture for the baryon has been
provided by the Skyrme model. ' ' In this model iso-
spin breaking (b,I =1) can be introduced through the
meson masses as

TABLE II. Electromagnetic mass differences in the quark model.

Mass
difference

n —pX-—X+
r- —XO

Without
photon-cloud

energy
(5m =1.78 MeV)

13'
3.6
1.8
2.4
0

Photon-cloud
contribution

(+0.30 MeV)

—0.76
0.17
0.97
0.86
1.78

With photon-
cloud energy

(MeV)
(5m =3.5 MeV)

13'
7.7
2.9
6.3
1.8

Experiment
(Ref. 20)

(MeV)

1.293
7.97+0.07
4.8820.06
6.4 +0.6
1.79+0.19

'Input.
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TABLE III. Electromagnetic mass differences in the Skyrme model.

Mass
difference

n —pr- —x+
r- —xp

'Input.

Skyrme
model only

(MeV)

0.7
3.3
1.6
2.6
0

With quark
mass term

5m =0.6 MeV

1 3'
4.6
2.3
3.3
0

With photon-
cloud energy
p=8 MeV

0.9+0.3
80+0 3'
4.9+0.3
7.0+0.3
1.8+0. 1

Experiment
(Ref. 20)

(MeV)

1.293
7.97+0.07
4.88 +0.06
6.4 +0.6
1.79+0.19

It has been suggested that some new features may be re-
quired in the Skyrme model, since the reproduced
phenomenology agrees with experiment within 30%. One
idea has been to include quarks in this model by associat-
ing complementary roles to the Skyrmion and the
quarks i.e., the quarks keep the Skyrmion from collaps-
ing, while the Skyrmion keeps the quarks confined. Fol-
lowing this view, quark mass terms have been included to
improve the hadron mass spectrum. ' Recently, for em
mass differences of N and 6 isomultiplets also, the
down-up quark mass difference 6m has been introduced in
the Skyrme model.

If this simple prescription is extended to the hyperon
sector, the em mass difference would look like

B. With photon-cloud energy

In this section we find that when the photon-cloud en-
ergy contributions are subtracted from the observed mass
differences, the subtracted mass difference appears in the
same ratio (within errors) as predicted by the Skyrme
model, i.e.,

(n —p): (~- —~+): (r, ——~0): (=-- —=-')

p/5: p: p/2: 4p/5
= 2.0+0.3: 7.8+0.4: 3.9+0.4: 5.6+0.9

Treating p as a parameter, the calculated mass differences
are given in column 4 of Table III. The values, with a
choice of p-8 MeV, are found to be in nice agreement.

IV. SUMMARY AND CONCLUSION

n —p = +6m,
5

X —X+ =p+26m,

Z- —r.'= ~+em,
2

(3.3)

We have studied the electromagnetic mass differences
& +of the —, baryon in the constituent-quark model and the

Skyrme model with and without the photon-cloud energy.
To conclude, we find that the mass differences seem to re-
quire a photon-cloud energy contribution. We have not
included the —, decuplet baryons, since the errors in the
data are rather large to decide upon the situation.

o 4p=-—= = p+Sm
5

The sum rules (2.3) and (2.4) are regained. The calculated
numbers with 6m =0.63 MeV are given in column 3 of
Table III. Though a slight improvement is achieved, the
major discrepancy remains.

ACKNOWLEDGMENTS

One of us (R.C.V.) thanks Professor A. N. Kamal for
inviting him to the University of Alberta and the Theoret-
ical Physics Institute and the Department of Physics,
University of Alberta for their kind hospitality. This
research was supported in part by grants from the Natural
Science and Research Council of Canada.

A. Zee, Phys. Rep. 3C, 129 (1972).
T. H. R. Skyrme, Proc. R. Soc. London A260, 127 (1961);

Nucl. Phys. 31, 556 (1962).
M. S. Sriram, M. S. Mani, and R. Ramachandran, Phys. Rev.

D 30, 1141 (1984).
4E. Guadagini, Nucl. Phys. B236, 35 (1984).
5B. Li, Mu. Yan, and K. Liu, Stony Brook Report No. I.T.P.-

SB-86-24, 1986 (unpublished).
S. Coleman and S. L. Glashow, Phys. Rev. 134, B671 (1964).

7H. Harari, Phys. Rev. 139, B1323 (1965), and references
therein; S. Eliezer and P. Singer, Phys. Rev. D 8, 2235 (1973);
R. C. Verma and M. P. Khanna, ibid. 18, 828 (1978); 18, 956
(1978).

T. K. Kuo and T. Yao, Phys. Rev. Lett. 14, 79 (1965); H. R.
Rubinstein, ibid. 17, 41 (1966); A. Gal and F. Scheck, Nucl.
Phys. B2, 110 (1967); H. J. Lipkin, ibid. B1, 597 (1967); J.

Franklin, Phys. Rev. 172, 1807 (1968).
D. B. Lichtenberg, Phys. Rev. D 14, 1413 (1976); 16, 231

(1977); S. N. Sinha, S. I. H. Naqvi, and D. Y. Kim, Prog.
Theor. Phys. 75, 205 (1986).
A. DeRujula, H. Georgi, and S. L. Glashow, Phys. Rev. D 12,
147 (1975).

N. Isgur, Phys. Rev. D 21, 779 (1980).
A. P. Balachandran et a1., Phys. Rev. Lett. 49, 1124 (1982); E.
Witten, Nucl. Phys. B223, 422 (1983); G. S. Adkins, C. R.
Nappi, and E. Witten, Nucl. Phys. B228, 552 (1983).

' P. O. Mazur et al. , Phys. Lett. 147B, 137 (1984); H. J.
Schnitzer, ibid. 139B, 217 (1984); J. Bijners, H. Sonoda, and
M. B. Wise, ibid. 140B, 421 (1984); A. V. Manohar, Nucl.
Phys. B248, 19 (1984); G. S. Adkins and C. R. Nappi, ibid.
B249, 507 (1985); M. Chemtob, ibid. B256, 100 (1985).

J. Gasser and H. Leutwyler, Phys. Rep. 87, 77 (1982).



968 SUNITA SRIVASTAVA AND R. C. VERMA 35

C. Itoh et al. , Frog. Theor. Phys. 61, 548 (1979).
A. D. Sakharov, Pis'ma Zh. Eksp. Teor. Fiz. 21, 554 (1975)
[JETP Lett. 21, 258 i1975i]; C. P. Singh and M. P. Khanna,
Lett. Nuovo Cimento 20, 276 (1981); D. Y. Kim and S. N.
Sinha, Phys. Rev. D 30, 1944 (1984).
J. Gasser and H. Leutwyler, Nucl. Phys. B94, 269 (1975).

L. C. Biederharn, Y. Dothan, and A. Stern, Phys. Lett. 146B,
289 (1984)~

R. C. Verma and M. P. Khanna, Phys. Rev. D 34, 1638
(1986); Euro. Phys. Lett. (to be published).

Particle Data Group, Phys. Lett. 170B, 16 (1986).


