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Mass differences of low-lying, nonstrange, hadron isomultiplets are investigated in the framework
of a relativistic, independent quark potential model, implemented by center-of-mass, one-gluon-

exchange, and pion-cloud corrections. The introduction of pionic self-energy corrections with non-

degenerate intermediate states is instrumental in our analysis, playing also a fundamental role for a
successful description of the p-co mass splitting. The effect of the superposition of all these correc-
tions js discussed in some detail for the p-n, m+-~, p+-p, and 6++-6 mass differences. The corre-
sponding hadronic masses are also calculated with suitable values for the hadronic sizes and quark
masses.

I. INTRODUCTION

The problem of hadronic isomultiplet mass differences
(IMMD's) has been a subject of continuous interest in the
existing literature. Although isospin mass differences are
often called electromagnetic mass differences, it is well
known that the electromagnetic interaction is not the
only source of the effect since quark mass differences such
as md-m„ induce appreciable contributions from strong
interactions, ' which stem from one-gluon-exchange
(OGE) and pion-cloud corrections.

In the present paper, IMMD's of light nonstrange had-
rons are investigated in the framework of a relativistic,
independent, S+ V harmonic quark potential model,
which has been implemented by one-gluon-exchange,
center-of-mass, and pion-cloud corrections. Pion-cloud
corrections were introduced in the model in order to in-
corporate chiral symmetry, which is a fundamental prop-
erty of QCD associated to its massless (u, d)SU(2)-flavor
sector. In the context of the S+ V model, contrarily to
the quark vector current, the quark axial-vector current
is not conserved due to the presence of the Lorentz-scalar
component S of the confining potential. In order to re-
store chiral symmetry, an elementary Goldstone pion
field is introduced interacting with the quarks of the bare
"core" in a linearized way. As a consequence, pion-
exchange and self-energy effects give rise to additional
contributions to the hadronic mass spectrum. In the
same spirit of the cloudy-bag model, these pionic effects
are assumed to be small (or moderate) and are treated
perturbatively in lowest order of the quark-pion constant.

The present treatment of the IMMD's of nonstrange
low-lying hadrons, based on the above-defined model, in-
corporates besides specific one-photon-exchange contri-
butions, the contributions of one-gluon-exchange and
pion-cloud corrections resulting from the md-m„mass
difference. We note that a similar approach for studying
the mass differences among SU(3) baryon multiplets has
also been undertaken by Hwang, based on the MIT bag
model, with part of the flavor-SU(3) violations arising
out of pion-cloud effects. A high-quality fit of the baryon
masses was obtained by means of a best fit of the chiral-

bag parameters, corresponding to a nucleon bag radius of
around 0.45 fm. However, the mesonic case was not
treated in that work. On the other hand, Itoh et al. ,
based on a semirelativistic quark potential model with
Gaussian wave functions, have discussed in detail the
IMMD's for both low-lying baryons and mesons. They
introduced explicitly a flavor-SU(6)-symmetry breaking
in the Gaussian wave functions for describing the
baryons, in order to take into account spin-spin effects
stemming from OGE, an effect which is also instrumental
to explain the negative charge radius of the neutron. As
we shall discuss here, similarly to Ref. 9, the mesonic sec-
tor requires an appropriate parametrization different
from that used for baryons. Furthermore, a better under-
standing of the effects involved in the IMMD's, both for
baryons and mesons, seems to require the consideration
of the available intermediate states associated to the
Goldstone pion, in lowest order. Thus, in our treatment
of the pion cloud a novel feature is that the Goldstone
pion self-energy corrections are calculated including the
contributions of the different intermediate states (0 and
l for mesons, spin —,

' and —,
' for baryons), either in the

case in which they are degenerate in mass or in the case
this mass degeneracy is broken by OGE and electromag-
netic corrections. As we shall see, a correct estimate of
the hadronic size (described by its bag radius or, in the
present model, by the Gaussian radius of the constituent
quarks) will play a fundamental role in our analysis.

The paper is organized as follows. In Sec. II, we briefly
review the S+ V potential model and discuss the neces-
sary expressions for calculating the hadronic IMMD's.
Section III is devoted to the exposition of the results ob-
tained and Sec. IV to our Anal remarks and conclusions.

II. BASIC FRAMEWORK

We begin this section by briefly recalling our single-
quark, S-wave framework. In the S+ V potential model
each quark in the hadron obeys a Dirac equation

[a p+)33m, . + —,'(1+/3) V(r)]g, (r) =E;g; (r),
where i is the quark Aavor index. For reasons of simplici-
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ty, we have adopted for the confining potential V(r) the
harmonic form

V(r) = Vo+ ( I(:r— (2)

This choice allows a simpler, analytical treatment and
gives results very close to those obtained with the linear
potential both for the hadronic mass spectrum and static
properties. The S-wave solution of Eq. (1) is

f;(r)=N;
0;(r)X

~ p0;(r)X
(3)

where x;=E;+I;, the normalization constant is given
by N, =[1+.—,'(x;R;) ] ', y is a Pauli spinor and P(r) is

a normalized eigenfunction of the radial equation
p (I),.(r) =x, [E,—m, —V(r)]p, (r), which has the form

3/4
1

mR.

—r /2R, .
P;(r)= (4)

with the "gaussian radius" of the ith constituent quark
defined by

R;=
1/4

2

X,K

For the S-wave single-quark energy we have

E, =mi+ Vo+ —'X

We note that the spin dependence of the quark
confinement potential is, in principle, not known.
Among the mixed potentials of the form aS+ b V, the
choice of an equally mixed term —,'(1+P)V(r) in Eq. (1) of

EEi=a, (H g X).;I) I;, H))=a, Xb,I,
i,j a i,j

(8b)

EEQ=aIH X(Q;Q, )ta; a, )I;, H) aX 'Iia=, (ba)
l7J l7J

EEl=a(H g(Q, Q )I, H) aX b,', I.f~~, =
l7 J l7 J

where nz Qqg /4' is the strong-coupling constant,
n=e /4m=

37 is the fine-structure constant, A,
' are the

Gell-Mann matrices of the SU(3)-color group, o;
represents the Pauli spin and Q; is the charge of the ith
quark. In Eqs. (8) and (9) we are using the definitions

the present S+V model is motivated by reasons of sim-
plicity and represents, in a phenomenological way, the
nonperturbative multigluon interactions which give rise
to quark confinement according to QCD.

The hadron masses M can be written in the form

M =[(E,+E,+E, )' (P—') ]'"+aE. ,

where Eo=+,E; is the sum of the single-particle ener-
gies, E =b,EQ+b, Eg is the sum of the magnetic and
electric parts of the one-gluon exchange, ' E
= b,Err+ b,Eg is the one-photon-exchange correction,
(P ) '~ is the center-of-mass energy correction and b,E
is the one-pion-exchange self-energy contribution. These
several energy-correction terms are given by

EEl=a, (H g X).;I,;'(a, a, )la H)
i,j a

=a, pa, ,IMAM,

l7J

4 1 1 +2+2
+&')'~ x x

l J J

3 R.1+—
2 R.

(10a)

15 1 2R +R
+ 1+—

4 x x (Z'+Z')
+2+2

1 JX;X-
(lob)

Details of this calculation can be found in Ref. 3.
Analogously to Eqs. (8) and (9) one can also obtain

LrsLE Q H T 7j cT cT' j Ij H =a c,jIj 1 1

17J l7J

where 0. =g /4~ is an e6'ective quark-pion coupling
constant and the v.; are expressed in terms of Pauli iso-
spin matrices associated to the ith quark.

The coefticients a;, b, , and c; which appear in Eqs.
(8), (9), and (11) can be easily evaluated and are given in
Table I, for the hadrons considered in this work. Al- AE = ,' f~~ ,', C (H)I——— (12)

though we have performed our calculations with the in-
clusion of the self-energy terms' [terms with i =j in Eqs.
(8), (9), and (11)], which give rise to the coefficients in
Table I(a), we also display in Table I(b) the coefficients
obtained without the inclusion of the self-energies, as a
possible useful reference.

Now, we would like to concentrate our discussion in
the pionic energy corrections. An alternative expression
to that of Eq. (11) is
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TABLE I. CoefBcients Q;, , b... and c;,-, defined in the text by Eqs. (8), (9), and (11),evaluated for the low-lying light hadrons, includ-
ing self-energy terms (a) and without self-energy terms (b).

Hadron

One-gluon exchange

Magnetic part Electric part

Quu Qud Qdd ~uu ~ud ~dd Quu

One-photon exchange

Magnetic part Electric part
I

Qud

One-pion

exchange

Cuu Cud Cdd

gO

p

p

—3

—3

—4

0 0

—3

0 0

—3

—6 —3

0 —6
—6 —3

1

3

4
9

00 0
1

3

4
9
1

3

1

+-
+ 1

+-
+ 1

+ 2

1

0 0 0
+ 4+ 4

+ 8

+ 4

+ 8

+ 4

+—

0 0 0
4

0 0 0
4
3

0 0 0
4
3

(a) Including self-energy terms
—1

—1 4
3 9

0 4 03

—1 16 8
9 9

—1 4 8
3 9

4
9

4
9

8
9
8
9

0 0
8
9
8
9

1

9

1

9

0 0

+ 4 + 4

1

3

+ 1

0 0 0

0 0 0

0 0 0

20 28 9

9 28 20

33 0 0

20 4 9

9 4 20

0 0 33

8 0 8

12 0 12

9 6 9

12 0 12

9 6 9

gO

p

p

3 0 0

2 0

0 2

0 0 3

0 2 0

(b) Without self-energy

0

1 0

0 8

0

1 0

I 2

0 2

3 0
1 2

0 2

8
9
8
9

0 0 3

0 2 0

1 0

+ 4

0

terms

2
9
2
3

1

9

8
9

2
9

0 0

4
9

+ 4

0 1

9

8
9
8
9

0 0

2 28 0

0 28 2

6 0 0

2 4 0

0 4 2

0 0 6

0 2 0 0 2 0

1 0

0 2 0

1 0

0 2

0
4
9

+—

4

0

4
3

1

9
4
9

0

+ 4

0

4

1

9 3 0 3

0 6 0
3 0 3

0 6 0

and

c(H)=pc) =(H pa, .a, r, r, H)
E,j E,J

(13)

I = u (k)dk, co =k +m1 k
'7TPl ~ O M

(14)

where k is the momentum of the interchanged pion and
—k R /4u(k)=(1 —ARok )e

where, by use of the familiar Goldberger-Treiman rela-
tion, we have introduced a parametrization for the model
by means of the pseudovector nucleon-pion coupling con-
stant f~z (f~~ =0.08). In Eq. (12), C(H) is the hadron
spin-isospin matrix element, given by

with

Eo —mo

2(5EO+ 7mo)

is the form-factor characteristic of the harmonic S+ V
model. In the above and subsequent equations, the sub-
script zero indicates ordinary (u or d quarks).

We want to note that the presence of a form factor in
Eq. (14) is fundamental to obtain the convergence of the
integrals I . Besides, all the model dependence will be
contained in u (k). We also note that the expression for
the pion-correction b,E, Eq. (12), can also be applied to
the cloudy bag model (CBM), provided we take for the
form factor the well-known expression u (k) =3j&(kR&)!
kRb, where R~ is the bag radius.
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b)
C'(H) =g 5H(H')C(HH'),

H'

where

(16)

p Go p p H p
5H(H') =

k u (k)dk
o co (co +MH —MH)

k u (k)
dk

CO~

(17)

FIG. 1. Available self-energy diagrams for (a) N and 6
baryons and (b) co, p, and vr mesons.

The pionic self-energy corrections, as given by Eq. (12),
although they consider just one-pion exchange, have been
applied successfully in the description of the mass spec-
trum of low-lying S-wave baryons. However, to attack
the mesonic sector an improvement is necessary: Eq. (12)
has to include the possibility of contributions of other ha-
dronic intermediate states H' belonging to the same mul-
tiplet of the hadron H. These contributions will depend
on the mass differences MH —MH, which are non-
vanishing for H'WH because we assume that the mass de-
generacy has already been broken due to color OGE (Ref.
11). For degenerate intermediate-energy states, the spin-
isospin matrix element C(H) in Eq. (9) can be decom-
posed in a sum over all the available intermediate states
H': namely,

C(H)=& C(HH')=& & &Hl~;~;IH'&&H'l~, r, lH &,
H' ij

where each term C(HH') is the matrix transition element
associated to the vertex HH'~ of the corresponding one-
Goldstone-pion-exchange diagram. The available dia-
grams to the hadrons considered in the present work are
shown in Fig. 1. When states H and H' no longer degen-
erate are introduced, "we shall have

with 5H(H)=1.
The integrals in 5H(H') are performed numerically.

Firstly, it is convenient to make the change of variables
x =k /m —:co=m (x+1)', leading to

flZ ~ x u (x)dx5H(H') =
(x+1)[l+d(x+1) 'i ]

where we have defined

MH —MH

In Eq. (18), the form factors for the S+ V and CB model
can be written, respectively, as

u (x)=(1—2Azx ) e (19a)

where z' =
—,
' m +b.

We evaluated the intermediate-mass corrections
5H(H') given by Eqs. (17) and (18) as a function of the
mass difference 6~=MH —MH for severa1 values of the
parameter Ro, defined by Eq. (5), and plotted the curves
given in Fig. 2. We also calculated these corrections for
the CBM for a bag radius of 1 fm, using the form factor

where z =
—,
' m + Q and

u (x) =
3

[sin(2z'x )'~ —(2z'x )' cos(2z'x )' ]
9

(2z'x )

(19b)

6„(H
'LQ

)
a) 6M& 0

6H(H') gg

4.0—

b) 5„&0

.8 3.0—

.7 2.0
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.5
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.3

~ 2

1.0
o».25 fm
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FIG. 2. Intermediate-mass correction 6H(II') as a function of the mass dift'erence 5M =M& —MH for several values of Ro. The
dashed curve refers to the bag model with Rb =1 fm.
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given by Eq. (19b). In performing the numerical integra-
tions in Eq. (18), the principal value was taken whenever
a pole at x =d —1 appears.

It is interesting to note that in the case of the bag mod-
el, the parameter which controls the behavior of the
curves is the bag radius Rb, while in our model is the pa-
rameter Rp, the "Gaussian radius" associated to the sin-

gle quarks. Notice that when smaller values of Rp are
taken, the curves for 6~ & 0 stay in the upper region of
Fig. 2(b), where 5H(H ) is positive. A similar behavior is
found in the bag case. We have recently shown in a pre-
liminary work' that, in order to describe correctly the
p-co mass difference, both in sign and magnitude, it is
necessary to take sufFiciently small values for the radius
of the mesons, as compared with those of the baryons.
This point will be better clarified afterwards. Now, we
shall present our results.

III. THE IMMD'S: ASSUMPTIONS AND RESULTS

Our results are based on Eq. (7), which allows us to cal-
culate the physical hadron masses taking into account the
several energy corrections eff'ects, as given by Eqs. (8), (9),
and (12), including self-energy terms, whose coefficients
are given in Table I(a).

In a previous work, ' the effects of the intermediate
states to the pion-energy corrections have also been in-
corporated. This was necessary for a correct description
of the mass spectrum of the mesonic sector. Further-
more, it was shown that the p-m mass splitting can be ob-
tained both in sign and magnitude only when the ap-
propriate corrections due to the nondegenerate inter-
mediate states are introduced. Besides, a parametrization
of the mesonic sector different from that of the baryons
was required. In order to make this point clearer, let us
briefIy recall here the main features of that analysis, be-
cause they will be of importance for the understanding of
this work.

In the mechanism of the p-co mass difference, a decisive
role is played by the diagram of the p meson containing
two pions in Fig. 1(b). It is well known that nonchiral
models lead to M =M„(Ref. 3). On the other hand, a
direct application of the pion corrections by means of Eq.
(12) would lead to the result M )M (Ref. 13), while ex-
perimentally we have M &M . This wrong result is a

consequence of the use in Eq. (12) of the uncorrected
spin-isospin matrix element C(H), defined by Eq. (13).
As can be seen from Table II, C(co)=24) C(p)=16 and
then, as the pion-cloud energy corrections are subtrac-
tive, one finds M„&M . By using the corrected matrix
elements, defined by Eqs. (15) and (16), the situation
changes. When C(p)=16 is broken to C(pro)=8 plus
C(p~) =8 and the corrections 5 (H') are applied, we get
5 (ir) & 2.00. Consequently, C'(p) )24 and thus the right
splitting, with the lightest p, is found.

It must be noted that this result can be achieved only if
the radius Rp for mesons is adjusted to a conveniently
small value, corresponding to a curve passing in the
upper region of Fig. 2(b), with 5H(H') )2 for
6M =MB —MH=M —M = —635 MeV. We have fitted
the p-co mass splitting with Rp=0.27 fm while for the
baryons X and 5 we had found Rp=0. 58 fm. Then, a
different parametrization for the mesonic sector came
out.

Furthermore, we note that in Ref. 12 our fitting of the
light baryons and mesons was made with the aid of the
naive color relation V =

—,
' V, which encouraged us toqq'

try ( V(r) )b,„„,„=-—,' ( V(r) ) „,„. We recall that, although
the color relation appears inappropriate in the confine-
ment region where multigluon processes dominate, there
is some indication in the literature of its approximate va-
lidity'" in the present context.

After these preliminary considerations, let us concen-
trate our attention to the IMMD problem. We started
the present fitting using a set of parameters with values
close to those determined in the p-co mass splitting. The
new feature is that now we have m„Wmd. This induces
contributions of strong and electromagnetic origin to the
mass differences, as we already pointed out. The best
fittings obtained for the hadron masses are given in
Tables III(a) and III(b), where one can analyze the several
energy corrections which contribute to the physical had-
ron masses, calculated according to Eq. (7). In Table IV,
the corresponding IMMD's are presented and compared
with the available experimental data. '

In our previous work, ' we had used m„=md =7 MeV.
Now, by means of slight variations around this value, we
determine m„and md in order to fit the neutron and pro-
ton masses. We have found m „=5.78 MeV and

TABLE II. Corrections to the matrix elements C(H) due to the nondegenerate intermediate states,
Eqs. (15) and (16), calculated in our previous work, Ref. 12.

P

P

N

C(H)

24

24

57

33

C(HH')

24

24

25
32

25
8

5M =MB —M~

13
—635

—13

635

0
294

0
—294

6~(H')

0.97
2.07

1.00

0.572

1

0.602

1

2.43

sH(H )C(HH )

7.76
16.56

24.00

13.73

25
19.26

25
19.44

C'(H)

24.32

24.00

13.73

44.26

44.44
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TABLE III. Energy corrections and hadron masses (in MeV). The Gaussian radius Ro and the corresponding corrected matrix
element C'(H) for each hadron are also given in the tables. In (a) the matrix elements C'(H) are those obtained in Ref. 12 (see also
Table II), while those in (b) have been calculated with a nondegenerate triplet of Goldstone pions. The parameters are given below,
in the tables. In both fittings we have Vo(baryons) 2 ~o(mesons)

(a)
Hadron

n
Q++
Q+
g0

p
p
p
CO

~+

1878.272
1879.617
1876.926
1878.272
1879.617
1880.963
2678.535
2678.535
2678.535
2678.535
2678.535
2678.535
2678.535

EEL /a,
—814.168
—813.819
—407.522
—407.173
—406.823
—406.473
—587.663
—587.663
—587.663
—587.663

—1762.988
—1762.989
—1762.988

EEg /a,

0.003
0.003

0
0.003
0.003

0
0
0
0
0
0
0
0

—509.179
—508.961
—254.864
—254.644
—254.426
—254.209
—367.525
—367.525
—367.525
—367.525

—1102.573
—1102.573
—1102.573

b.EQ /a

+4.263
+0.015

+ 16.980
+38.180
+33.931
+4.234

—58.170
—30.618
—58.170
—30.618
—9.198

—91.854
—9.198

AEg/a
—123.110
—164.052
+ 163.910
—123.110
—164.052
+41.085
+264.002

0
+264.002

0
+264.002

0
+264.002

—0.868
—1.198
+ 1.320
—0.620
—0.950
+0.330
+ 1.502
—0.224
+ 1.502
—0.224
+ 1.859
—0.671
+ 1.859

Hadron

n
g++
Q+
go

p+

p
p
CO

7T+

Eo+E +Ey

1368.225
1369.458
1623.382
1623.008
1624.241
1627.084
2312.512
2310.786
2312.512
2310.786
1577.821
1575.291
1577.821

(p2)1/2

790.908
791.229
790.587
790.908
791.229
791.549

1389.206
1389.206
1389.206
1389.206
1389.206
1389.206
1389.206

C'{H)

44.26
44.26
44.44
44.44
44.44
44.44
24.32
24.32
24.32
24.00
13.73
13.73
13.73

—178.124
—178.124
—178.848
—178.848
—178.848
—178.848

—1078.152
—1078.152
—1078.1S2
—1063.966
—608.677
—608.677
—608.677

O.S80
0.580
O.S80
0.580
0.580
0.580
0.270
0.270
0.270
0.270
0.270
0.270
0.270

938.347
939.632

1239.018
1238.410
1239.645
1242.721
770.584
768.424
770.584
782.610
139.407
134.054
139.407

~expt

938.279
939.573

1230-1234

769+3

782.6+0.2
139.567
134.963
139.567

p —n = —1.285
vr —m =5.353

Results
5 —6++ =0.627
p+ —

p =+2.160
DR=4. 115

p
—cu = —14. 186

Parameters: m„=5.3 MeV, md =8.7 MeV, a, =0.6254
Ro=0.580 fm, leading to %=42.31X10 MeV, R„=O.S805 fm, Rd=0.5795 fm, I„=418.679 MeV
RO=0.270 fm, leading to K=423.8X10 MeV', R„=0.2701 fm, Rd=0.2699 fm, I =4615.245 MeV

md =9.50 MeV, leading to m =
—,'(m„+md )=7.64 MeV,

with m„—m„=3.72 MeV. These values are in good
agreement with the predictions of the standard model,
which gives m„=5.5 MeV, md =10 MeV, and m, =200
MeV (Ref. 16). We note that this agreement with our re-
sults was not necessarily expected, even in the framework
of a relativistic quark model. One sees that it was the in-
troduction of the several energy corrections which natu-
rally allowed us to obtain values for the quark masses
close to the @CD expectations.

Although the parameters which enter in Table III(a)
have been fixed in our previous work, ' this time we had
to improve our precision in the calculations in order to
describe the IMMD's accurately. As compared with our
former works, a diA'erent feature is that now, instead of

using the spring constant K, we parametrized our calcu-
lations in function of the Gaussian radius Ro. In our pre-
vious work we had found Ro =0.58 fm for the baryons X
and 6 and Ro =0.27 fm for the mesons p, co, and m. The
present fitting was achieved through slight variations
around these values. As can be seen from Table III, this
time we have fitted the baryon 5 with a radius a little
larger than the nucleon. We have Ro =0.580 fm and
RO=0.586 fm. Setting R„=g;R;, we find R„—=&3RD
for the corresponding bag radius, and then results
Rb =1.00 fm and Rb =1.01 fm. In the framework of the
bag model, Hwang has also taken into account
R„(octet) &Rb(decuplet), with Rb =0.987 fm and Rb
=1.081 fm.

We recall that already in the original MIT bag model
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TABLE III. (Continued).

Hadron

P
n

g++
Q+
gO

P
P
P
CO

~+

E

1878.347
1879.823
18S8.816
1860.294
1861.772
1863.250
2666.506
2666.506
2666.506
2652.679
2668.361
2668.361
2668.361

b,E$ /a,
—813.468
—813.103
—402.819
—402.436
—402.052
—401.667
—S84.484
—584.484
—584.484
—581.114

—17S4.805
—1754.806
—1754.805

KEg /a,

0.003
0.003

0
0.003
0.003

0
0
0
0
0
0
0
0

Eg

—508.427
—508.187
—251.762
—251.520
—251.280
—251.042
—365.302
—365.302
—365.302
—363.197

—1096.7S3
—1096.754
—1096.753

aEg/a
+4.262
+0.016

+ 16.784
+37.736
+33.536
+4.184

—57.857
—30.453
—57.857
—30.278
—9.157

—91.431
—9.157

b,Eg/a
—'123.129
—164.068
+ 162.248
—121.881
—162.404
+40.679
262.760

0
+262.760

0
+262.952

0
+262.952

—0.868
—1.198
+ 1.306
—0.615
—0.941
+0.327
+ 1.495
—0.223
+ 1.495
—0.222
+ 1.852
—0.668
+ 1.852

Hadron

P
n

g++
Q+
g0

P
P
P
CO

1T+

Eo+Eg +Ey

1369.052
1370.438
1608.360
1608.159
1609.551
1612.535
2302.699
2300.981
2302.699
2289.260
1S73.460
1570.939
1573.460

( p2) 1/2

790.793
791.143
782.274
782.625
782.976
783.326

1382.419
1382.419
1382.419
1374.762
1383.446
1383.446
1383.446

C'(H)

44.5435
44.582
44.913
44.777
44.778
44.931
24.471
24.493
24.471
24.395
13.946
13.904
13.946

—179.287
—179.442
—174.777
—174.247
—174.251
—174.847

—1069.037
—1069.998
—1069.037
—1047.959
—610.617
—608.778
—610.617

Ro (fm)

0.580
0.580
0.586
0.586
0.586
0.586
0.2713
0.2713
0.2713
0.2728
0.2711
0.2711
0.2711

938.279
939.573
1230.525
1230.629
1232.023
1234.647
772.524
769.414
772.524
782.547
138.956
135.488
138.956

~expt

938.279
939.573

1230-1234

769+3

782.6+0.2
139.S67
134.963
139.567

p —n = —1.294
—m =3.468

Results
= 1.498

p+ —p'= +3. 110
DR =4.587

p —cg = —13.133

Parameters: m„=5.78 MeV, md =9.50 MeV, a, =0.6250
RO=0.580 fm, leading to K=42.27X10 MeV', R„=0.5806 fm, Rd=0.5794 fm, I„=418.679 MeV
RO=O. S86 fm, leading to K=40.95X10 MeV, R„=0.5866 fm, Rd =0.5854 fm, I =404.781 MeV
RO=0.2713 fm, leading to K=417.4X10 MeV, R„=0.2714 fm, Rd =0.2712 fm, I„=4547.719 MeV
Ra=0.2728 fm, leading to K=410.5X10 MeV, R„=0.2729 fm, Rd=0.2727 fm, I =4471.922 MeV
RO=0.2711 fm, leading to %=418.4X10 MeV, R„=0.2712 fm, Rd=0.2710 fm, I =4557.973 MeV

the radius of the bag Rb for the nucleon and 6 resonance
are different. In fact, one has Rz & R&, a result which is
obtained from the nonlinear boundary condition, by
minimization of the total bag energy when the magnetic
contribution of one-gluon exchange is taken into account.
In the present model, of course, no such boundary condi-
tions exist. However, an analogous relation involving the
Gaussian radius Ro of an ordinary quark in the nucleon
and 6 should also hold due to the repulsive effect of the
spin-spin interactions, arising out of the one-gluon ex-
change, in the case of the 6 resonance. Effects of this
kind, in the framework of a relativistic quark potential
model with Gaussian wave functions have been discussed
in detail by Itoh et al. , as mentioned before.

A similar effect is found in the mesonic sector because
vector mesons are also subject to spin-spin repulsive in-
teractions. Consequently, one could expect R (m, p))g (~). However, as the p-meson assumes an intermedi-
ate state as a virtual pion [plus another Goldstone-type
pion; see Fig. 1(b)] the spin-spin repulsive eg'ect appears
somewhat suppressed. In fact, in our fitting we have
R0=0.273 fm )Ro——-Ro —-—0.271 fm, and we note that,
apart from the above considerations and although R o is
just slightly larger than R io, these values were fitted in or-
der to maintain the good fitting of the p-co mass splitting
obtained in our earlier work.

We also want to call attention that in the present work
the corrected spin-isospin matrix element C'(H) were re-
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TABLE IV. Several results obtained for the light hadrons IMMD's. DR is the "delta relation, " defined in the text. The last line
corresponds to the fit of Table IIIb, where we introduced the nondegenerate triplet of Goldstone pions.

m„

5.0
5.3
6.0
6.3
6.6
7.0
5.2
5.78

md

8.2
8.7
9.4
9.7

10.0
10.4
8.8
9.50

6.6
7.0
7.7
8.0
8.3
8.7
7.0
7.64

md mu

3.2
3.4
3.4
3.4
3.4
3.4
3.6
3.72

—1.183
—1.285
—1.290
—1.292
—1.294
—1.296
—1.384
—1.294

5.349
5.345
5.337
5.334
5.330
5.325
5.345
3.468

0.432
0.626
0.635
0.639
0.643
0.647
0.816
1.498

DR

3.790
4.1 13
4.129
4.136
4.142
4.150
4.430
4.587

2.159
2.160
2.159
2.160
2.159
2.160
2.160
3.1 10

Experimental value (Ref. 15) —1.29332 4.604 2.7+0.3 4.6+0.2 —0.3+2.2

calculated with higher precision, giving rise to the values
in Table III(b). The main improvement was the introduc-
tion of a triplet of Goldstone pions in our formulation of
the pion-cloud corrections. This is to be understood in
the following sense: In our previous work, ' as well as in
former formulations of the pion-energy corrections,
the mass of the Goldstone-pion was introduced into the
calculations with one fixed value; for instance, m = 1 34
MeV in Ref. 12. However, if we consider a breaking of
the diagrams in Fig. 1 into their available charged states,
we have the presence of neutral and charged Goldstone
pions, with masses m 0 = 134 MeV and m + = 1 39 MeV,
respectively. The introduction of the charged pions with
m = 139 MeV modifies significatively the evaluation of
I [Eq. (14)] and the intermediate corrections 5H(H')
[Eq. (17)].

Now, to conclude this section, we would like to discuss
in some detail the results obtained for the IMMD's.

A. Nucleon [p(uud) —n(udd)]

As can be seen from Tables III and IV, the proton-
neutron mass difference (p n) is almost compl—etely ori-
ginated from the kinetic part of the energy, arising out of
the quark mass difference (m„—md). In Table III one
sees that

Eo(n) &Eo(p), Eo(n) —Eo(p)=1.5 MeV

(P'»'" (P')'" (P'&'" —(P )' —=0 3 MeV

so that (Eg+E ) (E +E~—)„=0. In addition, the
pion-cloud effect is similar in the proton and neutron,
hE (p)= hE (n—), and does not contribute significatively
to the mass difference n —p.

Thus, one sees that p —n= —1.293 MeV =
—,'(m„

—m„), with md —m„-=3.4 to 3.8 MeV =3.6+0.2 MeV in
the present fittings, leading to the result

n —p =——,'(md™„)-=1.2 MeV .

B. Baryons 4

The understanding of the 6 is more complicated than
the nucleon because in the 5's there is a mixing of the
several energy corrections. In particular, the effect of the
pion-cloud (which is very sensitive to the adjusted radius
Ro) can even alter the ordering of the masses. Generally,
for baryons the most positively charged states are lighter
because m „(md . However, depending on the fitted pa-
rameters, the pionic energy corrections can make, for in-
stance, the b+ (duu) lighter than the b. ++ (uuu) (see
Table III).

Experimentally, a complete determination of the mass
differences among the charged 6 states is not available.
However, it is known that

bo —b, +=2.7+0.3 MeV (Refs. 15 and 17),

DR=(b, —b, ++)+—I(4 —6+)

=4.6+0.2 MeV (Ref. 18) .

in such a way that from the kinetic part will result ap-
proximately M„—M =—1.2 MeV. The energy corrections
due to gluons and photons are small and cancel each oth-
er in the mass difference. The gluon correction is slightly
higher in the proton while the photon correction is slight-
ly higher in the neutron, namely,

~Es(p)~ & ~Eg(n)~, Eg(p) Eg(n)—= —0.3 M—eV,

IE~«)l & IEr(p)l, E~(p) Er(n)= +0.3 MeV, — —

The first of these relations, 6 —6++, is harder to de-
scribe. The pionic correction seems to participate with at
least 0.5 MeV in this mass difference. In Table V, we
compare the results obtained by different calculations.
One sees that our results have been a little more im-
proved because of the introduction of the pion-cloud with
the effect of the intermediate states. We believe that a
more precise description of the 6 —5++ mass difference
would require slightly different radii among them, an
effect possibly originated from Coulomb forces, which
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TABLE V. Results obtained for the 6 s by means of different calculations, in comparison with the
experimental data.

References Kind of treatment Qo Q++ DR

Bickerstaff and
Thomas, Ref. 19

C. Itoh et al. ,
Ref. 19

Without pion-cloud
corrections

Without pion-cloud
corrections

1.15

0.85

4.47

4.95

W.Y.P. Hwang,
Ref. 7

Present work

Present work

Pion-cloud corrections
with degenerate
intermediate states

Pion-cloud corrections
including nondegenerate
intermediate states
[fitting of Table III(a)]

Pion-cloud corrections
including nondegenerate
intermediate states,
calculated with a non-
degenerate triplet of
Goldstone pions [fitting
of Table III(b)]

0.0

0.627

1.498

4.115

4.587

Experimental value 2.7+0.3 {Ref. 15)
2.4+0.5 {Ref. 17)

4.6+0.2 {Ref. 18)

tend to deform differently the 6 and the 6++ charged
states.

The second relation, which we call here "delta rela-
tion" (DR), is due to Pedroni et al. ' and is more easily
described. Once fitted the Gaussian radius Ro and the
quark masses, one sees that this is a very stable relation
around the value 4.5+0.4 MeV, as can be seen from
Tables IV and V. It seems that, apart of the uncertainties
inherent in any description, the several effects compen-
sate each other giving rise to a reasonable and stable re-
sult for it.

b,E (7r+ ) ) b E (ir ). As a result, the mass difference de-
creased to ~+—vr -=3.5 MeV. We note that although the
incorporation of this effect was performed in an approxi-
mate way, it is gratifying that it leads to results in the
right direction. Perhaps Coulomb-breaking effects, simi-
lar to those discussed in Ref. 9, are also important in this
case, because the fitting of the radius Ro is very sensitive
in this calculation, mainly affecting the calculated values
of the matrix elements C'(ir+ ) and C'(ir ), whose adjust-
ment with the right intensity should yield the experimen-
tal value ~+ —~ =4.604 MeV.

C. Pions

Pion masses are known with good precision, the
charged states being heavier than the neutral one. It is
clear that this mass difference arises fundamentally from
an electromagnetic effect. However, small contributions
from pion-cloud correction exist if the Goldstone boson
is treated as a non-degenerate triplet. In fact, from
Tables III(a) and III(b) one sees that

E (sr+)=E (ir ), (P ) =(P ) „ E,(sr+)=E, (ir')

while E (ir ) =——0.7 MeV (E (sr+ ) —= 1.8 MeV leading
to a lighter w'.

Notice that in our first fitting [see Table III(a)], with
bE (m )=b,E (ir ) we obtained ir+ ir =-5.3 MeV, a-
result only a little larger than the experimental value. By
including the nondegenerate Goldstone pions [Table
III(b)] we found C'(sr+ ) )C'(ir ) leading to

D. Mesons p

Data on the IMMD's of the vector p meson are much
less precise. Actually, it is known that m o=769+3

P
MeV, with an indication that p+ —

p = —0.3+2.2 MeV
(Ref. 15).

We note that for nonstrange mesons the charged states
are systematically heavier than the neutral states. This is
due to the electromagnetic contribution. However, for
the p-mesons the intermediate states take place and the
pion-correction effect can diminish or even invert the sign
of the mass difference p+ —p, in which case, p would be
heavier.

It is interesting to note that such an effect can only be
described when the pion-cloud correction is introduced
with the inclusion of a nondegenerate triplet of Goldstone
pions, because, depending on the fitting, it can give
C'(p ) )C'(p ) leading to a lighter p, or C'(p+ ))C'(p ) leading to a lighter p —.
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In the present fitting we have p lighter than the p —.
However, we remark that this is not a conclusive result.
A more detailed treatment of the intermediate states may
well give rise to m o )m +.

P P

IV. CONCLUSIONS

As we have seen, the md —m„mass difference plays an
essential role in the calculation of the IMMD's. The in-
corporation in the present model of center-of-mass, one-
gluon-exchange, photon-exchange, and pion-cloud
corrections allowed us to adjust the quark masses with
values close to the QCD expectations. We have also
found that using md —m„=3.6 MeV the n-p mass
difference can be properly fitted. While in this case the
main contribution for the mass difference is originated
from the kinetic part of the energy, in the case of ~+-~
the main effect is due to the electromagnetic contribu-
tions. As far as the 6's and p's are concerned, other con-
tributions also participate and pion-cloud effects take
place. The intermediate states play a fundamental role in
this analysis, showing its particular importance in the
description of the p -co and p -p+ mass differences. The
sensitivity of the fitting can be increased by means of the
introduction of more subtle effects, such as deformations
of the quark "core" due to Coulomb forces or, otherwise,
the introduction of a triplet of Goldstone pions, as we
have discussed here.

We would like to recall that, in chiral models, as ours,
the pions assume a dual role. When chiral symmetry is
introduced, they are viewed as elementary Goldstone par-
ticles which assume masses m o

= 134 MeV and

m + =139 MeV in the PCAC (partial conservation of
axial-vector current) limit. On the other hand, they can
be considered as a quark-antiquark bound state belonging
to the pseudoscalar Aavor nonet. Thus, as ordinary
mesons, their masses can be calculated in the model. It is
a gratifying result that, even in a simple model as ours,
the qq pion appears consistently with a mass M (qq ) very
nearly equal to the mass values I„taken for the Gold-
stone pions.

It is interesting to note that, for a successful pion-mass
calculation, it is fundamental to take an adequate Gauss-
ian radius. As for the p and co mesons, the Gaussian ra-
dius for the constituent quarks in the pion were also
Ro =0.27 fm. Consequently, using a simple quadratic re-
lation Rz =-g;R;, 'the pion-bag radius would result
Rb—=&2Ro=0.38 fm. Curiously, this value is in agree-
ment with other references, although obtained in com-
pletely different frameworks. Bernard and Meissner
have analyzed the electromagnetic structure of the pion
and the kaon and found an "intrinsic pion radius" of 0.37
fm. In another approach, Brown, Rho, and Weise de-
scribed the pion form factor with the contribution of the

pion core parametrized by an intrinsic radius of 0.35 fm.
These values seem to corroborate our fitting of the light-
meson sector.

We note that we have not considered the q and g'
pseudoscalar-meson masses. The reason is that, in view
of the limited scope of this work, annihilation forces,
which play an important role for those mesons, were not
discussed. However, we remark that both g and g' are
devoid of pion clouds. This statement is a consequence of
the fact that, independently of the mixing angle, all the
matrix elements C(HH') with H=g or g' vanish, as can
be easily checked by direct calculation. This fact tends to
increase the g and g' masses, in agreement with experi-
ence.

Finally, a few words should be addressed to the
IMMD's of the kaons. The experimental results' show
that the neutral states are heavier than the charged ones:
namely, K —K+ =405+007 MeV and K *—K
=4.4+0.5 MeV. However, both photon and pion-
exchange energy corrections lead to contributions in the
opposite direction. We note that to explain the kaons'
IMMD's it is necessary to take suKciently large values
for their radii, in order to increase the OGE and kinetic
energy contributions. In fact, for a radius Ro &0.35 fm
(Rb )0.45 fm) one can obtain the kaon mass differences
with the correct sign, but not their magnitudes (the best
result we have obtained is K —K+ =+0.623 MeV and
Ko*—K+*=+0.473 MeV, for Ro ——0.56 fm). We note
that there is an independent "phenomenological" indica-
tion that when strange quarks are present, the bag radius
Rb is frozen at a value substantially larger than 0.5 fm
(Ref. 21). This effect, together with other additional
effects, such as the quark-core deformations due to
Coulomb forces [which act differently in the K (ds ) and
K (us) mesons] might explain the kaons' IMMD's.

Furthermore, different interesting effects may take
place when the IMMD's of heavy hadron systems are
considered. For instance, one has to explain the
X,++ —X, mass difference, for which different results
have been obtained. As we have shown, pion-cloud
effects including contributions of intermediate states are
instrumental to describe the light hadron IMMD's. Like-
wise, those corrections may also play a decisive role to
the understanding of IMMD's of gqq, Qgq baryons, and
Qq-meson systems, due to the coupling of the pion-field
with the light quarks q. An extension of this work treat-
ing the IMMD's of the heavy hadron sector is scheduled
for a later date.

ACKNOWLEDGMENTS

One of us (B.E.P.) is grateful to Fundaqao de Amparo e
Pesquisa do Estado de Sao Paulo for financial support.

For a first reference on the role of the mass diA'erence between
down and up quarks in strong interactions, see Nathan Isgur,
Phys. Rev. D 21, 779 (1980).

~P. Leal Ferreira, J. A. Helayel, and N. Zagury, Nuovo Cimento

A 55, 21S (1980); R. Tegen, R. Brockmann, and W. Weise, Z.
Phys. A 307, 339 (1982).

3N. Barik, B. K. Dash, and M. Das, Phys. Rev. D 31, 16S2
(198S); B. E. Palladino and P. Leal Ferreira, ibid. 34, 2168



3034 B. E. PALLADINO AND P. LEAL FERREIRA

(1986).
4N. Barik and B. K. Dash, Phys. Rev. D 33, 1925 (1986); B. E.

Palladino and P. Leal Ferreira, Rev. Bras. Fis. 18, 478 (1988).
5See, e.g. , D. Flamm and F. Schoberl, Quark Model of Elemen

tary Particles (Gordon and Breach, New York, 1982), Vol. 1.
S. Theberge, A. W. Thomas, and G. A. Miller, Phys. Rev. D

22, 2838 (1980); A. W. Thomas, S. Theberge, and G. A. Mill-
er, ibid. 24, 216 (1981);L. R. Dodd, A. W. Thomas, and R. F.
Alvarez-Estrada, ibid. 24, 1961 (1981).

7W. Y. P. Hwang, Phys. Rev. D 31, 2826 (1985).
T. De Grand, R. L. Jaffe, K. Johnson, and J. Kiskis, Phys. Rev.

D 12, 2060 (1975).
C. Itoh, T. Minamikawa, K. Miura, and T. Watanabe, Prog.

Theor. Phys. 61, 548 (1979).
M. G. do Amaral and N. Zagury, Phys. Rev. D 26, 3119
(1982).

'F. Myhrer, G. E. Brown, and Z. Xu, Nucl. Phys. A362, 317
(1981).

' B. E. Palladino and P. Leal Ferreira, Rev. Bras. Fis. (to be
published).
N. Barik, B. K. Dash, and P. C. Dash, Pramana J. Phys. 29,
543 (1987).
H. G. Dosh and V. F. Muller, Nucl. Phys. B116, 470 (1976);
see also R. Sommer and J. Wosiek, Phys. Lett. 149B, 197

(1984).
Particle Data Group, M. Aguilar-Benitez et al. , Phys. Lett.
170B, 1 (1986).

These values have been estimated from the work of J. Gasser
and H. Leutwyler, Phys. Rep. 87, 77 (1982), and references
therein; see also S. Narison, Revista del Nuovo Cimento 10, 1

(1987).
' S. Capstick, Phys. Rev. D 36, 2800 (1987).
SE. Pedroni et al. , Nucl. Phys. A300, 321 (1978).
R. P. Bickerstaff and A, W. Thomas, Phys. Rev. D 25, 1869
(1982); C. Itoh, T. Minamikawa, K. Miura, and T. Watanabe,
Prog. Theor. Phys. 80, 208 (1988).
V. Bernard and U. G. Meissner, Phys. Rev. Lett. 61, 2296
(1988); G. E. Brown, M. Rho, and W. Weise, Nucl. Phys.
A454, 669 (1986).

'G. E. Brown et al. , Z. Phys. A 331, 139 (1988); see also G. E.
Brown and M. Rho, Comments Nucl. Part. Phys. 18, 1 (1988).
W. Y. P. Hwang and D. B. Lichtenberg, Phys. Rev. D 35,
3526 (1987), and references therein; see also C. Itoh, T.
Minamikawa, K. Miura, and T. Watanabe, Prog. Theor.
Phys. 80, 208 (1988); S. N. Sinha, S. M. Sinha, M. Rahman,
and D. Y. Kim, Phys. Lett. B 218, 333 (1989), and references
therein.


