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Dipole moments of ther meson

M. B. Hecht and B. H. J. McKellar
School of Physics, University of Melbourne, Parkville VIC 3052, Australia
~Received 15 April 1997; revised manuscript received 26 November 1997!

The electric and magnetic dipole moments of ther meson are calculated using the propagators and vertices
derived from the QCD Dyson-Schwinger equations. Results obtained from using the Bethe-Salpeter amplitude
studied by Chappell, Mitchell, and Tandy, and Pichowsky and Lee, are compared. Ther meson electric dipole
moment is generated through the inclusion of a quark electric dipole moment, which is left as a free variable.
These results are compared to the perturbative results to obtain a measure of the effects of quark interactions
and confinement. The two dipole moments are also calculated using the phenomenological MIT bag model to
provide a further basis for comparison.@S0556-2813~98!01405-8#

PACS number~s!: 13.40.Em, 14.40.Cs, 11.10.St, 12.39.Ba
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I. INTRODUCTION

The electric and magnetic dipole moments of ther me-
son, the lowest lying vector particle state, are calculated
ing the semiphenomenologicaln-point functions of quantum
chromodynamics~QCD! obtained in the Dyson-Schwinge
and Bethe-Salpeter framework. Ther meson is studied to
provide some insight into the effect of QCD and confinem
on the electromagnetic moments of hadrons, especially
question of the existence of a nonzero electric dipole m
ment~EDM! for the neutron and the applications this has
the study ofCP violation. In practice one is interested i
these parameters for the nucleon and other hadrons, w
they may be measured. But the study of ther allows us to
obtain insights without venturing into the complications
the three body system in QCD.

The Dyson-Schwinger equations are a series of coup
integral equations relating then-point functions of QCD to
one another. They provide a continuum method of calcu
tion in the strong coupling regime of QCD and as such
able to relate the Greens functions of QCD to hadronic pr
erties. For a review of this topic see@1#. The use of the
Dyson-Schwinger and Bethe-Salpeter equations to calcu
hadronic properties has been applied to pion observables@2–
5#, kaon electromagnetic form factors@6#, r-v mixing @7#,
and the anomalousgp*→pp form factor @8#.

This calculation makes use of a model form for the qu
propagator which ensures confinement by having no L
mann representation, preventing free quark produc
thresholds, i.e., the quark cannot go ‘‘on mass-shell.’’ A ph
nomenological form for ther amplitude, which models the
momentum distribution of the quarks inside, and the fin
size of, ther, is used, as well as the Ball-Chiu and Curt
Pennington quark-photon vertex which ensures that both
Ward-Takahashi identity and multiplicative renormalizab
ity are preserved. TheCP-violating electric dipole term is
introduced via a quark EDM which is left as a free parame
which can be varied.

Results obtained from using the Bethe-Salpeter amplit
studied by Mitchell and Tandy@7#, Chappell @9#, and Pi-
chowsky and Lee@10#, are compared. Perturbation theo
results@11#, which ignore the dressing of the vertex fun
tions and propagators, are also included to observe the e
570556-2813/98/57~5!/2638~10!/$15.00
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of using a quark propagator that correctly incorporates c
finement and of modeling the dressed quark core of ther.

A phenomenological model, the MIT bag model, is al
examined. This model incorporates relativistic, pointli
confined quarks but ignores one-gluon exchange and ce
of mass motion. Both the magnetic and electric dipole m
ments are calculated in the bag model providing a basis
comparison between the Dyson-Schwinger and Bet
Salpeter framework and a purely phenomenological mo
one that has been well studied over the years.

II. THE DIPOLE MOMENTS

A. The rrg vertex

The form for theCP-conservingrrg vertex is~see Fig.
1! @12#,

da
n~p!Gmnsdb

s~p8!5da
n~p!$~p1p8!m@2gnsE~q2!

1qnqsQ~q2!] 1~gmnqs2gmsqn!M~q2!%db
s~p8!, ~1!

wheredab are ther polarization vectors

dab~k!5gab2
kakb

k2
. ~2!

The form factorsE, Q, andM reduce in the limit asq2

→0 toE(0)51,M(0)5m, the magnetic moment in units o
e/2m, andQ(0)5 (2/m2) (Q1m21), whereQ is the quad-
rupole moment in units ofe/m2.

B. Projecting out charge and dipole terms

The integrals for ther dipole moments that will be de
rived later, Eqs.~10! and ~39!, are too difficult to perform
analytically. This means that to isolate relevant terms th
will have to be projected out from the integral before it
calculated numerically. Defining

Vamb5da
n~p!Gnmsdb

s~p8!, ~3!

and with the projection operator
2638 © 1998 The American Physical Society
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57 2639DIPOLE MOMENTS OF THEr MESON
P1
amb5d n8

a
~p!Pm~2gn8s8!d s8

b
~p8!, ~4!

wherePm5(p1p8)m , the following result is obtained:

P1
ambVamb ——→

lim q2→0

12E~0!. ~5!

To project out the magnetic dipole term we use the follow
projection operator:

P2
amb5d n8

a
~p!Fgmn8qs82gms8qn8

q2
1

Pmgn8s8

6p2 Gd s8
b

~p8!,

~6!

which is such that

P2
ambVamb ——→

lim q2→0

4M~0!. ~7!

C. Quark contribution to the magnetic dipole moment

All calculations below, except those involving the ba
model, are carried out in Euclidean space wheregmn5dmn ,
gm5gm

† and$gm ,gn%52dmn .
The impulse approximation to the quark contribution

the magnetic dipole moment is given by~see Fig. 2!

M f i5 (
flavor5u,d

«a~p!«m~q!«b~p8!eQflavorI amb
flavor. ~8!

Qflavor is the charge of the quark interacting with the photo
The u andd quarks are treated as identical except for th
charge and so the contribution becomes

M f i5«a~p!«m~q!«b~p8!eIamb , ~9!

I amb5~21!E d4k

~2p!4
trCFD@Gb

r ~k;p2q!

3S~k21!ıGm
BC1CP~k11 ,k21!

3S~k11!Ga
r ~k1q/2;p!S~k12!#. ~10!

Wherekab5k1 (aq/2) 1 (bp/2), Gr refers to ther meson
amplitude,Gm

BC1CP is the dressed quark-photon vertex, a
S(p) is the dressed quark propagator for a quark of mom
tum p, which will all be discussed in detail below.

FIG. 1. The dressedrrg vertex.
g

.
r

n-

D. Quark propagators

The general form for the solution to the quark propaga
Dyson-Schwinger equation@1# is

S~p!52ıp”sV~p2!1sS~p2!

5@ ıp”A~p2!1B~p2!#21. ~11!

A model form for the propagator is given by@3,4#

s̄S~x!5Cm̄e22x1S 12e2b1x

b1x D S 12e2b3x

b3x D
3Fb01b2S 12e2Lx

Lx D G
1

m̄

x1m̄2
~12e22~x1m̄2!!, ~12!

s̄V~x!5
2~x1m̄2!211e22~x1m̄2!

2~x1m̄2!2
2m̄Cm̄e22x, ~13!

where x5p2/2D, s̄V(x)5(2D)sV(p2), s̄S5A2DsS(p2),
andm̄5m/A2D, D is a mass scale.@L51024 is chosen to
decouple the small and large spacelike-p2 behavior in Eq.
~12!; i.e., to allow forb0 to govern the ultraviolet behavio
andb2 the infrared.# The parametersCm̄ , m̄, b0 , . . . ,b3 are
@6#

Cm̄Þ050.0,

Cm̄5050.121,

m̄50.00897,

b050.131,

b152.90,

b250.603,

b350.185, ~14!

with the mass scaleD50.160 GeV2 chosen to give the cor
rect value for f p . This form for the quark propagator i

FIG. 2. The quark contribution to the dipole moments of ther,
with S the dressed quark propagators,Gm the dressed quark-photo
vertex, andGr the r-quark vertex.
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2640 57M. B. HECHT AND B. H. J. McKELLAR
based upon studies of the Dyson-Schwinger equation
S(p) using a gluon propagator with an infrared singularit

g2Dmn~k![S dmn2
kmkn

k2 D 8p4Dd4~k!, ~15!

and a dressed quark-gluon vertex@4,6#. Quark confinement is
characterized by the nonobservation of free quark state
pole in the quark propagator in the timelike region would
a sign of a free quark state, just as a free bound stat
manifest as a pole in an-point Greens function. Thus a su
ficient condition for the lack of free quark production thres
olds is the absence of timelike poles in the propagator.
model quark propagator given above is an entire funct
~except at timelikep25`) and so does not have a Lehma
representation. This means it can be interpreted as descr
a confined particle and it ensures the lack of the unphys
singularities corresponding to free quarks inI amb .

The dipole moments are also calculated using a form
the quark propagator developed by Mitchell and Tandy@7#,
to investigater-v mixing. This propagator is given by

s̄S~x!5Cm̄e22x1
m̄

x
~12e22x!, ~16!

s̄V~x!5
e22x2~122x!

2x2
2m̄Cm̄e22x. ~17!

To fix the parametersl5A2D andCm̄ , a fit to ^q̄q&, f p , r p

and thep-p scattering lengths was done. With1
2 (mu1md)

516 MeV a best fit was obtained forl50.889 GeV and
Cm̄50.581@7#. This form has a deficiency which can be se
in its failure to correctly model the behavior ofsS away
from x50, in the massless limit with dynamically broke
chiral symmetry@4#. The large value for the mass of th
quark used is related to the deficiency of the propagator m
tioned above@13#.

E. r-meson amplitude

The dominant Bethe-Salpeter amplitude for ther meson
is given by@14,15#,

Gr m
l ~k,p!5ıS gm2

p” pm

p2 D t l
Gr~k,p!

Nr
, ~18!

where k is the relative momentum of the quark and an
quark,p is the momentum of ther meson, andl andm are
flavor and Dirac indices, respectively. This form ignor
other allowable Dirac structure in the vector meson Bet
Salpeter amplitude and so introduces errors of the orde
10%@5#. Using the quark propagator defined in Eqs.~12! and
~13! and a Ball-Chiu quark-photon vertex~see later!, Chap-
pell uses the following approximate form forGr(k,p) @9#:

Gr5e2k2/a1
2
1

a2

11 ~k2/aa1!
, ~19!
or

A
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-
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with a150.38845,a250.01478,a52. The values for the
parameters were found by fitting to the experimental val
of f r andgrpp @9#. Pichowsky and Lee, also using the qua
propagator defined in Eqs.~12! and~13! and a quark-photon
vertex of the Ball-Chiu type, use an identical form forGr ,
given by @10#

Gr~k,p!5e2k2/aV
2
1

cV

11k2/bV
2

. ~20!

Fitting to the experimental values forf r andgrpp they ob-
tain values for the parameters ofaV50.400,bV50.008, and
cV5125.0. Using the quark propagator defined in Eqs.~16!
and~17! Mitchell and Tandy use a form for the amplitudeGr

given by

Gr~k,p!5e2k2/a2
, ~21!

wherea50.194 GeV. The normalization for ther amplitude
is fixed by @10#

pmS dab2
papb

p2 D 5Nc trDE d4k

~2p!4

]S~k1!

]pm

3Gra~k,p!S~k2!Grb~k,p! ~22!

1Nc trDE d4k

~2p!4
S~k1!

3Gra~k,p!
]S~k2!

]pm
Grb~k,p!,

where ka5k1 (ap/2). This condition, along with the fac
that the quark-photon vertex given below obeys the W
Identity, ensures thatE(q250)51, i.e., that ther has unit
charge@4#.

Using the transformation propertiesST(2k)5C†S(k)C,
Ga

rT(2k,p)52C†Ga
r (k,p)C, and Gm

BC1CP T(2p,2q)5

2C†Gm
BC1CP(p,q)C, whereC5g2g4 is the charge conjuga

tion operator, and the Ward-Takahashi Identity, one c
show that current conservation holds@4#, i.e.,

qmI amb50. ~23!

Given a description for the quark-photon vertex, the
pole moments of ther can now be calculated using Eq
~12!, ~13!, and~19!; ~12!, ~13!, and~20!; and~16!, ~17!, and
~21!.

F. Quark-photon vertex

The quark-photon vertex also satisfies its own Dyso
Schwinger equation, but solving this integral equation is d
ficult. Despite this, a realistic ansatz for the vertex functi
has been developed by constraining its form using cer
criteria @16–18#. The quark-photon vertex ansatz thus o
tained is given by

Gm
BC1CP~p,q!5Gm

BC~p,q!1Gm
CP~p,q!. ~24!

The Ball-Chiu vertexGm
BC has the form@18#
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57 2641DIPOLE MOMENTS OF THEr MESON
Gm
BC~p,q!5

A~p2!1A~q2!

2
gm1

~p1q!m

p22q2 F1

2
@A~p2!

2A~q2!#~p”1q” !2ı@B~p2!2B~q2!#G . ~25!

This vertex ansatz is completely described by the dres
quark propagator and satisfies both the Ward-Takahashi
Ward identities, is free of kinematic singularities asq2→p2,
transforms correctly under appropriate transformations,
reduces to the perturbative limit. To ensure multiplicati
renormalizability Curtis and Pennington added a transve
piece to the Ball-Chiu vertex@19#. This term has the form
given below:

Gm
CP~p,q!5S 2ıgm~p22q2!2~p1q!m~p”2q” !

2d~p,q! D
3@A~p2!2A~q2!#, ~26!

with

d~p,q!5
1

p21q2
$~p22q2!21@M2~p2!1M2~q2!#2%,

~27!

M ~p2!5
B~p2!

A~p2!
.

G. The magnetic dipole moment

The dipole moment can now be calculated. The co
flavor, and Dirac traces are performed for the integralI amb ,
given in Appendix A, and the charge and dipole terms p
jected out using the projection operators outlined above.
integrals are performed and the dipole calculated using

m5 lim
q2→0

M~q2!

5 lim
q2→0

P2
ambI amb/4. ~28!

The calculation is performed in the Breit frame where

q5~0,0,Q,0!,

p5~0,0,Q/2,ıAmr
21Q2/4!,

p85~0,0,2Q/2,ıAmr
21Q2/4!.

A transformation to four-dimensional hyperspherical coor
nates is carried out so that

k5uku~sin b sin u cosf,sin b sin u sin f,

sinb cosu,cosb!, ~29!

with
ed
nd

d

e

r,

-
e

-

E d4k5E
0

`

k3dkE
0

p

sin2 bdbE
0

p

sin uduE
0

2p

df.

~30!

There is nof dependence in the integrand so thef integral
is performed analytically, contributing a factor of 2p.

The integral is then performed numerically using Gau
ian quadrature methods to obtain the results given in Tab
The results obtained using the framework of Chappell, a
Pichowsky and Lee, are within 10% of each other which
indicative of the similarities of the approaches. The pert
bative result from@11#, and the nonrelativistic SU~6! result
are given for comparison. The later result is simply@20#

mr15
e

2mq
. ~31!

In Eq. ~31! the quark mass is to be interpreted a constitu
quark mass of, say, 340 MeV@21#, which gives mr1

52.26e/2mr . Thus one could say that the effect of QCD
interpreted in our calculation is to convertmq from the cur-
rent quark value to an appropriate constituent quark va
Note that the improper use of a current quark mass in
~31! gives the large valuemr15152 e/2mr .

H. The electric dipole moment

CP violation is a feature of the weak interaction which
not well understood at present. It will, in principle, give ris
to electric dipole moments for quarks and hadrons. In cal
lating hadronic electric dipole moments, the question of
effects of confinement and QCD in going from the qua
EDM to the hadron EDM have not been studied. Here
study these effects for ther meson.

The magnetic dipole of ther meson comes from the term
in the Salam-Delbourgo vertex function

~gamqb2gbmqa!M.

This results in a term in therrg matrix element that looks
similar to

«~p!•F•«~p8!M,

where

Fab5]bAa2]aAb

TABLE I. Magnetic dipole momentm in units of e/2m.

r amplitude/quark propagator m

Chappell@9# 3.01
Pichowsky and Lee@10# 2.72
Mitchell and Tandy@7# 2.57
Perturbative result@11# 2.00
Nonrelativistic SU~6! @20#, constituent quark mass from
@23#

2.26
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2642 57M. B. HECHT AND B. H. J. McKELLAR
is the electromagnetic field tensor. To find the vertex fu
tion term that contributes to the electric dipole moment
familiar correspondence is used:

Fab→F̃ab5
1

2
«abmnFmn

M~q2!→D~q2!, ~32!

whereD(0)5d, the electric dipole moment in units ofe/2m.
Thus as

1

2
«abmnFmn5«abmnAmqn,

the term in therrg vertex that defines ther EDM is

«abmnqnD~q2!. ~33!

Once again the electric and dipole terms will need to
projected out. The vertex function is given by

Vamb
EDM5da

n~p!Gnmsds
b~p8!5da

n~p!$Pm~2gnsE~q2!

1qnqsQ~q2!#1~gmnqs2gmsqn!M~q2!

1«nsmrqrD~q2!%db
s~p8!. ~34!

Using a projection operator of the form

P3
amb52S 1

2q2D dan8~p!«n8s8
mrqrdbs8~p8!, ~35!

the result

P3
ambVamb ——→

lim q→0
D~0! ~36!

follows.

I. Quark contribution to the electric dipole moment

To introduce an electric dipole moment in the impul
approximation theqqg vertex needs to be modified to intro
duce aCP-violating term. Thus the following vertex is used

Gm~p,q!5Gm
BC1CP~p,q!2ıDqg5smr~p2q!r, ~37!

whereDq is the EDM of the quark. This form for theqqg
vertex still ensures that both the Ward-Takahashi and W
identities are preserved, is free of kinematic singularities
q2→p2 and reduces to the perturbative limit. It also st
preserves multiplicative renormalizability. However we ha
ignored any structure of theCP-violating term which may be
generated by strong or electromagnetic interactions.

Following the same procedure as outlined above, the
pulse approximation to the EDM is given by

Mf i5«a~p!«m~q!«b~p8!eIamb
EDM , ~38!

where the integralI amb
EDM is given by

I amb
EDM5~21!E d4k

~2p!4
trCFD@Gb

r ~k;p2q!
-
e

e

rd
s

-

S~k21!ıGm~k11 ,k21!

3S~k11!Ga
r ~k1q/2;p!S~k12!#. ~39!

The expanded form of the integralI amb
EDM is given in Appendix

B. The EDM can now be calculated. Once again the Di
traces are performed and the charge and electric dipole te
projected out using the projection operators given above.
integrals are performed and the dipole calculated using

d5 lim
q2→0

D~q2!

5 lim
q2→0

P3
ambI amb

EDM. ~40!

The integral is again evaluated in the Breit frame.
The dipole interaction between the quark and the pho

is governed by the term

Duūg5smnqnuAm1Ddd̄g5smnqndAm , ~41!

where theDu andDd are the electric dipole moments for th
u and d quarks, respectively. In many modelsD}Q for
quarks, so the following form is used:

D $u,d%5Q$u,d%dq . ~42!

The perturbative result has been calculated and it gives

dpert53mqdq ~43!

in units ofe/2m. The quark electric dipole moment has be
left as a free parameter and so an estimate of the size ofdq is
needed. The quark electric dipole moment can be gener
in various models. One of these is the Weinberg mode
three Higgs doublets@22#. In this model the quark EDM
comes about due to neutral Higgs exchange with the qu
dipole moment given by@23#

dq5
eGF

A2p2
mq(

i
Xi8Yi8

mq
2

mHi
2

ln
mq

2

mHi
2

, ~44!

where themHi are the masses of the neutral Higgs andXi8
andYi8 are mixings of the neutral Higgs. This gives a qua
dipole moment of the order of 10224 e cm. Thus we obtain
the results for ther electric dipole moment, in units ofdq ,
listed in Table II. Again the perturbative result is include
for comparison. For completeness, it is noted that the n
relativistic result is given bydr5dq e cm. The results from
the Chappell, and Pichowsky and Lee amplitudes are ag
seen to be very close, as was the case for the magnetic
ment.

TABLE II. Electric dipole momentdr in units of dq e cm.

r amplitude/quark propagator dr

Chappell@9# 0.743
Pichowsky and Lee@10# 0.779
Mitchell and Tandy@7# 0.627
Perturbative result@11#, mq from @9,10# 0.010
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III. THE BAG MODEL

There are purely phenomenological models that h
been used over the years to describe the properties of
rons. One successful and popular model which incorpor
many of the features of QCD is the MIT bag model@24,25#.
The MIT bag model includes relativistic, pointlike, confine
quarks and provides a phenomenological description of
nonperturbative gluon interactions. The simplest form of
MIT model will be used, with one-gluon exchange and ce
ter of mass motion ignored. While these results, at least
the magnetic moments of baryons, are well known we d
cuss them here to provide another point of comparison
the results of Sec. II.

The starting point for the bag model is the assumption
free quarks confined within a spherical volume of radiusR.
Solving the Dirac equation inside the sphere results i
wave function given by@25,26#

c~r !5
N~x!

A4p S Aw1m

w
j 0S xr

R Dx

Aw2m

w
ıs–r̂ j 1S xr

R Dx
D , ~45!

wherew(m,R)5Amq
21x2/R2, j 0 and j 1 are spherical Besse

functions andx is the quark momentum in units of 1/R. The
normalizationN(x) is given by

N22~x!5R3 j 0
2~x!

2w~w21/R!1mq /R

w~w2m!
, ~46!

and the eigenfrequencyx by

tanx5
x

12mqR2@x21~mqR!2#1/2
, ~47!

arising from the boundary condition

2ıg• r̂c5c ~48!

at r 5R. To confine the quarks a ‘‘pressure’’B is introduced
which ensures energy-momentum conservation and con
ment. Thus the total energy of the bag becomes

E~R!5(
i

Ni~mqi
2 1x2/R2!1/21B

4

3
pR3, ~49!

whereNi is the number of quarks or typei inside the bag.
The stability of the bag also implies that

]E~R!

]R
50. ~50!

All calculations will be carried out in the rest frame of th
bag and soE(R) will be equated withmr . Equations~47!,
~49!, and~50! will then be used to fix the variablesx, R, and
B.
e
d-

es

e
e
-
r
-
r

f

a

e-

A. Magnetic moment in the bag model

The magnetic moment is given by

m5
1

2E d3r r 3 jem ~51!

5
1

2E d3r r 3(
i

~c īgc i !Qie,

where the summation is over the quarks. This gives@26,21#

mr5mq(
i

siQi , ~52!

where mq , the magnetic dipole moment of the quark,
given by

mq5
e

2mq

1

3
mqR

4wR12mqR23

2~wR!222wR1mqR
. ~53!

Using the standard spin-flavor wave function of ther yields
the results, listed in Table III, and discussed in the final s
tion of this paper.

B. Electric dipole moment in the bag model

Using the single particle wave function from above, a
the P andCP violating electromagnetic current

Jmn52ıDqc̄g5smnc, ~54!

wheresmn5ı/2@gm ,gn#, it can be shown that

JmnFmn52Dqc̄sc•E1terms involving B, ~55!

whereFmn is the standard electromagnetic tensor. Theref
@27#

dr5E
bag

K r↑U (
quarks

Dqc̄scUr↑L
5N2E

0

R

dr r 2F j 0
2S xr

R D 1
1

3
j 1
2S xr

R D G
3K r↑U (

quarks
DqsUr↑L . ~56!

Thus, again using ther spin-flavor wave function, the fol-
lowing formula for the EDM of ther is obtained:

TABLE III. Magnetic dipole momentm in the bag model in
units of e/2m.

Mass of quark m

mq from @9,10# 2.21
Chappell@9# 3.01
Pichowsky and Lee@10# 2.72
Mitchell and Tandy@7# 2.57
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dr5N2E
0

R

dr r 2F j 0
2S xr

R D1
1

3
j 1
2S xr

R D G ~57!

in units of dq e cm. This leads to the results given in Tab
IV and discussed below.

IV. DISCUSSION

Using a model form for the quark propagator obtain
from the Dyson-Schwinger equations, two different pheno
enologicalr-meson amplitudes fitted tof r andgrpp and one
used to describer-v mixing, and a dressed quark-photo
vertex, ther dipole moments have been calculated.

All three nonperturbative models used agree qualitativ
with the amplitude and propagator defined in@9# yielding the
largest value formr and that of@7# the smallest. The Bethe
Salpeter amplitude of@10# resulted in the largest value fo
dr , with that of @7# yielding the smallest. Thus the value
calculated for ther magnetic and electric dipole momen
are fairly robust when it comes to slight changes in the for
for both the quark propagator and ther Bethe-Salpeter am
plitude.

As seen above the inclusion of quark confinement gi
greatly enhanced values over those obtained using pertu
tion theory. The nonperturbative results for the magnetic
pole moment are;29–51 % bigger than the perturbativ
result. While the electric dipole moment showed an ev
greater increase, being;63–78 times larger than the valu
obtained with perturbation theory.dr is linearly dependen
upon the quark dipole moment and so a different model
the quark moment could change the value fordr substan-
tially. Conversely, an experimental measure fordr would put
a limit on dq and possibly rule out some models.

The increase in the dipole moments is due to the inclus

TABLE IV. Electric dipole moment in the bag model in units o
dq e cm.

Mass of quark dr

mq from @9,10# 0.828
Chappell@9# 0.743
Pichowsky and Lee@10# 0.779
Mitchell and Tandy@7# 0.627
-

y

s

s
a-

i-

n

r

n

of quark propagators that ensure confinement and a m
accurate modeling of the momentum distribution and fin
size of ther meson. The kernel of the Bethe-Salpeter eq
tion involves the dressed quark and gluon propagators an
includes the effects of the quark-gluon sea. The amplitu
that have been used here can thus be said to model t
effects phenomenologically.

These calculations extend the process of using the Dys
Schwinger and Bethe-Salpeter framework to obtain had
properties to ther meson.

The r dipole moments have also been calculated in
MIT bag model. This phenomenological model also includ
confinement via the introduction of the ‘‘pressure’’ termB.
The bag is also assumed to incorporate the effects of
nonperturbative gluon exchange and interaction. This rela
istic, confining model also yields values for the dipole m
ments greater than that of perturbation theory, as was
case for the results using the DSE and BSE framework,
the results from both approaches agree qualitatively. T
magnetic dipole moment is about;10% bigger than the per
turbative result, smaller than any of the results obtained
the impulse approximation. The electric dipole calculati
was ;6% bigger than the largest result using the Dyso
Schwinger and Bethe-Salpeter equations and;83 times big-
ger than the perturbative result. Again the inclusion of co
finement has led to an enhancement in the dipole momen
the r. Indeed, one could suggest that for the calculation
the magnetic and electric dipole moments, the bag mo
gives a reasonable estimate of the effects of confinemen

The r meson has been used in this study, not beca
there is any realistic possibility of measuring the electrom
netic moments we have calculated, but to provide some
sight into the effects of QCD and confinement on calcu
tions of these moments in the hope of obtaining insight i
the effects these aspects of quark dynamics may have
estimates of the electromagnetic moments of hadr
@28,29#.
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APPENDIX A: INTEGRAL FOR THE MAGNETIC DIPOLE MOMENT

With the definitions given above the integralI amb becomes~after color and flavor traces!

I amb5
2ıNc

Nr
2 E d4k

~2p!4
Gr~k!Gr~k1q/2! trD@gbk”21gmk”11gak”12T11gbk”21gmgaT21gbk”21gak”12k01mT3

1gbk”21k”11gak01mT41gbk”11gak”12k01mT51gbgak01mT61gbk”21gak”12k01mT7

1gbk”21k”11gak01mT81gbgmgak”12T91gbgmk”11gaT101gbk”11gak”12k01mT111gbgak01mT12

1gbk”21gak”12k01mT131gbk”21k”11gak01mT141gbk”11gak”12k01mT151gbgak01mT16#, ~A1!

where the terms with an odd number ofg matrices have been dropped. TheT1216 are defined as follows:

T15ı~V11V4!sV~k21
2 !sV~k11

2 !sV~k12
2 !,
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T252ı~V11V4!sV~k21
2 !sS~k11

2 !sS~k12
2 !,

T352ık11
2 ~V21V5!sV~k21

2 !sV~k11
2 !sV~k12

2 !,

T4522ı~V21V5!sV~k21
2 !sS~k11

2 !sS~k12
2 !,

T552ık21
2 ~V22V5!sV~k21

2 !sV~k11
2 !sV~k12

2 !,

T6522ık21
2 ~V22V5!sV~k21

2 !sS~k11
2 !sS~k12

2 !,

T7522V3sV~k21
2 !sS~k11

2 !sV~k12
2 !,

T8522V3sV~k21
2 !sV~k11

2 !sS~k12
2 !,

T952ı~V11V4!sS~k21
2 !sS~k11

2 !sV~k12
2 !,

T1052ı~V11V4!sS~k21
2 !sV~k11

2 !sS~k12
2 !,

T11522ı~V21V5!sS~k21
2 !sS~k11

2 !sV~k12
2 !,

T12522ık11
2 ~V21V5!sS~k21

2 !sV~k11
2 !sS~k12

2 !,

T13522ı~V22V5!sS~k21
2 !sS~k11

2 !sV~k12
2 !,

T14522ı~V22V5!sS~k21
2 !sV~k11

2 !sS~k12
2 !,

T15522V3sS~k21
2 !sV~k11

2 !sV~k12
2 !,

T1652V3sS~k21
2 !sS~k11

2 !sS~k12
2 !, ~A2!

with

V15
A~k11

2 !1A~k21
2 !

2
,

V25
A~k11

2 !2A~k21
2 !

2~k11
2 2k21

2 !
,

V35
2ı@B~k11

2 !2Bk21
2 !]

k11
2 2k21

2
, ~A3!

V45
2ı~k11

2 2k21
2 !@A~k11

2 !2A~k21
2 !#

2d~k11 ,k21!
,

V55
2@A~k11

2 !2A~k21
2 !#

2d~k11 ,k21!
.

APPENDIX B: INTEGRAL FOR THE ELECTRIC DIPOLE MOMENT

The integralI amb
EDM becomes~after color and flavor traces!

I amb
EDM5

2ıNc

Nr
2 E d4k

~2p!4
Gr~k!Gr~k1q/2!trD@gbk”21gmk”11gak”12T11gbk”21gmgaT21gbk”21gak”12k01mT3

1gbk”21k”11gak01mT41gbk”21gak”12k01mT51gbgak01mT61gbk”21k”11gak01mT71gbk”21gak”12k01mT8

1gbk”21g5smrqrk”11gaT91gbk”21g5smrqrgak”12T101gbgmk”11gaT111gbgmgak”12T121gbgak01mT13

1gbk”11gak”12k01mT141gbk”21k”11gak01mT151gbk”21gak”12k01mT161gbk”11gak”12k01mT171gbgak01mT18
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1gbg5smrqrk”11gak”12T191gbg5smrqrgaT20#, ~B1!

again dropping terms with an odd number ofg matrices. TheT1220 are defined as follows:

T15ı~V11V4!sV~k21
2 !sV~k11

2 !sV~k12
2 !,

T252ı~V11V4!sV~k21
2 !sS~k11

2 !sS~k12
2 !,

T352ık11
2 ~V21V5!sV~k21

2 !sV~k11
2 !sV~k12

2 !,

T4522ı~V21V5!sV~k21
2 !sS~k11

2 !sS~k12
2 !,

T552ık21
2 ~V22V5!sV~k21

2 !sV~k11
2 !sV~k12

2 !,

T6522ık21
2 ~V22V5!sV~k21

2 !sS~k11
2 !sS~k12

2 !,

T7522V3sV~k21
2 !sV~k11

2 !sS~k12
2 !,

T8522V3sV~k21
2 !sS~k11

2 !sV~k12
2 !,

T952V6sV~k21
2 !sV~k11

2 !sS~k12
2 !,

T1052V6sV~k21
2 !sS~k11

2 !sV~k12
2 !,

T1152ı~V11V4!sS~k21
2 !sV~k11

2 !sS~k12
2 !,

T1252ı~V11V4!sS~k21
2 !sS~k11

2 !sV~k12
2 !,

T13522ık11
2 ~V21V5!sS~k21

2 !sV~k11
2 !sS~k12

2 !,

T14522ı~V21V5!sS~k21
2 !sS~k11

2 !sV~k12
2 !,

T15522ı~V22V5!sS~k21
2 !sV~k11

2 !sS~k12
2 !,

T16522ı~V22V5!sS~k21
2 !sS~k11

2 !sV~k12
2 !,

T17522V3sS~k21
2 !sV~k11

2 !sV~k12
2 !,

T1852V3sS~k21
2 !sS~k11

2 !sS~k12
2 !,

T1952V6sS~k21
2 !sV~k11

2 !sV~k12
2 !,

T205V6sS~k21
2 !sS~k11

2 !sS~k12
2 !, ~B2!

whereV1•••V5 are defined as before and

V652ıdq , ~B3!

with dq the quark dipole moment.
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