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Dipole moments of thep meson
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The electric and magnetic dipole moments of th@eson 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 comparegd riidémon 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 comparisdis0556-281®8)01405-§

PACS numbgs): 13.40.Em, 14.40.Cs, 11.10.St, 12.39.Ba

[. INTRODUCTION of using a quark propagator that correctly incorporates con-
. L finement and of modeling the dressed quark core ofpthe
The electric an_d magnetic dlpole moments of thene- A phenomenological model, the MIT bag model, is also
son, the Iowest lying vector. partlgle state., are calculated USsxamined. This model incorporates relativistic, pointlike
ing the semiphenomenologicatpoint functions of quantum  .,ntined quarks but ignores one-gluon exchange and center
chromodynamicgQCD) obtained in the Dyson-Schwinger of mass motion. Both the magnetic and electric dipole mo-
and Bethe-Salpeter framework. Tlemeson is studied t0 ments are calculated in the bag model providing a basis for
prOVide some InS|ght into the effect of QCD and Conﬁnemenbomparison between the Dyson_SChwinger and Bethe-
on the electromagnetic moments of hadrons, especially thgalpeter framework and a purely phenomenological model,
question of the existence of a nonzero electric dipole moone that has been well studied over the years.
ment(EDM) for the neutron and the applications this has to

the study of CP violation. In practice one is interested in Il. THE DIPOLE MOMENTS
these parameters for the nucleon and other hadrons, where
they may be measured. But the study of thallows us to A. The ppy vertex
obtain inSightS without Venturing into the Complications of The form for theC P_Conservingpp;y vertex is(see F|g
the three body system in QCD. 1) [12],
The Dyson-Schwinger equations are a series of coupled
integral equations relating the-point functions of QCD to daV(p)FWUdB”(p’)=d;(p){(p+ p’)#[—gwf(qz)

one another. They provide a continuum method of calcula-
tion in the strong coupling regime of QCD and as such are 4 Q(g)] +( _ YM(gA)YdI(p"), (1)
able to relate the Greens functions of QCD to hadronic prop- 9, Q0]+ (0,85~ 0,0%) M(AT) 15 (P
erties. For a review of this topic sdd]. The use of the whered .. are thep polarization vectors
Dyson-Schwinger and Bethe-Salpeter equations to calculate B PP
hadronic properties has been applied to pion observibles Kk
5], kaon electromagnetic form factof§], p-w mixing [7], d,s(K) =g p— —= B )
and the anomalous#* — 7o form factor[8]. «p “wge

This calculation makes use of a model form for the quark

propagator which ensures confinement by having no LehThe form factors€, Q, and M reduce in the limit agy?
mann representation, preventing free quark production.g to£(0)=1, M(0)= ux, the magnetic moment in units of

thresholds, i.e., the quark cannot go “on mass-shell.” A phe-e/2m, andQ(0)= (2/m?) (Q+ x— 1), whereQ is the quad-
nomenological form for the amplitude, which models the ypole moment in units oé/m?.

momentum distribution of the quarks inside, and the finite

size of, thep, is used, as well as the Ball-Chiu and Curtis-

Pennington quark-photon vertex which ensures that both the

Ward-Takahashi identity and multiplicative renormalizabil- The integrals for the dipole moments that will be de-

ity are preserved. Th€ P-violating electric dipole term is rived later, Eqs(10) and (39), are too difficult to perform

introduced via a quark EDM which is left as a free parameteanalytically. This means that to isolate relevant terms they

which can be varied. will have to be projected out from the integral before it is
Results obtained from using the Bethe-Salpeter amplitudealculated numerically. Defining

studied by Mitchell and Tandy7], Chappell[9], and Pi-

chowsky and Led10], are compared. Perturbation theory Vaup=da (P)T,..dg ("), 3

results[11], which ignore the dressing of the vertex func-

tions and propagators, are also included to observe the effeahd with the projection operator

B. Projecting out charge and dipole terms
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FIG. 1. The dressedpy vertex.

FIG. 2. The quark contribution to the dipole moments of phe
Pgh=d,(p)PH(—g” 7 )d" . (p'), (4)  with Sthe dressed quark propagatdrs, the dressed quark-photon
vertex, andl'? the p-quark vertex.

whereP ,=(p+p’),, the following result is obtained:
p=(P+P), 9 D. Quark propagators

lim g2—0 The general form for the solution to the quark propagator
PI“PV 5 — 12£(0). (5 Dyson-Schwinger equatior] is
To project out the magnetic dipole term we use the following S(p)=—1poy(p?) + os(p?)
rojection operator: _
Prol P =[IBAP) +B(p*)] - (11
N N g“”’q”’—g‘“”q”’ P“g”“’/ , A model form for the propagator is given §)8,4]
P3#f=d",,(p) 5 +———[d?.(p"),
q 6p 6 o , 1_e—b1x 1_e—b3x
—C—p—2X
© ra=Cre | 12 )( = )
which is such that 1— e Ax
X |bg+ by )
lim g2—0 Ax
P53V g ——— 4M(0). Y _
m J—
+——(1—e 20+, (12)
C. Quark contribution to the magnetic dipole moment X+m

All calculations below, except those involving the bag - 2(X+52)_1+e—2(x+n_12)

modeljr are carried out in Euclidean space whgge=4,,,,, oy(X)= = —n?Cae*ZX, (13
V=7, and{y,,v,}=26,,. 2(x+m?)

The impulse approximation to the quark contribution to 5 — o — )
the magnetic dipole moment is given ksee Fig. 2 where x=p</2D, oy(x)=(2D)oy(p?), os=v2Daog(p?),

andm=m/\2D, D is a mass scalé A=10"*is chosen to
_ @ “ B(n' flavor decouple the small and large spaceli)é&ebehavior in Eq.
M+ flavozr:u,d 2“(p)e"(q)e"(P")€Quavorl oy - (8) (12); i.e., to allow forb, to govern the ultraviolet behavior
andb, the infrared] The parameter€,,, m, by, ... ,bs are
Qsiavor IS the charge of the quark interacting with the photon.[6]
Theu andd quarks are treated as identical except for their

charge and so the contribution becomes Cmz0=0.0,
Mii=8(p)s*(A)eP(p')el s, 9 Cm=0=0.121,
| ( 1)J i T m=0.00897,
b (2m - cFor BTOPTA bo=0.131,
xs(k—+)|ric+cp(k++ Kot) b,;=2.90,
X S(Ky 1) I'o(k+0a/2;p)S(k ) ]. (10 b,=0.603,
Wherek,z=k+ («q/2) + (Bp/2), I'* refers to thep meson bs=0.185, (14)

amplitude, 'B¢*CP is the dressed quark-photon vertex, and

S(p) is the dressed quark propagator for a quark of momenwith the mass scal®=0.160 GeV chosen to give the cor-
tum p, which will all be discussed in detail below. rect value forf_. This form for the quark propagator is
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based upon studies of the Dyson-Schwinger equation fowith a;=0.38845,a,=0.01478,«=2. The values for the

S(p) using a gluon propagator with an infrared singularity, parameters were found by fitting to the experimental values
of f, andg, . [9]. Pichowsky and Lee, also using the quark
propagator defined in Egél2) and(13) and a quark-photon

87*D 6*(Kk), (15 vertex of the Ball-Chiu type, use an identical form o,
given by[10]

kK,
gsz,V(k)E( 5;1,1/_ %

and a dressed quark-gluon ver{éx6]. Quark confinement is 2a2

characterized by the nonobservation of free quark states. A Ly (k,p)=e "2+
pole in the quark propagator in the timelike region would be
a sign of a free quark state, just as a free bound state is. .. . i
manifest as a pole in a-point Greens function. Thus a suf- I§|tt|ng o the experimental values f6} andg,, they ob

- i . tain values for the parameters &f= 0.400,b,,=0.008, and
ficient condition for the lack of free quark production thresh- " . ! X
olds is the absence of timelike poles in the propagator. Th v=125.0. Using the quark propagator defined in Hq$)

model quark propagator given above is an entire functior?.nd(ln Mitchell and Tandy use a form for the amplitulig

(except at timelikgp?=) and so does not have a Lehmann given by

representation. This means it can be interpreted as describing

a confined particle and it ensures the lack of the unphysical

S'”gu'a”t_'es corresponding to free quarks i, s ; wherea=0.194 GeV. The normalization for theamplitude
The dipole moments are also calculated using a form fOIifS fixed by[10]

the quark propagator developed by Mitchell and Tapdly

Cy

— 20
1+k?/b2 0

T, (k,p)=e K7, 21)

to investigatep-w mixing. This propagator is given by D.p d* oS(k,)
aMp +
B2 e [ 2
_ L “( bt T emt o
—_~r——pm—2X4 _ (1_a—2X
oS00 =Cne T S (me T, (10 X, (kP)S(KIT (k) (22
e i 2 e VR LI
oy(x)=———————mCpe~ . (17 ) 2mr
2x
_ S(k_)
To fix the parameters = 2D andCy,, afitto(qq), f,, r, XT pa(k,p) p, Lop(k.p),

and ther-7 scattering lengths was done. Witfm,+ my)

=16 MeV a best fit was obtained for=0.889 GeV and wherek,=k+ (ap/2). This condition, along with the fact
C,,=0.581[7]. This form has a deficiency which can be seenthat the quark-photon vertex given below obeys the Ward
in its failure to correctly model the behavior ofs away Identity, ensures thaf(q?=0)=1, i.e., that thep has unit
from x=0, in the massless limit with dynamically broken charge[4].

chiral symmetry[4]. The large value for the mass of the  Using the transformation properti&s (—k)=C'S(k)C,
quark used is related to the deficiency of the propagator mer=*"(—k,p)=—C'T"”(k,p)C, and FEC+CPT(_ p,—q)=

tioned above 13]. —CT5“"“"(p,q)C, whereC=y,y, is the charge conjuga-
tion operator, and the Ward-Takahashi Identity, one can
E. p-meson amplitude show that current conservation holds, i.e.,
The dominant Bethe-Salpeter amplitude for gheneson Al up=0. (23)

is given by[14,15,

Given a description for the quark-photon vertex, the di-
pole moments of thep can now be calculated using Egs.
(12), (13), and(19); (12), (13), and(20); and(16), (17), and
(21).

wherek is the relative momentum of the quark and anti-

quark, p is the momentum of the meson, and and u are F. Quark-photon vertex

flavor and Dirac indices, respectively. This form ignores The quark-photon vertex also satisfies its own Dyson-
other allowable Dirac structure in the vector meson Betheschwinger equation, but solving this integral equation is dif-
Salpeter amplitude and so introduces errors of the order gfcult. Despite this, a realistic ansatz for the vertex function
10%[5]. Using the quark propagator defined in E42) and  has been developed by constraining its form using certain

(13) and a Ball-Chiu quark-photon vertegee late, Chap-  criteria [16—18. The quark-photon vertex ansatz thus ob-
pell uses the following approximate form fbv,(k,p) [9]: tained is given by

m) JTokp)

r, ,L<k,p)=|(m— 27N,

BC+CP, _1BC + CP, )
b g, a, 9 r, = (p.a)=r,(p.a)+I(p,q) (24)
8 1+ (k¥ aay) The Ball-Chiu verteX"5 has the forn{18]
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A(p?)+A(g?) (p+q),[1 TABLE I. Magnetic dipole momenf in units of e/2m.
L) = ———5 Yt 5 | 5[A(P?)
p —q p amplitude/quark propagator "
B 5 B 2 2 Chappell[9] 3.01
A(G)](p+d)—1[B(p") ~B(q )]}' 25 Pichowsky and Le¢10] 2.72
Mitchell and Tandy[7] 2.57
This vertex ansatz is completely described by the dressederturbative resultl1] 2.00

quark propagator and satisfies both the Ward-Takahashi arntbnrelativistic SW6) [20], constituent quark mass from  2.26
Ward identities, is free of kinematic singularitiesgts—p?,  [23]

transforms correctly under appropriate transformations, ane
reduces to the perturbative limit. To ensure multiplicative

renormalizability Curtis and Pennington added a transverse % w w 27
piece to the Ball-Chiu vertek19]. This term has the form f d*k= fo k3dkfo sir? Bdﬁfo sin 0d9f0 de.

given below:

(30)
- 2_g2y—(p+ _
I'F(p,q)= YulP =)~ (PF ), (P~ ) There is nog dependence in the integrand so thentegral
a 2d(p,q)
P.q is performed analytically, contributing a factor ofr2

X[A(pY)—A(G?)], (26) The integral is then performed numerically using Gauss-
ian quadrature methods to obtain the results given in Table I.
with The results obtained using the framework of Chappell, and
Pichowsky and Lee, are within 10% of each other which is
indicative of the similarities of the approaches. The pertur-

d(p,q)= 5 2{(p2—q2)2+[M2(p2)+Mz(qz)]z}, bative result from{11], and the nonrelativistic SI8) result

p°+q @7 are given for comparison. The later result is sim2g]
2
e
,._B(p? Pt = 5 (3D)
M(p°)= > q
A(p)

In Eg. (31) the quark mass is to be interpreted a constituent
G. The magnetic dipole moment quark mass of, say, 340 MeV21], which gives u,+
. =2.26e/2m,. Thus one could say that the effect of QCD as
The d'pOk? moment can now be calculate'd. The COIOr’interpreted in our calculation is to conver, from the cur-
flavor, and Dirac traces are performed for the intedirals,  rent quark value to an appropriate constituent quark value.

given in Appendix A, and the charge and dipole terms progte that the improper use of a current quark mass in Eq.
jected out using the projection operators outlined above. Th?al) gives the large valug, - = 152 e/2m
p p*

integrals are performed and the dipole calculated using

w=lim M(qg?) H. The electric dipole moment
2
90 CP violation is a feature of the weak interaction which is
— lim P8 14 o8 not well understood at present. It will, in principle, give rise
- 2|m 2 laupr (28) to electric dipole moments for quarks and hadrons. In calcu-
q°—0

lating hadronic electric dipole moments, the question of the
effects of confinement and QCD in going from the quark
EDM to the hadron EDM have not been studied. Here we
study these effects for the meson.

q=(0,0Q.0), The magnetic dipole of the meson comes from the term

in the Salam-Delbourgo vertex function
p=(0,0Q/2,1/m;+Q?/4),

p'=(0,0~Q/2,1Jm>+Q?/4).

The calculation is performed in the Breit frame where

(ga,uqﬁ_ gB,uqa)M'

This results in a term in thppy matrix element that looks

A transformation to four-dimensional hyperspherical coordi-Similar to
nates is carried out so that
e(p)-F-e(p" )M,
k=|k|(sin B8 sin # cos ¢,sin B sin 6 sin ¢,

sing cos #,cos B), (29 ~ Where

W|th Faﬁ:aﬁAa_&aAﬁ
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is the electromagnetic field tensor. To find the vertex func- TABLE . Electric dipole moment, in units ofd, e cm.
tion term that contributes to the electric dipole moment the

familiar correspondence is used: p amplitude/quark propagator d,
Chappell[9] 0.743
E E o_- Fuv Pichowsky and Le¢10] 0.779
ap a5 Eapur Mitchell and Tandy[7] 0.627
Perturbative result11], m, from [9,10] 0.010
M(a?)—D(g?), (32
whereD(0)=d, the electric dipole moment in units ef2m.
Thus as Stk T (k4 k)
1 X S(ky 4 )o(k+al2;p)S(k, - )] (39

Esa,BMVFMVZ SaB,U,VAMqu
The expanded form of the integrid]}; is given in Appendix

the term in theppy vertex that defines the EDM is B. The EDM can now be calculated. Once again the Dirac
traces are performed and the charge and electric dipole terms
SaﬁWqVD(qz)- (33 projected out using the projection operators given above. The

) ) ) ) integrals are performed and the dipole calculated using
Once again the electric and dipole terms will need to be

projected out. The vertex function is given by d= lim D(g?)
4?—0
Veng=d(P)T,,,d £ (p")=d. (P){PL(—9,,E(0?)
, 5 = lim PgAI5D0. (40)
+09,0,2(9%) ]+ (9,05~ 9uod,) M(9%) 0?0
+£,0,,0"D(G7)}d g (P"). (34 The integral is again evaluated in the Breit frame.
) o The dipole interaction between the quark and the photon
Using a projection operator of the form is governed by the term
1 ’ f T v q. v
Pg#ﬁ:_(z_&) d*”' (p)e,, 49, (p'), (35 Duuyso'q,uh, + Dadysoa,dA,, (4D

where theD, andD are the electric dipole moments for the
the result u and d quarks, respectively. In many modexQ for

| quarks, so the following form is used:
im qg—0

PgM'BVa,uﬁ _ D(O) (36) D{u,d}: Q{u,d}dq ) (42)
follows. The perturbative result has been calculated and it gives
I. Quark contribution to the electric dipole moment drert= 3myd, (43

To introduce an electric dipole moment in the impulse
approximation th&qy vertex needs to be modified to intro-
duce aCP-violating term. Thus the following vertex is used:

in units ofe/2m. The quark electric dipole moment has been
left as a free parameter and so an estimate of the sidg isf
needed. The quark electric dipole moment can be generated
_ T"BC+CP, in various models. One of these is the Weinberg model of
Fu(p.) =T, (p.A) 1D Y50, (P=0)",  (37) three Higgs doublet§22]. In this model the qua?k EDM
whereD, is the EDM of the quark. This form for theqy comes about dug to neutral Higgs exchange with the quark
vertex still ensures that both the Ward-Takahashi and War@iPole moment given by23]
identities are preserved, is free of kinematic singularities as 2 2
q°—p? and reduces to the perturbative limit. It also still d— eGe My n My
q 2

preserves multiplicative renormalizability. However we have V272 mqZ XY m_HI m_ﬁh “44
ignored any structure of theé P-violating term which may be
generateq by strong or electromagnetic i.nteractions. ~ where themy; are the masses of the neutral Higgs afyd
Following the same procedure as outlined above, the imandY, are mixings of the neutral Higgs. This gives a quark
pulse approximation to the EDM is given by dipole moment of the order of 16* e cm. Thus we obtain
the results for the electric dipole moment, in units af
J——-t B(p’)e|EPM . - . . ’ Lo
Mii=e“(p)e*(Q)e”(p")elgup, (38 jisted in Table II. Again the perturbative result is included

where the integralﬁz’\é' is given by for comparison. For completeness, it is noted that the non-

relativistic result is given byl,=d, e cm. The results from

44k the Chappell, and Pichowsky and Lee amplitudes are again
|521\£:(_ 1)f — trerol T(k;p—q) seen to be very close, as was the case for the magnetic mo-
(27) ment.



57 DIPOLE MOMENTS OF THEp MESON 2643

Ill. THE BAG MODEL TABLE Ill. Magnetic dipole momentu in the bag model in

. units of e/2m.
There are purely phenomenological models that have

been used over the years to describe the properties of hagjass of quark

rons. One successful and popular model which incorporates -

many of the features of QCD is the MIT bag mo@i2#,25.  mq from [9,10] 221
The MIT bag model includes relativistic, pointlike, confined Chappell[9] 3.01
quarks and provides a phenomenological description of th@ichowsky and Le¢10] 2.72
nonperturbative gluon interactions. The simplest form of theMitchell and Tandy{7] 2.57

MIT model will be used, with one-gluon exchange and cen
ter of mass motion ignored. While these results, at least for
the magnetic moments of baryons, are well known we dis- A. Magnetic moment in the bag model
cuss them here to provide another point of comparison for The magnetic moment is given by
the results of Sec. Il.
The starting point for the bag model is the assumption of 1( 5 ]
free quarks confined within a spherical volume of radius n= Ef d*rr Xjem (52)
Solving the Dirac equation inside the sphere results in a
wave function given by25,2€
Xr
=l

w+m,

N Vowe
lﬂ(r)_m W—m .
\/TIO'-I’jl

wherew(m,R) = \/mq2+x2/R2, jo andj, are spherical Bessel
functions andx is the quark momentum in units of R/ The
normalizationN(x) is given by

1 —
=§f d3rr XEi (i) Qie,

(45) where the summation is over the quarks. This gi\&&21]

Xr ’
E)X Mp= qu Qi (52

where uq, the magnetic dipole moment of the quark, is
given by

2w(w— 1/R)+mg/R e 1 4wR+2mgR—-3

_ . = smgR . 53
N0 =R T T g “amamy 3T wR 2R R

Using the standard spin-flavor wave function of ghgields
the results, listed in Table Ill, and discussed in the final sec-
tion of this paper.

and the eigenfrequency by

X
tanx= > T (47)
1-myR—[x“+(myR)] B. Electric dipole moment in the bag model
. . Using the single particle wave function from above, and
arising from the boundary condition the P and CP violating electromagnetic current
—ly-Ty=4y (48) 3= 1D Y50 ¥, (54)

atr=R. To confine the quarks a “pressurd®'is introduced =~ Whereo,,=1/2[y,.,v,], it can be shown that
which ensures energy-momentum conservation and confine- _ _ _
ment. Thus the total energy of the bag becomes J,,F#’'=—Dgypoy-E+terms involving B, (55

4 whereF#” is the standard electromagnetic tensor. Therefore
E(R)=2 Ni(mZ+x2/R?)Y2+ B3 7R3, (49 [27]
1

whereN; is the number of quarks or typeinside the bag. d,= fb <PT Ek DqJ0¢PT>
The stability of the bag also implies that a0\ fquane
R ry 1. ,/xr
JE(R) =N2J drrz[]% =30l 5
JR '
X D . 56
All calculations will be carried out in the rest frame of the <pT quEarks a7 pT> 9

bag and s (R) will be equated withm, . Equations(47),
(49), and(50) will then be used to fix the variables R, and  Thus, again using thg spin-flavor wave function, the fol-
B. lowing formula for the EDM of thep is obtained:



2644 M. B. HECHT AND B. H. J. McKELLAR 57

TABLE IV. Electric dipole moment in the bag model in units of of quark propagators that ensure confinement and a more

dq ecm. accurate modeling of the momentum distribution and finite
size of thep meson. The kernel of the Bethe-Salpeter equa-

Mass of quark d, tion involves the dressed quark and gluon propagators and so

my from [9,10) 0.828 includes the effects of the quark-gluon sea. The amplitudes

Chappell[9] 0743 that have been used here can thus be said to model these

. ' effects phenomenologically.
Pichowsky and Le¢10] 0.779 These calculations extend the process of using the Dyson-
Mitchell and Tandy{ 7] 0.627 b 9 y

Schwinger and Bethe-Salpeter framework to obtain hadron
properties to thep meson.
The p dipole moments have also been calculated in the
(57) MIT bag model. This phenomenological model also includes
confinement via the introduction of the “pressure” teBn
] ) ) ) ) The bag is also assumed to incorporate the effects of the
in units ofd, e cm. This leads to the results given in Table onperturbative gluon exchange and interaction. This relativ-

Xr

R
dp N fodrr R

1 ,(xr
T3hlR

I

IV-and discussed below. istic, confining model also yields values for the dipole mo-
ments greater than that of perturbation theory, as was the
IV. DISCUSSION case for the results using the DSE and BSE framework, i.e.,

the results from both approaches agree qualitatively. The

Using a model form for the quark propagator obtained C . 0 i X
from the Dyson-Schwinger equations, two different phenom_magneUc dipole moment is abott10% bigger than the per

enoloicale-meson amplitudes fitted . and and one turbative result, smaller than any of the results obtained in
gicap-me pit o, Ypmm the impulse approximation. The electric dipole calculation
used to describ@-w mixing, and a dressed quark-photon

vertex, thep dipole moments have been calculated was ~69% bigger than the largest result using the Dyson-
, thep dip : - Schwinger and Bethe-Salpeter equations a88 times big-
All three nonperturbative models used agree qualitativel

. : . T ger than the perturbative result. Again the inclusion of con-
with the amplitude and propagator defined 9 yielding the finement has led to an enhancement in the dipole moments of
largest value fo, and that of 7] the smallest. The Bethe-

. . the p. Indeed, one could suggest that for the calculation of
dSaIpet.tehr 3}2?“;#&? Oﬁéglnrestﬁgegng”tgset Iz}rr?e;sttr\]/gluzlfzrs the magnetic and electric dipole moments, the bag model
pr Wl yielding Loh valu gives a reasonable estimate of the effects of confinement.

calculated for thep magnetic and electric dipole moments

are fairly robust when it comes to slight changes in the form§h The p meson has been used in this study, not because

ere is any realistic possibility of measuring the electromag-
L(Tirtub(;);h the quark propagator and theBethe-Salpeter am- netic moments we have calculated, but to provide some in-

sight into the effects of QCD and confinement on calcula-

greﬁ?lysi\irr:ai%%\:je\}gliégcé?/zl??hglgLé?)rt;irﬁggf?;nmgegte?ta/r%%?ns of these moments in the hope of obtai_ning insight into
tion theory. The nonperturbative results for the magnetic di—ﬂ]e- effects these aspects of quar_k dynamics may have on
) . ~ ““estimates of the electromagnetic moments of hadrons
pole moment are~29-51 % bigger than the perturbative 28,29
result. While the electric dipole moment showed an ever¥ =
greater increase, being63—-78 times larger than the value
obtained with perturbation theoryl, is linearly dependent
upon the quark dipole moment and so a different model for M.B.H. wishes to thank C. D. Roberts for helpful discus-
the quark moment could change the value dgrsubstan-  sions and for pointing out the work of I. Chappell. This work
tially. Conversely, an experimental measuredgwould put ~ was supported in part by the Australian Research Grants
a limit on dy and possibly rule out some models. Committee, and the Australian Department of Industry, Sci-
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APPENDIX A: INTEGRAL FOR THE MAGNETIC DIPOLE MOMENT

With the definitions given above the integtal,; becomedafter color and flavor tracgs

2|NCJ d*k

| aﬂﬁzv (KT, (k+a/2) trp] ygk— 1y, Ky s voky —Te+ vk 1 v, VaTot veKo t voKs Koy, T3
p

(2m* ’
+ ')’ﬁk— Kyt ’)’ako+,uT4+ Yﬁk+ + VoK - k0+,uT5+ ’Yﬂ')’ak0+MT6+ ')’ﬁk— + VoK —k0+,uT7

+ Yﬁkf Kyt YKo+, Tet 7,87,u7ak+ ~Tot 757#k+ +Ya V10T 73k+ +YakKs - Ko+ T11t ¥8YaKo+ uT12

T VK- VoK —Koy p T1at veKo 1 Ky s voKot nTaat ¥k 4 vaKi Kot u T1sT ¥p¥aKo+ u T16ls (A1)

where the terms with an odd number pfmatrices have been dropped. The ;4 are defined as follows:

Ti=1(Vi+ V) ayu(kE )oy(Ke )oK ),
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To=—1(Vi+Vyou(kE ) og(ki )os(KE ),
T3=21K3 . (Vo+ V) oy(k2 ) ay(KE 1) oy(KE L),
T4==21(Vo+Vs)ay(k2 ) os(Ki ;) os(Ki ),
Ts=21k% (Vo= Vs)ay(K2 ) oy(Ki ) ay(Ki ),
Te=—21k% . (Vo—Vs)oy(k2 ) os(k3 ) og(k3 ),
To=—2Va0y(K2 ) os(K: L) ov(kE ),
Te=—2V30y(K2 ) oy(ki ) os(kE ),
To=—1(Vi+Vy)as(k:,)os(kKE)oy(Ki L),
Ti0=—1(V1+Va)os(k2 oy(k )og(K; ),
Ty=—21(Vot+Ve)og(K2 ) as(K2 ) ay(K2 ),
Tio= —21K% (Vo V) os(K2 ) oy(KE ) os(KG ),
T15= —21(Vo—Ve)og(k2 ) os(Ki ) oy(ki L),
Ti=—21(Vo— V) os(K2 ) oy(K2 ) aog(K2 ),
Ti5= _2V30's(k%+)0'v(ki+)0'v(kif),

T16=2V30(k% ., )og(K2 ) og(K2 ), (A2)

with

AKE ) +AKE )
1= 2 )

_AKE)—AK )
=
2(K: .~ K2 )

—1[B(K3,)—BK )]
Vy= , (A3)
: ki+_k2—+

Ik K2 D[AKE ) —AK )]
Ves 2d(K, k) |

AWK ) —AKE )]
S 2d(ke g k)

APPENDIX B: INTEGRAL FOR THE ELECTRIC DIPOLE MOMENT
The integrall 52} becomegafter color and flavor tracgs
JEOM 2|ch d*k

aup = 2 (ZTyle(k)Fp(k+ A2)trpl yeko s v, Ky s vk —Tit vk v, ¥aTot vkt vk Koy, T3
p

+ ’}’ka +Kyv YKo+ Tat yﬁk, +YakKs ~Ko+uTs+ ¥gYaKo+,TeT yﬁk, +Kv YKo+ T7F yﬁlk, +YVaK+ —Ko+,Ts
+ VK- 500K+ Vo TotT VKo 1 ¥50 07 VoK —Tiot ¥ 7,uKe + YaT11t Y5 7u YK - T1ot ¥5YVeKot uT13

+ '}’ﬁk+ T . I(0+,u,-|—14"' ’)’ﬁk— Ky Yako+,uT15+ Yﬁk— T k0+MT16+ ’)’ﬁk+ + YKy —k0+,uTl7+ 7B70k0+MT18
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+7pY50 1P K 1 v oK Tio ¥5Y50,0° VT 20l (B1)
again dropping terms with an odd numberypmatrices. TheT,_,, are defined as follows:
T1=1(Vi+Va) ok ) oy(Ki ) oy(Ki ),
To=—1(Vi+Va)ou(k2 ) os(KE ) os(KE L),
T3=21K% (Vo V) oy(k2 ) ay(KE L) ay(KE L),
T4=—21(Vo+Vs)oy(K2 ) ag(K: L) ag(Ki L),
Ts=21k2 (Vo= Vs)oy(k2 ) ay(KE 1) oy(KE L),
Te=—21k% . (Vo—Vs)oy(k2 ) os(k3 ) og(K3 ),
T7:_2V30'v(k2—+)0'v(ki+)0's(ki—),
Te=—2V3ou(K2,)os(k: ) ov(Ki L),
To=—Veou(k2 )ay(ki ;) os(ki L),
T10= _Veﬂ'v(sz+)0's(ki+)0'v(kif),
Ti=—1(Vi+ Vo) os(k2 ) oy(ki ) og(ki L),
Tar= —1(V1+ V) og(k2 )oK ) ay(K2 ),
Tig=—21K% (Vo + Vs)og(k2 ) oy(K ) og(KE ),
T14= = 21(Vo+Vs) og(k2 ) as(Ki ) oy(K] L),
Tis= —21(Vo— V) ag(k2 ) oy(K3 4 ) os(K5 ),
T16= —21(Vo—Vs)og(k2 ) og(Ki ) oy(ki L),
Ti7=—2V305(k2 ) oy(K2 )oK L),
T18:2V30's(k%+)Us(ki+)0's(kif),
Tig= —Veos(k2 ) ay(K3 ) ov(kE ),
To0=Veos(k2 ) os(kKi ) ag(ki ), (B2)

whereV;---V;5 are defined as before and

(B3)

with d, the quark dipole moment.
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