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Isospin-violating meson-nucleon vertices as an alternate mechanism
of charge-symmetry breaking
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We compute isospin-violating meson-nucleon coupling constants and their consequent charge-symmetry-
breaking~CSB! nucleon-nucleon potentials. The couplings result from evaluating matrix elements of quark
currents between nucleon states in a nonrelativistic constituent quark model; the isospin violations arise from
the difference in the up and down constituent quark masses. We find, in particular, that isospin violation in the
omega-meson–nucleon vertex dominates the class IV CSB potential obtained from these considerations. We
evaluate the resulting spin-singlet–triplet mixing angles, the quantities germane to the difference of neutron

and proton analyzing powers measured in elasticnW -pW scattering, and find them commensurate to those com-
puted originally using the on-shell value of ther-v mixing amplitude. The use of the on-shellr-v mixing
amplitude atq250 has been called into question; rather, the amplitude is zero in a wide class of models. Our
model possesses no contribution fromr-v mixing atq250, and we find that omega-meson exchange suffices
to explain the measuredn-p analyzing power difference at 183 MeV.

PACS number~s!: 11.30.Hv, 21.30.2x
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I. INTRODUCTION

The suggestion of Goldman, Henderson, and Thomas@1#
that the contribution ofr-v mixing to charge-symmetry-
breaking ~CSB! observables is suppressed in the low m
mentum transfer regime has opened the search for n
sources of isospin violation. Since then, many calculatio
using a variety of models, have confirmed the suppression
ther-v mixing amplitude at small spacelike momenta@2–7#.
Indeed, it has been shown that ther-v mixing amplitude is
zero atq250 in all models with vector mesons coupled t
conserved currents@6#. Yet, in Refs. @2–7#, no alternate
mechanisms tor-v mixing are proposed. The phenomen
logical impact of this gap must be emphasized: The C
potential fromr-v mixing — with the mixing amplitude
fixed at the omega-meson point — can contribute as much
40% of the difference between the neutron and proton a
lyzing powers (DA) measured in elasticnW -pW scattering at
183 MeV @8–11#. Without this contribution the previous
agreement between theory and experiment would be up
@12,13#. Although the suppression of the mixing amplitud
continues to be controversial@14,15#, sources of additional
isospin-violation are interesting in their own right and d
serve examination. Indeed, the aim of the present paper i
show that a recently proposed CSB mechanism — based
isospin-violating meson-nucleon coupling constants@16# —
is sufficient to restore the agreement with experiment. S
cifically, we examine the effect of these new sources of C
on the spin-singlet–triplet mixing angles; these are the fu
damental dynamical quantities drivingDA @11#.

Most theoretical efforts devoted to understanding CS
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observables use a nucleon-nucleon (NN) interaction con-
strained by two-nucleon data@9–11,17–19#. In such a pic-
ture, isospin violations arise from electromagnetic effe
and hadronic mass differences. Sources of CSB can be c
sified in terms of three distinct contributions:~i! isovector-
isoscalar mixing in the meson propagator,~ii ! isospin break-
ing in the nucleon wave function, and~iii ! isospin breaking
in the meson-nucleon and photon-nucleon vertices. R
omega mixing, the proton-neutron mass difference, and
difference between the electric charge of the proton and
neutron are typical examples of~i!, ~ii !, and ~iii !, respec-
tively. The existence of isovector-isoscalar mixing, such
p-h and r-v mixing, is well established. For example
r-v mixing has been observed experimentally
e1e2→p1p2 measurements at thev-meson production
point @20#. However, the suggested suppression of the m
ing amplitudes at small spacelike momenta lessens their
pact on CSB observables. This is, in part, why we consi
other sources of isospin violation in this paper.

Isospin breaking in the nucleon wave function in a ha
ronic model is driven by the neutron-proton mass differen
Indeed, it is through this mechanism that charged-pion
change dominates@21,22# the class IV potential@23# at mod-
erate momentum transfers. Isospin breaking in the nucl
wave function can also arise in a quark-model picture fro
the mixing of the nucleon touJp51/21;T53/2& baryon
states @24#. While undoubtedly nonzero, one expects t
T53/2 components of the nucleon to be small due to
large mass difference between the nucleon and
D(1910) — the firstP31 baryon. In contrast, ther-v mass
difference is a mere 12 MeV. Thus, we turn to the meso
1143 © 1996 The American Physical Society
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1144 53S. GARDNER, C. J. HOROWITZ, AND J. PIEKAREWICZ
nucleon coupling constants as the possible sources of iso
violation demanded by data.

While there have been quark-model calculations of is
spin violating meson-nucleon coupling constants@12,25–27#,
their impact on class IV CSB observables has only recen
been considered@16#. In a hadronic model, the neutron
proton mass difference generates isospin breaking in the c
pling constants@19#. For the vector couplings, these effec
are quite small@19#.

Here, as earlier@16#, we adopt a nonrelativistic quark
model to calculate isospin breaking in the meson-nucle
coupling constants. In the model the coupling consta
emerge from evaluating matrix elements of quark currents
the appropriate Lorentz and flavor structure between nucl
states. The isospin violations arise from the up-down qu
mass difference. Radiative corrections to the vertices h
also been evaluated and are found to be small@28,29#. Here
we study the phenomenological impact of Ref.@16# in
greater detail. In order to do this, we estimate theq2 depen-
dence of the isospin breaking found in the vertices
q250.

We have organized the paper as follows. In Sec. II t
model is introduced, and isospin violating meson-nucle
coupling constants are computed. We show that in
q250 limit the couplings depend merely on the spin-flav
structure of the nucleon wave function; they are insensit
to the spatial components of the nucleon wave function.
Sec. III we use these findings to compute the resulting C
potentials. In particular, we obtain a large contribution fro
omega-meson exchange to the class IV potential. We qu
tify the impact of isospin-violation in theNNv vertex by
computing the resulting spin-singlet–triplet mixing angles
these are the basic building blocks ofDA. These results are
presented in Sec. IV. Finally, we discuss the impact of o
work in Sec. V.

II. ISOSPIN-VIOLATING MESON-NUCLEON COUPLING
CONSTANTS

We are interested in computing the coupling of an o
shell nucleon to the neutral mesonsv, r0, p0, ands. The
off-shell vertices could engender additional isospin breaki
but our primary focus is on theNN system, so that we will
not consider these effects further. The exchanged mes
couple to nucleon currents of the appropriate Lorentz ch
acter, and the meson-nucleon coupling constants eme
from evaluating the matrix elements of these currents in
quark model. The difference in the up and down constitu
quark masses thus gives rise to isospin-violating mes
nucleon coupling constants. Atq250 these couplings are
determined from the spin and flavor structure of the nucle
wave function alone. In contrast, the couplings atq250 of
the nucleon to the charged mesons are sensitive to the q
momentum distribution as well and are, therefore, mo
model dependent@12#. We shall consider the neutral-vecto
meson–nucleon vertices first, as they are relevant to
DA measurement. The most general form for these on-s
NN-meson vertex functions, consistent with Lorentz cova
ance and parity invariance, is
spin
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2 ig NNvL NNv
m 52 ig NNvS gNvgm1 i f N

vsmn
~p82p!n

2MN
D ,
~1a!

2 ig NNrL NNr
m 52 ig NNrS gNr gm1 i f N

r smn
~p82p!n

2MN
D ,

~1b!

where g NNa (a5v,r) are the isospin-averaged, phenom
enological, meson-nucleon coupling constants, determin
from fits to theNN phase shifts and to the properties of th
deuteron@30,31#, andMN is the nucleon mass. We comput
the couplings, that is,gN

a(q2) and f N
a(q2), by assuming that

theNNa vertex functions can be related to the matrix el
ments of quark currents of the appropriate Lorentz and fla
structure between nucleon states, computed in the nonr
tivistic quark model. Thus,

^N~p8,s8!uJm;1uN~p,s!&5Ū~p8,s8!L NNv
m U~p,s!,

~2a!

^N~p8,s8!uJm;2uN~p,s!&5Ū~p8,s8!L NNr
m U~p,s!.

~2b!

Here U(p,s) denotes a on-shell nucleon spinor of ma
MN , momentump, and spins. We shall focus on the cou-
plings at q250, where q[p82p, as the nonrelativistic
quark model is best suited to an estimate in the static lim
The quark currentsJm;6 are

Jm;15
1

3
ūgmu1

1

3
d̄gmd, ~3a!

Jm;25ūgmu2d̄gmd. ~3b!

It is the quark vector current which is appropriate to th
vector-meson–nucleon vertex; the second superscript (6)
denotes its symmetry under theu↔d flavor transformation.
Note that the constituent quarks are assumed to be elem
tary: No quark form factors have been introduced. The is
scalar vector quark charge is 1/3, whereas the isovector v
tor quark charge is11 for the up quark and21 for the
down quark. The charge assignments are made such
gN

v51, gp
r51, andgn

r521, atq250.
Our model stems from the notion of vector dominan

@32#. Vector dominance presumes that a photon’s interact
with a nucleon is mediated by the rho — or omega — m
son. Here we argue that the coupling of the vector mes
themselves to the nucleon can be determined via matrix e
ments of the appropriate isospin components of the qu
vectorcurrent. Our model does not predict the isospin co
serving coupling constantsg NNa ; these must be extracted
from phenomenological fits to two-nucleon data. Howev
the isospin-violating pieces, as well as the tensor-to-vec
ratio, can be calculated within the model. Note that the ve
tor dominance nature of our model implies that the quar
couple toconserved currents. We estimate the resulting cou
pling constants using the nonrelativistic quark mod
~NRQM!; this is an additional assumption.

The couplingsgN
a and f N

a are functions of the meson four
momentumq2, though we shall focus on the couplings a
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q250. In this limit the couplings are insensitive to the spatia
component of the nucleon wave function; they follow di
rectly from its spin and flavor content alone. In the SU~6!
limit @33#,

up↑&5
1

A18
~2uu↑u↑d↓&2uu↑u↓d↑&2uu↓u↑d↑&

12uu↑d↓u↑&2uu↓d↑u↑&2uu↑d↑u↓&

12ud↓u↑u↑&2ud↑u↑u↓&2ud↑u↓u↑&). ~4!

The neutron spin-up wave functionun↑& is obtained by ex-
changing the up and down quarks in the expression f
up↑&. The isospin violations arise from the difference in th
up and down constituent quark masses. The couplings c
stants are obtained from computing the matrix elemen
found in the nonrelativistic reduction of Eq.~2! in the quark
model, i.e.,

gN
v5(

i51

3

gi
1^N↑u1uN↑&,

~gN
v1 f N

v!

2MN
5(

i51

3

m i
1^N↑us i

zuN↑&,

~5a!

gN
r 5(

i51

3

gi
2^N↑u1uN↑&,

~gN
r 1 f N

r !

2MN
5(

i51

3

m i
2^N↑us i

zuN↑&.

~5b!

Note that we have introduced the quark magnetic mome
m i

6[gi
6/2mi , with the chargesgi

6 given in Table I. As pre-
viously, ‘‘1 ’’ denotes isoscalar, and ‘‘2 ’’ denotes isovector.
In the following presentation we discuss only the coupling o
the nucleon to thev-meson, as an illustrative example. Ou
results, collected in Table II, include the couplings to th
other mesons as well.

The vector coupling of thev-meson to the nucleon is
determined by simply counting the quark charges:

TABLE I. Quark-model charges. The superscripts denote scal
pseudoscalar, vector-isoscalar, and vector-isovector quark char
respectively.

gs g5 g1 g2

u 11/3 11/5 11/3 11
d 11/3 21/5 11/3 21

TABLE II. Proton, neutron, isoscalar, and isovector meson
nucleon coupling constants.

gs gp gv f v gr f r

p 11 11 11 0 11 14
n 11 21 11 0 21 24

0 11 3

10

Dm

m
11 0 0 3

2

Dm

m

1 0 11 0 5

6

Dm

m
1 14
l
-

or
e
on-
ts

nt

f
r
e

gp
v52gu

11gd
151, ~6a!

gn
v52gd

11gu
151. ~6b!

The tensor coupling, in contrast, depends on the spin stru
ture of the nucleon wave function:

mp
v[

gp
v1 f p

v

2Mp
5
4

3
mu

12
1

3
md

15
1

18S 4

mu
2

1

md
D , ~7a!

mn
v[

gn
v1 f n

v

2Mn
5
4

3
md

12
1

3
mu

15
1

18S 4

md
2

1

mu
D . ~7b!

It is useful to construct isoscalar and isovector combination
at thenucleonlevel, i.e.,

gN
v5gp

v
1

2
~11tz!1gn

v
1

2
~12tz![g0

v1g1
vtz , ~8!

mN
v5mp

v
1

2
~11tz!1mn

v
1

2
~12tz![m0

v1m1
vtz , ~9!

where

g0
v1g1

vtz51, ~10!

m0
v1m1

vtz5
1

6m F11
5

6

Dm

m
tzG

[F ~g0
v1 f 0

v!

2M
1

~g1
v1 f 1

v!

2M
tzG , ~11!

with

M[
1

2
~Mn1Mp!, m[

1

2
~md1mu!, Dm[~md2mu!.

~12!

The expression in Eq.~11! is given to leading order in
Dm/m only. Note that isospin breaking in thef andg cou-
plings is realized in thef aloneand that the breaking in the
v tensor coupling is isovector in character. Thev- and
r-vector couplings are isospin conserving. The isospin
breaking in our model is connected to that of the electromag
netic form factors through our assumption of vector domi
nance; charge conservation protects the charge form fact
from isospin breaking at zero momentum transfer@24#. The
tensor coupling is explicitly sensitive to the quark mass, a
seen in Eq.~5!, and the isospin-breaking corrections are gen
erated by the up-down mass difference. In the constituen
quark modelDm.0 @34#; the up quark, which is lighter, has
a larger magnetic moment than the down quark. Hencefort
we shall adopt the choiceM /3m[1 in reporting the coupling
constants. Our results are summarized in Table II.

We now consider the isospin conserving results. We fin
for the tensor-to-vector ratio that

f 0
v

gN
v 50,

f 1
r

gN
r 54. ~13!

ar,
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These results are qualitatively consistent with thef N
V/gN

V ra-
tios which emerge from phenomenological fits to theNN
interaction@30,31# — recall that the Bonn B potential param
eters, given in Tables 4.1 and A.1 of Ref.@31#, for example,
are f N

v/gN
v50 andf N

r /gN
r 56.1. This consistency is intimately

connected to the NRQM’s ability to describe the nucle
magnetic moments and to our assumption of vector do
nance. In the NRQM, withM53m, the anomalous magnetic
moment is purely isovector:kp52 andkn522. Note that
kp
expt51.79 andkn

expt521.91. These successes give us co
fidence in using our model to compute the isospin-violati
corrections to these coupling constants.

For completeness, we shall now consider isospin break
in the NNs and NNp0 vertices as well. We exclude the
NNh vertex from this discussion because theg NNh coupling
constant is poorly constrained byNN data@35#. The appro-
priate vertex functions are

ig NNsL NNs
s 5 ig NNs~gN

s !1, ~14a!

g NNpL NNp
5 5g NNp~gN

p!g5. ~14b!

We have assumed pseudoscalar, rather than pseudove
coupling for the pion in order to be consistent with earli
calculations of charge-symmetry breaking@10,11,18,21,22#.
As in the case of thev and ther, theg NNa (a5s,p) are
the isospin-averaged, phenomenological, meson-nucl
coupling constants. In our model, we connect the ver
functions to matrix elements of quark currents, so that

^N~p8,s8!uJsuN~p,s!&5Ū~p8,s8!L NNs
s U~p,s!,

~15a!

^N~p8,s8!uJ5uN~p,s!&5Ū~p8,s8!L NNp
5 U~p,s!,

~15b!

where

Js~q!5
1

3
ūu1

1

3
d̄d, ~16a!

J5~q!5
1

5
ūg5u2

1

5
d̄g5d. ~16b!

The chargesgi
s51/3, gu

551/5, and gd
5521/5 have been

chosen such thatgN
s51, gp

p51, and gn
p521 when

Dm50. Evaluating the nonrelativistic reduction of Eq
~15a! and ~15b! in the quark model, we find

gN
s5(

i51

3

gi
s^N↑u1uN↑&, ~17a!

gN
p

2MN
5(

i51

3

m i
5^N↑us i

zuN↑&, ~17b!

where we have definedm i
5[gi

5/2mi . From Eq.~17a! we see
that the sigma meson generates merely a spin-indepen
coupling to the nucleon in the nonrelativistic limit, so th
there is no isospin breaking in theNNs vertex and no con-
tribution from sigma exchange to the CSB potential. Thu
we will not consider sigma exchange further. However, t
-
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quark mass dependence contained inm i
5 in Eq. ~17b! implies

that the isospin breaking in the pion case is finite. The brea
ing toO (Dm/m) is indicated in Table II. Note, however, that
the computed breaking atq250 depends on the nature of the
assumed pion-nucleon coupling. If we had chose
pseudovectorcoupling, rather, then no isospin breaking
would result @12#. The pseudovector current contains no
quark-mass-dependent pieces in the nonrelativistic lim
Thus, our prediction in thep0 case is decidedly more model
dependent than in ther0 andv channels. Moreover, in the
latter case, the compatibility of the computed tensor-to
vector coupling constant ratios with the Bonn potential ind
cates that vector dominance, which we assume, has so
phenomenological support. Note that in thep0 case, there is
no such independent support of our ‘‘pseudoscalar dom
nance’’ assumption. This concludes our discussion of isosp
breaking in theNN-meson vertices.

III. CHARGE-SYMMETRY-BREAKING POTENTIALS

We shall now compute the CSB potentials which aris
from the isospin-violating couplings computed in the previ
ous section and tabulated in Table II. In a one-boson
exchange approximation, presuming the form of the isosp
breaking found in theq250 results, we obtain the following
CSB potentials forv, r0, andp0 exchange, respectively:

V̂CSB
v 5VCSB

v @Gm~1!gm~2!tz~1!1gm~1!Gm~2!tz~2!#,
~18a!

V̂CSB
r 5VCSB8r Gm~1!Gm~2!@tz~1!1tz~2!#

1VCSB
r @Gm~1!gm~2!tz~2!1gm~1!Gm~2!tz~1!#,

~18b!

V̂CSB
p 5VCSB

p g5~1!g5~2!@tz~1!1tz~2!#, ~18c!

whereGm[ ismn(p82p)n/2M and we have defined

VCSB
v ~q![2S g NNv

2

q22mv
2 D f 1vg0v , ~19a!

VCSB
r ~q![2S g NNr

2

q22mr
2D f 0rg1r , ~19b!

VCSB8r ~q![2S g NNr
2

q22mr
2D f 0r f 1r , ~19c!

VCSB
p ~q![2S g NNp

2

q22mp
2 D g0pg1p ~19d!

as thep0 andv couple to conserved currents. Isospin break
ing in the meson-nucleon vertices gives rise to the abo
CSB potentials, as per Eqs.~19a!–~19d!. We remind the
reader thatgt

a and f t
a denote the isoscalar (t50) or isovec-

tor (t51) components of the vector and tenso
a-meson-nucleon couplings, respectively. The isospin
conserving tensor coupling is nonzero in the case of ther
vertex, so that an additional potential of strengthVCSB8r (q)
arises. These contributions have been considered only
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cently @16#. Yet the potentials of Eqs.~18a! and ~18c! are
identical in form to those generated byr-v andp-h mixing,
respectively. That is,

V̂CSB
rv 5VCSB

rv @Gm~1!gm~2!tz~1!1gm~1!Gm~2!tz~2!#,
~20a!

V̂CSB
ph 5VCSB

ph g5~1!g5~2!@tz~1!1tz~2!#, ~20b!

where

VCSB
rv ~q![2

f NNrg NNv

~q22mr
2!~q22mv

2 !
^ruHuv&, ~21a!

VCSB
ph ~q![2

g NNpg NNh

~q22mp
2 !~q22mh

2 !
^puHuh&. ~21b!

Note that in Eq.~21a! we introducef NNr , the phenomeno-
logical tensor coupling of the Bonn model@31#. Rather than
performing a nonrelativistic reduction of the potentials
Eqs. ~18a!–~18c! and Eqs.~20a!–~20b!, we simply classify
the former as either ‘‘rv-like’’ or ‘‘ ph-like’’ potentials. The
effect of these new isospin-violating potentials on CSB o
servables can then be readily elucidated. For example,
contribution from omega-meson exchange is identical
structure to that fromr-v mixing and thus contributes as
well to DA in elasticnW -pW scattering. Indeed, we now show
that the contribution from omega-meson exchange is com
rable in magnitude and identical in sign to the one obtain
from r-v mixing — if the mixing amplitude is fixed at its
on-shell value.

A. One-boson-exchange potentials of ther-v kind

Potentials of the form given in Eq.~20a! give rise to class
III and class IV CSB potentials. They are generated by
interference between the isospin-conserving vector coup
and the isospin-violating tensor coupling; note, for examp
Eq. ~18a! and the second term in Eq.~18b!. Unlike the case
of the omega, the isospin structure of rho exchange is
identical to that ofr-v mixing; they are related by exchang
ing tz(1)↔tz(2). Thus, rho exchange contributes to th
class IVr-v mixing potential with a sign opposite to that o
the omega. No sign changes are necessary when compu
its ph-like or class III rv-like contribution. Note that the
contribution from rho exchange is small relative to that fro
the omega — this emerges despite the larger isosp
violating coupling associated with the rho vertex~see Table
II !. The vectorNNr coupling is simply small relative to tha
of the omega; in the Bonn potentialg NNv

2 /g NNr
2 '27 @31#.

The relative importance of the various contributions can
estimated by computing the CSB potentials atq250. Recall
that in this limit the isospin-violating couplings are insens
tive to the quark momentum distribution; they depend on
on the spin-flavor symmetry of the wave function. Using t
Bonn B potential parameters of Table III, given in Tables 4
and A.1 of Ref.@31#, and a value for the quark mass diffe
ence ofDm54.1 MeV @34#, we obtain the following results
at q250:
in
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VCSB
v ~q250!5

g NNv
2

mv
2 f 1

vg0
v'2.49 GeV22, ~22a!

VCSB
r ~q250!5

g NNr
2

mr
2 f 0

rg1
r'0.18 GeV22, ~22b!

VCSB
rv ~q250!52

f NNrg NNv

mr
2mv

2 ^ruHuv&uq25050. ~22c!

Several remarks are in order. First, ther-v mixing ampli-
tude, if modeled via fermion loops@2,6#, necessarily van-
ishes atq250 in our model. Our model assumes vec
dominance, so that the vector-meson–nucleon vertices
determined by the appropriate isospin components of
quark electromagnetic current. Thus, the vector mes
couple to currents that are conserved at the nucleon leve
that the above result follows@2,6#. At the q250 point, the
charge-symmetry violation in our model comes purely fro
the vertex contributions. Note that the rho meson contri
tion to the latter is, indeed, small. It represents merely a
correction to the contribution from one-omega exchan
Second, the strength of the CSB potentials generated f
omega exchange is comparable in magnitude to those
tained fromr-v mixing if the on-shellvalue of the mixing
amplitude is assumed, ^ruHuv&uq25m

v
25245206600

MeV2 @36#. Note, moreover, that thev and on-shellr-v
mixing contributions areidentical in sign. Specifically,

ṼCSB
rv ~q250!52

f NNrg NNv

mr
2mv

2 ^ruHuv&U
q25m

v
2

'2.07GeV22.

~23!

A CSB potential of this magnitude is needed for a succes
description ofDA at 183 MeV @8#. Summing our omega
exchange contribution to the CSB potential and that fr
on-shellr-v mixing is not only internally inconsistent bu
also gives a final potential which is too large to fit the data
see Sec. IV. Our results suggest that a class IV potentia
the appropriate size is generated by isospin-violations in
NNv vertex, together with small corrections from rho e
change and off-shellr-v mixing. This is the central result o
our paper.

B. One-boson exchange potentials of thep-h kind

Potentials of the form given in Eq.~20b! generate class III
CSB potentials exclusively. The Lorentz structure of the fi
term in Eq.~18b! differs from that of thep-h mixing and

TABLE III. Meson masses, coupling constants, tensor-to-vec
ratio, and cutoff parameters of the Bonn B potential.

Meson Mass~MeV! g2/4p f /g L ~MeV!

p 138 14.21 — 1700
h 549 2.25 — 1500
r 769 0.42 6.1 1850
v 783 11.13 0.0 1850
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1148 53S. GARDNER, C. J. HOROWITZ, AND J. PIEKAREWICZ
one-pion-exchange potentials, so that it is convenient to
form a nonrelativistic reduction of all three contribution
i.e.,

V̂CSB
ph 52VCSB

ph ~q!S q2

12M2D @s1•s21S12~ q̂!#@tz~1!1tz~2!#,

~24a!

V̂CSB
p 52VCSB

p ~q!S q2

12M2D @s1•s21S12~ q̂!#@tz~1!1tz~2!#,

~24b!

V̂CSB8r 52V CSB8r ~q!S q2

12M2D @2s1•s22S12~ q̂!#

3@tz~1!1tz~2!#, ~24c!

where we have introduced the tensor opera
S12(q̂)5@3(s1•q̂)(s2•q̂)2s1•s2#. We estimate the rela
tive size of these contributions by evaluating them
q250, noting Table III:

VCSB
p ~q250!5

g NNp
2

mp
2 g0

pg1
p'36.83 GeV22, ~25a!

VCSB8r ~q250!5
g NNr f NNr

mr
2 f 0

r'1.07 GeV22. ~25b!

The one-pion-exchange contribution dominates that of
rho; this is driven by the larger-p mass difference — recal
mr
2/mp

2'30. Note that the inclusion of the rho meson lea
to a reduction of the tensor and an enhancement of the s
spin components of the pion-exchange potential. Unlike
vector meson case, we cannot readily compute thep-h mix-
ing amplitude atq250 in our model. That is, in the pion
case, there is no conserved current, so that theq250 mixing
can be nonzero@37–39#. Nevertheless, we can compare t
results of Eq.~25! with the ‘‘usual’’ p-h mixing potential

VCSB
ph ~q250!52

g NNpg NNh

mp
2mh

2 ^puHuh&U
q25mh

2

'52.01GeV22, ~26!

where we have input thep-h mixing matrix element evalu-
ated at its on-shell point,̂puHuh&uq25mh

2524200 MeV2

@35#. The contribution from one-pion exchange is comp
rable to that fromp-h mixing. Thep-h mixing potential
may seem slightly larger, but theNNh coupling is ill deter-
mined from two-nucleon data. Indeed, it is believed that
Bonn potential overestimates it — a current analysis base
on h-photoproduction data suggests couplings as low
gNNh
2 /4p&0.5 @40# ~see also Ref.@37#!.
The CSB potentials from one-pion exchange have b

computed previously in a nucleon model@21#. Here the
neutron-proton mass differenceDM generates the breaking
In the specific case of the class III contribution coming fro
neutral pion exchange, the scale of the breaking is se
DM /2M . Thus, the isospin breaking in the quark model
substantially larger than in the nucleon model, i.e.,
er-
s,

tor

at
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S 310 Dm

m D YS 12 DM

M D'6, ~27!

so that any CSB observable receiving an important contr
tion from p-h mixing will also be affected by the exchang
of neutral pions. The breaking we calculate in theNNp0

vertex is identical to the result of Mitra and Ross@12,25#.
Note that the exchange of charged pions — and rhos
generates a class IV potential which is important in
analysis ofDA @11,12#. In the charged meson case, howev
the relation between the isospin-violating couplings in
two models is not simple: It depends on the quark mom
tum distribution. Yet, under reasonable assumptions, b
sorts of models seem to generate class IV potentials of c
parable strength@12#.

IV. RESULTS

In this section we compute the CSB potentials for a ra
of spacelike momenta. We shall concentrate on class IV c
tributions exclusively as we are interested in computing
impact of the new isospin-violating sources onDA. Knowl-
edge of theq250 couplings now no longer suffices. One
forced to model the momentum dependence of the coup
constants — including that of the isospin-violating comp
nents. Here we consider two different estimates for theq2

dependence of the CSB potentials. First, we simply adopt
momentum dependence which emerges from fits to the
spin-conserving two-nucleon data. Thus, the ratio of
isospin-violating to the isospin-conserving coupling, e
f 1

v/g0
v , remains unchanged. Note that in the Bonn mo

f 1
r/g1

r is also a constant. We implement this choice by mo
fying the meson-nucleon ‘‘point’’ couplings indicated in E
~1! as per the Bonn B potential parameters; see Table
That is,

g NNv→g NNv~q2!5g NNv~11q2/Lv
2 !22, ~28a!

g NNr→g NNr~q2!5g NNr~11q2/Lr
2!22. ~28b!

This is an additional model assumption. Here we useq to
denote the three-momentum transfer; we consider the f
factors in the Breit frame, whereq050 andq252q2. Sec-
ond, we compute theO (q2) isospin breaking in the cou
plings in the nonrelativistic quark model, in order to gau
the uncertainty in the momentum dependence of the C
potentials. Let us examine the isospin breaking in the Sa
Walecka form factors@41#, separated into contributions from
the isoscalar or isovector quark charges. These quantitie
related to thev and r couplings by virtue of our vecto
dominance assumption. As previously, we will discu
merely the isospin breaking in theNNv vertex in detail.
Now

GE,p
v 52gu

1^u&p1gd
1^d&p , ~29a!

GE,n
v 52gd

1^d&n1gu
1^u&n ~29b!

and
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GM ,p
v

2Mp
5

1

18S 4

mu
^u&p2

1

md
^d&pD , ~30a!

GM ,n
v

2Mn
5

1

18S 4

md
^d&n2

1

mu
^u&nD . ~30b!

These expressions are generalizations of Eqs.~6! and~7!. We
have used the notation of Eq.~5! in denoting the isoscala
and isovector quark charges and have introduced^u&p , for
example, to represent the Fourier transform of the pro
wave function with respect to the up quark coordinate.
compute the latter in the harmonic oscillator quark model
simplicity. In the harmonic oscillator quark model@24,42#
the nucleon possesses a massMN52m11m2 , so that for the
protonm15mu andm25md . For convenience one define
Rr

225A3kmr and Rl
225A3kml, where ml53m1m2 /

(2m11m2), mr5m1 , and k is the spring constant. On
finds that@24#

^u&p[^exp~ iq•ru!&p512
q2

8 FRrp
2 13S md

Mp
D 2Rlp

2 G1O ~q4!,

~31a!

^d&p[^exp~ iq•rd!&p512
3q2

2 S mu

Mp
D 2Rlp

2 1O ~q4!,

~31b!

^u&n[^exp~ iq•ru!&n512
3q2

2 S md

Mn
D 2Rln

2 1O ~q4!,

~31c!

^d&n[^exp~ iq•rd!&n512
q2

8 FRrn
2 13S mu

Mn
D 2Rln

2 G1O ~q4!.

~31d!

We write the Fourier transforms in Eq.~31! throughO (q2)
only. This suffices to make contact with the hadronic fo
factors. Moreover, one cannot expect the nonrelativi
quark model to be reliable at still larger momentum transfe
We must now relate the above electric and magnetic fo
factors to thef ’s and g’s present in the definition of the
vertex, Eq. ~1!. Following the usual relation between th
electromagnetic form factorsGE , GM and F1 , F2 , vector
dominance dictates that

GE,N
v ~q2!5gN

v~q2!1
q2

4MN
2 f N

v~q2!, ~32a!

GM ,N
v ~q2!5gN

v~q2!1 f N
v~q2!. ~32b!

Fits to the electromagnetic form factor data indicate t
F1(q

2) and F2(q
2) fall with different rates inq2; vector

dominance implies that this should be true ofgN
v,r and f N

v,r

as well. Note that this is at odds with the Bonn model, a
assumes that the ratiof N

v,r/gN
v,r is constant. We proceed a

follows. We computef N
v andgN

v to O (q4,Dm2), using Eqs.
~29!–~32!. Then we estimate the ‘‘effective’’Lv , as defined
in Eq. ~28!, required to reproduce the isospin breaking co
puted toO (q4,Dm2) and use thatLv in our subsequent com
putation of the spin-singlet–triplet mixing angles. Thus,
ton
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m-

g0
v1g1

vtz5F12
q2R2

6 G1
Dm

m F 5q2

24M2 2
q2R2

72 Gtz
1O ~q4,Dm2!, ~33a!

f 0
v1 f 1

vtz5
5

6

Dm

m F12
q2R2

3
2

q2

4M2Gtz1O ~q4,Dm2!.

~33b!

Several remarks are in order. First, note that we have defi
R225A3km, wherem is the average mass of the up an
down quarks. From Eq.~33b! we observe f 0

v50 to
O (q4,Dm2); this is consistent with the Bonn model, whic
assumesf 0

v50 for all q2. We have performed the same ca
culations for theNNr vertex as well. In this case, one find
results at odds with the Bonn model, asf 1

r/g1
r is not constant

to O (q4,Dm2). Note that at nonzeroq2 CSB potentials be-
yond those enumerated in Eqs.~19a!–~19d! may exist. For
example, atO (q2,Dm) a new CSB contribution arises from
the combinationf 1

rg0
r . Yet, like the rho contribution to the

CSB potential given in Eq.~19b!, it is not numerically im-
portant, due to the small value ofg NNr in the Bonn model —
recall thatg NNv

2 /g NNr
2 '27 @31#. Let us proceed to examine

the impact of Eq.~33b! on the omega contribution to the
class IV CSB potential. We fix the scaleR by requiring that
the isospin-conserving vertexg0

v fall in q2 at the rate given
by the Bonn model, so thatR5A12/Lv'0.37 fm. We
chooseR in this manner as our primary interest is in dete
mining the falloff of the isospin-breaking potentialrelative to
the isospin-conserving one. Noting Eq.~19a!, we consider

f 1
vg0

v5
5

6

Dm

m S 126
q2

Lv
2 2

q2

4M2D 1O ~q4,Dm2! ~34a!

[
5

6

Dm

m S 124
q2

L̃v
2 1O ~q4! D . ~34b!

By replacing theLv of Eq. ~28! with the L̃v given above,
such that

L̃v
25Lv

2 S 4

61Lv
2 /4M2D , ~35!

we obtain an expression for the CSB potential, Eq.~19a!,
which is of the form given by our original prescription, Eq
~28!, yet is equivalent to the isospin breaking calculated
the harmonic oscillator quark model atO (q2,Dm). Numeri-
cally, the Bonn modelLv51850 MeV is changed to
L̃v51401 MeV. At this order the coefficient ofg1

r is not
negative, so that we cannot carry out the above exercise
the rho as well. The rho’s numerical impact on the CS
potential is small, so that this gap does not impact our u
certainty estimate in any significant way. We will proceed
compute the spin-singlet–triplet mixing angles for the pote
tial given by Eqs.~19a! and~28! for both theLv of the Bonn
potential and theL̃v of Eq. ~35!.

In Fig. 1 we present estimates of the CSB potentials giv
in Eqs. ~19a!, ~19b!, and ~21a! using Eq. ~28! with the
Lv,r of the Bonn model. The qualitative conclusions w
draw here are not sensitive to the choice ofLv,r , so that we
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simply present the potentials computed in the Bonn mo
The solid line is the CSB potential which results fromr-v
mixing, Eq. ~21a!, if the on-shell value of ther-v mixing
amplitude is employed for the entire range of momenta. T
is the potential traditionally used in studies of CSB obse
ables. A potential of this strength is required to describe
analyzing power differenceDA measured in elasticnW -pW scat-
tering @18#. In contrast, the dashed line results if th
momentum-dependentr-v mixing amplitude of Ref.@2# is
employed in Eq.~21a! — this is too small to fit the data@13#,
yet a model in which the vector mesons couple to conser
currents must yield a vanishing mixing amplitude atq250
@6#. We have not extended our model to describer-v mix-
ing; the vector dominance assumption we use implies, h
ever, that theq250 mixing must be zero in this framework
We take the momentum dependence of the mixing amplit
computed by Piekarewicz and Williams@2# as archetypal.
This latter CSB potential in itself would upset the previo
agreement with experiment. However, the new sources
isospin violation computed here are sufficient to restore
agreement. In particular, the contribution from omega-me
exchange, given by the dash-dotted line, is large and com
rable in magnitude to the one arising from on-shellr-v mix-
ing. We have also computed the contribution from the r
meson, given by the dotted line, though it is negligible due
the smallNNr vector coupling.

In Fig. 2 we display the above CSB potentials in config
ration space. The potentials are plotted so that the areas
der the curves equalV(q250). Qualitatively, the trends ob
served in Fig. 1 remain: We obtain large contributions fro
on-shellr-v mixing and omega-meson exchange and sm
corrections to the latter from off-shellr-v mixing and rho-

FIG. 1. Charge-symmetry-breaking component of theNN po-
tential as a function ofq2 arising from on-shellr-v mixing ~solid
line!, off-shell r-v mixing ~dashed line!, omega-meson exchang
~dash-dotted line!, and rho-meson exchange~dotted line!.
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meson exchange. These results are suggestive, yet we
obtain a precise estimate of the impact of the enumera
isospin-violating sources onDA by calculating the spin-
singlet–triplet mixing anglesḡ J . These are the dynamica
quantities drivingDA @11,12#. Recall that the elastic scatter
ing amplitude of two spin-1/2 particles is specified by s
invariant amplitudesa, b, c, d, e, and f @12#, so that

M̂ 5
1

2
@~a1b!1~a2b!~s1•n̂!~s2•n̂!

1~c1d!~s1•m̂!~s2•m̂!1~c2d!~s1• l̂!~s2• l̂!

1e~s11s2!•n̂1 f ~s12s2!•n̂# ~36!

where

Î[
k f1k i

uk f1k i u
, m̂[

k f2k i
uk f2k i u

, n̂[
k i3k f

uk i3k f u
, ~37!

andk i andk f are the initial and final c.m. momenta of par
ticle 1. ThenW -pW analyzing power difference is nonzero onl
if accompanied by spin-singlet–triplet mixing, specifically

DA~u![An~u!2Ap~u!52Re~b* f !/s0 , ~38!

wheres0 is the unpolarized differential cross section. Th
spin-singlet–triplet mixing is controlled byf . Neglecting
electromagnetic effects,f is connected to the mixing angle
ḡ J via @22#

e

FIG. 2. Charge-symmetry-breaking component of theNN po-
tential as a function ofr arising from on-shellr-v mixing ~solid
line!, off-shell r-v mixing ~dashed line!, omega-meson exchange
~dash-dotted line!, and rho-meson exchange~dotted line!.
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TABLE IV. Spin-singlet–triplet mixing anglesḡ J ~in degrees! at a laboratory energy ofTlab5183 MeV.
The values in parentheses use a form factor computed from the quark model~see text for details!.

J ^ruHuv&uon ^ruHuv&uoff1(v2r) ^ruHuv&uon1(v2r)

1 3.4131022 3.3231022 (3.6631022) 6.7031022 (7.2231022)
2 4.5131022 4.4031022 (4.8831022) 8.7731022 (9.5231022)
3 3.7731023 3.7131023 (4.7131023) 6.0031023 (7.5531023)
4 8.0431024 8.5831024 (1.1231023) 1.1831023 (1.5531023)
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f ~k,u!5
i

2k (
J51

`

~2J11!sin~2ḡ J!exp~ i d̄ J1 i d̄ JJ!d10
J ~u!,

~39!

where thed10
J (u) are Wigner functions and thed̄ J and d̄ JJ

are the singlet and uncoupled triplet bar phase shifts, resp
tively. In a distorted-wave Born approximation the mixin
angles themselves are given by@11#

ḡ J524MkAJ~J11!E
0

`

drr 2RJ~r !VIV~r !RJJ~r !

[E
0

`

drI J~r !, ~40!

where we have introduced the class IV CSB potential

VIV~r ![
1

2M2r

dVCSB~r !

dr
. ~41!

Note thatRJ(r ) andRJJ(r ) are the spin-singlet and -triple
radial wave functions, respectively, forNN scattering in the
L5J channel. Distortion effects are incorporated throu
these radial wave functions; we assume them to be
equately described by solutions to the Reid soft-core pot
tial @43#. In Table IV the first four nonvanishing mixing
anglesJ51–4 are presented at a laboratory energy of 1
MeV. In addition, the integrand from whichḡ1 is obtained,
that is,I 1(r ) in Eq. ~40!, is plotted in Fig. 3. This represent
the class IV potential suitably weighted by realisticNN wave
functions. Three calculations are presented for comparis
The solid line is obtained using Eq.~21a! and the on-shell
value of ther-v mixing amplitude; the area under this curv
is the mixing angle required to reproduce theDA data. In the
dashed line we have combined the off-shellr-v mixing con-
tribution described above with the isospin-violating verte
contributions arising from omega- and rho-meson exchan
Albeit there are form factor uncertainties in the isospi
violating vertices, this is our best estimate of the mixin
angle contribution. The vertices in this figure were evalua
using Eq.~28! and the Bonn cutoff parametersLv,r tabu-
lated in Table III. We have also combined theon-shellr-v
mixing contribution with the above vertex contribution
even if our model is not consistent with a nonzero mixin
amplitude atq250 — this is shown by the dash-dotted line
The integrand in this case is considerably larger than
other two estimates. TheJ51 mixing angles for these inte-
grands are displayed in parentheses next to the curve lab
The agreement between the first two calculations is v
good. Indeed, the contribution from omega-meson exchan
ec-
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together with small corrections from off-shellr-v mixing
and rho-meson exchange, results in a 3% reduction in
value of ḡ1 , relative to the on-shell value. This kind o
agreement — at the few percent level — is maintain
throughout all the examined partial waves; note Table I
The systematics of these variations with partial wave num
preclude the existence of any accidentally large variation
DA. These computations have also been performed with
form factorL̃v , Eq. ~35!, estimated in the harmonic oscilla
tor quark model. The mixing angles obtained in this fashi
vary by about 10% in the important partial waves from tho
computed with the Bonn form factors; note tha
ḡ150.037°, rather than 0.033°. For a detailed comparis
see Table IV — the mixing angles which use the harmon
oscillator quark model results to estimate theq2 dependence
of the CSB potentials are shown in parentheses. The mix
angles computed with isospin-breaking meson-nucleon ve
ces and off-shellr-v mixing in the two approaches bracke
the old on-shellr-v mixing results forJ51–3, so that these

FIG. 3. The integrand of the spin-singlet–triplet mixing ang
ḡ1 at 183 MeV for three different estimates of CSB: on-shellr-v
mixing ~solid line!, off-shell r-v mixing plus omega- and rho-
meson exchange~dashed line!, and on-shellr-v mixing plus
omega- and rho-meson exchange~dash-dotted line!. The value of
ḡ1 for each estimate, which is simply the area under the appropr
curve, appears in parentheses next to its label.
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1152 53S. GARDNER, C. J. HOROWITZ, AND J. PIEKAREWICZ
new estimates are also quite close to the ‘‘old’’ on-shell r
sults.L̃v is some 3/4 ofLv , yet the above calculations show
that theDA at 183 MeV is essentially dominated by th
q250 physics. Note that if one were to assume
momentum-independentr-v mixing amplitude@14# and to
include the contributions from omega and rho exchange
increase of almost a factor of 2 relative to the above mixi
angle estimates would result.

V. CONCLUSIONS

We have studied the charge-symmetry breaking in
NN potential arising from isospin-violating meson-nucleo
coupling constants. The isospin-violating couplings are o
tained by computing matrix elements of quark currents of t
appropriate Lorentz and flavor structure between nucle
states. We have used a nonrelativistic quark model to ev
ate these matrix elements, yet our estimates atq250 depend
merely on the spin and flavor structure of the nucleon wa
function, rather than on the details of the quark moment
distribution. Thus, in the vector meson sector, for examp
our model estimates atq250 depend on our vector domi
nance assumption, but little else. We have also studied is
pin breaking in theNNp and NNs vertices. No isospin-
violations exist in thes vertex atq250. We have found that
the breaking in theNNp vertex depends on whether th
pN coupling is of pseudoscalar or pseudovector characte
no isospin breaking results atq250 if pseudovector coupling
is assumed. However, a pseudoscalarpN coupling is com-
monly used in studies of CSB, and the breaking we find
the vertex is substantially larger than the breaking compu
in hadronic models of neutral pion exchange. Thus, any C
observable receiving an important contribution fromp-h
mixing will also be affected by the exchange of neutr
pions.

We have found that omega-meson exchange is an imp
tant component of the class IV charge-symmetry-break
NN potential needed to describe the analyzing power diff
ence measured in elasticnW -pW scattering at low energies. Th
potential which emerges from the isospin-violatingNNv
vertex is identical in structure to that fromr-v mixing @16#.
Moreover, our estimates indicate that these two contributio
— with the mixing amplitude fixed at its on-shell value —
are comparable in magnitude and identical in sign atq250.
Models in which the vector mesons couple to conserved c
rents, of which ours is an example, have nor-v mixing at
q250 @6#. We have found that isospin-violation in th
NNv vertex can generate a CSB potential of sufficient ma
nitude to fill the phenomenological role required by th
IUCF measurement ofDA at 183 MeV.

The isospin-violating couplings we have computed
q250 do not suffice to make a quantitative prediction of th
-
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CSB potential needed for the IUCF experiment. One m
compute theq2 dependence of theNN meson vertex as well
— including that of the isospin-violating pieces. We hav
considered two simple estimates. The first is simply a p
scription: We modify the ‘‘point’’ couplings by introducing
hadronic form factors according to the Bonn B potentia
This assumes that the relative strength of the isosp
breaking potential found atq250 persists at finiteq2 as well.
In the second we compute the isospin breaking
O (q4,Dm2) using the spatial wave functions of the harmon
oscillator quark model and find the hadronic form factor f
omega exchange needed to reproduce the isospin brea
computed to the above order. The use of the spatial com
nent of the nucleon wave function is required here, so t
this estimate is rather more model dependent than
q250 results. We find that the use of the latter estima
yields slightly larger CSB potentials.

Armed with estimates of the momentum dependence
theNN meson vertex, we have computed the spin-single
triplet mixing anglesḡ J : These are the fundamental dy
namical quantities drivingDA. Our ḡ J computation is real-
istic as we have used the Reid soft-core potential to gene
the distortions in theNN wave function. We have computed
the spin-singlet–triplet angles using three different sourc
of isospin violation:~1! r-v mixing with the amplitude fixed
at its on-shell value,~2! off-shell r-v mixing plusv- and
rho-meson exchange, and~3! on-shell r-v mixing plus
omega- and rho-meson exchange. The first case, used in
original estimates ofDA, represents a ‘‘baseline’’ value, as i
fits the data. A CSB potential of this magnitude accounts
a substantial fraction of the measured value ofDA at 183
MeV. The second case, which should be regarded as our
estimate, yields values forḡ J that are within 10% of those
obtained with on-shellr-v mixing, for the important partial
waves. In contrast, case~3! results in a factor-of-2 enhance
ment relative to the original calculation using on-shellr-v
mixing. Two important results thus emerge from the prese
work. First, we have found a new source of isospin violatio
namely, in theNNv vertex, which can fill the role demande
by the data. Second, we have shown that insisting upo
r-v mixing amplitude held constant at its on-shell valu
after including the contribution from omega-meson e
change, results in a class IV potential too large to be con
tent with the IUCFDA measurement.
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