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Isospin-violating meson-nucleon vertices as an alternate mechanism
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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 elastt scattering, and find them commensurate to those com-
puted originally using the on-shell value of tiPrew mixing amplitude. The use of the on-shellw mixing
amplitude ag?=0 has been called into question; rather, the amplitude is zero in a wide class of models. Our
model possesses no contribution fremw mixing atq?=0, and we find that omega-meson exchange suffices
to explain the measurentp analyzing power difference at 183 MeV.

PACS numbse(s): 11.30.Hv, 21.30-x

I. INTRODUCTION observables use a nucleon-nucleddlN) interaction con-
strained by two-nucleon daf®-11,17—-19% In such a pic-
The suggestion of Goldman, Henderson, and Thofhas ture, isospin violations arise from electromagnetic effects
that the contribution ofp-w mixing to charge-symmetry- and hadronic mass differences. Sources of CSB can be clas-
breaking (CSB) observables is suppressed in the low mo-sified in terms of three distinct contribution§) isovector-
mentum transfer regime has opened the search for neigoscalar mixing in the meson propagatgr) isospin break-
sources of isospin violation. Since then, many calculationsing in the nucleon wave function, aridi) isospin breaking
using a variety of models, have confirmed the suppression ah the meson-nucleon and photon-nucleon vertices. Rho-
the p-w mixing amplitude at small spacelike momefia-7]. omega mixing, the proton-neutron mass difference, and the
Indeed, it has been shown that thes mixing amplitude is  difference between the electric charge of the proton and the
zero atg?=0 in all models with vector mesons coupled to neutron are typical examples @), (i), and (iii), respec-
conserved current§6]. Yet, in Refs.[2-7], no alternate tively. The existence of isovector-isoscalar mixing, such as
mechanisms t@-» mixing are proposed. The phenomeno- 7-7 and p-w mixing, is well established. For example,
logical impact of this gap must be emphasized: The CSB-w mixing has been observed experimentally in
potential fromp-w mixing — with the mixing amplitude e*e”—#"7~ measurements at the-meson production
fixed at the omega-meson point — can contribute as much gsoint [20]. However, the suggested suppression of the mix-
40% of the difference between the neutron and proton andang amplitudes at small spacelike momenta lessens their im-
lyzing powers AA) measured in elastiﬁ—ﬁ scattering at pact on CSB observables. This is, in part, why we consider
183 MeV [8—11]. Without this contribution the previous other sources of isospin violation in this paper.
agreement between theory and experiment would be upset Isospin breaking in the nucleon wave function in a had-
[12,13. Although the suppression of the mixing amplitude ronic model is driven by the neutron-proton mass difference.
continues to be controversifil4,15, sources of additional Indeed, it is through this mechanism that charged-pion ex-
isospin-violation are interesting in their own right and de-change dominatd1,22 the class IV potentidl23] at mod-
serve examination. Indeed, the aim of the present paper is ®rate momentum transfers. Isospin breaking in the nucleon
show that a recently proposed CSB mechanism — based omave function can also arise in a quark-model picture from
isospin-violating meson-nucleon coupling constdi§] —  the mixing of the nucleon tdJ™=1/2";T=3/2) baryon
is sufficient to restore the agreement with experiment. Spestates[24]. While undoubtedly nonzero, one expects the
cifically, we examine the effect of these new sources of CSBI'=3/2 components of the nucleon to be small due to the
on the spin-singlet—triplet mixing angles; these are the funlarge mass difference between the nucleon and the
damental dynamical quantities drivingA [11]. A(1910) — the firstP5; baryon. In contrast, the-o mass
Most theoretical efforts devoted to understanding CSBdifference is a mere 12 MeV. Thus, we turn to the meson-
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nucleon coupling constants as the possible sources of isospin _ . (p'—p),
violation demanded by data. —19 oA NN = 19 NNw( gﬁ,’y“+lfﬁo’”T>,

While there have been quark-model calculations of iso- N (13
spin violating meson-nucleon coupling constdri®,25-21,
their impact on class IV CSB observables has only recently ) . . (p'—p),
been considered16]. In a hadronic model, the neutron- —ig nnpARiNe= 19 NNp(GKﬁ”JF'f’KJUWTN),
proton mass difference generates isospin breaking in the cou- (1b)
pling constant§19]. For the vector couplings, these effects
are quite smal[19]. where g yne (@=w,p) are the isospin-averaged, phenom-

Here, as earlief16], we adopt a nonrelativistic quark enological, meson-nucleon coupling constants, determined
model to calculate isospin breaking in the meson-nucleodom fits to theNN phase shifts and to the properties of the
coupling constants. In the model the coupling constant§leuteron30,31, andMy is the nucleon mass. We compute
emerge from evaluating matrix elements of quark currents othe couplings, that isgi(g?) andf(q?), by assuming that
the appropriate Lorentz and flavor structure between nucleot® NNa vertex functions can be related to the matrix ele-
states. The isospin violations arise from the up-down quark"ents of quark currents of the appropriate Lorentz and flavor
mass difference. Radiative corrections to the vertices havétructure between nucleon states, computed in the nonrela-
also been evaluated and are found to be sfalj2g. Here  tVistic quark model. Thus,

we study the phenomenological impact of REL6] in (N(p’,s’)|J"?+|N(p,s))=G(p’,s’)A’ﬁ,NwU(p,s),

greater detail. In order to do this, we estimate ¢Redepen- (23

dence of the isospin breaking found in the vertices at

2_ J—

q°=0. N(p’,s")|I%7|N(p,s))=U(p’,s") A%y, U(p.S).
We have organized the paper as follows. In Sec. Il the {N(p",s| IN(p.))=U(p"s") iU (P-S) (2b)

model is introduced, and isospin violating meson-nucleon

coupling constants are computed. We show that in thédere U(p,s) denotes a on-shell nucleon spinor of mass
g?=0 limit the couplings depend merely on the spin-flavorMy, momentump, and spins. We shall focus on the cou-
structure of the nucleon wave function; they are insensitivelings at g?=0, where g=p’—p, as the nonrelativistic
to the spatial components of the nucleon wave function. Irfjluark model is best suited to an estimate in the static limit.
Sec. Ill we use these findings to compute the resulting CSFhe quark currents*= are

potentials. In particular, we obtain a large contribution from

omega-meson exc-hang_e to- the. cla§s IV potential. We quan- JM;+:EJ),,LU+ anﬂd’ (33)
tify the impact of isospin-violation in th&\Nw vertex by 3 3
computing the resulting spin-singlet—triplet mixing angles — L _
these are the basic building blocks dA. These results are J T =uytu—dy*d. (3b)

presented in Sec. IV. Finally, we discuss the impact of our . C .
work in Sec. V. It is the quark vector current which is appropriate to the

vector-meson—nucleon vertex; the second superscript (
denotes its symmetry under tlie~d flavor transformation.
Note that the constituent quarks are assumed to be elemen-
tary: No quark form factors have been introduced. The iso-
scalar vector quark charge is 1/3, whereas the isovector vec-
We are interested in computing the coupling of an on-tor quark charge ist-1 for the up quark and-1 for the
shell nucleon to the neutral mesowas p°, 7°, ando. The down quark. The charge assignments are made such that
off-shell vertices could engender additional isospin breakinggy= 1, g5=1, andgh= -1, atq*=0.
but our primary focus is on thEN system, so that we will Our model stems from the notion of vector dominance
not consider these effects further. The exchanged mesom82]. Vector dominance presumes that a photon’s interaction
couple to nucleon currents of the appropriate Lorentz chamwith a nucleon is mediated by the rho — or omega — me-
acter, and the meson-nucleon coupling constants emerg@n. Here we argue that the coupling of the vector mesons
from evaluating the matrix elements of these currents in théhemselves to the nucleon can be determined via matrix ele-
quark model. The difference in the up and down constituenments of the appropriate isospin components of the quark
quark masses thus gives rise to isospin-violating mesorvector current. Our model does not predict the isospin con-
nucleon coupling constants. Af?=0 these couplings are serving coupling constantgy,; these must be extracted
determined from the spin and flavor structure of the nucleorirom phenomenological fits to two-nucleon data. However,
wave function alone. In contrast, the couplingsgd=0 of  the isospin-violating pieces, as well as the tensor-to-vector
the nucleon to the charged mesons are sensitive to the qualitio, can be calculated within the model. Note that the vec-
momentum distribution as well and are, therefore, morgor dominance nature of our model implies that the quarks
model dependerjtl2]. We shall consider the neutral-vector- couple toconserved currentd\Ve estimate the resulting cou-
meson—nucleon vertices first, as they are relevant to thgling constants using the nonrelativistic quark model
AA measurement. The most general form for these on-shelNRQM); this is an additional assumption.
NN-meson vertex functions, consistent with Lorentz covari- The couplinggy, andfy are functions of the meson four-
ance and parity invariance, is momentumq?, though we shall focus on the couplings at

II. ISOSPIN-VIOLATING MESON-NUCLEON COUPLING
CONSTANTS
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TABLE I. Quark-mpdel charges. The superscripts denote scalar, g;’: 293 + gar =1, (63
pseudoscalar, vector-isoscalar, and vector-isovector quark charges,
respectively. w

peevey gn=2g4 +g, =1. (6b)

S 5 + —
9 9 9 g The tensor coupling, in contrast, depends on the spin struc-
u +1/3 +1/5 +1/3 +1 ture of the nucleon wave function:
d +1/3 —-1/5 +1/3 -1 o o
M‘“Egp—i—fp:flﬁ_EMJf:i 41 (78
) _ _ N _ P2M, 37v 37 18\m, my)’

g-=0. In this limit the couplings are insensitive to the spatial
component of the nucleon wave function; they follow di- 9u+fe 4 1 1(4 1
rectly from its spin and flavor content alone. In the (U ue= = cpug—spi=l———]. (7b

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

= 2 - -
IpT) JE( lututd|)—|utuldl)—|ulutdT)

1 1
+2[utd|ut)—|uldiut)—|utdiul) =95 (Lt ) +0y5(1-)=gg+077, (8

+2[dlutut)—[dTutul)—|dTulut)). (4 L L
(1): w_ 1+ + (U_ 1_ = a)+ w , 9
The neutron spin-up wave functign?) is obtained by ex- Mi=pp (Lt )t (I =gt puine, (9
changing the up and down quarks in the expression for
|p1). The isospin violations arise from the difference in theWhere
up and down constituent quark masses. The couplings con-

stants are obtained from computing the matrix elements 9o t977,=1, (10)
found in the nonrelativistic reduction of E€R) in the quark
model, i.e., o 1 5Am
Mot miT =gl 1t 5 T T

: (GRH) <
gi=2 g (NTILNT), ——=2 ' (NT]af|ND), (g5 +te) (gD

i=1 My i=1 = + Tz|s (11

(53 2M 2M

: (Gt ) v
of=2, o (NTIZINT), =2 i (NT[ofINT).
i=1 N =1

1
(5b) MEE(anLMp), m= - (mg+m,), Am=(myg—m,).

(12

N| -

Note that we have introduced the quark magnetic moment

wi"=g;"/2m;, with the chargeg;,” given in Table I. As pre- The expression in Eq(1l) is given to leading order in
viously, “+” denotes isoscalar, and-" denotes isovector. Am/m only. Note that isospin breaking in tfeandg cou-

In the following presentation we discuss only the coupling ofPlings is realized in thé aloneand that the breaking in the
the nucleon to thes-meson, as an illustrative example. Our @ tensor coupling is isovector in character. The and
results, collected in Table Il, include the couplings to thep-vector couplings are isospin conserving. The isospin

other mesons as well. breaking in our model is connected to that of the electromag-
The vector coupling of thes-meson to the nucleon is netic form factors through our assumption of vector domi-
determined by simply counting the quark charges: nance; charge conservation protects the charge form factor

from isospin breaking at zero momentum trangf4]. The
TABLE II. Proton, neutron, isoscalar, and isovector meson-t€nsor coupling is explicitly sensitive to the quark mass, as

nucleon coupling constants. seen in Eq(5), and the isospin-breaking corrections are gen-
erated by the up-down mass difference. In the constituent
g’ g” g fe g° fP guark modeAm>0 [34]; the up quark, which is lighter, has

a larger magnetic moment than the down quark. Henceforth

P +1 +1 +1 0 +1 +4 we shall adopt the choidd/3m=1 in reporting the coupling
n +1 -1 +1 0 -1 —4 constants. Our results are summarized in Table II.
0 +1 EA_m +1 0 0 EA_m We now consider the isospin conserving results. We find
10 m 2 m for the tensor-to-vector ratio that
5Am
1 0 +1 0 24am 1 +4
6 m fo _ fg

O _0, L=a. (13)
IN 0]
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These results are qualitatively consistent with tlﬁég\hﬂ ra- quark mass dependence containe;defh'n Eq.(17b implies
tios which emerge from phenomenological fits to tN&  that the isospin breaking in the pion case is finite. The break-
interaction[30,31] — recall that the Bonn B potential param- ing to ?(Am/m) is indicated in Table Il. Note, however, that
eters, given in Tables 4.1 and A.1 of RE31], for example, the computed breaking g¢=0 depends on the nature of the
arefy/gn=0 andff/gf=6.1. This consistency is intimately assumed pion-nucleon coupling. If we had chosen
connected to the NRQM's ability to describe the nucleonpseudovectorcoupling, rather, then no isospin breaking
magnetic moments and to our assumption of vector domiwould result[12]. The pseudovector current contains no
nance. In the NRQM, wittM =3m, the anomalous magnetic quark-mass-dependent pieces in the nonrelativistic limit.
moment is purely isovectok,=2 andx,=—2. Note that  Thus, our prediction in ther® case is decidedly more model
KSXpt:]__?g and«®P'=—1.91. These successes give us con-dependent than in the® and w channels. Moreover, in the
fidence in using our model to compute the isospin-violatinglatter case, the compatibility of the computed tensor-to-
corrections to these coupling constants. vector coupling constant ratios with the Bonn potential indi-
For completeness, we shall now consider isospin breakingates that vector dominance, which we assume, has some
in the NNo and NN#° vertices as well. We exclude the Phenomenological support. Note that in th& case, there is
NN vertex from this discussion because thgy, coupling ~ no such independent support of our “pseudoscalar domi-
constant is poorly constrained BN data[35]. The appro- hance” assumption. This concludes our discussion of isospin

priate vertex functions are breaking in theNN-meson vertices.
19 NNeA e =19 Nne(9R) 1, (143 lll. CHARGE-SYMMETRY-BREAKING POTENTIALS
9 e A e =9 (9 Y. (14b) We sh_all now compute the CsB potentlals_which aris_e
from the isospin-violating couplings computed in the previ-
We have assumed pseudoscalar, rather than pseudovectous section and tabulated in Table Il. In a one-boson-

coupling for the pion in order to be consistent with earlierexchange approximation, presuming the form of the isospin
calculations of charge-symmetry breakifitp,11,18,21,2R  breaking found in the?=0 results, we obtain the following
As in the case of the and thep, thegyy, (¢=0,7) are  CSB potentials for, p°, and#° exchange, respectively:

the isospin-averaged, phenomenological, meson-nucleon

coupling constants. In our model, we connect the vertex V¢sg=Vesd (1)v,.(2)7(1)+y*(1I,(2)7A2)],

functions to matrix elements of quark currents, so that (183
(N(p',s)[39N(p,9))=U(p",s" ) ASin,U(p,S), Vese= Vsl “(DT (2)[ (1) + 75(2)]
(153
_ +Vesd (1) y,u(2) 7(2) + y*(1)T 1(2) 7(1)],
(N(p",s")[J°IN(p,5))=U(p",s" ) AqnU(PS), (18b
(15b
where VEsg=Vise? (L)Y (2)[ (1) +7(2)], (189
1. 1-— wherel'*=ig*”(p’' —p),/2M and we have defined
J%(g)=zuu+ =dd, (163
3 3 gzNNw
L 1 Ve Q)= _(qz_—mz) 190 (19a
P(q)=guru- gd_yf’d. (16b)
2
g NNp
V2er(q)=— f6g%, 19
The chargesg’=1/3, g;=1/5, andgi=—1/5 have been cse(Q) (q2—mi) 091 (199
chosen such thatgy=1, gg=1, and gi=—-1 when )
Am=0. Evaluating the nonrelativistic reduction of Egs. , . O'NNp
(158 and(15b) in the quark model, we find Vcse( @)=~ ( q2—mi) fof1, (199
8 2
U: S T g NN’IT T T
gi=3, GNTILIND), ara VCSB<q>E—<qumf)9°91 (199

3 .
an as thep® andw couple to conserved currents. Isospin break-

2My 21 “?<NT|"iZ|NT>* (17p ing in the meson-nucleon vertices gives rise to the above
CSB potentials, as per Eq$199—(19d). We remind the

where we have defined>=g>/2m; . From Eq.(179 we see reader thag; andf? denote the isoscalarr¢0) or isovec-

that the sigma meson generates merely a spin-independei@r (7=1) components of the vector and tensor

coupling to the nucleon in the nonrelativistic limit, so that @-meson-nucleon couplings, respectively. The isospin-

there is no isospin breaking in théNo vertex and no con- conserving tensor coupling is nonzero in the case ofpthe

tribution from sigma exchange to the CSB potential. Thusyertex, so that an additional potential of strenythzg(q)

we will not consider sigma exchange further. However, thearises. These contributions have been considered only re-
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cently [16]. Yet the potentials of Eq918a and (18¢) are TABLE lIl. Meson masses, coupling constants, tensor-to-vector
identical in form to those generated pyw and -7 mixing, ~ ratio, and cutoff parameters of the Bonn B potential.
respectively. That is,
Meson MasgMeV) 9?l4m fig A (MeV)
Vé“éB:V’éoéiF“(l)V,L(Z)Tz(l)Jr YT (2) m4(2) ], T 138 14.21 — 1700
(20a 7 549 2.25 — 1500
p 769 0.42 6.1 1850
VeV (DY (D +7(2)], (200 @ 783 113 00 1850
where 2
9'NNo

Vesg(g2=0)= i fYg9~2.49 GeV? (229

VEe(a) =~ (qugggfq“szi) (plH|w), (213 N
GamaGam, V2(q2=0)= gr:g"fgglmo.ls Gev? (22b
VggB(Q)E_(qz—mi)(qz—mi)<W|H|”>' (21b f
Note that in Eq.(21a we introducef vy, , the phenomeno- Veseq°=0)=— %(P“‘”w}h?o:o- (229

logical tensor coupling of the Bonn modé1]. Rather than

performing a nonrelativistic reduction of the potentials in Several remarks are in order. First, thew mixing ampli-
Egs. (183—(18¢ and Eqs.(203—(20b), we simply classify tude, if modeled via fermion loopk2,6], necessarily van-
the former as either jw-like” or “ m7-like” potentials. The jshes atq?=0 in our model. Our model assumes vector
effect of these new isospin-violating potentials on CSB obdominance, so that the vector-meson—nucleon vertices are
servables can then be readily elucidated. For example, t%termined by the appropriate isospin components of the
contribution from omega-meson exchange is identical inquark electromagnetic current. Thus, the vector mesons
structure to that fromp- mixing and thus contributes as couple to currents that are conserved at the nucleon level, so
well to AA in elasticn-p scattering. Indeed, we now show that the above result follow2,6]. At the q?=0 point, the
that the contribution from omega-meson exchange is compazharge-symmetry violation in our model comes purely from
rable in magnitude and identical in sign to the one obtainedhe vertex contributions. Note that the rho meson contribu-
from p-w mixing — if the mixing amplitude is fixed at its tion to the latter is, indeed, small. It represents merely a 7%
on-shell value. correction to the contribution from one-omega exchange.
Second, the strength of the CSB potentials generated from
omega exchange is comparable in magnitude to those ob-
. . . S tained fromp-w mixing if the on-shellvalue of the mixing
Potentials of the form given in Eq203 give rise to class  amplitude is assumed, <p|H|w>|q2:mi: — 4520+ 600
[ll and class IV CSB potentials. They are generated by thq\/levz [36]. Note, moreover, that the and on-shellp-e

interference between the isospin-conserving vector COUp”nﬁqixin contributions aredenticalin sian. Specificall
and the isospin-violating tensor coupling; note, for example, 9 gn. =p Y

Eqg. (183 and the second term in E(L8h). Unlike the case

A. One-boson-exchange potentials of thp-w kind

; i i © f NNpD NNw
_of th_e omega, the isospin s.tructure of rho exchange is HOV/ESB(CIZ:O): — ST p[H | w) ~2.07GeV 2.
identical to that ofp-w mixing; they are related by exchang- m,my, q2=m2
ing 7,(1)<—7,(2). Thus, rho exchange contributes to the ¢ (23

class IVp-w mixing potential with a sign opposite to that of

the omega. No sign changes are necessary when computingcsp potential of this magnitude is needed for a successful
its 7 n-like or class lll pw-like contribution. Note that the description ofAA at 183 MeV[8]. Summing our omega-
contribution from rho exchange is small relative to that fromexchange contribution to the CSB potential and that from
the omega — this emerges despite the larger iSOSpingy_shellp-w mixing is not only internally inconsistent but
violating coupling associated with the rho vertesee Table 554 gives a final potential which is too large to fit the data —
II). The vectoMNp coupling is simply small2 relative to that  gee Sec. IV, Our results suggest that a class IV potential of
of the omega; in the Bonn potentighin,/9%n,~27 [31].  the appropriate size is generated by isospin-violations in the
The relative importance of the various contributions can beyNg, vertex, together with small corrections from rho ex-
estimated by computing the CSB potentialgjat-0. Recall  change and off-shefi- mixing. This is the central result of
that in this limit the isospin-violating couplings are insensi- o paper.

tive to the quark momentum distribution; they depend only
on the spin-flavor symmetry of the wave function. Using the
Bonn B potential parameters of Table I, given in Tables 4.1
and A.1 of Ref[31], and a value for the quark mass differ-  Potentials of the form given in E20b) generate class IlI
ence ofAm=4.1 MeV[34], we obtain the following results CSB potentials exclusively. The Lorentz structure of the first
atq?=0: term in Eq.(18b) differs from that of thew-% mixing and

B. One-boson exchange potentials of ther-» kind
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one-pion-exchange potentials, so that it is convenient to per- 3 Am 1AM
form a nonrelativistic reduction of all three contributions, AT 5 | 0, (27)
o 10 m 2 M

. 2 A so that any CSB observable receiving an important contribu-
Vide= —Vgé’s(CI)<W2)[01' 05+ S1(Q) [ (1) +7,(2)],  tion from -7 mixing will also be affected by the exchange
(243 of neutral pions. The breaking we calculate in tR&7°
vertex is identical to the result of Mitra and Rosk2,25].
R RG Note that the exchange of charged pions — and rhos —
VgSB=—VgSB(q)(W)[al-02+Slz(d)][rz(1)+rz(2)], generates a class IV potential which is important in the
analysis ofAA [11,12. In the charged meson case, however,

(24D the relation between the isospin-violating couplings in the
% two models is not simple: It depends on the quark momen-
Vie=—V' (Q)(—z)[ZUrﬂ'z—Slz(Q)] tum distribution. Yet, under reasonable assumptions, both
° ¢ 12m sorts of models seem to generate class IV potentials of com-
X[1(1)+7(2)], (249 parable strengthl2].
where we have introduced the tensor operator IV. RESULTS

S1(0)=[3(07-9)(05-q) — o, 0,]. We estimate the rela- _ . .
tive size of these contributions by evaluating them at In this section we compute the CSB potentials for a range

92=0, noting Table III: of spacelike momenta. We shall concentrate on class IV con-
tributions exclusively as we are interested in computing the
gzNNw impact of the new isospin-violating sources Av. Knowl-
m

g7~36.83 GeV?, (259 edge of theg?=0 couplings now no longer suffices. One is
forced to model the momentum dependence of the coupling
constants — including that of the isospin-violating compo-
9 nnpf NNotp_1.07 GeV'2 (25p  hents. Here we consider two different estimates for dhe
mp2 dependence of the CSB potentials. First, we simply adopt the
momentum dependence which emerges from fits to the iso-
The one-pion-exchange contribution dominates that of thepin-conserving two-nucleon data. Thus, the ratio of the
rho; this is driven by the large-m mass difference — recall isospin-violating to the isospin-conserving coupling, e.g.,
mﬁ/m727~30. Note that the inclusion of the rho meson leadsf{/gg, remains unchanged. Note that in the Bonn model
to a reduction of the tensor and an enhancement of the spif¢/g? is also a constant. We implement this choice by modi-
spin components of the pion-exchange potential. Unlike theying the meson-nucleon “point” couplings indicated in Eq.

vector meson case, we cannot readily computenthe mix- (1) as per the Bonn B potential parameters; see Table II.
ing amplitude atq?=0 in our model. That is, in the pion That is,

case, there is no conserved current, so thatifze0 mixing
can be nonzer@37—_3q. Ne“verthenless, we can compare the I nne— O nne(G2) = NNw(1+q2/A§))_21 (283
results of Eq(25) with the “usual” 7-# mixing potential

Visg(9?=0)= —z 9

V&g0?=0)=

9 NneO NNy I nnp— I np(AD) =g (102 AZ) "2 (28b)
mZmZ (m|H[7)
o o?=m? This is an additional model assumption. Here we gs®
- 2 denote the three-momentum transfer; we consider the form
52.01Gev*, (26 factors in the Breit frame, whemg,=0 andg?= —¢g?. Sec-

5)‘ 2 . . . . _
where we have input the-7 mixing matrix element evalu- ©nd: we compute the“(q%) isospin breaking in the cou

ated at its on-shell point(|H 2= 4200 Me\2 plings in thg nor_1relativistic guark model, in order to gauge
poini{| |”>|q2*mn the uncertainty in the momentum dependence of the CSB

[35]. The contribution from one-pion exchange is compa-patentials. Let us examine the isospin breaking in the Sachs-
rable to that fromm-7 mixing. The -7 mixing potential  \yajecka form factor§41], separated into contributions from
may seem slightly larger, but teN» coupling is ill deter- e jsoscalar or isovector quark charges. These quantities are

mined from two-nucleon data. Indeed, it is believed that thgg|ated to thew and p couplings by virtue of our vector
Bonn potential overestimatet+ a current analysis based yominance assumption. As previously, we will discuss
on p-photoproduction data suggests couplings as low 8fnerely the isospin breaking in thdNw vertex in detail.
Ofin,/Am=0.5[40] (see also Ref37). Now
The CSB potentials from one-pion exchange have been
computed previously in a nucleon modg?l]. Here the
neutron-proton mass differen@eM generates the breaking.
In the specific case of the class Ill contribution coming from . .
neutral pion exchange, the scale of the breaking is set by En=20g (d)n+ gy (U)n (29b)
AM/2M. Thus, the isospin breaking in the quark model is
substantially larger than in the nucleon model, i.e., and

V& 0?=0)=—

g,p:29:<u>p+gg<d>p- (299



G(U

2'\'\29 1( <u>p d(d>p), (303
ﬁ'n_ 1/ 4 1

2Mn - 1_8<m_d<d>n_ m_u<u>n> (30b)

These expressions are generalizations of E&jsand(7). We
have used the notation of E¢p) in denoting the isoscalar
and isovector quark charges and have introduged, for

example, to represent the Fourier transform of the proto
wave function with respect to the up quark coordinate. We
compute the latter in the harmonic oscillator quark model for

simplicity. In the harmonic oscillator quark modg24,42]
the nucleon possesses a mig=2m; +m,, so that for the
protonm;=m, and m,=my. For convenience one defines
R,?=y3km, and R, *=3km,, where m,=3mym,/
(2my+my), m,=m,, andk is the spring constant. One
finds that[24]
q2

(u)p=(explig-ry))p=1 { p}+/9(q4),

(313

2 _d
R+l R

qu my 2 2 A
:I.——2 <_Hp) R}\p‘f‘é(q ),
(31b)

(d)p=(exp(iq-rq))p=

. 397 [ my)? ;
<U>HE<9XF(IQ~ ru))n:]-_ 7<M—) an+@(q4),
n
(319
2
) Rin} +(q).
(319
We write the Fourier transforms in E¢31) through(q?)

(d)n=(exp(iq-rq))n=

[,
[R 3 1

only. This suffices to make contact with the hadronic form
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oy gon |1 q2R2 m 5q2 q2R2
98+ 017~ | 15| " T |2~ 72"
+(q*, Am?), (33a
[0) ® 54Am q2R2 qz 4 2
f0+f17'z—€?[ - 3 _W T +ﬁ(q ,Am )

(33b

Several remarks are in order. First, note that we have defined
'R=2=,/3km, wherem is the average mass of the up and
Sown quarks. From EQg.33b we observefy=0 to
"“(q*,Am?); this is conS|stent with the Bonn model, which
assumegy=0 for all g%>. We have performed the same cal-
culations for theNNp vertex as well. In this case, one finds
results at odds with the Bonn madel, &$g/ is not constant
to (g%, Am?). Note that at nonzerq®> CSB potentials be-
yond those enumerated in Eq499—(19d) may exist. For
example, at?(g?, Am) a new CSB contribution arises from
the combinationf{g§. Yet, like the rho contribution to the
CSB potential given in Eq(19b), it is not numerically im-
portant, due to the small value gfyy, in the Bonn model —
recall thatg?%,y,./93 NN~ 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 scaleby requiring that
the isospin-conserving vertey; fall in g at the rate given
by the Bonn model, so thaR=\12/A,~0.37 fm. We
chooseR in this manner as our primary interest is in deter-
mining the falloff of the isospin-breaking potentialative to
the isospin-conserving one. Noting EG9a, we consider

2 2

foge >Am l—6q— g +(g*,Am?) (343
1976 m |~ "AZ am?) T
>Ami, 4q2+/‘ 4 34b
=5 m E (9%) (34b)

factors. Moreover, one cannot expect the nonrelativistiy replacing theA , of Eq. (28) with the Aw given above,
guark model to be reliable at still larger momentum transferssuch that
We must now relate the above electric and magnetic form

factors to thef’'s and g's present in the definition of the
vertex, Eq.(1). Following the usual relation between the
electromagnetic form factor&g, G, andF,, F,, vector
dominance dictates that

2

AMZ,

en(d?)=gx(a%) + fR(a®), (323

(a7 =0x(a%) +f(a?). (32b)

/~\2=A2 4
©| 6+ A%/aM?)

w

(39

we obtain an expression for the CSB potential, ERa),
which is of the form given by our original prescription, Eq.
(28), yet is equivalent to the isospin breaking calculated in
the harmonic oscillator quark model @(g?,Am). Numeri-
cally, the Bonn modelA,=1850 MeV is changed to

A,=1401 MeV. At this order the coefficient aff is not
negative, so that we cannot carry out the above exercise for

Fits to the electromagnetic form factor data indicate thathe rho as well. The rho’s numerical impact on the CSB

F1(g%) and F,(q?) fall with different rates ing?; vector
dominance implies that this should be trueg#f” and fy*

potential is small, so that this gap does not impact our un-
certainty estimate in any significant way. We will proceed to

as well. Note that this is at odds with the Bonn model, as ittompute the spin-singlet—triplet mixing angles for the poten-

assumes that the ratiif;*/gy? is constant. We proceed as
follows. We computef ¥ andgy to <(q*,Am?), using Egs.
(29—(32). Then we estimate the “effectivel ,, as defined

tial given by Eqs(199 and(28) for both theA , of the Bonn
potential and the\ , of Eq. (35).
In Fig. 1 we present estimates of the CSB potentials given

in Eq. (28), required to reproduce the isospin breaking com-n Egs. (198, (19b), and (213 using Eq.(28) with the

puted to7(g*, Am?) and use tha , in our subsequent com-
putation of the spin-singlet—triplet mixing angles. Thus,

A, , of the Bonn model. The qualitative conclusions we

draw here are not sensitive to the choice\of ,, so that we
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8.0 ] 40

b Am/m=0.013 — p— [on-shell] ] 35 F  Am/m=0013 —— p-o[on-shelll 3

2.5 r _ 2 ——p [off—shell] - : <plHlw>=-4520 N[ev2 - p0 [Off'Sheu] ]

3\ <plHl®>=-4520 MeV — = @ exchange ] F p —_— (1)oexchange ]

R e 0” exchange ] 30 7\ «=- p"exchange =

S ]

25 | ]

"2 20F .

- & : ]
3 A ]
<) O 15F =
o = . ]
% 5 1ol ]
g S 10} .
> s s ]
= [ ]

¥ osf 3

0.0 .

-0.5 y . 05 _:
qolome e b ooy o 1 )] P )] S BN NN N BN BN

0.0 0.5 1.0 15 2.0 2.5 0.0 0.5 1.0 1.5 2.0 25 3.0

-¢M r(fm)
FIG. 1. Charge-symmetry-breaking component of MW po- FIG. 2. Charge-symmetry-breaking component of b po-

tential as a function of? arising from on-shelp-w mixing (solid ~ tential as a function of arising from on-shelp-w mixing (solid
line), off-shell p-» mixing (dashed ling omega-meson exchange lin€), off-shell p-» mixing (dashed ling omega-meson exchange
(dash-dotted ling and rho-meson exchangeotted ling. (dash-dotted ling and rho-meson exchangeotted ling.

simply present the potentials computed in the Bonn modelmeson exchange. These results are suggestive, yet we can
The solid line is the CSB potential which results frgraw obtain a precise estimate of the impact of the enumerated
mixing, Eq. (21a, if the on-shell value of the-w mixing  isospin-violating sources odA by calculating the spin-
amplitude is employed for the entire range of momenta. Thiginglet—triplet mixing anglesy ;. These are the dynamical

is the potential traditionally used in studies of CSB observ-quantities drivingAA [11,12. Recall that the elastic scatter-
ables. A potential of this strength is required to describe théng amplitude of two spin-1/2 particles is specified by six
analyzing power differencA A measured in elastie-p scat-  nvariant amplitudes, b, c, d, e, andf [12], so that

tering [18]. In contrast, the dashed line results if the

momentum-dependemnt-w mixing amplitude of Ref[2] is 1 - -

employed in Eq(21a — this is too small to fit the datil 3], M =3[(a+b)+(a=b)(eoy-n)(o7-N)

yet a model in which the vector mesons couple to conserved ) )
currents must yield a vanishing mixing amplitudeggt=0 +(c+d)(oy-M) (o, M)+ (c—d)(oy-D(op-1)
[6]. We have not extended our model to describe mix- - N

ing; the vector dominance assumption we use implies, how- te(oytoy) -ntf(o—0y)-n] (36)

ever, that theg?=0 mixing must be zero in this framework.

We take the momentum dependence of the mixing amplituderhere

computed by Piekarewicz and Williamg] as archetypal.

This latter CSB potential in itself would upset the previous Ko+ k. K X k
agreement with experiment. However, the new sources of = L . m= . n= i ,
isospin violation computed here are sufficient to restore the ke kil L [kix<k|
agreement. In particular, the contribution from omega-meson

exchange, given by the dash-dotted line, is large and compandk; andk; are the initial and final c.m. momenta of par-
rable in magnitude to the one arising from on-shetb mix- ticle 1. Then-p analyzing power difference is nonzero only

ing. We have also computed the contribution from the rhof accompanied by spin-singlet—triplet mixing, specifically
meson, given by the dotted line, though it is negligible due to

the smallNNp vector coupling. _

In Fig. 2 we display the above CSB potentials in configu- AA(8)=An(6) —Ap(6) =2Re(b*f)/ oo, (38)
ration space. The potentials are plotted so that the areas un-
der the curves equal(g?=0). Qualitatively, the trends ob- where o is the unpolarized differential cross section. The
served in Fig. 1 remain: We obtain large contributions fromspin-singlet—triplet mixing is controlled by. Neglecting
on-shellp-w mixing and omega-meson exchange and smalkelectromagnetic effectd, is connected to the mixing angles
corrections to the latter from off-shed-w mixing and rho- 1y ; via [22]

(37



53 ISOSPIN-VIOLATING MESON-NUCLEON VERTICES ASA . .. 1151

TABLE IV. Spin-singlet—triplet mixing angles ; (in degreesat a laboratory energy of,,= 183 MeV.
The values in parentheses use a form factor computed from the quark (eedekxt for details

) (plHI)on (plHI@)ott (0= p) (plHI@)|on+ (@)
1 3.41x 102 3.32x1072 (3.66x107?) 6.70< 102 (7.22x 10 ?)
2 451x10°2 4.40<1072 (4.88<107?) 8.77x1072 (9.52x 10 ?)
3 3.77x10°3 3.71x1073 (4.71x10°3) 6.00x 103 (7.55x 10" %)
4 8.04x 10 * 8.58x10 4 (1.12x103) 1.18x 10 % (1.55x 10 3)
P _ L together with small corrections from off-shegltw mixing
f(k,0)= 2k Z (2J+1)sin(2y3)exp(i5J+i5JJ)d‘1’O( 0), and rho-meson e>_<change, results in a 3% redl_Jctiqn in the
J=1 39 value of y4, relative to the on-shell value. This kind of
(39 agreement — at the few percent level — is maintained

throughout all the examined partial waves; note Table IV.
The systematics of these variations with partial wave number
B’reclude the existence of any accidentally large variation in
AA. These computations have also been performed with the
form factor A, Eq.(35), estimated in the harmonic oscilla-
w tor quark model. The mixing angles obtained in this fashion
¥ 3=—4MkyJI(I+ 1)f drr2Ry(r)Vy(r)Ryy(r) vary by about 10% in the important partial waves from those
0 computed with the Bonn form factors; note that
o y1=0.037°, rather than 0.033°. For a detailed comparison,
Ef drl 4(r), (40 see Table IV — the mixing angles which use the harmonic
0 oscillator quark model results to estimate tifedependence
of the CSB potentials are shown in parentheses. The mixing
angles computed with isospin-breaking meson-nucleon verti-
dVesa(r) ces and off-shelp-w r.ni.xing in the two approaches bracket
V()= TV A T (41) the old on-shelp-w mixing results forJ=1-3, so that these

where thedio( #) are Wigner functions and thé&; and é
are the singlet and uncoupled triplet bar phase shifts, respe
tively. In a distorted-wave Born approximation the mixing
angles themselves are given ]

where we have introduced the class IV CSB potential

Note thatR,(r) and R;;(r) are the spin-singlet and -triplet ' ' ' ' '

radial wave functions, respectively, fofN scattering in the | Am/m=0013 R o P
L=J channel. Distortion effects are incorporated through <PlHIe>=-4320MeV" . o fon) + 0—p (0067
these radial wave functions; we assume them to be ad-

equately described by solutions to the Reid soft-core poten-
tial [43]. In Table IV the first four nonvanishing mixing
anglesJ=1-4 are presented at a laboratory energy of 183
MeV. In addition, the integrand from which; is obtained,
that is,l1(r) in Eq. (40), is plotted in Fig. 3. This represents
the class IV potential suitably weighted by realigtitl wave
functions. Three calculations are presented for comparison.
The solid line is obtained using ER19 and the on-shell
value of thep-w mixing amplitude; the area under this curve
is the mixing angle required to reproduce thA data. In the
dashed line we have combined the off-shelb mixing con-
tribution described above with the isospin-violating vertex
contributions arising from omega- and rho-meson exchange.
Albeit there are form factor uncertainties in the isospin-
violating vertices, this is our best estimate of the mixing
angle contribution. The vertices in this figure were evaluated
using Eq.(28) and the Bonn cutoff parameters,, , tabu- 0.000,5*
lated in Table Ill. We have also combined the-shellp-wo

mixing contribution with the above vertex contributions,

even if our szdeI is not consistent with a nonzero mixing  rig. 3. The integrand of the spin-singlet—triplet mixing angle
amplitude aiy®=0 — this is shown by the dash-dotted line. 5, at 183 MeV for three different estimates of CSB: on-shel

The integrand in this case is considerably larger than theyixing (solid line), off-shell p-» mixing plus omega- and rho-
other two estimates. Thé=1 mixing angles for these inte- meson exchangddashed ling and on-shellp-w mixing plus
grands are displayed in parentheses next to the curve labelsmega- and rho-meson exchangish-dotted ling The value of
The agreement between the first two calculations is veryy, for each estimate, which is simply the area under the appropriate
good. Indeed, the contribution from omega-meson exchangeurve, appears in parentheses next to its label.

0.080

(@) [deg/fm]
=}
(=]
3
1

0.040

L

0.020 -

3.0
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new estimates are also quite close to the “old” on-shell re-CSB potentlal needed for the IUCF experiment. One must
sults.A,, is some 3/4 oft,,, yet the above calculations show compute theg” dependence of thliN meson vertex as well
that the AA at 183 MeV is essentially dominated by the — including that of the isospin-violating pieces. We have
g?=0 physics. Note that if one were to assume aconsidered two simple estimates. The first is simply a pre-
momentum-independent-o mixing amplitude[14] and to scr|pt|0n We modify the “pomt” couplings by mtroducmg
include the contributions from omega and rho exchange a adronic form factors according to the Bonn B potential.

increase of almost a factor of 2 relative to the above mixingoh'sk.""ssurqest.ﬂl'?t tr:jemge_laguve ;trte:ngtt? .ct)f Zthe 'SﬁSp'n'
angle estimates would result. reaking potential foun =0 persists at finitg“ as well.

In the second we compute the isospin breaking to
“(q*,Am?) using the spatial wave functions of the harmonic
oscillator quark model and find the hadronic form factor for

We have studied the charge-symmetry breaking in th®mega exchange needed to reproduce the isospin breaking
NN potential arising from isospin-violating meson-nucleoncomputed to the above order. The use of the spatial compo-
Coup“ng constants. The |Sosp|n V|0|at|ng Coup“ngs are Obnent of the nucleon wave function is requ|red here so that
tained by computing matrix elements of quark currents of théhIS estimate is rather more model dependent than our
appropriate Lorentz and flavor structure between nucleofi°=0 results. We find that the use of the latter estimate
states. We have used a nonrelativistic quark model to evaly/elds slightly larger CSB potentials.
ate these matrix e|ements yet our est|mate$zat0 depend Armed with estimates of the momentum dependence of
merely on the spin and flavor structure of the nucleon wavéhe NN meson vertex, we have computed the spin-singlet—
function, rather than on the details of the quark momentunifiplet mixing anglesy ;: These are the fundamental dy-
distribution. Thus, in the vector meson sector, for examplenamical quantities drivind A. Our y ; computation is real-
our model estimates at?=0 depend on our vector domi- istic as we have used the Reid soft-core potential to generate
nance assumption, but little else. We have also studied iso$he distortions in the&dN wave function. We have computed
pin breaking in theNN7 and NNo vertices. No isospin- the spin-singlet—triplet angles using three different sources
violations exist in ther vertex atq?=0. We have found that Of isospin violationi(1) p-w mixing with the amplitude fixed
the breaking in theNN7 vertex depends on whether the at its on-shell value(2) off-shell p-» mixing plus - and
N coupling is of pseudoscalar or pseudovector character -tho-meson exchange, an@) on-shell p-» mixing plus
no isospin breaking results @¢=0 if pseudovector coupling ©mega- and rho-meson exchange. The first case, used in the
is assumed. However, a pseudoscatdt coupling is com-  original estimates oA A, represents a “baseline” value, as it
monly used in studies of CSB, and the breaking we find infits the data. A CSB potential of this magnitude accounts for
the vertex is substantially larger than the breaking compute@ substantial fraction of the measured valueAdt at 183
in hadronic models of neutral pion exchange. Thus, any CS®eV. The second case, which should be regarded as our best
observable receiving an important contribution framy  estimate, yields values foy ; that are within 10% of those
mixing will also be affected by the exchange of neutralobtained with on-shelp-» mixing, for the important partial
pions. waves. In contrast, ca$8) results in a factor-of-2 enhance-

We have found that omega-meson exchange is an impofment relative to the original calculation using on-shelty
tant component of the class IV charge-symmetry-breakingnixing. Two important results thus emerge from the present
NN potential needed to describe the analyzing power differwork. First, we have found a new source of isospin violation,
ence measured in elastiep scattering at low energies. The Namely, in theNNa vertex, which can fill the role demanded
potential which emerges from the isospin-violatingNe ~ PY the data. Second, we have shown that insisting upon a
vertex is identical in structure to that fromw mixing [16]. p-@ mMixing 'amplltude he[d cpnstant at its on-shell value,
Moreover, our estimates indicate that these two contribution&fter including the contribution from omega-meson ex-
— with the mixing amplitude fixed at its on-shell value — changg, results in a class IV potential too large to be consis-
are comparable in magnitude and identical in sign%t 0. tent with the IUCFAA measurement.

Models in which the vector mesons couple to conserved cur-
rents, of which ours is an example, have gt mixing at
q?=0 [6]. We have found that isospin-violation in the  We thank V. Dmitramovic and S.J. Pollock for fruitful
NNw vertex can generate a CSB potential of sufficient magdiscussions, A. Thomas for a helpful suggestion, and S. Cap-
nitude to fill the phenomenological role required by thestick for useful conversations. This work was supported by
IUCF measurement i A at 183 MeV. the DOE under Contracts Nos. DE-FG02-87ER40865%5.

The isospin-violating couplings we have computed atand C.J.H, DE-FC05-85ER25000@J.P), and DE-FGO05-

q?=0 do not suffice to make a quantitative prediction of the92ER40750J.P).

V. CONCLUSIONS
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