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Nucleon anapole moment and parity-violatingep scattering
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Parity-violating ~PV! interactions among quarks in the nucleon induce a PVgNN coupling, or anapole
moment~AM !. We compute electroweak gauge-independent contributions to the AM throughO(1/Lx

2) in
chiral perturbation theory. We estimate short-distance PV effects using resonance saturation. The AM contri-
butions to PV electron-proton scattering slightly enhance the axial vector radiative corrections,RA

p , over the
scale implied by the standard model when weak quark-quark interactions are neglected. We estimate the
theoretical uncertainty associated with the AM contributions toRA

p to be large, and discuss the implications for
the interpretation PV ofep scattering.

PACS number~s!: 13.40.Ks, 11.30.Er, 13.88.1e, 21.30.Fe
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I. INTRODUCTION
The SAMPLE Collaboration at MIT-Bates has recen

reported a value for the strange-quark magnetic form fa
measured using backward angle parity-violating~PV!
electron-proton scattering@1#:

GM
(s)~Q250.1 GeV2/c2!50.6160.2760.19, ~1!

where the first error is experimental and the second is th
retical. The dominant contribution to the theoretical error
uncertainty associated with radiative corrections to the a
vector term in the backward angle left-right asymmetryALR
@2#:

ALR}QW
P 1QW

N
GM

n

GM
p 1QW

(0)
GM

(s)

GM
p 2~124sin2uw!

3A111/t
GA

p

GM
p , ~2!

whereQW
P andQW

N are the proton and neutron weak charg
respectively,QW

(0) is the SU~3!-singlet weak charge,1 uW is
the weak mixing angle, andt5Q2/4Mn

2 . The axial form
factor is normalized at the photon point as

GA
p~0!52gA@11RA

p# ~3!

wheregA51.26760.004@3# is the nucleon’s axial charge a
measured in neutronb-decay andRA

p denotes process
dependent electroweak radiative corrections to theV(e)
3A(p) scattering amplitude.

The radiative correctionRA
p is the subject of the presen

study. It was first analyzed in Ref.@5# and found to be large
negative in sign, and plagued by considerable theoretical
certainty. Generally,RA

p contains two classes of contribu
tions. The first involve electroweak radiative corrections
the elementaryV(e)3A(q) amplitudes, whereq is any one

1Note that in Ref.@2#, the weak charges are denotedjV
p,n,(0) .
0556-2821/2000/62~3!/033008~17!/$15.00 62 0330
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of the quarks in the proton. These radiative corrections,
ferred to henceforth as ‘‘one-quark’’ radiative correction
are calculable in the standard model. They contain little t
oretical uncertainty apart from the gentle variation w
Higgs boson mass and long-distance QCD effects involv
light-quark loops in theZ2g mixing tensor. The one-quark
contributions can be large, due to the absence from loop
the small (124sin2uw) factor appearing at the tree level@see
Eq. ~2!# and the presence of large logarithms of the ty
ln(mq /Mz).

A second class of radiative corrections, which we refer
as ‘‘many-quark’’ corrections, involve weak interaction
among quarks in the proton. In this paper, we focus on th
many-quark corrections which generate an axial vector c
pling of the photon to the proton~see Fig. 1!. This axial
vector ppg interaction, also known as the anapole mome
~AM !, has the form

L AM5
e

Lx
2
N̄~as1avt3!gmg5N]nFnm. ~4!

~Here, we have elected to normalize the interaction to
scale of chiral symmetry breaking,Lx54pFp .) These
many-quark anapole contributions toRA

p , which are indepen-
dent of the electroweak gauge parameter@7#, were first stud-
ied in Refs.@4,5# and found in Ref.@5# to carry significant
theoretical uncertainty. The scale of this uncertainty was
timated in Ref.@5#, and this value was used to obtain th
theoretical error in Eq.~1!. @Note that the central value fo

FIG. 1. Axial vectorgNN coupling, generated by PV hadroni
interactions.
©2000 The American Physical Society08-1
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ZHU, PUGLIA, HOLSTEIN, AND RAMSEY-MUSOLF PHYSICAL REVIEW D62 033008
GM
(s) given in Eq. ~1! is obtained from the experimenta

asymmetry using the calculation of Ref.@5##.
In order to better constrain the error inGM

(s) associated
with RA

p , the SAMPLE Collaboration performed a seco
backward angle PV measurement using quasielastic~QE!
scattering from the deuteron. The asymmetryALR(QE) is
significantly less sensitive toGM

(s) than isALR(ep), but re-
tains a strong dependence onRA

T51 , theisovectorpart ofRA
p .

The calculation of Ref.@5# found the uncertainty inRA
p to be

dominated by this isovector component—RA
T51'20.34

60.20—and the goal of the deuterium measurement w
therefore, to constrain the size of this largest term. A preli
nary deuterium result was reported at the recent Bate
Symposium at MIT, and suggests thatRA

T51 has the same
negative sign as computed in Ref.@5# but has considerably
larger magnitude, possibly of order unity@8#. Combining this
result with the previousALR(ep) measurement would yield
nearly vanishing value forGM

(s) , rather than the large an
positive value quoted in Eq.~1!.

The prospective SAMPLE result forRA
T51 is remarkable,

indicating that a higher-order electroweak radiative corr
tion is of the same magnitude as, and cancels against
tree-level amplitude. The occurrence of such enhanced e
troweak radiative corrections is rare. Nevertheless, th
does exist at least one other instance in which higher-o
electroweak processes can dominate the axial vector
ronic response, namely, the nuclear anapole moment.
anapole moment of a heavy nucleus grows asA2/3 ~see, e.g.
Refs.@6,7,9# and references therein!. Because of the scaling
with mass number, the nuclear AM contribution to aV(e)
3A ~nucleus! amplitude can be considerably larger than t
corresponding tree-levelZ0-exchange amplitude, and th
A2/3 enhancement is consistent with the size of the ces
AM recently determined by the Boulder group using atom
parity-violation@10#. The reason behind the enhancement
RA

T51 for the few-nucleon system, however, isnot under-
stood. The goal of the present paper is to investigate whe
there exist conventional, hadronic physics effects which
explain the enhancement apparently implied by
SAMPLE deuterium measurement.

In order to address this question, we revisit the analysi
Ref. @5#. Following Ref. @11#, we re-cast that analysis int
the framework of heavy baryon chiral perturbation theo
~HBChPT! @12,13#. We carry out a complete calculation o
RA

T51 andRA
T50 to order 1/Lx

2 , including loop diagrams no
considered in Refs.@5,11#. We also extend those analyses

FIG. 2. Feynman diagrams for polarized electron nucleon s
tering. ~a! gives tree-levelZ0-exchange amplitude, while~b! gives
the anapole moment contribution. The dark circle indicates an a
vector coupling.
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include decuplet as well as octet intermediate states, m
netic insertions, and SU~3! chiral symmetry. As in Ref.@5#,
we estimate the chiral counterterms atO(1/Lx

2) using vector
meson saturation. However, we go beyond that previ
analysis and determine the sign of this vector meson con
bution phenomenologically. We find that decuplet interme
ate states and magnetic insertions do not contribute up to
chiral order at which we truncate. Also, the effect of SU~3!
symmetry, in the guise of kaon loops, is generally sma
than the pion loops considered previously. In the end,
express our results in terms of effective PV hadronic c
plings. Some of these couplings may be determined fr
nuclear and hadronic PV experiments or detailed calculati
~for reviews, see Refs.@14,15#!, while others are presently
unconstrained by measurement. Guided by phenomeno
and the dimensional analysis of Ref.@11#, we estimate the
range of possible values for the new couplings. We susp
that our estimates are overly generous. Nevertheless, we
that — even under liberal assumptions — the AM contrib
tions to RA

T51 appear unable to enhance the one-quark c
rections to the level apparently observed by the SAMP
collaboration and, in our conclusions, we speculate on p
sible additional sources of enhancement not considered h

The remainder of the paper is organized as follows.
Sec. II, we relate the anapole couplingsas,v to the radiative
corrections,RA

T50,1, and in Sec. III, we outline our formalism
for computing these couplings in HBChPT. A reader alrea
familiar with this formalism may wish to skip to Sec. IV
where we compute the chiral loop contributions to t
nucleon anapole moment throughO(1/Lx

2). We also include
the leading 1/mn terms in the heavy baryon expansion, whi
generate contributions ofO(1/Lx

2
n). Section V contains the

vector meson estimate of the chiral counterterms and
determination of the sign, while Sec. VI gives our numeric
estimate of the AM contributions toRA

T50,1. We briefly dis-
cuss the phenomenology of hadronic and nuclear PV
what that phenomenology may imply about the scale of
unknown low-energy constants. Section VII summarizes
conclusions. The Appendixes give a detailed discussion
~A! our formalism, ~B! the full set of hadronic PV
Lagrangians allowed under SU~3! symmetry, and~C! graphs,
nominally present atO(1/Lx

2) but whose contributions van
ish.

II. ANAPOLE CONTRIBUTIONS TO RA

The electron-nucleon parity violating amplitude is gen
ated by the diagrams in Fig. 2. At tree level this amplitu
reads

iM PV5 iM AV
PV1 iM VA

PV , ~5!

where

iM AV
PV5 i

Gm

2A2
l l5^NuJluN& ~6!

and

t-

al
8-2
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NUCLEON ANAPOLE MOMENT AND PARITY-VIOLATING . . . PHYSICAL REVIEW D 62 033008
iM VA
PV5 i

Gm

2A2
l l^NuJl5uN&

52 i
124sin2uw

2A2
gAGmēgleN̄t3glg5N. ~7!

at the tree level in the standard model@Fig. 2~a!#. Here,Jl

(Jl5) andl l ( l l5) denote the vector~axial vector! weak neu-
tral currents of the quarks and electron, respectively@2#. The
anapole moment interaction of Eq.~4! generates additiona
contributions toMVA

PV when a photon is exchanged betwe
the nucleon and the electron@Fig. 2~b!#. The corresponding
amplitude is

iM AM
PV 5 i

~4pa!

Lx
2 ēgleN̄~as1avt3!glg5N. ~8!

Note that unlikeiM VA
PV , iM AM

PV contains no (124w) suppres-
sion. Consequently, the relative importance of the anap
interaction is enhanced by 1/(124sin2uw);10. This en-
hancement may be seen explicitly by converting Eqs.~6! and
~8! into RA

T50,1:

RA
T50uanapole52

8A2pa

GmLx
2

1

124sin2uw

as

gA
~9!

RA
T51uanapole52

8A2pa

GmLx
2

1

124sin2uw

av

gA
. ~10!

The constantsas,v contain contributions from loops gen
erated by the Lagrangians given in Sec. III and from co
terterms in the tree-level effective Lagrangian of Eq.~4!:

as,v5as,v
L 1as,v

CT . ~11!

In HBChPT, only the parts of the loop amplitudes no
analytic in quark masses can be unambigously indenti
03300
le

-

-
d

with as,v
L . The remaining analytic terms are included inas,v

CT .
In what follows, we compute explicitly the various loop co
tributions up throughO(1/Lx

2), while in principle, as,v
CT

should be determined from experiment. In Sec. V, howev
we discuss a model estimate foras,v

CT .
Before proceeding with details of the calculation, it

useful to take note of the scales present in Eqs.~9!. The
constantsas,v are generally proportional to a product o
strong and weak meson-baryon couplings. The former
generally of order unity, while the size of weak, PV co
plings can be expressed in terms ofgp53.831028, the scale
of charged current contributions@16#. One then expects the
AM contributions to the axial radiative corrections to be
order

RA
T50,1;2

8A2pa

GmLx
2

1

124sin2uw

gp

gA
'20.01. ~12!

In some cases, the PV hadronic couplings may be an orde
magnitude larger thangp . Alternatively, chiral singularities
arising from loops may also enhance the AM effects over
scale in Eq.~12!. Thus, as we show below, the net effect
the AM is anticipated to be a 10–20 % contribution
RA

T50,1.

III. NOTATIONS AND CONVENTIONS

Since much of the formalism for HBChPT is standard, w
relegate a detailed summary of our conventions to Appen
A. However, some discussion of the effective Lagrangia
used in computing chiral loop contributions toas,v is neces-
sary here. Specifically, we require the parity-conserving~PC!
and parity-violating ~PV! Lagrangians involving pseudo
scalar meson, spin-1/2 and spin-3/2 baryon, and pho
fields. For the moment, we restrict ourselves to SU~2! flavor
symmetry and generalize to SU~3! later. The relativistic PC
Lagrangian forp, N, D, andg interactions needed here is
-

L PC5
Fp

2

4
TrDmSDmS†1N̄~ iD mgm2mN!N1gAN̄Amgmg5N1

e

Lx
N̄~cs1cvt3!smnFmn

1 N

2Ti
mF ~ iD a

i j ga2mDd i j !gmn2
1

4
gmgl~ iD a

i j ga2mDd i j !glgn1
g1

2
gmnAa

i j gag51
g2

2
~gmAn

i j 1Am
i j gn!g5

1
g3

2
gmAa

i j gag5gnGTj
n1gpND@ T̄i

m~gmn1z0gmgn!v i
nN1N̄v i

n†~gmn1z0gngm!Ti
m#

2 ie
cDqi

Lx
T̄i

mFmn
1 Ti

n1F ie

Lx
T̄3

m~ds1dvt3!gng5Fmn
1 N1H.c.G ~13!

whereDm is a chiral and electromagnetic~EM! covariant derivative,S5exp(itW•pW /Fp) is the conventional non-linear repre
sentation of the pseudoscalar field,N is a nucleon isodoublet field,Tm

i is theD field in the isospurion formalism,Fmn is the
photon field strength tensor, andAm is the axial field involving the pseudoscalars
8-3
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ZHU, PUGLIA, HOLSTEIN, AND RAMSEY-MUSOLF PHYSICAL REVIEW D62 033008
Am52
Dmp

Fp
1O~p3! ~14!

with Dm being the EM covariant derivative. Explicit expre
sions for the fields and the transformation properties can
found in Appendix A. The constantscs ,cv determined in
terms of the nucleon isoscalar and isovector magnetic
ments,cD is theD magnetic moment,ds ,dv are the nucleon
and delta transition magnetic moments, andz0 is the off-shell
parameter which is not relevant in the present work@17#. Our
convention forg5 is that of Bjorken and Drell@18#.

In order to obtain proper chiral counting for the nucleo
we employ the conventional heavy baryon expansion
L PC, and in order to cosistently include theD we follow the
small scale expansion proposed in@17#. In this approach
energy-momenta and the delta and nucleon mass differ
d are both treated asO(e) in chiral power counting. The
leading order vertices in this framework can be obtained
P1GP1 where G is the original vertex in the relativistic
Lagrangian and

P65
16v”

2
~15!

are projection operators for the large, small components
the Dirac wave function respectively. Likewise, theO(1/mN)
corrections are generally propotional toP1GP2 /mN . In
previous work the parity conservingpNDg interaction
Lagrangians have been obtained toO(1/mN

2 ) @17#. We col-
lect some of the relevant terms below:

L v
PC5N̄@ iv•D12gAS•A#N2 i T̄ i

m@ iv•Di j 2d i j d1g1S•Ai j #

3Tm
j 1gpND@ T̄i

mvm
i N1N̄vm

i†Ti
m#

1
1

2mN
N̄$~v•D !22D21@Sm ,Sn#@Dm,Dn#

2 igA~S•Dv•A1v•AS•D !%N1••• ~16!

where Sm is the Pauli-Lubanski spin operator andd[mD

2mN .
The PV analog of Eq.~13! can be constructed using th

chiral fieldsXL,R
a defined in Appendix A and the spacetim

transformation properties of the various fields in Eq.~13!.
We find it convenient to follow the convention in Ref.@11#
and separate the PV Lagrangian into its various isospin c
ponents. The hadronic weak interaction has the form

HW5
Gm

A2
JlJl†1H.c., ~17!

whereJl denotes either a charged or neutral weak curr
built out of quarks. In the standard model, the strangen
conserving charged currents are pure isovector, wherea
neutral currents contain both isovector and isoscalar com
nents. Consequently,HW contains DT50,1,2 pieces and
these channels must all be accounted for in any realistic h
ronic effective theory.
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Again for simplicity, we restrict our attention first to th
light quark SU~2! sector. @A general SU~3! PV meson-
baryon Lagrangian is given in the Appendix and is cons
erably more complex.# We quote the relativistic Lagrangians
but employ the heavy baryon projections, as describ
above, in computing loops. It is straightforward to obtain t
corresponding heavy baryon Lagrangians from those lis
below, so we do not list the PV heavy baryon terms belo
For thepN sector we have

L DT50
pN 5hV

0N̄AmgmN ~18!

L DT51
pN 5

hV
1

2
N̄gmNTr~AmX1

3 !

2
hA

1

2
N̄gmg5NTr~AmX2

3 !2
hp

2A2
FpN̄X2

3 N

~19!

L DT52
pN 5hV

2I abN̄@XR
aAmXR

b1XL
aAmXL

b#gmN

2
hA

2

2
I abN̄@XR

aAmXR
b2XL

aAmXL
b#gmg5N. ~20!

The above Lagrangian was first given by Kaplan and Sav
~KS! @11#. However, the coefficients used in our work a
slightly different from those of Ref.@11# since our definition
of Am differs by an overall phase~see Appendix A!. More-
over, the coefficient of the second term in the original P
DT52 NNpp Lagrangian in Eq.~2.18! was misprinted in
the work of KS, and should be 2hA

2 in their notation instead
of hV

2 as given in Eq.~2.18! of @11#.
The term proportional tohp contains no derivatives and

at leading-order in 1/Fp , yields the PVNNp Yukawa cou-
pling traditionally used in meson-exchange models for
PV NN interaction@16,19#. The PVg-decay of 18F can be
used to constrain the value ofhp in a nuclear model-
independent way as discussed in Ref.@19#, resulting inhp

5(0.762.2)gp @15#. Future PV experiments are planned u
ing light nuclei to confirm the18F result. The couplinghp

has also received considerable theoretical atten
@16,29,20,21# and is particularly interesting since it receive
no charged current contributions at leading order.

Unlike the PV Yukawa interaction, the vector and ax
vector terms in Eqs.~18!–~20! contain derivative interac-
tions. The terms containinghA

1 ,hA
2 start off with NNpp in-

teractions, while all the other terms start off asNNp. Such
derivative interactions have not been included in conv
tional analyses of nuclear and hadronic PV experime
Consequently, the experimental constraints on the lo
energy constantshV

i , hA
i are unknown. The authors of Re

@11# used simple dimensional arguments and factorizat
limits to estimate their values, and we present additional p
nomenological considerations in Sec. VI below. We emp
size, however, that the present lack of knowledge of th
couplings introduces additional uncertainties intoRA

T50,1.
8-4
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In addition to purely hadronic PV interactions, one may also write down PV EM interactions involving baryon
mesons.2 The anapole interaction of Eq.~4! represents one such interaction, arising atO(1/Lx

2) and involving nop ’s. There
also exist terms atO(1/Lx) which include at least onep:

L gNPV5
c1

Lx
N̄smn@Fmn

1 ,X2
3 #1N1

c2

Lx
N̄smnFmn

2 N1
c3

Lx
N̄smn@Fmn

2 ,X1
3 #1N. ~21!

The corresponding PV Lagrangians involving aN→D transition are somewhat more complicated. The analogues of
~18!–~20! are

L DI 50
pDN 5 f 1eabcN̄ig5@XL

aAmXL
b1XR

aAmXR
b #Tc

m1g1N̄@Am ,X2
a #1Ta

m1g2N̄@Am ,X2
a #1Ta

m1H.c. ~22!

L DI 51
pDN 5 f 2eab3N̄ig5@Am ,X1

a #1Tb
m1 f 3eab3N̄ig5@Am ,X1

a #2Tb
m1g3N̄@~XL

aAmXL
32XL

3AmXL
a!

2~XR
aAmXR

32XR
3AmXR

a !#Ta
m1g4$N̄@3XL

3Am~XL
1Tm

1 1XL
2Tm

2 !13~XL
1AmXL

3Tm
1 1XL

2AmXL
3Tm

2 !

22~XL
1AmXL

11XL
2AmXL

222XL
3AmXL

3!Tm
3 #2~L↔R!%1H.c. ~23!

L DI 52
pDN 5 f 4eabdI cdN̄ig5@XL

aAmXL
b1XR

aAmXR
b #Tc

m1 f 5eab3N̄ig5@XL
aAmXL

31XL
3AmXL

a1~L↔R!#Tb
m

1g5I abN̄@Am ,X2
a #1Tb

m1g6I abN̄@Am ,X2
a #1Tb

m1H.c., ~24!

where the terms containingf i andgi start off with single and two pion vertices, respectively.
Finally, we consider PVgDN interactions:

L PV
gDN5 ie

d1

Lx
T̄3

mgnFmn
1 N1 ie

d2

Lx
T̄3

mgn@Fmn
1 ,X1

3 #1N1 ie
d3

Lx
T̄3

mgn@Fmn
1 ,X1

3 #2N

1 ie
d4

Lx
T̄3

mgng5Fmn
2 N1 ie

d5

Lx
T̄3

mgng5@Fmn
1 ,X2

3 #1N1 ie
d6

Lx
T̄3

mgng5@Fmn
2 ,X1

3 #1N ~25!

1 ie
d7

Lx
T̄3

mgn@Fmn
2 ,X2

3 #1N1 ie
d8

Lx
T̄3

mgn@Fmn
2 ,X2

3 #2N1H.c. ~26!

The PV gDN verticesd123 , d426 and d728 are associated at leading order in 1/Fp with zero, one and two pion vertices
respectively. All the vertices in Eqs.~18!–~25! areO(p) or O(1/Lx) excepthp , which is Yukawa interaction and ofO(p0).
As we discuss in Appendix C, we do not require PV interactions involving twoD fields.

IV. CHIRAL LOOPS

The contributions toas,v arising from the Lagrangians of Eqs.~18!–~20! are shown in Fig. 3. We regulate the associa
integrals using dimensional regularization~DR! and absorb the divergent—1/(d24)—terms into the counterterms,as,v

CT . The
leading contributions arise from the PV Yukawa couplinghp contained in the loops of 3a-f. ToO(1/Lx

2), the diagrams 3e,f
containing a photon insertion on a nucleon line do not contribute. The reason is readily apparent from examinatio
integral associated with the amplitude of Fig. 3~e!:

iM 3e5 ieNhpv•«
A2gA

Fp
E dDk

~2p!D

i ~S•k!

v•k

i

v•~q1k!

i

k22mp
2 1 i e

52 ieNhpv•«
2A2gA

Fp
SmE

0

`

sdsE
0

1

duE dDk

~2p!D

km

@k21sv•k1usv•q1mp
2 #3

, ~27!

whereqm is the photon momentum,« is the photon polarization vector,s has the dimensions of mass, and we have W

2Note that the hadronic derivative interactions of Eqs.~18!–~20! also containg fields as required by gauge invariance
033008-5
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ZHU, PUGLIA, HOLSTEIN, AND RAMSEY-MUSOLF PHYSICAL REVIEW D62 033008
rotated to Euclidean momenta in the second line. From
form it is clear thatiM 3e}S•v50. The sum of the non-
vanishing diagrams Figs. 3~a!–3~d! yields a gauge invarian
leading order result, which is purely isoscalar:

as
L~Y1!52

A2

24
gAhp

Lx

mp
. ~28!

As the PV Yukawa interaction is of orderO(p0), we need
to consider higher order corrections involving this intera
tion, which arise from the 1/mN expansion of the nucleon
propagator and various vertices. SinceP1•1•P250, there
is no 1/mN correction to the PV Yukawa vertex. From th
1/mN N̄N terms in Eq.~13! we have

as
L~Y2!5

7A2

48p
gAhp

Lx

mN
lnS m

mp
D 2

, ~29!

wherem is the subtraction scale introduced by DR. Final
the 1/mN correction to the strongpNN vertex, contained in
the term}gA in Eq. ~13!, yields

as
L~Y3!52

A2

48p
gAhp

Lx

mN
lnS m

mp
D 2

. ~30!

These terms are also isoscalar, and the results in Eqs.~28!–
~30! are fully contained in the previous analyses of Re
@5,7,11#.

For the interactions in Eqs.~18!–~20! containinghV
i , the

eight diagrams in Figs. 3~a!–3~h! must be considered. The
contribution is purely isovector—

av
L~V!5

1

6
gAS hV

01
4

3
hV

2 D lnS m

mp
D 2

~31!

—and was not included in previous analyses.
The contribution generated from the two-pion PV ax

vertices in Eqs.~19!,~20! comes only from the loop in Fig
3~i! and contains both isovector and isoscalar componen

FIG. 3. Meson-nucleon intermediate state contributions to
nucleon anapole moment. The shaded circle denotes the PV ve
The solid, dashed and curly lines correspond to the nucleon,
and photon respectively. For theSU(3) case the intermediate state
can also be hyperons and kaons.
03300
is

-

,

.

l

:

as
L~A!1av

L~A!t352
1

3
~hA

11hA
2t3!lnS m

mp
D 2

, ~32!

a result first computed in Ref.@11#.
In principle, a variety of additional contributions wil

arise atO(1/Lx
2). For example, insertion of the nucleon ma

netic moments@i.e. the terms in Eq.~13! containingcs,v] into
the loops in Figs. 3~e!,3~f!—resulting in the loops of Figs
4~a!,4~b!—would in principle generate terms ofO(1/Lx

2)
when the PV Yukawa interaction is considered. As shown
Appendix C, however, such contributions vanish at this
der. Similarly, the entire set ofD intermediate state contri
butions shown in Fig. 5, as well as those generated byL PV

gN

andL PV
gDN in Fig. 6, vanish up toO(1/Lx

2). The reasons for
the vanishing of these various possible contributions is d
cussed in Appendix C. Thus, the complete set of SU~2! loop
contributions up toO(1/Lx

2) are given in Eqs.~28!–~32!.
Becausemc2ms@ms2mu,d andLx@ms , it may be ap-

propriate to treat the lightest strange and non-strange had
on a similar footing and extend the foregoing discussion
SU~3! chiral symmetry. A similar philosophy has bee
adopted by several authors in studying the axial charges
magnetic moments of the lightest baryons@12,22–25#. In
what follows, we consider the possibility that kaon loop co
tributions, introduced by the consideration of SU~3! symme-
try, may further enhance the anapole contribution toRA .

Before proceeding along these lines, however, one m
raise an important caveat. When kaon loop corrections
included in a HBChPT analysis, higher order chiral corre
tions may go as powers ofmK /Lx;0.5. Consequently, the
convergence of the SU~3! chiral expansion remains a subje
of debate@26#. Fortunately, no such factors appear in t
present analysis throughO(1/Lx

2) so that at this order, we
find that kaon loop effects inRA are generally tiny compared
to those involving pion loops. Whether or not higher-ord
terms @e.g., those of O(1/Lx

23mK /Lx# contribute as
strongly as those considered here remains a separate,
question.

To set our notation, we give the leading strong-interact
SU~3! Lagrangian. Since theK0 and h are neutral, loops
containing these mesons do not contribute to the AM throu
O(1/Lx

2) and we do not include their strong couplings b

e
ex.
n FIG. 4. Anapole moment contributions generated by inserti
of the baryon magnetic moment operator, denoted by the cross
the PV hadronic couplings, denoted by the shaded circle.
8-6
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low. For the proton the possible intermediate states
S0K1,LK1 while for the neutron onlyS2K1 can appear.
The necessary vertices derive from

L52gAN̄S•AN12gNLK@~N̄S•K !L1L̄~S•K†N!#

12gNSK@S•K†S̄N1N̄SS•K#, ~33!

wheregNLK52@(112a)/A6#gA , gNSK5(122a)gA with
gA5D1F, a5F/(D1F) and D,F are the usualSU(3)
symmetric and antisymmetric coupling constants.

The general pesudoscalar octet and baryon octet
Lagrangians are given in Appendix B. They contain fo
independent PV Yukawa couplings, 20 axial vector co
plings (hA-type!, and 22 vector couplings (hV-type!. For
simplicity, we combine the SU~3! couplings into combina-
tions specific to various hadrons—e.g. the leading
Yukawa interactions are

L Yukawa
1p 52 ihp~ p̄np12n̄pp2!

2 ihpS0K~ p̄S0K12S̄0pK2!

2 ihnS2K~ n̄S2K12S̄2nK2!

2 ihpLK~ p̄LK12L̄pK2!1•••. ~34!

In terms of the SU~3! couplings listed in Appendix B, the
hBBM have the form

hp522A2~h11h2!

hpS0K52@h12h21A3~h32h4!#

hnS2K5A2hpS0K

hpLK5F h1

A3
1A3h21h313h4G . ~35!

Similarly, we write for the vector PV interaction

FIG. 5. The contribution to the nucleon anapole moment fr
PV pDN vertices. The double line is theD intermediate state.
03300
re

V
r
-

L V
1p52

hV
pnp1

A2Fp

p̄gmnDmp12
hV

pS0K1

A2Fp

p̄gmS0DmK1

2
hV

nS2K1

A2Fp

n̄gmS2DmK12
hV

pLK1

A2Fp

p̄gmLDmK1

1H.c.1•••, ~36!

and for the axial PV two pion and kaon interactions

L A
2p5 i

hA
pp

Fp
2

p̄gmg5p~p1Dmp22p2Dmp1!

1 i
hA

pK

Fp
2

p̄gmg5p~K1DmK22K2DmK1!

1 i
hA

np

Fp
2

n̄gmg5n~p1Dmp22p2Dmp1!

1 i
hA

nK

Fp
2

n̄gmg5n~K1DmK22K2DmK1!1•••.

~37!

Expressions for these PV vector and axial coupling consta
in terms of SU~3! constants appear in Appendix B. For illus
trative purposes, it is useful to express the nucleon-pion c
plings in terms of thehV,A

i of Eqs. ~18!–~20! for the SU~2!
sector:

hV
pnp1

5hV
01

4

3
hV

2

hA
pp5hA

11hA
2 ~38!

hA
np5hA

12hA
2 .

The leading order contributions toas,v arise only from the
loops in Fig. 3 where a photon couples to a charged me
The charged kaon loop contributions to theas,v can be ob-
tained from the corresponding formulas for thep-loop terms

FIG. 6. PV electromagnetic insertions, denoted by the overl
ping cross and shaded circle.
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by making simple replacements of couplings and masses
example, for the PV Yukawa interactions, these repla
ments are:~a! for the proton case,mp→mK ,hp→hpS0K ,
gA→gNS0K15gNSK /A2 for S0K1 intermediate states an
hp→hpLK , gA→gNLK for LK1; ~b! for the neutron case
hp→hnS2K , gA→gNS2K15gNSK for S2K1 intermediate
op
ts
in
hi
s

n

ith
o
b

he
ac
e
s
tr

r-
le
u

-
hy

03300
or
-
state for the neutron case. Similar replacements hold for
vector PV coupling contributions. For the axial PV two-pio
contribution we need only make the replacementhA

pp

→hA
pK ,mp→mK .

Upon making these substitutions, we obtain the comp
heavy baryon loop contribution toO(1/Lx

2) in SU~3!:
as
L5

A2

24
gAhpF2

Lx

mp
1

3

p

Lx

mN
lnS m

mp
D 2G2

A3

144
~112a!gAhpLKF2

Lx

mK
1

3

p

Lx

mN
lnS m

mK
D 2G

1
A2

32
~122a!gAhnS2KF2

Lx

mK
1

3

p

Lx

mN
lnS m

mK
D 2G2

1

6
~hA

pp1hA
np!lnS m

mp
D 2

2
1

6
~hA

pK1hA
nK!lnS m

mK
D 2

1
1

12
~122a!gAS hV

nS2K1
1

hV
pS0K1

A2
D lnS m

mK
D 2

2
A6

72
~112a!gAhV

pLK1
lnS m

mK
D 2

~39!

av
L52

A2

96
~122a!gAhnS2KF2

Lx

mK
1

3

p

Lx

mN
lnS m

mK
D 2G2

A3

144
~112a!gAhpLKF2

Lx

mK
1

3

p

Lx

mN
lnS m

mK
D 2G

2
1

6
~hA

pp2hA
np!lnS m

mp
D 2

2
1

6
~hA

pK2hA
nK!lnS m

mK
D 2

2
1

6
gAhV

pnp1
lnS m

mp
D 2

1
1

12
~122a!gAS 2hV

nS2K1
1

hV
pS0K1

A2
D lnS m

mK
D 2

2
A6

72
~112a!gAhV

pLK1
lnS m

mK
D 2

. ~40!
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V. LOW-ENERGY CONSTANTS AND VECTOR MESONS

A pure ChPT treatment of the anapole contributions toRA

would use a measurment of the axial term inALR(ep) and
ALR(QE), together with the non-analytic, long-distance lo
contributions,as,v

L , to determine the low-energy constan
as,v

CT . In the present case, however, we wish to determ
whether there exist reasonable hadronic mechanisms w
can enhance the low-energy constants to the level sugge
by the SAMPLE results. Thus, we attempt to estimateas,v

CT

theoretically.
Because they are governed in part by the short-dista

(r .1/Lx) strong interaction,as,v
CT are difficult to compute

from first principles in QCD. Nevertheless, experience w
ChPT in the pseudscalar meson sector and with the phen
enology of nucleon EM form factors suggests a reasona
model approach. It is well known, for example, that in t
O(p4) chiral Lagrangian describing pseudoscalar inter
tions, the low-energy constants are well-described by the
change of heavy mesons@27#. In particular, the charge radiu
of the pion receives roughly a 7% long-distance loop con
bution, while the remaining 93% is saturated byt-channel
exchange of ther0. Similarly, in the baryon sector, dispe
sion relation analyses of the isovector and isoscalar nuc
electromagnetic form factors indicate important contrib
tions from the lightest vector mesons@28#. Thus, it seems
reasonable to assume thatt-channel exchange of vector me
sons also plays an important role in the short-distance p
ics associated with the anapole moment.
,
e
ch
ted

ce

m-
le

-
x-

i-

on
-

s-

With these observations in mind, we estimate the coe
cients as,v

CT in the approximation that they are saturated
t-channel exchange of the lightest vector mesons, as sh
in Fig. 7. Here parity-violation enters through the vect
meson-nucleon interaction vertices. We also use a sim
picture for the electromagnetic nucleon form factors to d
termine the overall phase ofas,v

CT in the vector meson domi
nance approximation. To that end we require the PC and
vector meson-nucleon Lagrangians@16#:

L rNN
PC 5grNNN̄Fgm1kr

ismnqn

2mN
Gt•rmN ~41!

L vNN
PC 5gvNNN̄Fgm1kv

ismnqn

2mN
GvmN ~42!

L fNN
PC 5gfNNN̄Fgm1kf

ismnqn

2mN
GfmN ~43!

and

L rNN
PV 5N̄gmg5rm

0 Fhr
11S hr

01
hr

2

A6
D t3GN ~44!

L vNN
PV 5N̄gmg5vm@hv

0 1hv
1 t3#N ~45!

L fNN
PV 5N̄gmg5fm@hf

0 1hf
1 t3#N. ~46!
8-8
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~Note that we have adopted a different convention forg5

than used in Ref.@16#.! The coupling constantshr,v,f
i were

estimated in Refs.@16,29# and have also been constrained
a variety of hadronic and nuclear parity-violating expe
ments~for a review, see Ref.@19#!.

For theV2g transition amplitude, we use

LVg5
e

2 f V
FmnVmn , ~47!

wheree is the charge unit,f V is theg-V conversion constan
(V5r0,v,f), and Vmn is the corresponding vector meso
field tensor.~This gauge-invariant Lagrangian ensures t
the diagrams of Fig. 7 do not contribute to the charge of
nucleon.! The amplitude of Fig. 7 then becomes

as
CT~VMD!5

hr
1

f r
S Lx

mr
D 2

1
hv

0

f v
S Lx

mv
D 2

1
hf

0

f f
S Lx

mf
D 2

, ~48!

av
CT~VMD!5

hr
01hr

2/A6

f r
S Lx

mr
l D 2

1
hv

1

f v
S Lx

mv
D 2

1
hf

1

f f
S Lx

mf
D 2

.

~49!

The parity violating rho-pole contribution was first derive
in @5,7#. However, the relative sign betweenhrN

i and f r is
undetermined from the diagram of Fig. 7 alone. Nevert
less, we can fix the overall phase using two phenomenol
cal inputs. Parity violating experiments in the p-p syste
constrain the sign of the combinationgrNhrN

i @30,31,19#. In
particular, the scale of the longitudinal analyzing power,AL ,
is set by the combination of constants

AL}grNN~21kV!@hr
01hr

11hr
2/A6#

1gvNN~21kS!@hv
0 1hv

1 #, ~50!

where the constant of proportionality is positive,kV53.7
and kS520.12. Using the standard values for the stro
VNN couplings, one finds thatAL has roughly the same sen
sitivity to each of thehV

i appearing in Eq.~50! ~modulo the
1/A6 coefficient ofhr

2). From the 45 MeV experiment per
formed at SIN@32#, for example, one obtains the approx
mate constraint@15#

hr
01hr

11hr
2/A61hv

0 1hv
1 ;22864, ~51!

FIG. 7. Vector meson contribution to the anapole mome
Shaded circle indicates PV hadronic coupling.
03300
t
e

-
i-

where thehV
i have are expressed in units ofgp and where a

positive sign has been assumed forgVNN . Given this con-
straint, it is very unlikely that the product (hr

0

1hr
2/A6)grNN.0 unless the corresponding products invo

ing hr
1 andhv

0,1 in Eq. ~50! obtain anomalously large, nega
tive values. In fact, a fit to hadronic and nuclear PV obse
ables in Ref.@19# strongly favors a phase difference betwe
the strong and weakVNN couplings.

Experimentally, one also knows the isovector nucle
charge radius

^r 2&EXP
T5156

dF1~q2!

dq2 U
q250

.0, ~52!

where

^p8u j m
T51~0!up&5eū~p8!FF1~q2!1

ismnqn

2mN
F2~q2!Gu~p!.

~53!

One may reasonably approximate ther0 contribution to
^r 2&T51 using VMD @28#. The calculation is the same a
above but with the weak hadronic coupling replaced by
strong coupling. The result is

F1
r0

~q2!5
grNN

f r

q2

q22mr
2. ~54!

Then we have

dF1
VMD~q2!

dq2 U
q250

52
grNN

f rmr
2

. ~55!

Comparing Eqs.~52! and~55!, and noting that ther0 gener-
ates a positive contribution tôr 2&T51 @28#, we arrive at
grNN / f r,0. Combining this result withgrNNhr

i ,0 as fa-

vored by thepW p experiments@30,31,19# we obtain the rela-
tive sign betweenhr

i and f r : hr
i / f r.0. Accordingly we de-

termine the relative signs for PVv,f-nucleon coupling
constants.

VI. THE SCALE OF RA

Expressions for the anapole contributions toRA
T50 and

RA
T51 in terms of theas,v appear in Eq.~9!. We may now use

these expressions, along with the results in Eqs.~39!,~40!
and ~48!,~49!, to obtain a numerical estimate for th
RA

T50,1uanapole. To do so, we use the global fit value for th
weak mixing angle in the on-shell scheme,w50.2230@3#,
gA51.26760.004 @3#, f r55.26 @33#, f v517, f f513 @34#,
a5F/(D1F)50.36, m5Lx . We express all the PV cou
pling constants in units ofgp53.831028 as is traditionally
done@29,16#. We obtain

t.
8-9
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RA
T50uanapole51022H 0.17hp1hA

120.0036hnS2K20.033S hV
nS2K1

1
hV

pS0K1

A2
D 10.2~hA

pK1hA
nK!

20.006hpLK10.088hV
pLK1

20.26uhr
1u20.08uhv

0 u20.05uhf
0 uJ ~56!

RA
T51uanapole51022H hA

220.6S hV
01

4

3
hV

2 D20.0012hnS2K20.033S 2hV
nS2K1

1
hV

pS0K1

A2
D 10.2~hA

pK2hA
nK!

20.006hpLK10.088hV
pLK1

20.26S uhr
0u1

uhr
2u

A6
D 20.087uhv

1 u10.05uhf
1 uJ , ~57!
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PV
where we have set the phase of the vector meson cont
tions as discussed above, and used the relations in Eq.~38!.

The expressions in Eqs.~56!,~57! illustrate the sensitivity
of the radiative corrections to the various PV hadronic c
plings. As expected on general grounds, the overall scal
RA

T50,1 is at about the one percent level@see Eq.~12!#. In
terms of the conventional PV couplings,RA

T50 is most sen-
sitive to hp andhr

1 , while RA
T51 is most strongly influenced

by hr
01hr

2/A6. The corrections also display strong depe
dences on the couplingshV,A

i not included in the standar
analysis of nuclear and hadronic PV. In particular, the c
plings hA

2 andhV
014hV

2/3 are weighted heavily inRA
T51 . In

general, the sensitivity to the PVNYK couplings is consid-
erably weaker than the sensitivity to theNNp and NNr
couplings.

In order to make an estimate ofRA
T50,1, we require inputs

for the PV couplings. To that end, we use the ‘‘best value
for hp , hr

i , and hv
i given in Ref. @29#. These values are

consistent with the fit of Ref.@19#. For thehf
i we use the

‘‘best values’’ of Ref. @16#. The analyses given in Refs
@16,19,29#, together with experimental input, also allow fo
the standard couplings to take on a range of values.
example, the ranges for thehv

i given in Refs.@16,29# corre-
spond to

233<hv
0 1hv

1 <13. ~58!

In order to maintain consistency with the experimental c
straint of Eq.~51!, one then requires

0<hr
01hr

11hr
2/A6<245. ~59!

We adopt this range even though it is smaller than the ra
given in Ref.@29#. Indeed, allowing thehr

i to assume the full
ranges given in Ref.@29# would require thehv

i to vary out-
side their corresponding theoretical ‘‘reasonable ranges
the constraint of Eq.~51! is to be satisfied. Since one expec
uhr

1u!uhr
0,2u @16,29#, we have a reasonable range of values

the important isoscalarr contribution in Eq.~57!, and the
rather broad range of values allowed for thehr

i contributes
significantly to our estimated uncertainty inRA

T51 . Forhv,f
i ,
03300
u-

-
of

-

-

’’

or

-

e

if

r

we use the ranges of Refs.@16,29#.3 In contrast to the situa-
tion with the hr

0 contribution, however, the variation in th
hv,f

i over their ‘‘reasonable ranges’’ has negligible impa
on our estimated theoretical uncertainty.

Estimating values for the Yukawa couplingshNYK and for
the hV,A is more problematic—to date, no calculation on t
level of Ref. @16# has been performed for such coupling
Estimates forhV,A , based on dimensional and factorizatio
arguments, were given in Ref.@11# and generally yielded
values forhV,A in the non-strange sector on the order ofgp .
For our central values, then, we takehV,A

i 5gp , resulting in
roughly 1% contributions from the PV vector and axial ve
tor interactions. Without performing a detailed calculation
in Ref. @16#, one might also attempt to determine reasona
ranges for these parameters by looking to phenomenolo
To that end, the authors of Ref.@11# considered analogie
between the axial vector PV operators of Eqs.~19!,~20! and
contact operators needed to explain the size ofDI 51/2 hy-
peron P-wave decay amplitudes. From this analogy, th
authors conclude thatuhA

i u;10gp may be reasonable. How
ever, whether such large ranges are consistent with nuc
PV data remains to be determined. In the absence of suc
analysis, which goes beyond the scope of the present w
we adopt the range210gp<hA

i <10gp suggested in Ref.
@11#. The corresponding uncertainties in theRA

T50,1 are
roughly 610%.

The implications of phenomenology for thehV
i are even

less clear than for thehA
i . However, we note that large va

ueshV
i ;610gp do not appear to be ruled out by hadron

and nuclear PV data. At the tree level, for example, the v
tor terms inL DT50,1,2

pN do not contribute to the PV NN inter
action through the onep-exchange amplitudes of Fig. 8~a!. It
is straightforward to show that the corresponding amplitu
vanishes for on-shell nucleons.4 Thus, at this level, purely
hadronic PV processes are insensitive to thehV

i and provide

3Allowing the hv
i to assume positive values would require a si

change on the corresponding terms in Eqs.~56!,~57!.
4The on-shell approximation is generally used in deriving the

NN potential from Feynman diagrams.
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no constraints on these couplings. In PV electromagn
processes, however, thehV

i do contribute through PV two
body currents, such as those shown in Fig. 8~b!. Neverthe-
less, one expects the impact of PV two-body currents to
considerably weaker than that of the PV NN potential. T
PV g-decay of18F, for example, is dominated by the mixin
of a nearly-degenerate pair of (Jp,T)5(02,0) and (01,1)
states. The small energy denominator associated with
parity-mixing enhances the relative importance of the
NN potential by roughly two orders of magnitude over t
generic situation with typical nuclear level spacings. By co
trast, the PV two-body currents do not participate in pari
mixing and receive no such enhancements. A similar sit
tion holds for PV electromagnetic processes in other nu
of interest. Hence, we expect the PVg-decays of light nuclei
to be relatively insensitive to thehV

i , even if the latter are on
the order of 10gp . Consequently, we rather generously ta
210gp<hV

014hV
2/3<10gp , yielding a 67% contribution

to the uncertainty inRA
T51 . Allowing similarly large ranges

for the PV NYK couplings has a negligible impact on th
uncertainty in theRA

T50,1.
With these input values for the PV couplings, we arrive

the anapole contributions toRA
T50,1 shown in Table I. The

latter must be added to the one-quark standard model co
butions, also shown in Table I. We compute the one-qu
corrections using the on-shell parameters given in R
@3,35#. We emphasize that the quoted values for theRA

T50,1

are renormalization scheme-dependent. The relative siz
the isovector one-quark corrections are smaller, for exam
in the modified minimal subtraction~MS̄) scheme, where
one hasRA

T51(SM)520.18 andRA
T50(SM)50.07. The cor-

responding tree-level amplitude, however, is also smaller
a factor of;1.44 than the on-shell tree-level amplitude.
reader working in the MS̄scheme should, therefore, tak
care to adjust the tree-level amplitude and SM radiative c
rections appropriately from the on-shell values used h
Moreover, the anapole contributions to theRA

(T) will be a

factor of 1.44 larger in the MS̄scheme since the tree-lev

FIG. 8. Contributions to~a! PV NN interaction and~b! PV two-
body current generated by the vector terms in Eqs.~18!–~20!.

TABLE I. One-quark standard model~SM! and many-quark
anapole contributions toV(A)3A(N) radiative corrections. Values
are computed in the on-shell scheme usingw50.2230 .

Source RA
T51 RA

T50

One-quark~SM! 20.35 0.05
Anapole 20.0660.24 0.0160.14

Total 20.4160.24 0.0660.14
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amplitude is correspondingly smaller.5

Adding the one-quark and anapole contributions yield
large, negative value forRA

T51 . This result contains consid
erable theoretical uncertainty, mostly due to our liberal
signment of reasonable ranges to thehV,A . Even with this
generous theoretical uncertainty, however,RA

T51 is still
roughly a factor of two away from the apparent SAMPL
result. Compared with the one-quark SM contribution, t
many-quark anapole contribution is relatively small—thou
it does push the total in the right direction. The isosca
correction,RA

T50 , is considerably smaller in magnitude tha
RA

T51 yet retains a sizeable theoretical uncertainty.

VII. CONCLUSIONS

In view of the preliminary SAMPLE result for PV quas
elastic electron scattering from2H, we have up-dated ou
previous calculation of the axial vector radiative correctio
RA

T50,1. Using the framework of HBChPT, we have com
puted all many-quark anapole contributions throu
O(1/Lx

2). We include new one-loop contributions involvin
the PV vector couplings,hV

i and estimate the scale of th
analytic, low-energy constants using resonance satura
We fix the sign of the latter using the phenomenology of P
pW p scattering and of nucleon EM form factors. We also sh
that large classes of loops involving decuplet intermedi
states, magnetic insertions, and PV EM insertions van
throughO(1/Lx

2). Finally, we extend the previous analys
to include SU~3! symmetry, and determine that the impact
kaon loops is generally negligible. In the end, we find th
RA

T51—though large and negative—is still a factor of two
so away from the suggestion thatRA

T51;21 from the
SAMPLE experiment. Even allowing for considerable the
retical uncertainty—dominated by the PV couplingshV,A

i —
there remains a sizable gap between our result and the
liminary experimental value.

There exist a number of possible additional contributio
to RA

T50,1 not considered here which may ultimately accou
for the apparent experimental result. The most obvious
clude higher-order chiral corrections. This appears, howe
to be an unlikely source of large contributions. On gene
grounds, we expect the size of theO(1/Lx

3) contributions to
be suppressed bym/Lx relative to those considered her
wherem denotes a pseudoscalar mass. For kaon loops,
suppression factor is only;1/2; however, atO(1/Lx

2) kaon
loops generate at most a few percent contribution toRA

T50,1.
The suppression factor for the next order pionic contrib
tions is closer to 0.1. Hence, it would be surprising if t
next order in the chiral expansion could close the factor
two gap with experiment.

More promising sources of sizeable contributions inclu
Z2g box graph contributions, where the full tower of ha

5Note thatRA
T50 gives the ratio of the isoscalar, axial vector am

plitude to the tree-level isovector, axial vector amplitude. The s
of RA

T50 as defined here is opposite that of Ref.@2#.
8-11
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ronic intermediate states is included, as well as parity-mix
in the deuteron wave function. At a more speculative lev
one might also consider contributions from physics beyo
the standard model. For example, the presence of an a
tional, relatively light neutral gauge boson might modify t
SM V(e)3A(q) amplitudes and contribute toRA

T51 . A
popular class ofZ8 models are generated by E6 symmetry
@36#. The contribution of an extra, neutral weak E6 gauge
bosonZ8 is given by

RA
T51~new!5

4

5

1

124sin2uW

sin2f
Gf8

Gm
, ~60!

wheref is a mixing angle which governs the structure of
additional U~1! group in E6 theories @36# and Gf8 is the
Fermi constant associated with the new U~1! group @37#.
Note that this contribution has the wrong sign to account
the large negative value ofRA

T51 .
Alternatively, one might consider new tree-level intera

tions generated by supersymmetric extensions of the
Such interactions arise when R-parity, or equivalently,B
2L, is not conserved (B and L denote baryon and lepto
number, respectively!. The contribution from R-parity violat-
ing SUSY interactions is given by@38,37,39#

RA
T51~new!5S 1

124xD @D11k8 ~ d̃R
k !2D1 j 18 ~ q̃L

j !

2D12k~ ẽR
k !~124x14lx!#, ~61!

wherex5sin2uw,

lx5
x~12x!

122x S 1

12Dr D;0.3, ~62!

Dr is a radiative correction, and where

D i jk~ f̃ !5
1

4A2

ul i jk u2

GmM f̃
2 , ~63!

with f̃ denoting the superpartner of fermionf and i , j ,k la-
beling fermion generations. The terms having a prime
semileptonic whereas the un-primed terms are purely
tonic. In principle, the correction in Eq.~61! could generate a
negative contribution toRA

T51 . However, the various othe
electroweak data constrain the terms appearing in this
pression. For example, relations betweenGm and other SM
parameters require

20.0023<D12k~ ẽR
k !<0.0028, ~64!

at 90 % C.L., so that the first term in Eq.~61! cannot provide
the large negative contribution needed to explain
SAMPLE result. Similarly, assuming only the semilepton
R-parity violating interactions modify the weak charge
nuclei, the recent determination of the cesium weak cha
by the Boulder group@40,10# implies that
03300
g
l,
d
di-

r
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e

0.0026<2.6D11k8 ~ d̃R
k !22.9D1 j 18 ~ q̃L

j !<0.015, ~65!

at 95 % C.L.~for mH5300 GeV!. Thus, it appears unlikely
that the second term in Eq.~61! could enhanceRA

T51 by a
factor of two.

In short, two of the most popular new physics scenar
having implications for low-energy phenomenology appe
unlikely to enhanceRA

T51 significantly. Thus, if more con-
ventional hadronic and nuclear processes cannot accoun
the SAMPLE result, one may be forced to consider mo
exotic alternatives.
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APPENDIX A: FORMALISM

In this section we first review the general parity andCP
conserving Lagrangians includingN,p,D,g in the relativis-
tic form. We follow standard conventions and introduce

S5j2, j5eip/Fp, p5
1

2
pata ~A1!

with Fp592.4 MeV being the pion decay constant. The c
ral vector and axial vector currents are given by

Am52
i

2
~jDmj†2j†Dmj!52

Dmp

Fp
1O~p3!

~A2!

Vm5
1

2
~jDmj†1j†Dmj!

and we require also the gauge and chiral covariant der
tives

Dmp5]mp2 ieAm@Q,p#

~A3!
Dm5Dm1Vm ,

with

Q5S 2
3 0

0 2 1
3

D ~A4!

andAm being the photon field. The chiral field strength te
sors are

Fmn
6 5

1

2
~]m An2]nAm!~jQ8j†6j†Q8j! ~A5!

with
8-12
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Q85S 1 0

0 0D ~A6!

acting in the space of baryon isodoublets.
For the moment, we restrict our attention to SU~2! flavor

space and consider justp, N, andD degrees of freedom. We
represent the nucleon as a two component isodoublet fi
while for the D, we use the isospurion formalism, treatin
theD field Tm

i (x) as a vector spinor in both spin and isosp
space@17# with the constraintt iTm

i (x)50. The components
of this field are

Tm
3 52A2

3S D1

D0 D
m

, Tm
15S D11

D1/A3
D

m

,

~A7!

Tm
252S D0/A3

D2 D
m

.

The field Tm
i also satisfies the constraints for the ordina

Schwinger-Rarita spin-3
2 field,

gmTm
i 50 and pmTm

i 50. ~A8!

We eventually convert to the heavy baryon expansion
which case the latter constraint becomesvmTm

i 50 with vm

the heavy baryon velocity.
It is useful to review the spacetime and chiral transform

tion properties of the various fields. Under a chiral transf
mation,

j→LjU†5UjR†

Am→UAmU† ~A9!

Dm→UD mU†,

and

N→UN, Tm→UTm , S→LSR†, etc. ~A10!

In the SU(2) sector parity violating effects are conv
niently described by introducing the operators@11#:

XL
a5j†taj, XR

a5jtaj†, X6
a 5XL

a6XR
a ~A11!

which transform as

XL,R
a →UXL,R

ã U†, ~A12!

with the index a rotating like a vector ofSU(2)L and
SU(2)R respectively.

The P and CP transformation properties of these field
are shown in Table II.

Finally, we note that in the Lagrangians of Sec. III, o
has the following definitions:

D m
i j 5d i j Dm22i e i jkVm

k

vm
i 5Tr@t iAm# ~A13!
03300
ld,

n

-
-

Am
i j 5j3/2

ik Amj3/2
k j ,

where j3/2
i j 5 2

3 d i j 2( i /3)e i jktk is the isospin 3/2 projection
operator.

APPENDIX B: THE SU„3… PARITY VIOLATING
AND CP CONSERVING LAGRANGIAN

In this appendix we list the parity violating andCP con-
servingSU(3) Lagrangian for the pseudosclar meson oc
and baryon octet. We are interested in the diagonal cas
the parity violating electron nucleon scattering. Hence,
include only those interaction terms that ensure strange
and charge conservation at each vertex. In the following
use j5eip/Fp,p5 1

2 pala, XL
a5j†laj, XR

a5jlaj†, X6
a

5XL
a6XR

a , @A,B#65AB6BA.
We classify the parity violating Lagrangian according

isospin violationDT50,1,2, which arises from the operato
of XL

a ,XR
a , their combinations and products. TheDT52

piece comes from the operatorsI ab$XL
aOXL

b6(L↔R)% with

O5N,N̄,Am and

I ab5
1

3 S 1 0 0

0 1 0

0 0 22
D , ~B1!

where a,b51,2,3. Several operators contribute to theDT
51 part, like X6

3 , f 3ab$XL
aOXL

b6(L↔R)%,d3ab$XL
aOXL

b

6(L↔R)% where f abc,dabc are the antisymmetric and sym
metric structure constants ofSU(3) algebra. With the re-
quirement that the final Lagrangian be hermitian, pari
violating and CP-conserving, the operator withf 3ab

vanishes. For theDT50 part relevant operators ar
1,X6

8 , f 8ab$XL
aOXL

b6(L↔R)%, d8ab$XL
aOXL

b6(L↔R)%,
dab$XL

aOXL
b6(L↔R)%. For the same reason thef 8ab struc-

ture does not contribute. Note the matrix identitylalbla

54„C2(3)2 1
2 C2(8)…lb, whereC2(3),C2(8) are the Casimir

invariants of the basic and adjoint representations ofSU(3)
group respectively. Hence, the operator containingdab is
identical to the unit operator.

Based on these considerations, we obtain

TABLE II. Parity ~P! andCP transformation properties of chi
ral fields. Here, T denotes the transpose,C is the charge conjugation
matrix (C5 ig2g0 in the Dirac representation! andd( i )51,i 51,3
andd(2)521.

Field P CP

Am 2Am 2Am
T

N g0N g0CN̄T

Tm 2g0Tm
2d(a)g0CT̄m

Ta

XL
a XR

a d(a)XL
Ta

XR
a XL

a d(a)XR
Ta

Fmn
6 6F6mn 2F6Tmn
8-13
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L DT50
PV 5h3FpTrN̄@X2

8 ,N#11h4FpTrN̄@X2
8 ,N#21v1TrN̄gm@Am ,N#11v2TrN̄gm@Am ,N#2

1
v7

2
TrN̄gmAmNX1

8 1
v8

2
TrN̄gmX1

8 NAm1
v9

2
TrN̄gm@X1

8 ,Am#1N1
v10

2
TrN̄gmN@X1

8 ,Am#1

1a5TrN̄gmg5AmNX2
8 1a6TrN̄gmg5X2

8 NAm1a7TrN̄gmg5@X2
8 ,Am#1N1a8TrN̄gmg5N@X2

8 ,Am#1

1A3v11d
8abTr$N̄gmNXL

aAmXL
b1~L↔R!%1A3v12d

8abTr$N̄gmXL
aAmXL

bN1~L↔R!%

1A3v13d
8abTr$N̄gmXL

aN@XL
b ,Am#11~L↔R!%1A3v14d

8abTr$N̄gm@XL
a ,Am#1NXL

b1~L↔R!%

1A3a9d8abTr$N̄gmg5NXL
aAmXL

b2~L↔R!%1A3a10d
8abTr$N̄gmg5XL

aAmXL
bN2~L↔R!%

1A3a11d
8abTr$N̄gmg5XL

aN@XL
b ,Am#12~L↔R!%1A3a12d

8abTr$N̄gmg5@XL
a ,Am#1NXL

b2~L↔R!%, ~B2!

L DT51
PV 5h1FpTrN̄@X2

3 ,N#11h2FpTrN̄@X2
3 ,N#21

v3

2
TrN̄gmAmNX1

3 1
v4

2
TrN̄gmX1

3 NAm

1
v5

2
TrN̄gm@X1

3 ,Am#1N1
v6

2
TrN̄gmN@X1

3 ,Am#11a1TrN̄gmg5AmNX2
3 1a2TrN̄gmg5X2

3 NAm

1a3TrN̄gmg5@X2
3 ,Am#1N1a4TrN̄gmg5N@X2

3 ,Am#11v15d
3abTr$N̄gmNXL

aAmXL
b1~L↔R!%

1v16d
3abTr$N̄gmXL

aAmXL
bN1~L↔R!%1v17d

3abTr$N̄gmXL
aN@XL

b ,Am#11~L↔R!%

1v18d
3abTr$N̄gm@XL

a ,Am#1NXL
b1~L↔R!%1a13d

3abTr$N̄gmg5NXL
aAmXL

b2~L↔R!%

1a14d
3abTr$N̄gmg5XL

aAmXL
bN2~L↔R!%1a15d

3abTr$N̄gmg5XL
aN@XL

b ,Am#12~L↔R!%

1a16d
3abTr$N̄gmg5@XL

a ,Am#1NXL
b2~L↔R!%, ~B3!

L DT52
PV 5

v19

2
I abTr$N̄gmNXL

aAmXL
b1~L↔R!%1

v20

2
I abTr$N̄gmXL

aAmXL
bN1~L↔R!%

1
v21

2
I abTr$N̄gmXL

aN@XL
b ,Am#11~L↔R!%1

v22

2
I abTr$N̄gm@XL

a ,Am#1NXL
b1~L↔R!%

1
a17

2
I abTr$N̄gmg5NXL

aAmXL
b2~L↔R!%1

a18

2
I abTr$N̄gmg5XL

aAmXL
bN2~L↔R!%

1
a19

2
I abTr$N̄gmg5XL

aN@XL
b ,Am#12~L↔R!%1

a20

2
I abTr$N̄gmg5@XL

a ,Am#1NXL
b2~L↔R!%. ~B4!

These Lagrangians contain 4 Yukawa couplings, 20 axial vector couplings and 22 vector couplings, all of which sh
fixed from the experimental data or from model calculations. In reality, however, we have only limited information
constrains a few of them. It is useful to expand the above Lagrangians to the order involving the minimum num
Goldstone bosons and to collect those vertices needed in the calculation ofRA :

L Yukawa
1p 52A2i ~h11h2!~ p̄np12n̄pp2!1 i @h12h21A3~h32h4!#~ p̄S0K12S̄0pK2!

1A2i @h12h21A3~h32h4!#~ n̄S2K12S̄2nK2!2 i F h1

A3
1A3h21h313h4G ~ p̄LK12L̄pK2!1•••. ~B5!

L V
1p52

hV
pnp1

Fp
p̄gmnDmp12

hV
pS0K1

Fp
p̄gmS0DmK12

hV
nS2K1

Fp
n̄gmS2DmK12

hV
pLK1

Fp
p̄gmLDmK11H.c. 1••• ~B6!

where
033008-14
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hV
pnp1

5
v11v2

A2
1

4A2

3
~v142v12!1

A6

3
~v71v9!1

A2

3
v20

hV
pS0K1

5
1

2
~v12v21v41v6!1

v82v10

2A3
1

2

3 S v112v132v152v212
1

2
v17D12v18

~B7!

hV
nS2K1

5
1

A2
~v12v21v62v4!1

1

A6
~v82v10!1

A2

3
~v171v21!1

2A2

3
~v112v132v15!

hV
pLK1

5
1

A3
S 2

v1

2
1

2

3
v112

4

3
v121

16

3
v132

2

3
v142

2

3
v151

4

3
v162

17

3
v171

4

3
v182

3

2
v21

v4

2
2v51

v6

2 D
1

v82v10

6
1

2v71v9

3
.

L A
2p52 i

hA
pp

f p
2

p̄gmg5p~p1Dmp22p2Dmp1!2 i
hA

pK

f p
2

p̄gmg5p~K1DmK22K2DmK1!

2 i
hA

np

f p
2

n̄gmg5n~p1Dmp22p2Dmp1!2 i
hA

nK

f p
2

n̄gmg5n~K1DmK22K2DmK1!1•••, ~B8!

where

hA
pp52a32

4

3
a161

2

3
a142a1812a13

hA
pK5a32a41A3~a72a8!1a91a101a111a121

1
3 ~a161a142a181a132a19!

~B9!
hA

np52a32 4
3 a161

2
3 a141a1812a13

hA
nK5a41A3a81a91 5

2 a1022a112a151a141
1
3 ~a181a191a13!.
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Note only a18 contributes toRA in the parity violating two
pions vertices. In the two kaons verticesa324 ,a728 ,a10219
all lead to nonzero contribution toRA .

APPENDIX C: D INTERMEDIATE STATES
AND EM INSERTIONS

As noted in Sec. IV, the amplitudes of Figs. 4–6 van
throughO(1/Lx

2). Below, we briefly summarize the reaso
behind this result.

1. PV pDN contribution

In the case where theD enters as an intermediate state w
have the Feynman diagrams shown in Fig. 5. Since the fi
and initial states are both nucleons, the two-pion parity v
lating vertices in Eqs.~22!–~24! arise first at two-loop orde
and contribute to the nucleon anapole moment at the orde
O(1/Lx

3). Although the PV NDp interactions nominally
contribute at lower order, in this case such contributions v
03300
al
-

of

-

ish up to O(1/Lx
2). The reason is as follows. Each of th

parity violating andCP conserving single pion vertices ha
the same Lorentz structure—ig5. In the heavy baryon expan
sion, the relevant vertices are obtained by the substitu
P1ig5P1 , which vanishes. The leading nonzero contrib
tion arises at first order in the 1/mn expansion. Consequently
its contribution to the nucleon anapole moment appears o
at O(1/Lx

2mN), and since in this work we truncate a
O(1/Lx

2), the PVpDN vertices do not contribute.

2. Magnetic moment insertions

The nucleon has a large isovector magnetic moment.
thus consider associated possible PV chiral loop correct
which lead to a nucleon anapole moment. The relevant
grams are shown in Fig. 4. AtO(1/Lx

2) there are only four
relevant diagrams Figs. 4~a!–4~d!. Since the magnetic mo
ment is ofO(1/Lx) and the strong pion baryon vertex is o
O(1/Fp), the remaining PV vertex must be a Yukawa co
8-15
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pling if the loop is to contribute atO(1/Lx
2) or lower. For the

nucleon magnetic moment insertion we have, for examp

iM 5a1 iM 5b5 i emnab«mqnva

A2gAemNhpN

mNFp
@Sb ,Ss#1

3E dDk

~2p!D

ks

v•k

1

v•~q1k!

1

k22mp
2 1 i e

,

~C1!

where em is the photon polarization vector andmN is the
nucleon magnetic moment. The denominator of the integr
in Eq. ~C1! is nearly the same as forM3e . The numerator
contains a single factor ofS•k. Hence, Figs. 4a and 4b van
ish for the same reason as doesM3e .

For the nucleon delta transition magnetic moment ins
tion we have

iM 5c1 iM 5d52
2

A3

gpNDemDNhpN

mNFp
~qsen2esqn!

3@P3/2
mnSs1SsP3/2

nm#E dDk

~2p!D

km

v•k

3
1

v•~q1k!

1

k22mp
2 1 i e

, ~C2!

wheremDN is the nucleon delta transition magnetic mome
and P3/2

mn5gmn2vmvn1 4
3 SmSn is the spin 3

2 projection op-
erator in the heavy baryon chiral perturbation framewo
-

s

m

v.

03300
,

d

r-

t

.

Since the integrand is the same as inM3e the integral is
proportional to vm . Moreover, vmP3/2

mn50, so that M5c

1M5d50. Finally, theD magnetic insertions of Figs. 4~e!–
4~h! require the PV NDp vertex, which starts off at
O(1/mnFp). Thus, the latter do not contribute up t
O(1/Lx

2). In short, none of the magnetic insertions contribu
at the order to which we work in this analysis.

3. PV electromagnetic insertions

Another possible source to the nucleon anapole mom
arises from the PV magnetic moment like insertions
shown in Fig. 6. All three PVgNN verticesc123 in Eq. ~21!
and PV gDN verticesd426 in Eq. ~25! start off with one
pion, so they are of orderO(1/LxFp). Verticesd7,8 have two
pions and are orderO(1/LxFp

2 ). The corresponding contri
butions to the nucleon anapole moment appear at orde
O(1/Lx

3) or O(1/Lx
4), respectively. The leading PVgDN

vertices d123 do not have pions and are of the ord
O(1/Lx). In our case, however, the final and initial states a
both nucleons. TheD can appear as the intermediate sta
inside the chiral loop, which leads to an additional fac
1/Fp

2 from two strong vertices. In the endd123 contributes to
the nucleon anapole moment atO(1/Lx

3). Finally, the PV
gDD vertices contain onep. Since theD can only appear as
an intermediate state, this vertex contributes at two-loop
der and is of higher-order in chiral counting than we consi
here ~the corresponding diagrams are not shown!. Thus, to
O(1/Lx

2), the PV electromagnetic insertions do not contr
ute.
-
.

nn.

rt.
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