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Probing supersymmetry with parity-violating electron scattering
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We compute the one-loop supersymmetric~SUSY! contributions to the weak charges of the electron (QW
e ),

proton (QW
p ), and cesium nucleus (QW

Cs) in the minimal supersymmetric standard model~MSSM!. Such
contributions can generate several percent corrections to the corresponding standard model values. The mag-
nitudes of the SUSY loop corrections toQW

e andQW
p are correlated over nearly all of the MSSM parameter

space and result in an increase in the magnitudes of these weak charges. In contrast, the effects onQW
Cs are

considerably smaller and are equally likely to increase or decrease its magnitude. Allowing forR-parity
violation can lead to opposite sign relative shifts inQW

e and QW
p , normalized to the corresponding standard

model values. A comparison ofQW
p and QW

e measurements could help distinguish between different SUSY
scenarios.
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I. INTRODUCTION

The search for physics beyond the standard model~SM!
of electroweak and strong interactions is a primary objec
for particle and nuclear physics. Historically, parity-violatin
~PV! interactions have played an important role in elucid
ing the structure of the electroweak interaction. In the 197
PV deep inelastic scattering~DIS! measurements performe
at the Stanford Linear Accelerator Center~SLAC! confirmed
the SM prediction for the structure of weak neutral curre
interactions@1#. These results were consistent with a val
for the weak mixing angle given by sin2uW'1/4, implying a
tiny V~electron!3A~quark! neutral current interaction. Sub
sequent PV measurements—performed at both very
scales using atoms as well as at theZ pole in e1e2

annihilation—have been remarkably consistent with the
sults of the SLAC DIS measurement@1#.

More recently, the results of cesium atomic parit

violation ~APV! @2# and deep inelasticn- ( n̄-) nucleus scat-
tering @3# have been interpreted as determinations of
scale dependence of sin2uW. The SM predicts how this quan
tity should depend on the momentum transfer squared (q2)
of a given process.1 The cesium APV result appears to b
consistent with the SM prediction forq2'0, whereas the
neutrino DIS measurement implies a13s deviation atuq2u
;20 (GeV/c)2. If conventional hadron structure effects a

1The weak mixing angle and itsq2 evolution are renormalization
scheme-dependent. Here, we use the modified minimal subtra
(MS) scheme for the SM and the dimensional reduction (DR)
scheme for supersymmetric extensions of the SM.
0556-2821/2003/68~3!/035008~14!/$20.00 68 0350
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ultimately unable to account for the NuTeV ‘‘anomaly,’’ th
results of this precision measurement would point to n
physics.

In light of this situation, two new measurements involvin
polarized electron scattering have taken on added inte
PV Möller ~ee! scattering at SLAC@4# and elastic, PVep
scattering at the Jefferson Lab~JLab! @5#. In the absence of
new physics, both measurements could be used to deter
sin2uW at the same scale@ uq2u'0.03 (GeV/c)2#—falling be-
tween the scales relevant to the APV and neutrino D
measurements—with comparable precision in each ca2

(D sin2uW'731024). Any significant deviation from the SM
prediction for sin2uW at this scale would provide striking evi
dence for new physics, particularly if both measureme
report a deviation. On the other hand, agreement would
ply that the most likely explanation for the neutrino DI
result involves hadron structure effects within the SM.

In this paper, we analyze the prospective implications
the parity-violating electron scattering~PVES! measure-
ments for supersymmetry~SUSY!. Although no supersym-
metric particle has yet been discovered, there exists str
theoretical motivation for believing that SUSY is a comp
nent of the ‘‘new’’ standard model. For example, the ex
tence of low-energy SUSY is a prediction of many stri
theories; it offers a solution to the hierarchy problem; and
results in coupling unification close to the Planck scale.
addition, if R parity is conserved~see below!, SUSY pro-
vides an excellent candidate for cold dark matter, the ligh
neutralino~see Ref.@7# for a review!. The existence of such

on
2In practice, the PVep experiment will actually provide a value

for sin2uW(q250), as discussed in Ref.@6#.
©2003 The American Physical Society08-1
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dark matter is required in most cosmological models. In lig
of such arguments, it is clearly of interest to determine w
insight about SUSY, if any, the new PVES measureme
might provide.

In the simplest version of SUSY—the minimal supersy
metric standard model~MSSM! with conservedR parity
@8#—low-energy precision observables experience SU
only via tiny loop effects involving virtual supersymmetr
particles. The requirement of baryon minus lepton num
(B2L) conservation leads to conservation of theR-parity
quantum number,PR5(21)2S13(B2L), where S denotes
spin. Every SM particle hasPR511 while the correspond
ing superpartner, whose spin differs by 1/2 unit, hasPR5
21. Conservation ofPR implies that every vertex has a
even number of superpartners. Consequently, for proce
like ee→ee and ep→ep, all superpartners must live in
loops, which generate corrections—relative to the S
amplitude—of order (a/p)(M /M̃ )2;1023 ~where M de-
notes a SM particle mass andM̃ is a superpartner mass!.
Generally speaking, then, low-energy experiments m
probe an observable with a precision of few tenths of a p
cent or better in order to discern SUSY loop effects. Lo
energy charged current experiments have already rea
such levels of precision, and the corresponding implicati
of these experiments for the MSSM have been discus
elsewhere@9#.

In the case of PVee and elasticep scattering, the preci-
sion needed to probe SUSY loop effects is roughly an or
of magnitude less stringent, owing to a fortuitous suppr
sion of the SM PV asymmetries,ALR . At leading order in
q2, the A(e)3V( f ) contributions toALR are governed by
QW

f , the ‘‘weak charge’’ of the target fermion,f. The weak
charge of a particlef is defined as the strength of the effe
tive A(e)3V( f ) interaction:

L EFF
e f 52

Gm

2A2
QW

f ēgmg5e f̄gm f . ~1!

At tree level in the SM the weak charges of both the elect
and the proton are suppressed:QW

p 52QW
e 5124 sin2uW

'0.1. One-loop SM electroweak radiative corrections f
ther reduce this tiny number, leading to the predictionsQW

e

520.0449@6,10# and QW
p 50.0716@6#. The factor of*10

suppression of these couplings in the SM renders them m
transparent to the possible effects of new physics. Con
quently, experimental precision of order a few percent, rat
than a few tenths of a percent, is needed to probe SUSY
corrections.~Theoretical uncertainties associated with QC
corrections toQW

e,p are considerably smaller@6,10#.!
In analyzing these SUSY loop contributions toQW

e,p , we
carry out a model-independent treatment, avoiding
choice of a specific mechanism for SUSY-breaking med
tion. While most analyses of precision electroweak obse
ables have been performed using one or more widely u
models for SUSY-breaking mediation, the generic feature
the superpartner spectrum implied by such models may
be consistent with precision data@9#. Consequently, we wish
to determine the possible impact of SUSY on the two PV
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measurements for all phenomenologically acceptable cho
of the MSSM parameters, even if such choices lie outside
purview of standard SUSY-breaking models. In doing so,
follow the spirit of Ref. @11#, where a similar analysis o
SUSY loop effects inn ( n̄)-nucleus scattering was pe
formed.

In the case of PV electron scattering, we find that t
magnitude of SUSY loop effects could be as large as
proposed experimental uncertainties for theQW

e and QW
p

measurements~8% and 4%, respectively@4,5#!. Moreover,
the relative sign of the effect~compared to the SM predic
tion! in both cases is correlated—and positive—over nea
all available SUSY parameter space. To our knowledge, s
correlation is specific to the MSSM~with R-parity conserva-
tion!, making it a potential low-energy signature of this ne
physics scenario. We also find that the SUSY loop effects
QW

Cs, the weak charge of the cesium atom measured in A
are much less pronounced. Thus, the present agreemen
tween the experimental value forQW

Cs and the SM prediction
does not preclude the presence of relatively large effect
the PV electron scattering asymmetries.

We also investigate a scenario wherePR is not conserved.
We find that, in contrast to thePR-conserving SUSY, the
relative sign of the effect~compared to the SM prediction! is
always negative forQW

e and can have either sign forQW
p ,

with the positive sign being somewhat more likely than t
negative sign. The potential magnitude of the effects are c
siderably larger than those generated by SUSY loops
principle, then, a comparison ofQW

e andQW
p can potentially

establish whether or notR parity is violated within a SUSY
extension of the SM. Having an answer to this quest
would have consequences reaching beyond the realm o
celerator physics. For instance, ifPR is violated in PVES,
then the lepton number is not conserved, thereby imply
that neutrinos have Majorana masses and making neutr
less double beta decay possible~see, e.g. Ref.@12#!. R-parity
violation also renders the lightest supersymmetric part
unstable, thus eliminating SUSY dark matter, which has s
nificant implications for cosmology@7#.

Our discussion of these points is organized as follow
After briefly reviewing the minimal supersymmetric standa
model in Sec. II, we discuss the structure of the one-lo
radiative corrections toQW

e,p in Sec. III and the tree-leve
PR-violating contributions in Sec. IV. The analysis of th
prospective implications of the parity-violating electron sc
tering measurements for supersymmetry is presented in
V. We conclude in Sec. VI. Appendix A lists the counterterm
for the effective PVES Lagrangian of Eq.~1! necessary for
renormalization of the one-loop radiative corrections to
weak charges. In Appendix B we explicitly prove that gluin
loops do not contribute toQW

p . In Appendix C we give com-
plete expressions for all process-dependent one-loop SU
corrections to theep and ee scattering; expressions fo
process-independent contributions are given in the app
dixes of Ref.@11#.

II. MSSM PARAMETERS

The content of the MSSM has been described in de
elsewhere@8#, so we review only a few features here. Th
8-2
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PROBING SUPERSYMMETRY WITH PARITY-VIOLATING . . . PHYSICAL REVIEW D68, 035008 ~2003!
particle spectrum consists of the SM particles and the co

sponding superpartners: spin-0 sfermions (f̃ , which include

sneutrinosñ, charged sleptonsl̃ , and up- and down-type

squarksũ andd̃), spin-1/2 gluinos (g̃), spin-1/2 mixtures of

neutral Higgsinos (H̃122
0 ), the B-ino (B̃), and the neutral

W-ino (W̃3), collectively called neutralinos (x124
0 ), and

spin-1/2 mixtures of charged Higgsinos (H̃6) and charged
W-inos (W̃6), collectively called charginos (x1,2

6 ). In addi-
tion, the Higgs sector of the MSSM contains two doubl
~up and down types, which give mass to the up- and do
type fermions, respectively!, whose vacuum expectationsvu

andvd are parametrized in terms ofv5Avu
21vd

2 and tanb
5vu /vd . Together with the SU~2! L and U~1! Y couplingsg
andg8, respectively,v is determined froma, MZ , andGm ,
the Fermi constant extracted from the muon lifetime, wh
tanb remains a free parameter. The MSSM also introduce
coupling between the two Higgs doublets characterized
the dimensionful parameterm. The complete set Feynma
rules for the MSSM, which take into account SUSY breaki
and particle mixing, are given in Ref.@13#.

Degeneracy between SM particles and their superpart
is lifted by the SUSY-breaking Lagrangian, which depends
general on 105 additional parameters. These include
SUSY-breaking Higgs mass parameters, the electrow
gaugino massesM1,2, the gluino massMg̃ , the left- ~right-!
handed sfermion mass parametersM f̃ L

2 (M f̃ R

2 ), and left-right

mixing termsM f̃ LR

2 which mix f̃ L and f̃ R into mass eigen-

statesf̃ 1,2. In our analysis, we take the sfermion mass m
trices to be diagonal in flavor space to avoid large flav
changing neutral currents. We also set allCP-violating
phases to zero. One expects the magnitude of the SU
breaking parameters to lie somewhere between the w
scale and;1 TeV. Significantly larger values can reintro
duce the hierarchy problem.

Theoretical models for SUSY-breaking mediation provi
relations among this large set of soft SUSY-breaking para
eters, generally resulting in only a few independent para
eters at the SUSY-breaking or GUT scale@14#. Evolution of
the soft parameters down to the weak scale introduces fl
and species dependence into the superpartner spectrum
to the presence of Yukawa and gauge couplings in the re
malization group~RG! equations. According to the mode
independent analysis of Ref.@9#, however, generic feature
of this spectrum implied by typical SUSY-breaking mode
and RG evolution may conflict with the combined co
straints of low-energy charged current data,MW , and the
muon anomalous magnetic moment unless one allows
non-conservation ofPR . In light of this situation, we adop
here a similar model-independent approach and do not
pose any specific relations among SUSY-breaking par
eters. To our knowledge, no other model-independent an
sis of MSSM corrections to PV observables has appeare
the literature, nor have the complete set of corrections
low-energy PV observables been computed previously~see,
e.g. Ref.@15# for a study within minimal supergravity an
gauge mediated models of SUSY breaking!.
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III. RADIATIVE CORRECTIONS TO QW
f

With higher-order corrections included, the weak cha
of a fermionf can be written as

QW
f 5rPV@2I 3

f 24QfkPVsin2uW#1l f , ~2!

whereI 3
f andQf are, respectively, the weak isospin and t

electric charge of the fermionf. The quantitiesrPV andkPV
are universal in that they do not depend on the fermiof
under consideration. The correctionl f , on the other hand
does depend on the fermion species. At tree level, one
rPV515kPV andl f50, while at one-loop order, these pa
rameters are

rPV511drSM1drSUSY,

kPV511dkSM1dkSUSY,

l f5l f
SM1l f

SUSY, ~3!

where the SUSY contributions torPV , kPV , andl f are de-
noted in the above equation by the corresponding su
script. In general, the correctionsdr, dk, etc. depend onq2,
and in particular, theq2 dependence ofkPV defines the scale
dependence of the weak mixing angle: sin2uW

ef f(q2)
5kPV(q

2)sin2uW, with sin2uW being evaluated at some refe
ence scaleq0

2 ~usuallyq0
25MZ

2).
The precise definitions of sin2uW, kPV(q2), etc. depend

on one’s choice of renormalization scheme. We evaluate
SUSY contributions using the modified dimensional redu
tion renormalization scheme (DR) @16# and denote all quan
tities evaluated in this scheme by a hat. InDR, all momenta
are extended tod5422e dimensions, while the Dirac alge
bra remains four dimensional as required by SUSY inva
ance. The relevant classes of Feynman diagrams are sh
in Fig. 1. Note that all gauge boson self-energies contrib
only to rPV andkPV while all non-universal box diagrams a
well as vertex and external leg corrections are combined
l f . The counterterms for the effective PVES Lagrangian
Eq. ~1! in the DR scheme are given in Appendix A.

FIG. 1. Types of radiative corrections to parity-violating ele
tron scattering:~a! Z boson self-energy,~b! Z-g mixing, ~c! electron
anapole moment contributions,~d! vertex corrections, and~e! box
graphs. External leg corrections are not explicitly shown.
8-3
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TheZ boson self-energy contribution~Fig. 1a! simply res-
cales the leading order amplitude. Its effect is naturally co
bined with the countertermdĜm from Eq. ~A2! into rPV :

rPV511
dĜm

Gm
1

P̂ZZ~0!

MZ
2

512
P̂WW~0!

MW
2

1
P̂ZZ~0!

MZ
2

2 d̂VB
m ,

~4!

where theZ boson self-energy is evaluated atq250. This is
an appropriate approximation in this case because the
mentum transfer ineeandepscattering will be much smalle
than the masses of the particles that appear in the
graphs. The error is of the orderuq2u/MZ

2;1026, which is

negligible. The quantityd̂VB
m denotes the sum of electrowea

vertex, external leg, and box graph corrections to the m
decay amplitude, which must be subtracted when the neu
current~NC! amplitudes are normalized toGm .

The graphs Fig. 1~b!,1~c! contribute tokPV in Eq. ~2!. The
expression is

kPV511
ĉ

ŝ

P̂Zg~q2!

q2
14ĉ2FA

e~q2!1
d ŝ2

ŝ2
, ~5!

where FA
e(q2) is the parity-violating electron-photon form

factor, which—atq250—is known as the anapole mome
of the electron@see Eq.~12!#.3 It should be noted that in the
MSSM one hasP̂Zg

SUSY(q2);q2, so there is no singularity a
q250 in the above equation@17#. The SM contribution con-
tains a singularity that is canceled by a corresponding sin
larity in the anapole moment contribution~Fig. 1c!. Since in
the following we consider only the new physics contrib
tions, this issue is irrelevant~a complete treatment of the SM
contributions is given in Refs.@6,10,18#!. The shift d ŝ2 in
ŝ2512 ĉ2[sin2ûW(MZ

2) arises from its definition in terms o
a, Gm , andMZ :

ŝ2ĉ25
pa

A2GmMZ
2~12D r̂ !

,

D r̂ 5P̂gg8 ~0!12
ŝ

ĉ

P̂Zg~0!

MZ
2

2
P̂ZZ~MZ

2!

MZ
2

1
P̂WW~0!

MW
2

1 d̂VB
m , ~6!

whereP̂gg8 (q2)[P̂gg /q2. Writing D r̂ 5D r̂ SM1D r̂ SUSY one
has

d ŝSUSY
2

ŝ2
5

ĉ2

ĉ22 ŝ2
D r̂ SUSY. ~7!

3Note that our definition ofkPV , Eq. ~5!, includes the anapole
form factor of the electronFA

e(q2), which may be absent in othe
definitions appearing in literature~see, e.g. Ref.@6#!.
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In computing the SUSY corrections to the weak charges
must decide which value forŝ2 to use. Sinced ŝSUSY

2 has

already been absorbed intokPV one must determineŝ2 from
Eq. ~6! using the SM radiative corrections only. The corr
sponding value extracted using onlya, Gm , andMZ is @12#:

ŝ250.2312060.00018. ~8!

In order to incorporate constraints from existing precisi
data~see Sec. V!, it is useful to introduce the oblique param
etersS, T, andU @19#:

S5
4ŝ2ĉ2

âMZ
2

ReH P̂ZZ~0!2P̂ZZ~MZ
2!1

ĉ22 ŝ2

ĉŝ
@P̂Zg~MZ

2!

2P̂Zg~0!#1P̂gg~MZ
2!J New

,

T5
1

âMW
2 H ĉ2S P̂ZZ~0!1

2ŝ

ĉ
P̂Zg~0!D 2P̂WW~0!J New

,

U5
4ŝ2

â
H P̂WW~0!2P̂WW~MW

2 !

MW
2

1 ĉ2
P̂ZZ~MZ

2!2P̂ZZ~0!

MZ
2

12ĉŝ
P̂Zg~MZ

2!2P̂Zg~0!

MZ
2

1 ŝ2
P̂gg~MZ

2!

MZ
2 J New

, ~9!

where the superscript ‘‘New’’ indicates that only the ne
physics contributions to the self-energies are included. C
tributions to gauge-boson self-energies can be expressed
tirely in terms of the oblique parametersS, T, andU in the
limit that MNEW@MZ . However, since present collider lim
its allow for fairly light superpartners, we do not work in th
limit. Consequently, the corrections arising from the phot
self-energy (Pgg) and g-Z mixing tensor (PZg) contain a
residualq2 dependence not embodied by the oblique para
eters. ExpressingrPV and kPV in terms ofS, T, andU we
obtain

drSUSY5âT2 d̂VB
m ,

FIG. 2. Electron anapole moment contributions to the par
violating electron-fermion scattering amplitude.
8-4
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FIG. 3. MSSM radiative corrections to th
electron neutral current vertex. Radiative corre
tions to the down quark vertex are obtained

replacing charged leptons~sleptons, L̃ i! with
down type quarks~squarks! and sneutrinos with
up type squarks.
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ĉ22 ŝ2D S â

4ŝ2ĉ2
S2âT1 d̂VB

m D 1
ĉ

ŝ
F P̂Zg~q2!

q2

2
P̂Zg~MZ

2!

MZ
2 GSUSY

1S ĉ2

ĉ22 ŝ2D F2
P̂gg~MZ

2!

MZ
2

1
Dâ

a GSUSY

14ĉ2FA
e~q2!SUSY, ~10!

where Dâ is the SUSY contribution to the difference b
tween the fine structure constant and the electromagn
coupling renormalized atm5MZ : Dâ5@â(MZ)2a#SUSY.
As noted above, we takeq2→0 in our analysis.

The non-universal contribution to the weak charge is
termined by the sum of the renormalized vertex correcti
V̂V,A

f in Fig. 1~d! @see Eq.~A6!# and the box graphsd̂Box
e f in

Fig. 1~e! @see Eq.~C15!#:

l̂ f5gV
f V̂A

e1gA
eV̂V

f 1 d̂Box
e f , ~11!

wheregV,A
f are given in Eq.~A3!.

Finally, we note that by vector current conservation,dQW
p

can be computed directly from the shifts in the up- a
down-quark weak charges:dQW

p 52dQW
u 1dQW

d . The analo-
gous relation in the SM is modified by non-perturbati
strong interactions in theZg box graph@6#. The latter arise
because the loop contains a massless particle, renderin
corresponding loop integral sensitive to both low and h
momentum scales. In contrast, the SUSY radiative cor
tions are dominated by large loop momenta, and n
perturbative QCD corrections are suppressed
(LQCD/MSUSY)

2!1.

One-loop SUSY Feynman diagrams

Here, we present the SUSY one-loop diagrams that
particular to PVES. Such diagrams correspond to the gen
corrections shown in Figs. 1~c!, 1~d!, and 1~e!. Contributions
corresponding to Figs. 1~a! and 1~b! are universal, and the
relevant diagrams—together with the external leg correcti
03500
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for all fermions—are given in Ref.@11#. In addition, some
simplifications occur in the analysis for PVES that do n
arise in general. In the case of charged current observa
for example, gluino loops can generate substantial cor
tions @9,11#. In contrast, gluinos decouple entirely from th
one-loop MSSM corrections to semi-leptonic neutral curr
PV observables. The proof of this statement is given in A
pendix B. In addition, the MSSM Higgs contributions to ve
tex, external leg, and box graph corrections are neglig
due to the small, first- and second-generation Yukawa c
plings. The light Higgs contribution to gauge boson prop
gators has already been included via the oblique parame
while the effects of other MSSM Higgs bosons are su
ciently small to be neglected@20#. Therefore, we do not dis
cuss gluino and Higgs contributions in the following.

Anapole moment corrections, corresponding to Fig. 1(.
In the presence of parity-violating interactions, higher-ord
contributions can generate the photon-fermion coupling
the form ~see, e.g. Ref.@21#!:

iMg2 f
PV 52 ie

FA
f ~q2!

MZ
2 f̄ ~q2gm2q”qm!g5f «m , ~12!

where f is a fermion spinor,«m is the photon polarization
andFA

f (q2) is the anapole moment form factor.
The quantityFA

f (q2) is, in general, gauge dependent. Th
dependence cancels after the anapole moment contributi
combined with other one-loop corrections to the given sc
tering process@21#. The Feynman diagrams that contribute
FA

e(q2)SUSY are shown in Fig. 2, and the analytical expre
sions are presented in Appendix C.

Vertex corrections, corresponding to Fig. 1(d). The rel-
evant diagrams are shown in Figs. 3 and 4. The diagram
Fig. 3 coveree, ed, and eu scattering when the radiativ
correction is for the projectile side. When the radiative c
rection is to be applied to the target side, the diagrams in
3 can also be used foree and ed scattering. In this casef
5e is the projectile. To obtain the corrections to the dow
quark vertex, the electron can simply be replaced with
down quark. The diagrams in Fig. 4 show the radiative c
rections to the target side when the incoming electron in
p
FIG. 4. MSSM radiative corrections to the u

quark neutral current vertex. Here,Ũ i(D̃ i) de-
notes up~down!-type squark.
8-5
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FIG. 5. MSSM box graphs that contribute t
the electron-electron scattering amplitude. He
pi(pi8), i 51,2, is the momentum of the initia
~final! state fermion. Radiative corrections to th
electron-down quark scattering are trivially ob
tained by replacing the target with the dow
quark.
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acts with the up quark inside the proton. The explicit expr
sions for the vertex corrections can be found in Appendix

Box corrections, corresponding to Fig. 1(e). These graphs
generated̂Box

e f in Eq. ~11!. The relevant diagrams are show
in Fig. 5 and Fig. 6. The explicit expressions are given
Appendix C.

IV. R-PARITY VIOLATING CONTRIBUTIONS TO QW
f

WhenR parity is not conserved, new tree-level contrib
tions to QW

e,p appear. The latter are generated by theB
2L)-violating superpotential:

WRPV5
1

2
l i jkLiL j Ēk1l i jk8 LiQjD̄k1

1

2
l i jk9 Ū i D̄ j D̄k

1m i8LiHu , ~13!

whereLi and Qi denote lepton and quark SU(2)L doublet
superfields,Ei , Ui , and Di are singlet superfields and th
l i jk , etc. area priori unknown couplings. In order to avoi
unacceptably large contributions to the proton decay rate
set theDB5” 0 couplingsl i jk9 to zero. For simplicity, we also
neglect the last term in Eq.~13!. The purely leptonic terms
(l12k) contribute to the electron scattering amplitudes via
normalization of NC amplitudes toGm and through the defi-
nition of ŝ2 @22#. The remaining semileptonic,DL561 in-
teractions (l i jk8 ) give direct contributions to theeqscattering
amplitudes. The latter may be obtained computing the Fe
man amplitudes in Figs. 7~b!,7~c! and preforming a Fierz
reordering. In this manner one obtains the following effe
tive four-fermion Lagrangian:

L RPV
EFF52

ul1k18 u2

2Mq̃
L
k

2 d̄RgmdRēLgmeL1
ul11k8 u2

2Md̃
R
k

2 ūLgmuLēLgmeL

2
ul12ku2

2Mẽ
R
k

2 @ n̄mLgmmLēLgmneL1H.c.#, ~14!

where we have takenuq2u!M f̃
2 and have retained only th

terms relevant for the PVES scattering. Note the abse
03500
-
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e

e
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-

ce

from Eq. ~14! of the parity-violating contact four-electro
interaction. It is straightforward to show that the superpot
tial in Eq. ~13! can only produce parity-conserving conta
interactions between identical leptons.

Contributions fromPR-violating interactions to low en-
ergy observables can be parametrized in terms of the foll
ing quantities:

D i jk~ f̃ !5
ul i jk u2

4A2GmM f̃
2 >0, ~15!

with a similar definition for the primed quantities. In terms
D i jk , etc., one obtains for the relative shifts in the we
charges@22#:

dQW
e

QW
e

'2F11S 4

124 sin2uW
DlxGD12k~ ẽR

k !,

dQW
p

QW
p

'S 2

124 sin2uW
D @22lxD12k~ ẽR

k !12D11k8 ~ d̃R
k !

2D1k18 ~ q̃L
k !#2D12k~ ẽR

k !,

lx5
ŝ2~12 ŝ2!

122ŝ2

1

12D r̂ SM
'0.35. ~16!

As discussed in Sec. V the quantitiesD i jk , etc. are con-
strained from other precision data. Since they are n
negative, Eq.~16! indicates that the relative shift inQW

e is
negative semidefinite. On the other hand, the relative shif
QW

p can have either sign depending on the relative mag
tudes ofD12k , D11k8 , andD1k18 .

V. ANALYSIS OF THE SUSY CONTRIBUTIONS TO THE
WEAK CHARGES

In order to evaluate the potential size of SUSY loop c
rections, a set of about 3000 different combinations
SUSY-breaking parameters was generated, chosen rand
from a flat distribution in the soft SUSY mass paramet
~independent for each generation! and in ln tanb. The
o
of
FIG. 6. MSSM box graphs that contribute t
the electron-up quark scattering. The meaning
momentum labels is the same as in Fig. 5.
8-6
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FIG. 7. Tree-level
PR-violating contributions to the
muon decay@plot ~a!#, theeuscat-
tering amplitude@plot ~b!#, and the
ed scattering amplitude@plot ~c!#.
The quantitiesD i jk , etc., are de-
fined in Eq.~15!.
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former were bounded below by present collider limits a
bounded above by 1000 GeV, corresponding to theO(TeV)
naturalness limit. Also, tanb was restricted to lie in the rang
1.4,tanb,60. These limits follow from the requiremen
that the third generation quark Yukawa couplings remain p
turbative~small! up to the grand unified theory~GUT! scale.
Left-right mixing among sfermions was allowed. In order
avoid unacceptably large flavor-changing neutral currents
intergenerational sfermion mixing was permitted. The ran
over which the soft SUSY breaking parameters and tab
were scanned are shown in Table I.

For each combination of parameters, we computed su
partner masses and mixing angles, which we then use
inputs for computing the radiative corrections. Only the p
rameters generating SUSY contributions to the muon ano
lous magnetic moment consistent with the latest results@23#
were considered. We also separately evaluated the co
sponding contributions to the oblique parameters. The la
are tightly constrained from precision electroweak data.
rule out any parameter combination leading to values oS
andT lying outside the present 95% confidence limit conto
for these quantities. We note that this procedure is not
tirely self-consistent, since we have not evaluated n
universal MSSM corrections to other precision electrowe
observables before extracting oblique parameter constra
As noted in Ref.@15#, where MSSM corrections toZ-pole
observables were evaluated using different models
SUSY-breaking mediation, non-universal effects can be
large as oblique corrections. Nevertheless, we expect
procedure to yield a reasonable estimate of the oblique
rameter constraints. SinceS andT do not dominate the low-
energy SUSY corrections~see below!, our results depend
only gently on the precise allowed ranges for these par
eters.

In Fig. 8 we plot the shift in the weak charge of th
proton,dQW

p 52dQW
u 1dQW

d , versus the corresponding shi
in the electron’s weak charge,dQW

e , normalized to the re-
spective SM values. The corrections in the MSSM~with PR

TABLE I. Ranges of SUSY parameters scanned. Here,M̃ de-
notes any ofumu, M1,2, or the diagonal sfermion mass paramete
M f̃ L,R

i . Them parameter andM1,2 can take either sign. The gener

tion index i runs from 1 to 3.

Parameter Min Max

tanb 1.4 60

M̃ 50 GeV 1000 GeV

(M f̃
2)LR

i 2106 GeV2 106 GeV2
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conserved! can be as large as;4% (QW
p ) and ;8%

(QW
e )—roughly the size of the proposed experimental err

for the two PVES measurements. Generally speaking,
magnitudes ofdQW

e,p slowly increase with tanb and decrease
as SUSY mass parameters are increased. The largest e
occur when at least one superpartner is relatively light.
exception occurs in the presence of significant mass split
between sfermions, which may lead to sizable contributio
However, such weak isospin-breaking effects also incre
the magnitude ofT, so their impact is bounded by obliqu
parameter constraints. This consideration has been im
mented in arriving at Fig. 8.

The effects of sfermion left-right mixing were studie
separately. We observe that the presence or the absen
the mixing affects the distribution of points, but does n
significantly change the range of possible corrections.
the situation of no left-right mixing, the points are mo
strongly clustered near the origin. Thus, while corrections
the order of several percent are possible in either case, l
effects are more likely in the presence of left-right mixing

The shiftsdQW
e,p are dominated bydkSUSY. This feature is

illustrated forQW
e in Fig. 9 where the soft SUSY breakin

parameters are chosen such that the total SUSY correctio
QW

e is about 4%, about a half of its maximum value. ForQW
p

the situation is similar. We observe that non-universal corr
tions involving vertex corrections and wave function reno
malization experience significant cancellations. In additi

FIG. 8. Relative shifts in electron and proton weak charges
to SUSY effects. Dots indicate SUSY loop corrections for;3000
randomly generated SUSY-breaking parameters. The interior of
truncated elliptical region gives possible shifts due toPR noncon-
serving SUSY interactions~95% confidence!.
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KURYLOV, RAMSEY-MUSOLF, AND SU PHYSICAL REVIEW D68, 035008 ~2003!
corrections toQW
e,p due to shifts in therPV parameter are

suppressed by 124ŝ2.
We find that dkSUSY is nearly always negative, corre

sponding to a reduction in the value of sin2uW
ef f(q2)

5kPV(q
2)sin2uW for the parity-violating electron scatterin

experiments@see Eq.~2!#. In this case, the degree of cance
lation between 2I f

3 andQf terms in Eq.~2! is reduced, yield-
ing an increased magnitude ofQW

f . Since this effect is iden-
tical for both QW

e and QW
p , the dominant effect ofdk

produces a linear correlation between the two weak char
Some scatter around this line arises from non-universal
fects in l̂ f ~see Fig. 8!.

As illustrated in Fig. 10, withindkSUSY itself, contribu-
tions from the various terms in Eq.~10! have comparable
importance, with some degree of cancellation occurring
tween the effects ofS and T. Thus, the oblique paramete
approximation gives a rather poor description of the MSS
effects on the weak charges. In particular the quantityd̂VB

m in
Eq. ~10! makes a significant contribution todkSUSY.

As evident from Fig. 8, the relative sign of the correctio
to both QW

p and QW
e —normalized to the corresponding SM

values—is nearly always the same and nearly always p
tive. SinceQW

p .0 (QW
e ,0) in the SM, SUSY loop correc

tions give dQW
p .0 (dQW

e ,0). This correlation is signifi-
cant, since the effects of other new physics scenarios
display different signatures. For example, for the gene
class of theories based onE6 gauge group, with neutra
gauge bosons having mass&1000 GeV, the effects onQW

p

andQW
e also correlate, butdQW

e,p/QW
e,p can have either sign in

this case@6,24#. In contrast, leptoquark interactions wou

FIG. 9. Various contributions todQW
e /QW

e : total from SUSY
loops ~solid line!, from drSUSY ~dashed line!, from dkSUSY ~dash-
dotted line!, from the vertex corrections~dotted line!, and from the
box graphs~open circles!. Thex axis gives the lepton superpartn
mass, chosen to be the same for both left- and right-handed firs
second generation sleptons. For this graph, tanb510, the gaugino
soft mass parameters are 2M15M25m5200 GeV, and masses o
the third generation sleptons and of all squarks are 1000 GeV.
this case,dQW

e /QW
e is about half of its maximum possible value

The total relative correction is clearly dominated bydkSUSY.
03500
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not lead to discernible effects inQW
e but could induce sizable

shifts in QW
p @6,24#.

As a corollary, we also find that the relative importance
SUSY loop corrections to the weak charge of heavy nuc
probed with APV is suppressed. The shift in the nucle
weak charge is given bydQW(Z,N)5(2Z1N)dQW

u 1(2N
1Z)dQW

d . Since the sign ofdQW
f /QW

f due to superpartne
loops is nearly always the same, and sinceQW

u .0 andQW
d

,0 in the SM, a strong cancellation betweendQW
u anddQW

d

occurs in heavy nuclei. This cancellation implies that t
magnitude ofdQW(Z,N)/QW(Z,N) is generally less than
about 0.2% for cesium and is equally likely to have eith
sign. Since the presently quoted uncertainty for the ces
nuclear weak charge is about 0.6%@25#, cesium APV does
not substantially constrain the SUSY parameter spa
Equally as important, the present agreement ofQW

Cs with the
SM prediction does not preclude significant shifts inQW

e,p

arising from SUSY. The situation is rather different, for e
ample, in theE6 Z8 scenario, where sizable shifts inQW

e,p

would also imply observable deviations ofQW
Cs from the SM

prediction.
The prospective ‘‘diagnostic power’’ of the two PVE

measurements is further increased when one relaxes th
sumption ofPR conservation. Doing so leads to the tree-lev
corrections to the weak charges shown in Eq.~16!. The quan-
tities D i jk , etc. in Eqs.~15! and~16! are constrained from the
existing precision data@22#. A summary of the existing
constraints—including the latest theoretical inputs into
extraction ofQW

Cs from experiment@25#—is given in Table II
of Ref. @11#, which we partially reproduce here in Table I
We list thePR-violating contribution to four relevant preci
sion observables: superallowed nuclearb decay that con-
strains uVudu @26#, atomic PV measurements of the cesiu
weak chargeQW

Cs @2#, thee/m ratio Re/m in p l2 decays@27#,
and a comparison of the Fermi constantGm with the appro-
priate combination ofa, MZ , and sin2uW @28#. The values of

nd

or

FIG. 10. Contributions todQW
e /QW

e from various corrections to
dkSUSY @see Eq.~10!#: total from dkSUSY ~solid line!, S parameter

~dotted line!, T parameter~dashed line!, d̂VB
m ~dash-dotted line!, Z-g

mixing and the photon self-energy~open circles!, and the electron
anapole moment~crosses!. The soft SUSY parameters are the sam
as in Fig. 9.
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TABLE II. PR-violating contributions toduVudu2/uVudu2, dQW
Cs/QW

Cs, dRe/m , dGm /Gm , dQW
p /QW

p , and
dQW

e /QW
e . Columns give the coefficients of the various corrections fromD i jk8 and D12k to the different

quantities. The last column gives the experimentally measured value of the corresponding quantity~for QW
p,e ,

only the proposed experimental uncertainties are shown!.

Quantity D11k8 (d̃R
k ) D1k18 (q̃L

k) D12k(ẽR
k ) D21k8 (d̃R

k ) Value

duVudu2/uVudu2 2 0 22 0 20.002960.0014
dQW

Cs/QW
Cs 24.82 5.41 0.05 0 20.004060.0066

dRe/m 2 0 0 22 20.004260.0033
dGm /Gm 0 0 1 0 0.0002560.001875
dQW

p /QW
p 55.9 227.9 218.7 0 60.040

dQW
e /QW

e 0 0 229.8 0 60.089
n
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the experimental constraints on those quantities are give
the last column. We also list thePR-violating contributions to
dQW

p /QW
p anddQW

e /QW
e , along with proposed experimenta

uncertainties.
The 95% C.L. region allowed by this fit in thedQW

p /QW
p

vs dQW
e /QW

e plane is shown by the closed curve in Fig.

Note that the sign requirementsD i jk( f̃ ), D i jk8 ( f̃ )>0 @see Eq.
~15!# truncate the initially elliptical curve to the shape show
in the figure. We observe that the prospective effects ofPR
non-conservation are quite distinct from SUSY loops. T
value ofdQW

e /QW
e is never positive in contrast to the situ

tion for SUSY loop effects, whereasdQW
p /QW

p can have ei-
ther sign. Note, however, that the area enclosed by the c
corresponding todQW

p /QW
p >0 is larger than the area corre

sponding todQW
p /QW

p ,0, implying thatdQW
p /QW

p is more
likely to be positive. In addition, the magnitude of th
PR-violating effects can be roughly twice as large as
possible magnitude of SUSY loop effects for bothQW

e,p .
Thus, a comparison of results for the two parity-violati
electron scattering experiments could help determ
whether this extension of the MSSM is to be favored o
other new physics scenarios~see also Ref.@6#!.

VI. CONCLUSIONS

A new generation of precise, PVES experiments
poised to probe a variety of scenarios for physics beyond
SM @4–6,10#. The sensitivity of these measurements to n
physics is enhanced because the SM values for the elec
and proton weak charges are suppressed and because
retical uncertainties in the SM predictions are sufficien
small @6,10#. Here, we have studied the ability of these me
surements to shed new light on supersymmetric extens
of the SM. We have observed that in aPR-conserving ver-
sion of the MSSM, the effects of SUSY loop corrections
the electron and proton weak charges are highly correla
and have the same relative sign~positive! compared to the
SM prediction over nearly all the available MSSM parame
space. This correlation arises because the corrections
dominated by the SUSY loop contributions to sin2uW

ef f(q2)—a
result that would not have been obvious in the absence o
explicit calculation. Moreover, the appearance of this cor
lation does not result from the adoption of any model
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SUSY-breaking mediation, as we have undertaken a mo
independent analysis in this study. We also find that the
pact of SUSY radiative corrections on the cesium we
charge are quite small, so that the present agreement ofQW

Cs

with the SM does not rule out potentially observable effe
in PVES.

In contrast, the effects onQW
e and QW

p induced by new
tree-level,PR violating SUSY interactions display a differen
behavior. Given the constraints from other precision el
troweak observables, such as the Fermi constant, first
CKM unitarity, andQW

Cs, one would expectPR violation to
cause a decrease in the size ofQW

e . On the other hand, the
magnitude ofQW

p can change either way, with an increa
being more likely. Moreover, the size of thePR violating
corrections could be even larger than those induced by SU
loops, particularly in the case ofQW

p . Should measurement
of the weak charges be consistent with this signature ofPR
violation, they could have important implications for the n
ture of cold dark matter~it would not be supersymmetric!
and the nature of neutrinos~they would be Majorana fermi-
ons!.

From either standpoint, should the PVES measureme
deviate significantly from the SM predictions, one may
able to draw interesting conclusions about the characte
SUSY. But what if both measurements turn out to be con
tent with the SM? In this case, one would add further co
straints to the possibility ofPR violation, but only marginally
constrain the MSSM parameter space based on possible
effects. In the latter case, the impact on bothQW

p andQW
e is

dominated byd sin2uW
ef f(q2)SUSY. Although the projected,

combined statistics of the two measurements would m
them more sensitive to SUSY radiative corrections than
ther measurement would be independently, additional pr
sion would be advantageous. In this respect, a possible fu
measurement ofQW

e with a factor of two better precision
than anticipated at SLAC would significantly enhance t
ability of PVES to shed new light on SUSY.4
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APPENDIX A: COUNTERTERMS FOR THE EFFECTIVE
PVES LAGRANGIAN

The ‘‘bare’’ effective Lagrangian for the forward ang
PVES scattering has the form:

Le f52
Gm

0

2A2
QW

f 0Ae
m03Vm f

0 ,

Gm
0

A2
5

g0
2

8~MW
0 !2

5
Gm1dĜm

A2
,

QW
f 052I 3

f 24Qfs0
252I 3

f 24Qf~ ŝ21d ŝ2!,

Ae
m05~ ēgmg5e!0[Ae

mS 11
dÂe

QW
f D ,

Vm f
0 5~ f̄ gm f !0[Vm fS 11

dV̂f

QW
f D , ~A1!

where the bare quantities are indexed by ‘‘0.’’ Unless oth
wise indicated, all higher-order contributions include bo
the SM and the SUSY pieces. The quantity 1/QW

f in the
parentheses in the last two lines of the above equatio
explicitly factored out to make the definitions in Eq.~A4!
below more convenient.

The countertermdĜm is entirely determined by the muo
lifetime. It can be taken from Eq.~62! in Ref. @17#:

dĜm

Gm
52

P̂WW~0!

MW
2

2 d̂VB
m , ~A2!

whereP̂WW(q2) is the W boson self-energy andd̂VB
m is the

sum of the vertex and box corrections to the muon de
amplitude.

We use the following convention for theZ-fermion inter-
action:

VZ f52
g

4c
f̄ gm~gV

f 1gA
f g5! f Zm,

gV
f 52I 3

f 24Qfs
2,

gA
f 522I 3

f . ~A3!

In this convention, the counterterms for the vector and
axial vector currents can be read off from Ref.@17#:5

5Note that Ref.@17# has the opposite sign convention forgA
f .
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e

dÂe52gV
edẐA

e1gA
edẐV

e ,

dV̂f5gV
f dẐV

f 2gA
f dẐA

f ,

dẐA
e, f5

1

2
~dẐL

e, f2dẐR
e, f !,

dẐV
e, f5

1

2
~dẐL

e, f1dẐR
e, f !, ~A4!

wheredẐL
e, f anddẐR

e, f are the field strength renormalizatio
constants for left- and right-handed fermions, respectiv
One can write the one-loop correction to the NC vertex a

2~ ig/4c!dV̂m
f 52~ ig/4c! f̄ gm~ĜV

f 1g5ĜA
f ! f , ~A5!

where only the contributions that are not suppressed by p
ers of either the momentum transfer (Auq2u/MSUSY) or the
fermion mass (mf /MSUSY) are shown. The quantitiesĜA

e

and ĜV
f represent rescaling of the vertices by the one-lo

radiative corrections. They must be combined with the
propriate counterterms from Eq.~A4! to obtain the renormal-
ized corrections:

V̂A
e5ĜA

e1dÂe5ĜA
e2gV

edẐA
e1gA

edẐV
e ,

V̂V
f 5ĜV

f 1dV̂f5ĜV
f 1gV

f dẐV
f 2gA

f dẐA
f . ~A6!

APPENDIX B: DECOUPLING OF GLUINOS FROM THE
WEAK CHARGE OF QUARKS

It is sufficient to demonstrate the decoupling for one
the quark flavors~e.g. the up quark! since for other flavors
the proof is identical. Consider the renormalized vector n
tral current vertex for the up quark@see Eq.~A6!#:

V̂V
u5ĜV

u1gV
udẐV

u2gA
udẐA

u ,

dẐV
u5

dẐL
u1dẐR

u

2
,

dẐA
u5

dẐL
u2dẐR

u

2
. ~B1!

The gluino contributions toĜV
u are given by the graph show

in Fig. 4~b!, with the neutralino replaced by the gluino. B
using Eq.~C8! below with the appropriate coupling constan
it is straightforward to show that

ĜV
u~Gluino!52

4

3

aS

4p (
i , j

S (
I

ZU*
I i ZU

I j 2
4

3
ŝ2d i j D @gGL* u jgGL

ui

1gGR* u jgGR
ui #V2~Mg̃ ,mŨi

,mŨ j
!, ~B2!

whereaS is the strong coupling constant,Mg̃ is the gluino
mass,V2(M ,m1 ,m2) is defined in Eq.~C1!, the couplings
ZU

I j are defined in the appendixes of Ref.@11#, and
8-10
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gGL
ui 52A2ZU*

1i ,

gGR
ui 5A2ZU*

4i . ~B3!

In this work, no flavor mixing in the squark sector is a
lowed. Therefore,ZU

1i ,ZU
4iÞ0 only if i 51,4. SinceZU is

unitary we find

gGL* u jgGL
ui 1gGR* u jgGR

ui 52~ZU
1 jZU*

1i1ZU
4 jZU*

4i !52d i j
~B4!

for i , j 51,4. Finally,

ĜV
u~Gluino!52

4

3

aS

2p (
i 51,4

S uZU
1i u2

2
4

3
s2DV2~Mg̃ ,mŨi

,mŨi
!

52
4

3

aS

2p H gV
u

2
@V2~Mg̃ ,mŨ1

,mŨ1
!

1V2~Mg̃ ,mŨ4
,mŨ4

!#2
gA

u

2
~1

22uZU
14u2!@V2~Mg̃ ,mŨ1

,mŨ1
!

2V2~Mg̃ ,mŨ4
,mŨ4

!#J , ~B5!

where the closure property Eq.~B4! was used together with

gV
u52~ I 3

u22Quŝ2!512
8

3
ŝ2,

gA
u522I 3

u521. ~B6!

On the other hand, the gluino-induced wave function ren
malization constants of the up quark have the form

dẐV
u~Gluino!5

4

3

aS

8p(
i

~ ugGL
ui u21ugGR

ui u2!F1~mŨi
,Mg̃,0!,

dẐA
u~Gluino!5

4

3

aS

8p(
i

~ ugGL
ui u22ugGR

ui u2!F1~mŨi
,Mg̃,0!,

~B7!

whereF1(m1 ,m2 ,m3) is given by

F1~m1 ,m2 ,m3!5E
0

1

x ln$@xm1
21~12x!m2

22x~1

2x!m3
2#/m2%. ~B8!

Note that according to Eq. ~C1!, F1(m1 ,m2,0)
[V2(m2 ,m1 ,m1). Using Eqs.~B3! and ~B4! we find
03500
r-

dẐV
u~Gluino!5

4

3

aS

4p
@V2~Mg̃ ,mŨ1

,mŨ1
!

1V2~Mg̃ ,mŨ4
,mŨ4

!#,

dẐA
u~Gluino!5

4

3

aS

4p
~122uZU

14u2!

3@V2~Mg̃ ,mŨ1
,mŨ1

!

2V2~Mg̃ ,mŨ4
,mŨ4

!#. ~B9!

After substitution of Eqs.~B5! and ~B9! into Eq. ~B1! the
gluino corrections to the vector neutral current vertex of
up quark cancel exactly. Therefore, gluino loops do n
renormalize the weak charge of the up quark.

APPENDIX C: COMPLETE EXPRESSIONS FOR
FEYNMAN DIAGRAMS

In this appendix we list analytical expressions for
SUSY one-loop vertex and box Feynman diagrams that c
tribute to PV electron scattering. The complete expressi
for remaining diagrams~see Sec. III! as well as the Feynman
rules are given in the appendixes of Ref.@11#. We use the
capitalized lettersI and J to denote the family index for
quarks and leptons (I ,J51, . . . ,3), small lettersi and j to
denote the index for squarks and sleptons (i , j 51, . . . ,6 ex-
cept for sneutrino, wheni , j 51, . . . ,3), andsmall lettersp
and n to denote the index for the neutralinos (p,n
51, . . . ,4) andcharginos (p,n51,2).

1. Vertex corrections

The Feynman diagrams are shown in Figs. 3 and 4. Le
start with the corrections to thee2e2Z vertex. The loop
integral functionsV1(m1 ,m2 ,m3) and V2(m1 ,m2 ,m3) are
defined as

V1~M ,m1 ,m2!5E
0

1

dxE
0

1

dy
y

D3~M ,m1 ,m2!
,

V2~M ,m1 ,m2!5E
0

1

dxE
0

1

dyy ln@D3~M ,m1 ,m2!/m2#,

D3~M ,m1 ,m2!5~12y!M21y@~12x!m1
21xm2

2#, ~C1!

wherem is the renormalization scale. Explicitly

V1~M ,m1 ,m2!5

m1
2ln

m1
2

M2

~M22m1
2!~m2

22m1
2!

1

m2
2ln

m2
2

M2

~M22m2
2!~m1

22m2
2!

,
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V2~M ,m1 ,m2!5
1

4 F2 lnM223

1
2m1

4

~M22m1
2!~m2

22m1
2!

ln
m1

2

M2

1
2m2

4

~M22m2
2!~m1

22m2
2!

ln
m2

2

M2

22 lnm2G . ~C2!

We have@ P̂L5(12g5)/2, P̂R5(11g5)/2]

dV̂m
e(a)52

a

2p (
i , j ,p

S (
I

Zn*
I i Zn

I j

22Qnŝ2d i j DV2~mx
p
1,mñ i

,mñ j
!ēgm@gL*

e jpgL
eipP̂L

1gR*
e jpgR

eipP̂R#e. ~C3!

Note thatQn50 andZn
i j is a unitary 333 matrix. Therefore,

one identically has( IZn*
I i Zn

I j 22Qnŝ2d i j 5d i j . The explicit
form is kept so that the down quark neutral current ver
may be easily obtained by the replacemente→d ~with ZL
→ZD) andn→u.

dV̂m
e(b)5

a

2p (
i , j ,p

S (
I

ZL*
I i ZL

I j

12Qeŝ
2d i j DV2~mx

p
0,mL̃i

,mL̃ j
!ēgm@g0L*

e jpg0L
eipP̂L

1g0R*
e jpg0R

eipP̂R#e, ~C4!

dV̂m
e(c)5

a

2p (
i ,p,n

ēgm$@Opn
R8gL*

eingL
eipP̂L

1Opn
L8gR*

eingR
eipP̂R#2mx

p
1mx

n
1V1~mñ i

,mx
p
1,mx

n
1!

2@Opn
L8gL*

eingL
eipP̂L1Opn

R8gR*
eingR

eipP̂R#

3@112V2~mñ i
,mx

p
1,mx

n
1!#%e, ~C5!

dV̂m
e(d)52

a

2p (
p,n,i

ēgm$@Onp
L9g0L*

eing0L
eipP̂L

1Onp
R9g0R*

eing0R
eipP̂R#2mx

p
0mx

n
0V1~mL̃i

,mx
p
0,mx

n
0!

2@Onp
R9g0L*

eing0L
eipP̂L1Onp

L9g0R*
eing0R

eipP̂R#

3@112V2~mL̃i
,mx

p
0,mx

n
0!#%e. ~C6!

The vector and axial vector pieces can be readily read
from the above formulas. The radiative corrections to the
quark neutral current vertex are as follows~see Fig. 4!:
03500
x

ff
p

dV̂m
u(a)5

a

2p (
i , j ,p

S (
I

ZD*
I i ZD

I j

2
2

3
ŝ2d i j DV2~mx

p
1,mD̃i

,mD̃ j
!ūgm@gL*

u jpgL
uipP̂L

1gR*
u jpgR

uipP̂R#u, ~C7!

dV̂m
u(b)52

a

2p (
i , j ,p

S (
I

ZU*
I i ZU

I j

2
4

3
ŝ2d i j DV2~mx

p
0,mŨi

,mŨ j
!ūgm@g0L*

u jpg0L
uipP̂L

1g0R*
u jpg0R

uipP̂R#u, ~C8!

dV̂m
u(c)52

a

2p (
i ,p,n

ūgm$@Onp
L8gL*

uingL
uipP̂L

1Onp
R8gR*

uingR
uipP̂R#2mx

p
1mx

n
1V1~mD̃i

,mx
p
1,mx

n
1!

2@Onp
R8gL*

uingL
uipP̂L1Onp

L8gR*
uingR

uipP̂R#

3@112V2~mD̃i
,mx

p
1,mx

n
1!#%u, ~C9!

dV̂m
u(d)52

a

2p (
p,n,i

ūgm$@Onp
L9g0L*

uing0L
uipP̂L

1Onp
R9g0R*

uing0R
uipP̂R#2mx

p
0mx

n
0V1~mŨi

,mx
p
0,mx

n
0!

2@Onp
R9g0L*

uing0L
uipP̂L1Onp

L9g0R*
uing0R

uipP̂R#

3@112V2~mŨi
,mx

p
0,mx

n
0!#%u. ~C10!

2. Anapole moment corrections

Using formulas in the Appendix of Ref.@11# we find for
FA

e(0) of the electron:

FA
e~0!5FA

(a)~0!1FA
(b)~0!,

FA
(a)~0!52

aMZ
2

48p (
i ,p

ugL
eipu2

3E
0

1 x2~x23!dx

~12x!mñ i

2
1xmx

p
1

2 , ~C11!

FA
(b)~0!5

aMZ
2

48p (
i ,p

~ ug0L
eipu22ug0R

eipu2!

3E
0

1 x3dx

~12x!mx
p
0

2
1xmL̃i

2 . ~C12!
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3. Box graphs

Let us introduce the following notation:

L f i5 f̄ ~pi8!gm~12g5! f ~pi !,

Rf i5 f̄ ~pi8!gm~11g5! f ~pi !. ~C13!

As explicitly shown below, each box graph has the followi
structure:

MBox
e f 5 i

Gm

A2
~Ae fL f 23Le11Be fRf 23Re11Ce fRf 23Le1

1De fL f 23Re1!. ~C14!

To study the effects of the parity-violating electron scatter
we need to pick only the term that has axial vector current
the projectile sidee1 and the vector current on the target si
f 2. Therefore, it is easily seen that the box diagram con
bution toC1 f is @see Eq.~11!#

d̂Box
e f 522~2Ae f1Be f2Ce f1De f! ~C15!

in the above notation. The explicit expressions for theeebox
graphs in Fig. 5 are given below:

dMBox
ee(a)5 i

Gm

A2

aMW
2 ŝ2

4p
(

n,p,i , j
$@g0L*

e jng0L
e jpg0L*

eing0L
eipLe23Le1

1g0R*
e jng0R

e jpg0R*
eing0R

eipRe2

3Re1#mx
p
0mx

n
0B2~mL̃

i
,mL̃

j
,mx

p
0,mx

n
0!

1@g0R*
e jng0R

e jpg0L*
eing0L

eipRe23Le1

1g0L*
e jng0L

e jpg0R*
eing0R

eipLe2

3Re1#B1~mL̃
i
,mL̃

j
,mx

p
0,mx

n
0!%, ~C16!

dMBox
ee(b)52 i

Gm

A2

aMW
2 ŝ2

4p
(

n,p,i , j
$@g0L*

e jng0L
e jpg0L

eing0L*
eipLe2

3Le11g0R*
e jng0R

e jpg0R
eing0R*

eipRe2

3Re1#B1~mL̃
i
,mL̃

j
,mx

p
0,mx

n
0!

1@g0R*
e jng0R

e jpg0L
eing0L*

eipRe23Le1

1g0L*
e jng0L

e jpg0R
eing0R*

eipLe2

3Re1#mx
p
0mx

n
0B2~mL̃

i
,mL̃

j
,mx

p
0,mx

n
0!%, ~C17!

dMBox
ee(c)52 i

Gm

A2

aMW
2 ŝ2

4p
(

n,p,i , j
gL*

eipgL
eingL

e jpgL*
e jnLe2

3Le1B1~mñ
i
,mñ

j
,mx

p
1,mx

n
1!. ~C18!

In all the above formulas the following functions are use
03500
g
n

i-

B1~M1 ,M2 ,m1 ,m2!

5E
0

1

dxE
0

1

dyE
0

1

dz
z~12z!

D4~M1 ,M2 ,m1 ,m2!
,

B2~M1 ,M2 ,m1 ,m2!

5E
0

1

dxE
0

1

dyE
0

1

dz
z~12z!

D4
2~M1 ,M2 ,m1 ,m2!

,

D4~M1 ,M2 ,m1 ,m2!

5z@~12x!M1
21xM2

2#1~12z!@~ym1
21~12y!m2

2#.

~C19!

Explicitly,

B1~M1 ,M2 ,m1 ,m2!5

m1
4ln

m1
2

M2
2

2~m1
22M1

2!~m1
22m2

2!~m1
22M2

2!

1

m2
4ln

m2
2

M2
2

2~m2
22m1

2!~m2
22M1

2!~m2
22M2

2!

1

M1
4ln

M1
2

M2
2

2~M1
22m1

2!~M1
22m2

2!~M1
22M2

2!
,

B2~M1 ,M2 ,m1 ,m2!5

m1
2ln

M2
2

m1
2

~m1
22M1

2!~m1
22m2

2!~m1
22M2

2!

1

m2
2ln

M2
2

m2
2

~m2
22m1

2!~m2
22M1

2!~m2
22M2

2!

1

M1
2ln

M2
2

M1
2

~M1
22m1

2!~M1
22m2

2!~M1
22M2

2!
.

~C20!

The box graphs for the electron-down quark scattering
easily obtained from the above expressions by replacing
target electrone2 with the down quark. Also, all quantitie
that have the running indexj re to be replaced with the cor
responding quantities for the first generationdown squarks:
g0L

e jn→g0L
d jn , etc.

The box graphs for the electron-up quark scattering
shown in Fig. 6. The graphs 6~a! and 6~b! are easily obtained
from the corresponding graphs for theee scattering by re-
placing all quantities that have the running indexi with the
corresponding quantities for the firstup generation squarks
g0L

ein→g0L
uin , etc. The result for the last graph 6~c! is
8-13
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dMBox
eu(c)5 i

Gm

A2

aMW
2 ŝ2

4p
(

n,p,i , j
gL*

u jngL
u jpgL*

eingL
eipLu2Le1mx

p
1mx

n
1B2~mñ

i
,mD̃

j
,mx

p
1,mx

n
1!. ~C21!
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