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We study in an effective operator approach how the effects of new physics from various scenarios that

contain an extra Z0 neutral gauge boson or doubly charged scalars, can affect and thus be tested by the

precision polarized Møller scattering experiments. We give Wilson coefficients for various classes of

generic models, and we deduce constraints on the parameter space of the relevant coupling constants or

mixing angles from the results of the SLAC E158 experiment where applicable. We give also constraints

projected from the upcoming 1 ppb JLAB experiment. In the scenario where the extra Z0 is light (MZ0 �
MW), we obtain further constraints on the parameter space using the BNL g� 2 result where it is useful.

We find that the BNL deviation from the standard model cannot be attributed to a light extra Z0 neutral
gauge boson.
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I. INTRODUCTION

Polarized electron scattering has a long and illustrious
history that began with the celebrated SLAC polarized eD
scattering [1], which was instrumental in putting the stan-
dard model (SM) on a firm experimental ground. The latest
experiment of this class is the polarized Møller scattering.
As only the electrons are involved, theory calculations at
quantum loop levels can be performed free of hadronic
uncertainties making it an ideal process for precision SM
testing; any deviation from expectations will also be a clear
signal of new physics beyond the SM.

A while ago, an experiment of this type had been suc-
cessfully completed [2], where parity-violating measure-
ments were made from the scattering of longitudinally
polarized electrons—either left-handed (LH) or right-
handed (RH)—on an unpolarized electron target. At a
momentum transfer of Q2 ¼ 0:026 GeV2, the left-right
asymmetry

ALR � d�L � d�R

d�L þ d�R

; (1)

had been measured to an accuracy of approximately
20 ppb, and the weak angle determined to be sin2�W ¼
0:2397� 0:0010ðstatÞ � 0:0008ðsystÞ, with its running es-
tablished at the 6� level. In the SM, ALR arises from the
interference between the electromagnetic and the weak
neutral currents, and is given by

ASM
LR ¼ G�Q

2ffiffiffi
2

p
��

1� y

1þ y4 þ ð1� yÞ4 ½1� 4sin2�MS
W �;

Q2 ¼ ys; s ¼ 2meEbeam;

(2)

where we take G� ¼ 1:16637ð1Þ � 10�5 GeV�2, ��1 ¼
137:0356, and terms involving the electron mass me have
been dropped when appropriate. The electroweak correc-
tions matching this experimental accuracy and more is
given in Ref. [3]. The value of the weak angle at Q2 ¼ 0

is found to be sin2�MS
W ¼ 0:23867� 0:00016 in an updated

analysis [4]. We use this value in all our numerical calcu-
lations below.
Recently, a 12 GeV energy upgrade to the intense elec-

tron facility at JLAB was approved. This raises the possi-
bility of measuring ALR to an accuracy of 1 ppb. Since the
theoretical uncertainty can in principle be calculated to this
accuracy, a successful measurement will be sensitive to the
new physics at the several TeV scale, which is also the
physics landscape to be explored by the LHC.
Also recently, an anomalous abundance of positron flux

in cosmic radiation has been reported by the PAMELA
Collaboration [5]. This confirms the excess previously
observed by the HEAT [6] and AMS [7] experiments.
The ATIC [8] and PPB-BETS [9] balloon experiments
have also recorded similar excess. One possible origin is
from a hidden sector and low-scale dark matter annihila-
tion [10]. The hidden sector scale is OðGeVÞ, and so is at
the opposite end of the new heavy physics. The character-
istic of this class of model is that possible couplings to SM
matter fields must be extremely weak. Avery simple model
was constructed previously to study this possibility [11],
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and Møller scattering was found to give very stringent
constraints.

Motivated by all these encouraging developments, we
examine in detail how an improved ALR measurement
could shed light on new physics. We focus here on classes
of nonsuperymmetric new physics and how they might
manifest themselves in precision polarized Møller scatter-
ing. It is well known that ALR can be used to probe the
existence of doubly charged scalars and extra Z0 bosons.
The doubly charged scalars are interesting in their own
right, and they also arise in Type II seesaw models for
neutrino masses [12]. For extra Z0 bosons, the literature is
particularly rich with well-motivated models. These in-
clude models of grand unified theory (GUT) based on the
E6 or SOð10Þ gauge group [13], hidden sector Z0 models
[11,14], and left-right symmetric [15] and warped extra-
dimensional Randall-Sundrum (RS) [16] models based on
the gauge group SUð2ÞL � SUð2ÞR �Uð1ÞB�L. The effects
of a new particle such as the doubly charged scalar of the
extra Z0 boson can be encoded in an effective operator
approach, which for ALR involve only two dimension-six
operators:

O 1 ¼ �e��L̂e �e��L̂e; O2 ¼ �e��R̂e �e��R̂e;

L̂ ¼ 1

2
ð1� �5Þ; R̂ ¼ 1

2
ð1þ �5Þ:

(3)

In the next section, we describe this effective operator
approach.

The rest of the paper is organized as follows. In Sec. III,
we discuss the classes of new physics models. Besides
updating relevant known results, we also present a new
calculation of the contributions in the Minimal Custodial
RS (MCRS) model with bulk symmetry SUð2ÞL �
SUð2ÞR �Uð1ÞB�L, and we give comparisons with the
usual four-dimensional left-right symmetric models.
Sec. IV contains our conclusions. The details of the
MCRS model and the specifics of the fermion localization
are collected into Appendix. A.

II. EFFECTIVE OPERATORS

A. High scale new physics

If the new physics is at a scale higher than the Fermi
scale v ’ 247 GeV, an effective operator approach is
powerful and avoids much model dependence. Denoting
the scale of new physics by � and assuming that the SM
gauge group holds between � and v, the effective
Lagrangian with dimension-six four-lepton operators
added is given by

L¼LSMþL6;

�2L6¼cLL
�2

ð �La�
�LaÞð �Lb��LbÞþcLR

�2
ð �La�

�LaÞð �eR��eRÞ

þcRR
�2

ð �eR��eRÞð �eR��eRÞþdLL
�2

ð �La�
�LbÞ

�ð �Lb��LaÞþH:c:; (4)

where a, b are SUð2Þ indices, and L ¼ ð�; eÞTL. The sub-
scripts L and R denote the usual chiral projection. We have
included only terms relevant for the calculation of ALR, i.e.
the first-generation leptons. Note that for scattering of a
polarized beam on a polarized target, there is also a scalar
operator that contributes:

L s ¼ cS
2�2

�LeR �eRLþ H:c: (5)

A full analysis of dimension-six leptonic operators can be
found in Ref. [17].
The Wilson coefficients c and d are given by specific

models at �. One has to do a renormalization group (RG)
running analysis to determine their values at the relevant
low-energy scale where the experiments are performed.
The RG equations for these coefficients can be found in
Ref. [17]. Numerically, we find that the RG running effects
are not significant. They give about a 4% effect running
between � (typically a few TeV) and v, and hence can be
neglected in the first approximation. Below v the running
is governed by the well-known �QED functions. Including

them leads to a change of about 10% in the values of the
coefficients between � and

ffiffiffi
s

p ’ 0:1 GeV. We neglect
these small RG running effects below which would not
impact our analysis given the current level of precision in
the experimental inputs and the exploratory nature of our
study.
The asymmetry ALR is found by calculating the dia-

grams depicted in Fig. 1 The shaded blob schematically
includes all new physics effects such as Z-Z0 mixing and
virtual exchanges of new particles. For �2 � s � m2

e

valid for the 12 GeV experiment, one has

ALR ¼ ASM
LR þ 	ALR

¼ 4G�sffiffiffi
2

p
��

yð1� yÞ
1þ y4 þ ð1� yÞ4

��
1

4
� sin2�MS

W

�

þ c0LL � cRR

4
ffiffiffi
2

p
G��

2

�
; (6)

where y ¼ � t
s , c

0
LL ¼ cLL þ dLL, and 	ALR denotes the

deviation of the asymmetry from the SM prediction arising
from new physics. The one-loop SM radiative corrections
are encoded in the precise value of sin2�W evaluated in the

MS scheme. The effective operators, O1;2, can arise from

e

e

e

e

e

e

e

e

FIG. 1. Feynman diagrams contributing to ALR. The shaded
blob contains all new physics effects.
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numerous new physics models, and those coming from the
tree-level exchange of virtual particles are the most im-
portant. We thus examine models with at least an extra
neutral gauge boson, Z0, or doubly charged scalars below in
Sec. III, where we give Wilson coefficients in various
models. Of course there could be extra charged gauged
bosons that also contribute in specific models, but these
typically come in at the loop level and so are less
important.

We remark here that the new physics effects in Møller
scattering can also come in through the Zee coupling being
modified. This is particularly evident in cases when the
heavy states of the new physics also have very small
couplings to electrons so that the virtual exchange process
is suppressed both by the propagator effect and the small
coupling. An example of this can be found in the extra
hidden sector/shadow Uð1Þ and RS models which we dis-
cuss below in Secs. III D and III E.

B. Low-scale new phyiscs

For the class of models where new physics arise at a
scale � & v, two effects are at work. The first is due to the
exchange of the new low-mass particle. The propagator
effect has to be compensated by its small couplings to the
electrons of different chiralities. The second is due to the
modification of the SM Z coupling to the electrons. Well-
known examples are models with extra Z0 that can mix
with the Z. Details are given below in Sec. III.

III. MODEL CONSIDERATIONS

In this section, we discuss how new physics can be
probed by polarized Møller scattering in various nonsuper-
symmetric extensions of the SM. We begin with models
that contain extra neutral Z0 bosons. A comprehensive
review on the physics of Z0 can be found in Ref. [18].

Irrespective of the ultimate origin of the extra neutral
gauge boson, its interactions can be described by the gauge
group, SUð2ÞL �Uð1ÞY �Uð1Þ0, at a scale not too high
compared to v [19]. Denoting the extra Uð1Þ0 gauge field
by X�, its interaction with the SM matter content is given

by

L 0 ¼ � 1

4
X��X

�� � 


2
B��X

�� þ g0zf �f��fX�

� 1

2
M2

XX�X
� þ jD�Hj2; (7)

with the covariant derivative given by

D� ¼ @� � igLT
aWa

� � i
gY
2
B� � i

g0

2
zHX�; (8)

where gL, gY , and g0 are the gauge couplings of the
SUð2ÞL, Uð1ÞY , and Uð1Þ0 respectively, f a species label
that runs over all SM fermions, and zf (zH) the SM fermion

(Higgs) charge under the Uð1Þ0. Other notations are stan-

dard. The paramter 
 characterizes the kinetic mixing
between B�, the hypercharge gauge field, and X�, and is

expected in general to be of order 10�4 to 10�2 [11,20].
The kinetic energy terms for the gauge bosons can be

recast into canonical form through aGLð2Þ transformation:

X
B

� �
¼ c
 0

�s
 1

� �
X0
B0

� �
; s
 ¼ 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 
2
p ;

c
 ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 
2

p :

(9)

In most cases involving high-scale new physics, the kinetic
mixing is negligible. However, this is not true in general for
low-scale cases. The mass term in Eq. (7) can arise from a
hidden sector scalar interaction that breaks theUð1Þ0 gauge
symmetry. The details are not important for this study.
After the spontaneous breaking of the electroweak sym-
metry, this mass term will lead to a mass mixing among
W3, B, and X fields which depend on zH.
For models with zH ¼ 0 but a nonvanishing kinetic

mixing between the neutral gauge bosons, the transforma-
tion between the weak and mass basis is given by

B0
W3

X0

0
@

1
A ¼

cW �sW 0
sW cW 0
0 0 1

0
@

1
A 1 0 0

0 c� �s�
0 s� c�

0
B@

1
CA �

Z
Z0

0
@

1
A;
(10)

where sW (cW) denotes sin�W ( cos�W), and similarly for
the angle �. The first rotation is the standard one that gives
rise to the would-be SM Z, which we label as Z0, while the
second diagonalizes the mixing between Z0 and X0 that
produces the two neutral gauge eigenstates, Z and Z0. This
mixing angle is given by

tan2� ¼ 2sWs

x2 þ s2Ws

2

 � 1

; x ¼ cWMX

MW

; (11)

and the masses of Z and Z0 are given by

M2� ¼ M2
W

2c2W
fx2 þ 1þ s2Ws

2



�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2 � 1þ s2Ws

2

Þ2 þ 4s2Ws

2



q
g; (12)

where M� (Mþ) denotes the lighter (heavier) of the two
states. For high-scale new physics,MW � MX. Since s
 &
10�2, the mixing angle � is very small as �< 
 when s
 is
small and x > 1. For MW � MX, 
 and � can be of the
same order. The relative sign between them depends on the
relative magnitude between x2 and s2
.
Models in which 
 is vanishing but zH is not are more

typical of high-scale new physics scenarios. Since there is
now no kinetic mixing, the Z0 mixes with the X. The mass
matrix of this system can be written as

M2
Z0�X ¼ M2

Z0
�2

�2 M2
X

 !
; (13)
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with the mixing angle and the masses of the resulting Z and
Z0 given by [18,19]

tan2� ¼ 2�2

M2
Z0

�M2
X

; (14)

and

M2
Z;Z0 ¼ 1

2
½M2

Z0
þM2

X �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

Z0
�M2

XÞ2 þ 4�4
q

�: (15)

Note that both � and MX are model dependent. For ex-
ample, if the SM Higgs is charged under bothUð1Þ factors,
�2 ¼ � 1

8 zHv
2g0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g2Y

q
and M2

X ¼ 1
4v

2g02z2H þM2
0

where M0 is the mass from higher scale.
In either case, the Wilson coefficients can now be calcu-

lated from 
, g0, zf, zH, and � in a given model. For quick

reference, we summarize here the results from below the
Wilson coefficients for high-scale new physics in Table I.

A. GUT models

The appearance of extra Uð1Þ gauge groups is exempli-
fied by the E6 GUT model. One way they can arise is
through the symmetry-breaking chain

E6 ! SOð10Þ �Uð1Þc ! SUð5Þ �Uð1Þ� �Uð1Þc :
(16)

The Uð1Þ factors here are not anomalous. There is also no
kinetic mixing, and the mass mixings between the gauge
bosons of the extraUð1Þ factors and the SM Z are phenom-
enologically found to be negligible. The X boson above is
now a linear combination of the c and � gauge bosons

X�ð�Þ ¼ B�
c sin�þ B�

� cos�; (17)

where B�
c ;� are gauge fields of the Uð1Þc ;� respectively.

The X� is taken to be the lighter of the two neutral linear
combinations. From the fermion charges given in
Refs. [18,21], we find1

c0LL � cRR ¼ 4��

3c2W
c�

�
c� þ

ffiffiffi
5

3

s
s�

�
; (18)

where c� (s�) denotes cos� ( sin�).

Defining 	LR � ðALR � ASM
LR Þ=ASM

LR ¼ 	ALR=A
SM
LR , we

plot in Fig. 2 the resulting 	LR due to GUT new physics.
We plot also the constraints from the Tevatron new physics
searches, the SLAC E158 experiment, and that projected
from the JLAB 1 ppb measurement. We use the Tevatron
limits on the Z0

I and Z0
� masses to illustrate the current

collider constraints on the new physics scale � for the
GUT extra neutral gauge bosons.2 The 95% confidence
level (CL) lower mass limit for Z0

I (Z0
�) is MZ0

I
>

729 GeV (MZ0
�
> 891 GeV), representing the lowest

(highest) exclusion limit in the CDF search [22]. The
SLAC E158 measurement of the left-right asymmetry [2]
gives

ALR ¼ 131� 14ðstatÞ � 10ðsystÞ ppb: (19)

Taking ASM
LR ¼ 1:47� 10�7 for Q2 ¼ 0:026 GeV2 and

y ¼ 0:6, one can infer from this that �0:337< 	LR <
0:122 at 95% CL.3 Last, as a benchmark assume the total
1� error of the new JLAB measurement of ALR to be 1 ppb
with a central value given by the SM value, ASM

LR ; one
expects in such a case j	LRj< 0:0136 at 95% CL. We
see from Fig. 2 that current experiments do not constrain
TeV scale GUT new physics, but the upcoming 1 ppb
JLAB experiment can be expected to do so.

B. Left-right symmetric models

For left-right symmetric models, the gauge group is
taken to be SUð2ÞL � SUð2ÞR �Uð1ÞB�L. The SUð2ÞR is
broken down to a Uð1ÞR by a triplet Higgs field at a scale
greater than a few TeV, leaving SUð2ÞL �Uð1ÞR �
Uð1ÞB�L. In this case, the Uð1ÞR �Uð1ÞB�L is equivalent
to the Uð1ÞY �Uð1Þ0 [19]. The charges zf and zH can be

determined by enforcing anomaly cancellation conditions
(see below). We find

c0LL � cRR ¼ 1

4
ð3g2Y � g2RÞ; (20)

where gR is the gauge coupling of SUð2ÞR. Interestingly,
note that even if gR ¼ gL, 	LR will not vanish. We plot in
Fig. 3 the resulting 	LR for left-right symmetric models, as
well as the relevant SLAC E158 constraint and that pro-
jected from the JLAB 1 ppb measurement. As a compari-

TABLE I. Summary of Wilson coefficients c0LL and cRR for
various generic high-scale new physics models containing an
extra Z0 neutral gauge boson or doubly charged scalars (P��).

New physics c0LL cRR

E6 GUT 3��
2c2W

ðc� þ
ffiffiffiffi
5
27

q
s�Þ2 3��

2c2W
ð13 c� �

ffiffiffiffi
5
27

q
s�Þ2

Uð1ÞR �Uð1ÞB�L
1
4

g4Y
g2R�g2Y

1
4

ð2g2Y�g2RÞ2
g2R�g2Y

Uð1ÞB�L g02 g02
Uð1ÞX g02z2L g02z2e
P�� 0 �jyeej2=2

1As can be seen from Eq. (14), with �	Oð100Þ GeV and
MX * Oð1Þ TeV expected, the Z0 � X mass mixing is small
with sin� & Oð0:01Þ. We thus follow common practice and
neglect the small corrections to ALR due to the mass mixing
and the concurrent modification in the gauge-fermion couplings,
which are proportional to ðsin�Þ2.

2In our notation, Z0
I and Z0

� are just X with tan� ¼ ffiffiffiffiffiffiffiffi
3=5

p
and

� ffiffiffiffiffiffiffiffi
5=3

p
respectively. See Eq. (17).

3We have followed the more common practice here in taking
the 1� total error as the statistical and systematic uncertainties
added in quadrature. The 95% CL corresponds to an error
interval of �1:96�.
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son, we plot also the curve that arises from the ZLR 95%CL
lower mass limit, MZLR

> 630 GeV, obtained from the

combination of electroweak data, direct Tevatron and in-
direct LEP II searches [18]. We see that current experi-
ments do offer, if only barely, some constraints on the TeV
scale new physics here compared to the GUT case. But for
useful ones, the precision of the upcoming JLAB experi-
ment is still much needed.

C. SUð2ÞL � Uð1ÞY � Uð1ÞX models

There are interesting bottom-up models where the extra
Uð1Þ factors are not immediately related to the remnant of

some broken-down non-Abelian groups. The prime ex-
ample is the SUð2ÞL �Uð1ÞY �Uð1ÞB�L model. The as-
sumption is that the SM is charged under Uð1ÞX, and since
this group is known to be anomalous, one has to demand
anomaly cancellations for chiral fermions under the full
SUð3ÞC � SUð2ÞL �Uð1ÞY �Uð1ÞX. As neutrinos are
massive, we introduce one sterile neutrino, NR, per family
and denote its charge by zN. Assuming these charges are
family independent, we have seven independent charges
zf, zN , and zH. The anomaly conditions arise from

½SUð3Þ�2Uð1ÞX; ½SUð2Þ�2Uð1ÞX;
½Uð1ÞY�2Uð1ÞX; ½Uð1ÞX�3:

(21)

The mix gravitational and Uð1ÞX anomaly gives the same
condition as ½Uð1ÞX�3 and is redundant. The Yukawa terms
that give quark and lepton masses yielded one additional
condition. Thus there are two independent charges, which
we choose to be zL and ze. The other charges are

zQ ¼ � 1

3
zL; zu ¼ 2

3
zL � ze; zd ¼ � 4

3
zL þ ze;

zN ¼ 2zL � ze; zH ¼ zL � ze: (22)

For the interesting case where X ¼ B� L, we have the
familiar lepton and baryon number assignments, and zH ¼
0. More important, if the extra Z0 arises directly from the
breaking of a gauged Uð1ÞB�L, Møller scattering will yield
only the SM result, since in that case zL ¼ ze; this leads
immediately to c0LL � cRR ¼ 0. In general, zL � ze, and
we find

c0LL � cRR ¼ g02ðz2L � z2eÞ; (23)

where g0 is the gauge coupling constant of the Uð1ÞX. Note
that in this analysis the masses of the sterile neutrinos do
not come into play. Hence the details of the mechanism for
generating active neutrinos masses will not change our
results. We plot in Fig. 4 contours of constant 	LR as a
function of g0zL and g0ze for � ¼ 1 TeV. For other values
of �, the contour plot is simply rescaled by a factor of
ð�=1 TeVÞ as can be seen from Eq. (6).

D. Hidden sector/shadow Z0 models

Another class of models with an extraUð1Þ factor, which
has received renewed attention recently due to the obser-
vation of excess cosmic positron flux, is one such that there
are no direct couplings of the extra gauge field to SM
fermions or Higgs fields. The extra Uð1Þhid is a gauge
symmetry of a hidden sector with its own scalar sector.
The hidden sector and the SM communicate through hid-
den scalars coupling with the SM Higgs [11] and kinetic
mixing [23]. In this class of models zH ¼ 0, and the
fermion couplings to Z and Z0 are given by [11]

E158

0.2 0.4 0.6 0.8

0.15

0.10

0.05

0.05

0.10

0.15
LR

R

Z LR

FIG. 3 (color online). The ratio, 	LR, as a function of gR. The
labeled solid lines are the SLAC E158 upper limit, 	LR ¼ 0:122,
and the case for the ZLR lower mass limit, � ¼ 630 GeV. The
other solid, dashed, and dotted lines denote cases where � ¼ 1,
2, 4 TeV, respectively. The narrow band marks the projected
JLAB constraint, j	LRj< 0:0136. All limits are given at 95%
CL.

E158

1.0 0.5 0.5 1.0

0.05

0.10

LR

β

Z

Z

FIG. 2 (color online). The ratio, 	LR, as a function of s�. The
labeled solid lines are the SLAC E158 upper limit, 	LR ¼ 0:122,
and cases for CDF lower mass limits on Z0

I and Z0
�, � ¼ 729,

891 GeV. The other solid, dashed, and dotted lines denote cases
where � ¼ 1, 2, 4 TeV, respectively. The narrow band marks the
projected JLAB constraint, j	LRj< 0:0136. All limits are given
at 95% CL.
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i�� gL
cW

��
c�Q

L
ZðfÞ �

1

2
s�sWs
Y

L
f

�
L̂þ ðL $ RÞ

�
ðZ� �ffÞ;

(24)

� i�� gL
cW

��
s�Q

L
ZðfÞ þ

1

2
c�sWs
Y

L
f

�
L̂þ ðL$ RÞ

�
ðZ0� �ffÞ;

(25)

where QL;R
Z ðfÞ ¼ T3ðfL;RÞ � s2WQf with Qf ¼

T3
f þ Yf=2. We see that the neutral current couplings are

not only rotated as indicated by the c� factor, but they also

contain an extra piece proportional to the fermion hyper-
charge due to the Uð1Þ-Uð1ÞX mixing. Hence we need to
reexamine the electroweak precision data using the full
couplings as well as taking into account the effects due to
virtual Z0 exchanges.

As mentioned above, there are two interesting limits
with very different phenomenologies depending on
whether MX is greater or less than MW , which correspond
to high- or low-scale new physics.

1. MX � MW

From Eq. (11) we can see that� � 
 and the mixing can
be ignored. The most stringent constraints come from
electroweak precision measurements at the Z-pole. As for
Møller scattering, the exchange of the Z0 gives negligible
effect because of its large mass and very small coupling to

the electrons (see Eq. (25)). The dominant effect comes
from the modified Ze �e coupling, and we find

	LR � 	ALR

ASM
LR

’ �s2� � 3
s2�s

2
Ws

2



1� 4s2W
� 2c�s�sWs


2s2W þ 1

1� 4s2W

¼ �ðs2� þ 15:80s2�s
2

 þ 31:85c�s�s
Þ; (26)

where the Thomson limit value of the weak angle, s2W ¼
0:23867, is used. Unless otherwise specified, we will use
this value of s2W for all numerical presentations below. We
point out here that this result is independent of M0. Also if
s� and s
 have the same sign, 	LR is negative.

2. MX � MW

In this case we have a light Z0 whose mass is essentially
MX (see Eq. (12)), and the mixing angle � can be large
compared to 
. Since the Z0 is light, 	LR is dominated by
the photon-Z0 interference term:

	LR 
 	Z0
LR ’ 4

ðuLe Þ2 � ðuRe Þ2
1� 4s2W

M2
Z

M2
Z0

¼ ðs2� � 15:80c2�s
2

 þ 31:85c�s�s
Þ M

2
Z

M2
Z0
; (27)

where uL;Re ¼ �½s�QL;R
Z ðeÞ þ 1

2 c�sWs
Ye�. From the

SLAC E158 measurement of ALR, we have at 95% CL

s2� � 15:80c2�s
2

 þ 31:85c�s�s


2 ½�4:06; 1:47� � 10�5

�
MZ0

1 GeV

�
2
: (28)

If we use the projected JLAB limits from above, the con-
straint interval on the right-hand side (RHS) is changed to
½�0:16; 0:16� in the same unit. Now from Eqs. (11) and
(12), s
 can be written in terms of MZ0 and s� as

s
 ¼ � s�

sWc�

�
1� c2WM

2
Z0

M2
W

�
: (29)

Using this, we plot in Figs. 5 the allowed ðs�;MZ0 Þ region
as given by Eq. (28). Note that for the RHS of Eq. (28)
greater than zero, there is no real solution, and so no
allowed parameter space.
The mixing parameters � and 
 are also constrained by

low-energy observables such as the anomalous magnetic
moment of the muon a�. The new physics contribution

from a light extra Z0 to a� is found to be [11]

0.337

0.337

0.13

0.13

0.0136

0.0136

0.0136 0.01360.05 0.050.122 0.122

00

1.0 0.5 0.0 0.5 1.0

1.5

1.0

0.5

0.0

0.5

1.0

1.5

FIG. 4 (color online). Contours of constant 	LR for � ¼
1 TeV. Note the contours for the SLAC E158 lower and upper
limits, 	LR ¼ �0:337 and 	LR ¼ 0:122, and that for the pro-
jected JLAB limits, 	LR ¼ �0:0136. All limits are given at 95%
CL.
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	a� ¼ G�m
2
�

6
ffiffiffi
2

p
�2

M2
Z

M2
Z0
½s2�ð4s4W � 2s2W � 1Þ

� 2ð3s2W � 2ÞsWs�c�s
 þ s2Wc
2
�s

2

�

¼ �1:94� 10�9ðs2� � 0:19c2�s
2

 � 1:00c�s�s
Þ M

2
Z

M2
Z0

¼ �1:94� 10�9s2�

�
1þM2

W � c2WM
2
Z0

M4
Ws

2
W

� ½M2
WðsW � 0:19Þ þ 0:19M2

Z0 �
�
M2

Z

M2
Z0
; (30)

where we have used Eq. (29) in the last line. We see that for
MZ0 � MW , the curly bracket is positive definite. Thus a
	a� arising from a light Z0 is always negative. This means

that if confirmed, the current BNL result of a 3:4� devia-
tion from SM expectation [24]:

aexp� � aSM� ¼ ð2:95� 0:88Þ � 10�9; (31)

cannot be due to the new physics arising from the light Z0
alone.

E. The MCRS model

Recently, the warped five-dimensional (5D) RS model
endowed with a bulk gauge group SUð3Þc � SUð2ÞL �
SUð2ÞR �Uð1ÞX [25]—which we call the MCRS
model—has been actively studied as a framework for

flavor physics [26–28]. The gauge hierarchy problem is
solved when the warp factor is taken to be k�rc 
 37 [16].
This sets the scale for the new physics to mKK 
 4 TeV
where the lowest Kaluza-Klein (KK) excitation first
arises.4 The bulk SUð2ÞR factor protects the 
 parameter
in the effective four-dimensional (4D) theory from exces-
sive corrections coming from KK excitations, and is bro-
ken by orbifold boundary conditions on the UV boundary
(brane); this is a 5D generalization of the case studied in
Sec. III B. A brief summary of the model is given in
Appendix A, which sets our notations.
In the MCRS model, 	LR arise due to the interactions of

KK excitations of the neutral gauge bosons and the charged
leptons. Contributions come either from direct virtual ex-
changes of neutral gauge KK modes, or through the Ze �e
coupling being modified due to mixings of SM modes with
KK modes. The latter involve both fermions and gauge
bosons, and is similar to the shadow Z0 case discussed
above. More details of the vertex correction due to KK
mixings can be found in Appendix A.
A generic feature of the extra-dimensional models is that

gauge-f �f couplings are not flavor diagonal in the mass
eigenbasis. To calculate the contributions to 	LR in the
mass eigenbasis requires the knowledge of both the LH and
RH rotation matrices, which are determined by the mass
matrix of the charged leptons and their localization in the
extra dimension (see Ref. [26]). In Table II, we list the
contributions pertinent to the case of polarized Møller
scattering.5 We give results for five typical charged lepton
configurations that lead to charged lepton mass matrices
compatible with the current lepton flavor violation (LFV)
constraints, and give rise to experimentally observed
charged lepton masses. Details of the charged lepton con-
figurations and the particular realization of the admissible
charged lepton mass matrices used to calculate the new
physics contributions in Table II are given in Appendix B.
Note that the direct KK LL (RR) contribution corresponds
to the Wilson coefficient c0LL (cRR) scaled by a factor

ð2 ffiffiffi
2

p
GFÞ�1.

As can be seen from Table II, the new physics contribu-
tion to ALR from direct exchanges of virtual KK gauge
modes are subdominant compared to that from the shift in
the SM Ze �e coupling due to KK mixing effects. This is
because the gauge KK modes are heavy6 and couplings of
the electron to gauge KK modes are small. Note that the
LL-type contribution is always greater than that of the RR-
type. This is a consequence of the fact that the LH charge is
greater than the RH charge, i.e. jQL

ZðeÞj> jQR
ZðeÞj. Note

also the new physics contributions are quite stable across

0.004 0.002 0.000 0.002 0.004
1

2

3

4

5

6

7

8
M

Z
(G

eV
)

FIG. 5 (color online). Constraint from the light Z0 contribution
to ALR. The contours are that for the SLAC E158 lower limit
(solid), 	LR ¼ �0:337, and the projected JLAB lower limit
(dashed), 	LR ¼ �0:0136. All limits are given at 95% CL.
The allowed region is in between the respective contours. No
parameter space exists for 	ALR > 0.

4Note this is at the higher end of the LHC discovery limits.
5We do not display the tiny imaginary parts, which are &

Oð10�21Þ, since the real part of the contribution dominates in the
tree-level ALR.

6As required by electroweak precision measurements and very
stringent quark sector flavor constraints, mKK * 4 TeV
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the configurations, indicating their robustness with respect
to the variations in the charged lepton mass matrix. The
MCRS values of 	LR at mKK 
 4 TeV are well within the
projected JLAB limits of j	LRj< 0:0136.

F. Doubly charged scalars

Doubly charged scalars P�� are motivated by Type II
seesaw neutrino mass generation mechanisms. They can be
either SUð2ÞL singlets or triplets, and they carry two units
of lepton number. The contribution of P�� to Møller
scattering depends on only two parameters, viz. its mass,
MP, and its coupling to electrons, yee. For example, if there
is only coupling to RH electrons, the effective contact
interaction is

jyeej2
2M2

P

ð �ecReRÞð �eRecRÞ ¼
jyeej2
4M2

P

ð �e��R̂eÞð �e��R̂eÞ; (32)

leading to

	LR ¼ jyeej2
2

ffiffiffi
2

p ð1� 4s2WÞG�M
2
P

: (33)

For models where the coupling is to LH electrons, 	LR is
similarly given with the RRWilson coefficient changed to
that of the LL-type. The important difference is that 	LR is

negative here. We plot the 	LR arising from doubly charged
scalars coupling only to RH electrons in Fig. 6, as well as
the relevant constraints from the SLAC E158 and the
projected JLAB 1 ppb measurement.

IV. CONCLUSIONS

We have examined in detail the implications of a very
high-precision polarized Møller scattering experiment on
new physics beyond the SM, which is well known to be
sensitive to extra Z0 and doubly charged scalars in the few
TeV mass range. We have shown how such a measurement
can be particularly useful if such a state is found at the
LHC. If a doubly charged scalar were discovered at the
LHC, a measurement of the 	LR will determine its Yukawa
couplings to electrons, and the sign of 	LR will determine
whether it couples to LH or RH electrons (negative for the
former, positive for the latter). Such scalars also carry two
units of lepton number, hence measurements of 	LR will in
turn have impact on the predicted rates of neutrinoless
double beta decays of nuclei [12], thus providing invalu-
able information on the origin of neutrino masses.
Similarly, if an extra Z0 were discovered, measuring 	LR

will shed light on its origin. We have given detailed calcu-
lations for various classes of models including the E6 GUT
model, left-right symmetric model, and two examples of
nonanomalous Uð1Þ.
For high-scale new physics, we found if the new particle

is of the more exotic type such as a hidden/shadow Z0 or the
pure KK Z0 in warped extra-dimension RS scenarios, 	LR

measures the change in the effective Ze �e couplings as
compared to the SM, and it is not sensitive to the mass of
these new gauge bosons. In the scenario where the new
physics is of a very low-scale ( � v), and a Z0 with a small
mass exists that couples very weakly to SM fermions, a
	LR measurement gives even more valuable information
not available from high-energy hadron collider experi-
ments. We have shown that the SLAC E158 experiment
can already tightly constrain the mixings of this type of Z0
with the SM Z. The smallness of the mixings allowed
conforms with string-theoretic expectations, as well as
phenomenological determinations [11]. On the other
hand, the positive deviation from the SM expectation in
the measured value of muon g� 2 cannot be accommo-

E158

JLAB

1.000.500.20 0.300.15 0.70

0.001

0.005

0.010

0.050

0.100

0.500

1.000
LR

FIG. 6 (color online). The ratio, 	LR, as a function of jyeej. The
solid, dashed, and dotted lines denote cases where � ¼ 1, 2,
4 TeV, respectively. The horizontal lines mark the SLAC E158
upper limit, 	LR ¼ 0:122, and the projected JLAB upper limit,
	LR ¼ 0:0136. All limits are given at 95% CL.

TABLE II. New physics contributions to the polarized Møller scattering in the MCRS model for five typical charged lepton
configurations that give rise to experimentally observed charged lepton masses, and are admissible under current LFV constraints.

Configuration Direct KK exchange Ze �e correction Total

LL (10�5) RR (10�6) 	dir
LRð10�4Þ LL (10�4) RR (10�5) 	Ze �e

LR ð10�3Þ 	LRð10�3Þ
I 1.98574 1.51504 8.09458 �1:07684 �7:98263 �2:45877 �1:64931
II 1.98956 1.51484 8.11154 �1:07827 �7:98167 �2:47224 �1:66109
III 1.99197 1.51050 8.12409 �1:07920 �7:96023 �2:49935 �1:68694
IV 1.99188 1.51065 8.12365 �1:07916 �7:96172 �2:49767 �1:68530
V 1.99049 1.51483 8.11566 �1:07858 �7:98162 �2:47504 �1:66347
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dated by such a light shadow Z0 since it gives a negative
contribution. To the best of our knowledge there are no
cleaner or better measurements on couplings of a hidden/
shadow Z0 to electrons. These are valuable inputs to the
dark matter model building employing a hidden or shadow
sector.

It is clear that an extra Z0 or doubly charged scalars with
masses in the 1 to 2 TeV range can be found at the LHC
relatively easily. We have shown that 	LR can provide cross
checks on these measurements as well as independent
information on the couplings to electrons of different
chiralities. If the masses are * 4 TeV, discovery at the
LHC will take longer, and may have to await an intensity
upgrade to the Super LHC (SLHC). Then it is even more
important to do a high-precision 	LR measurement. The
current reach of new physics of a 10 ppb measurement
achieved at SLAC is around 1 to 2 TeV. Given the same
couplings, a 1% measurement will probe new physics at a
scale �	 3–6 TeV, and so is nicely complementary to the
SLHC. This is true, in particular, for the MCRS model, as
the quark sector flavor bounds already constrained the
masses of the lowest KK modes to be in or above this
range.
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APPENDIX A: RS MODELWITH SUð2ÞL �
SUð2ÞR � Uð1ÞB�L BULK SYMMETRY

We describe briefly in this appendix the basic setup of
the MCRS model to establish notations relevant for study-
ing flavor physics. A more detailed description can be
found in, e.g., Ref. [25].

The MCRS mode is formulated on a slice of AdS5 space
specified by the metric

ds2 ¼ GABdx
AdxB ¼ e�2�ð�Þ���dx

�dx� � r2cd�
2;

(A1)

where �ð�Þ ¼ krcj�j, ��� ¼ diagð1;�1;�1;�1Þ, k is

the AdS5 curvature, and �� � � � �. The theory is
compactified on an S1=ðZ2 � Z0

2Þ orbifold, with rc the
radius of the compactified fifth dimension, and the orbifold
fixed points at � ¼ 0 and � ¼ � correspond to the UV
(Planck) and IR (TeV) branes, respectively. To solve the
hierarchy problem, one takes k�rc 
 37. The warped

down scale is defined to be ~k ¼ ke�k�rc . Note that ~k sets

the scale of the first KK gauge boson mass, mð1Þ
gauge 


2:45~k, which determines the scale of the new KK physics.

The MCRS model has a bulk gauge group SUð3Þc �
SUð2ÞL � SUð2ÞR �Uð1ÞX under which the IR brane-
localized Higgs field transforms as ð1; 2; 2Þ0. The SM
fermions are embedded into SUð2ÞL � SUð2ÞR �Uð1ÞX
via the five-dimensional bulk Dirac spinors

Qi ¼ uiL½þ;þ�
diL½þ;þ�

� �
; Ui ¼ uiR½þ;þ�

~diR½�;þ�
� �

;

Di ¼ ~uiR½�;þ�
diR½þ;þ�

� �
; Li ¼ �iL½þ;þ�

eiL½þ;þ�
� �

;

Ei ¼ ~�iR½�;þ�
eiR½�;þ�

� �
; i ¼ 1; 2; 3;

(A2)

where Qi transforms as ð2; 1Þ1=6, Ui and Di as ð1; 2Þ1=6, Li

as ð2; 1Þ�1=2, and Ei as ð1; 2Þ�1=2. The parity assignment�
denotes the boundary conditions applied to the spinors on
the [UV, IR] brane, with þ (� ) being the Neumann
(Dirichlet) boundary conditions. Only fields with the
½þ;þ� parity contain zero-modes that do not vanish on
the brane. These survive in the low-energy spectrum of the
4D effective theory, and are identified as the SM fields.
Note that since we are only interested in the charged
leptons in this work, we need only the RH charged leptons,
and it is not necessary to have the doubling in the lepton
sector as in the quark sector.
A given 5D bulk fermion field, �, can be KK expanded

as

�L;Rðx;�Þ ¼ e3�=2ffiffiffiffiffiffiffiffi
rc�

p
X1
n¼0

c ðnÞ
L;RðxÞfnL;Rð�Þ; (A3)

where subscripts L and R label the chirality, and the KK
modes fnL;R are normalized according to

1

�

Z �

0
d�fn?L;Rð�ÞfmL;Rð�Þ ¼ 	mn: (A4)

The KK-mode profiles are obtained from solving the equa-
tions of motion. For zero-modes, we have

f0L;Rð�; cL;RÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
krc�ð1� 2cL;RÞ
ekrc�ð1�2cL;RÞ � 1

s
eð1=2�cL;RÞkrc�; (A5)

where the c-parameter is determined by the bulk Dirac
mass parameter, m ¼ ck, and the upper (lower) sign ap-
plies to the LH (RH) label. Depending on the orbifold
parity of the fermion, one of the chiralities is projected out.
After spontaneous symmetry breaking, the Yukawa in-

teractions localized on the IR brane lead to mass terms for
the fermions on the IR brane

SYuk ¼
Z

d4x
vW

krc�
½ �Qðx; �Þ�u

5Uðx; �Þ

þ �Qðx; �Þ�d
5Dðx; �Þ þ �Lðx; �Þ�e

5Eðx; �Þ� þ H:c:;

(A6)

where vW ¼ 174 GeV is the vacuum expectation value
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acquired by the Higgs field, and �u;d;e
5 are (complex)

dimensionless 5D Yukawa coupling matrices. For zero-
modes, which are identified as the SM fermions, this gives
the mass matrices for the SM fermions in the 4D effective
theory

ðMRS
f Þij ¼ vW

krc�
�f
5;ijf

0
Lð�; cLfiÞf0Rð�; cRfjÞ

� vW

krc�
�f
5;ijFLðcLfiÞFRðcRfjÞ; (A7)

where f labels the fermion species. The mass matrices are
diagonalized by a bi-unitary transformation

ðUf
LÞyMRS

f Uf
R ¼

mf
1 0 0

0 mf
2 0

0 0 mf
3

0
B@

1
CA; (A8)

wheremf
i are the masses of the SM quarks and leptons. The

mass eigenbasis is then defined by c 0 ¼ Uyc , and the
CKM matrix given by VCKM ¼ ðUu

LÞyUd
L.

Because of KK interactions, the couplings of the Z to
fermions are shifted from their SM values. These shifts are
not universal in general, which leads to flavor off-diagonal
couplings when the fermions are rotated from the weak
eigenbasis to the mass eigenbasis:

L FCNC � gL
cW

Z�

�
QL

Zðf0Þ
X
a;b

�̂L
ab

�f0aL��f0bL

þQR
Zðf0Þ

X
a;b

�̂R
ab

�f0aR��f0bR
�
: (A9)

The mass eigenbasis is defined by f0 ¼ Uyf, and the flavor
off-diagonal couplings are given by

�̂ L;R
ab ¼ X

i;j

ðUy
L;RÞai�L;R

ij ðUL;RÞjb; (A10)

where �ij ¼ diagð�1; �2; �3Þ are the coupling shifts due to

KK interactions in the weak eigenbasis. Note that there
would be no flavor violations if � is proportional to the
identity matrix.

The coupling shifts �ij arise from two sources: mixing

between the SM Z and neutral KK gauge bosons, and that
between the SM fermions and their KK excitations. These
mixing processes are depicted in Fig. 7. In the gauge
mixing diagram, X can be either the SM Z or the Z0 that

arises from the SUð2ÞR, while in the fermion mixing dia-
gram, i, j, and � are generation indices. Note that the
Yukawa interaction mixes LH (RH) SM fermions with
the RH (LH) KK fermions. One can see from the diagrams
in Fig. 7 that �ij depend on the overlap of fermion wave

functions, which are controlled by how the fermions are
localized in the extra dimension. Details of the calculation
and the full expressions of the contributions due to gauge
and fermion KK mixings can be found in Ref. [26].

APPENDIX B: TYPICAL ADMISSIBLE CHARGED
LEPTON MASS MATRICES

Parametrizing the complex 5D Yukawa couplings as
�5;ij ¼ 
ije

i�ij , admissible mass matrices of the forms

given by Eq. (A7) are found with 
ij and �ij randomly

generated in the intervals (0, 2) and ½��;�Þ respectively.
In the following, for each of the five charged lepton con-
figurations determined by the c-parameter sets cL and cE,
we list for a typical solution that passes all current LFV
constraints the mass eigenvalues, the magnitude of the
complex mass matrix, jMj, of the solution, and the magni-
tude and phase of the corresponding 5D Yukawa coupling
matrix.7 All numerical values are given to four significant
figures (except for the mass eigenvalues, which required
more accuracy to distinguish m�). The mass eigenvalues
agree with the charged masses at 1 TeV found in Ref. [29]
to within 1 standard deviation quoted.

(i) Configuration I:

cL ¼ f0:6265; 0:5562; 0:5002g;
cE ¼ f�0:6911;�0:5806;�0:5192g

fme;m�;m�g ¼ f4:95902 
 10�4; 0:104688; 1:77976g
(B1)

jMj ¼
0:0003248 0:004970 0:04274
0:001416 0:04607 0:3908
0:009891 0:2738 1:717

0
@

1
A (B2)


 ¼
0:6598 0:2733 0:4445
0:3272 0:2883 0:4624
0:6022 0:4513 0:5351

0
@

1
A;

� ¼
0:2714 �0:8414 �3:055
�1:509 2:910 �1:787
�1:294 1:547 0

0
@

1
A

(B3)

FIG. 7. Effective Zf �f coupling due to gauge and fermion KK
mixings

7We need not list argM because it is the same as �, as can be
seen from Eq. (A7).
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(ii) Configuration II:

cL ¼ f0:6474; 0:5802; 0:5172g;
cE ¼ f�0:6714;�0:5566;�0:5026g

fme;m�;m�g ¼ f4:95902 
 10�4; 0:104688; 1:78001g
(B4)

jMj ¼
0:0003856 0:008502 0:03564
0:002473 0:04427 0:3681
0:009663 0:2984 1:718

0
@

1
A (B5)


 ¼
0:7999 0:4591 0:5226
0:5945 0:2770 0:6256
0:4253 0:3419 0:5346

0
@

1
A;

� ¼
�2:562 �1:623 3:094
�1:491 �0:6484 �0:05579
�1:274 2:565 0

0
@

1
A

(B6)

(iii) Configuration III:

cL ¼ f0:6903; 0:5694; 0:5165g;
cE ¼ f�0:6269;�0:5683;�0:5029g

fme;m�;m�g ¼ f4:95902 
 10�4; 0:104688; 1:77966g
(B7)

jMj ¼
0:0006886 0:002653 0:009256
0:01672 0:1594 0:5872
0:03637 0:1366 1:670

0
@

1
A
(B8)


 ¼
1:375 0:8461 0:5746
0:6662 1:014 0:7273
0:3606 0:2163 0:5147

0
@

1
A;

� ¼
�2:730 �2:449 0:7525
�0:9022 �0:2020 �3:037
1:814 2:844 0

0
@

1
A

(B9)

(iv) Configuration IV:

cL ¼ f0:6908; 0:5786; 0:5142g;
cE ¼ f�0:6277;�0:5583;�0:5057g

fme;m�;m�g ¼ f4:95902 
 10�4; 0:104688; 1:77990g
(B10)

jMj ¼
0:0007459 0:002838 0:01386
0:01879 0:1771 0:5452
0:03762 0:2517 1:669

0
@

1
A
(B11)


 ¼
1:556 0:6898 0:9268
1:009 1:108 0:9381
0:3642 0:2838 0:5176

0
@

1
A;

� ¼
1:701 1:106 �1:161
�1:361 �1:094 2:471

0 �2:407 0:6682

0
@

1
A

(B12)

(v) Configuration V:

cL ¼ f0:6477; 0:5689; 0:5002g;
cE ¼ f�0:6714;�0:5681;�0:5190g

fme;m�;m�g ¼ f4:95902 
 10�4; 0:104688; 1:78002g
(B13)

jMj ¼
0:0006072 0:005543 0:01604
0:001143 0:03729 0:2536
0:01666 0:4850 1:696

0
@

1
A
(B14)


 ¼
1:268 0:4201 0:3330
0:1955 0:2316 0:4316
0:5200 0:5493 0:5265

0
@

1
A;

� ¼
0:5492 �2:288 1:186
0:04108 �1:505 �1:032
�1:560 2:667 0

0
@

1
A

(B15)
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