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1. Introduction

A key concept in our present understanding of classical space-
time is Lorentz symmetry. For over a century, this symmetry has
been scrutinized experimentally with ever increasing sensitivity,
and no compelling evidence for deviations from Lorentz invariance
has been found to date. However, the fate of Lorentz symmetry be-
comes less clear when the effects of quantum physics on spacetime
are considered. In fact, various theoretical approaches to this prob-
lem can accommodate departures from Lorentz invariance [1-8]
with a size that is expected to be governed by the Planck scale.

For the description of the ensuing Lorentz-breaking effects at
presently attainable energies, the Standard-Model Extension (SME)
framework has been developed [9,10]. The SME is based on effec-
tive field theory, incorporates the usual Standard Model and Gen-
eral Relativity as limiting cases, and contains general Lorentz- and
CPT-violating operators of arbitrary mass dimension. This frame-
work is therefore expected to provide an adequate characteriza-
tion of low-energy departures from Lorentz symmetry regardless
of their Planck-scale origin. For about two decades, the SME has
served as the basis for both experimental [11-17] and theoreti-
cal [18-23] analyses of Lorentz violation. The SME has also been
employed to study certain phenomenological effects of spacetime
torsion [24].

For practical reasons, the overwhelming majority of past
Lorentz-symmetry tests has involved stable or quasistable parti-
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cles. Only comparatively few analyses have involved, e.g., weak-
interaction physics [25-27], and only some of these have placed
actual constraints on the SME coefficients for the heavy vector
bosons [26,27]. The present work is aimed at analyzing a dif-
ferent set of phenomenological effects in this context that could
potentially be used for alternative measurements of SME coeffi-
cients associated with the massive gauge bosons. More specifically,
we consider the tree-level corrections to electron—-electron scat-
tering arising from Lorentz-symmetry violations that involve in-
ternal Z-boson lines. The leading effects in this context depend
on the Lorentz-breaking kg4 and kw coefficients, which are both
CPT even. Throughout, we work within the minimal SME (mSME),
which is a subset of the full SME that restricts attention to power-
counting renormalizable Lorentz-violating operators.

The structure of our analysis is as follows. Section 2 provides
a brief review of the relevant aspects of electroweak symmetry
breaking within the mSME. In Sec. 3, we present the calculation
of the cross section for electron-electron scattering. A discussion
of experimental signatures and possible measurements is given in
Sec. 4. A summary and outlook is contained in Sec. 5. Throughout,
we work in natural units i =c =1, and our convention for the
Minkowski metric is n*¥ = diag (+, —, —, —).

2. Basics

The flat-spacetime mSME is constructed to contain all Lorentz-
violating power-counting renormalizable operators that are com-
patible with various key principles of physics. For example,
spacetime-translation symmetry ensuring 4-momentum conserva-
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tion, unitarity, and the usual SU(3) x SU(2) x U(1) gauge structure
are typically taken as properties of the mSME. In the present weak-
interaction context, the latter requirement of gauge symmetry is
best displayed before electroweak symmetry breaking. For this rea-
son, we begin by reviewing the Lorentz-violating pieces of the
unbroken Higgs and gauge-boson sectors in the mSME.

In the Higgs sector, the above conditions permit the following
Lorentz-violating lagrangian contributions [9]:

Lo £ = J(kpp)"" (D) Dy + hic.

Higgs
— Jkop)* ¢TPB Ly — ko) ST W, (1)
Lot =i(k)"¢'Dyo +hoc. (2)

Here, D* is the ordinary gauge-covariant derivative. As usual,
¢ denotes the Higgs doublet, and B4#Y and WH" are the respective
Uy(1) and SU(2) gauge-field strengths. The dimensionless Lorentz-
breaking coefficient k4 is CPT even and can have symmetric real
and antisymmetric imaginary parts. This coefficient is usually cho-
sen to be traceless

Re (kgg)y =0, 3)

so as to avoid introducing unwanted Lorentz-invariant contribu-
tions. The coefficients k4p and kyw are also CPT conserving and
dimensionless, and they must be real and antisymmetric. The co-
efficient k4 is CPT odd, has dimensions of mass, and must be real.

The gauge-field sector also possesses both CPT-even and CPT-
odd Lorentz-violating operators. The CPT-even ones are given
by [9]

ﬁgﬂg—eeven - _ 411 (kB)KMwBK)LB;w
— S kW) TIW A WHYy | (4)

The coefficients kg and ki, are real and dimensionless. Moreover,
they possess the symmetries of the Riemann tensor and a vanish-
ing double trace, so each has 19 independent components.

The CPT-odd Lorentz-breaking contributions take the following
form [9]:

Egggg_e()dd = (k1 )KEKMWBAB/W + (ko)« B*

+ (kz)KeK*’“‘”Tr<WAWW + %igW,\WMWU> . (5)

Here, the couplings ki and k, are real and have dimensions of
mass, while kg is also real and has dimensions of mass cubed. In
what follows, we will disregard these terms:! they are undesirable
from a theoretical perspective because they are all associated with
negative contributions to the energy [9].

In principle, the matter sector of mSME also contains a num-
ber of Lorentz-violating operators. In the present context of Mgller
scattering, the mSME coefficients for the electron field might be
expected to be of relevance. However, we can safely disregard
them on phenomenological grounds because they are constrained
many orders of magnitude beyond the reach of present-day and
near-future Meller-scattering experiments [11].

To determine the low-energy phenomenology associated with
the above lagrangian contributions (1), (2), and (4), we need to
consider the issue of spontaneous electroweak SU(2) x U(1) sym-
metry breakdown. To this end, we employ the usual approach of
implementing unitary gauge and representing the Higgs doublet
as

! This may not require setting to zero coefficients with the same symmetries in
other SME sectors [21].

_1 (o
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Note that this is justified, as the corrections (1), (2), and (4) have
been constructed such that the gauge structure of the theory is
left unaffected. Paralleling the conventional case, we also define
the fields

Wi = WL Fiwp), (7)
Zﬂ:Wicos@W — By sinfy , (8)
Ay =By cosby + W) sinfy 9)

where 6y denotes the ordinary weak angle.
The next step is the extraction of the static potential V (ry, Ay,
Zg, W;f) for the gauge and Higgs fields. It has the general form

Vg, Aus 29, Wi) = Vo(ry) + 8V (g, A, Z), W) . (10)
Here, Vo(ry) denotes the ordinary Lorentz-invariant contribution
given by

1 22, * 4
Vo(r¢)=—§pL T¢+4—!T¢, (11)

where p and A are the conventional Higgs-potential parameters.
The covariant derivatives contained in Eqgs. (1) and (2) lead to the
following Lorentz-violating corrections 8V (rg, Ay, 22, W,f) to the
static potential:

8V (g, A Zp. Wi) =

e +g2kl Z) s

— 3@+ (m +Rekify) 20 2012

~1g (nf” + Rekl/A! +ilmkgj;”]) Wi Wi, (12)
where g and g’ are the usual SU(2) and Uy(1) couplings, respec-
tively. Curly (square) brackets denote (anti)symmetrization, e.g.,
KUAVE = 1Y _ oy

P27 0p PP . .
Extremizing the static potential requires

aV aVv
— =0, — =0, (13)
org A,
v aVv
9Z% W

The second one of Egs. (13) is trivial since V is independent of A,
which can therefore be chosen freely. This feature is compatible
with the surviving U, (1) gauge symmetry. The remaining set of
simultaneous equations is solved by [9]

1 . 1/2

(rg) =a (1 — F(Rek(w);,]) ki) k;> , (15)
1 ~

(%) = ‘ sin20w (Rekgg) ;) kY . (16)

(Wi =o, (17)

where we have defined I?f;; = v +k§; and a = /6.2 /A. We note

that the quantity Re (IA<¢¢);L always exists for perturbative mSME
coefficients |(kpp)*V| < 1.

An interesting questions concerns the identification of experi-
mental signatures for such Lorentz-violating effects. One avenue to
pursue in this context is discussed in the next section.
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Fig. 1. Leading Lorentz-invariant tree-level contributions to electron-electron scat-
tering. A solid line represents an electron. It is labeled by one of the four external
4-momenta k¥, k'#, p*, p’#* as well as by one of the helicity observables r,r’,s,s’.
A single wavy line denotes the ordinary Lorentz-invariant photon propagator, and a
double wavy line the usual Z-boson propagator. The vertices are conventional.

3. Electron-electron scattering

Electron-electron scattering, also known as Mgller scattering, is
dominated by the electromagnetic interaction. However, Z-boson
exchange can also contribute to the amplitude for this process via
the bottom two Feynman diagrams in Fig. 1. The corresponding
effects are small but measurable, they have in the past been used
to investigate the weak charge

Q¢ =4sin®6y —1 (18)

of the electron [28], and future measurements with improved sen-
sitivity are planned [29]. Electron-electron scattering might there-
fore provide a window for an independent study of Lorentz break-
down in the Z boson.

To determine the Lorentz-violating Z-boson effects in electron-
electron scattering within the mSME, we assume that mSME co-
efficients are small and hence can be treated perturbatively. This
assumption is a natural one in light of the expected Planck sup-
pression of Lorentz-breaking effects. The first step is therefore to
represent the mSME coefficients diagrammatically, so they can be
added to the usual set of electroweak Feynman rules.

We begin by expanding the corrections (1), (2), and (4) about
the electroweak vacuum expectation values (15) and (16):

re ={(r¢) +h, (19)
Z0,=(Z)) + Zy. (20)

The resulting lagrangian expression contains various constant
terms that can be dropped, as they fail to contribute to the equa-
tions of motion. Terms linear in the fields are absent, which is a
direct consequence of expanding around an extremum of the static
potential. The leading-order Lorentz-violating corrections are thus
quadratic in the physical fields. Third- or higher-order terms also
appear, but we may disregard them: their contribution to electron-
electron scattering would be associated with further suppression
factors arising from additional powers of the electromagnetic or
weak coupling constants. Among the set of the quadratic terms
itself, we can further narrow down relevant contributions. In par-
ticular, we will ignore effects resulting from internal Higgs lines
due their expected further suppression relative to Z-boson lines.
For these reasons, the dominant Lorentz-violating effects are con-
trolled by the following quadratic lagrangian terms involving Ay
and Z,:

AN VNN = =2i(1 — tan® Ow) (kw) wapw PP"
P p +iMZ Re(kpp)an
ANNTIMNAN Y = =2itanbw (kw ) 9"
P p

Fig. 2. Feynman rules for Lorentz-violating corrections to the Z boson. The correc-
tions relevant in the present context take the form of propagator insertions. The
single and double wavy lines represent the conventional Lorentz-invariant photon
and Z-boson propagators, respectively.

Sﬁf)z = —1(kg cos? Ow + kw sin® Ow )iy F<FHY
— 3 (kw cos? Oy + kg sin® Ow )i 24 ZHY
—% sin29W (kw — kB)KA;LU FK)‘Z/’W
+1IM2Re (kpg) v 2H2", (21)

where FHY =9gH AV — 9V A* and ZHY = 9K ZY — 3V ZH. We also re-
mind the reader that we have set to zero the mSME coefficients
of the external-leg electrons because of existing tight experimental
constraints.

Before inferring the diagrammatic representation of the mSME
coefficients relevant for the present context of electron-electron
scattering from Eq. (21) above, a further simplification can be
made. Numerous previous measurements and observations in the
mSME’s photon sector have constrained the quantity

(kF)icapw = (kg cos® O + kw sin? Ow ) s w (22)

appearing in Eq. (21) to precisions well beyond those that can be
achieved in electron-electron scattering [11]. For our present pur-
poses, we can therefore effectively set (kr)iyuy =0, so that kg can
be expressed in terms of kyy:

(kB)KMl,p = —tan? Ow (kW)KMu) . (23)

This phenomenological simplification together with Eq. (21) yield
the Feynman rules displayed in Fig. 2. These rules govern the dom-
inant Lorentz-violating effects in Moller scattering. They may also
give rise to certain effects in the photon sector, but a thorough
study of these lies outside our present scope.

With these Lorentz-violating Feynman rules, the leading mSME
corrections to the Lorentz-invariant amplitude can be determined
and are shown as Feynman graphs in Fig. 3. The corresponding
measurements typically involve incoming longitudinally polarized,
relativistic electrons incident on a fixed unpolarized target. Subse-
quently, the outgoing Mgller electrons are counted for a limited
range of scattering angles [28,29]. We therefore need to consider
incoming states of definite helicity, average of the spin states of
the fixed-target electrons, and sum over outgoing electron spins.
This yields two squared matrix elements |Mg|? and |M|? for in-
coming right-handed and left-handed beam electrons, respectively.
The general structure of these is given by

IMg|2 = |IMYI2 + 8| Mg|2,
IML2 = M2 + 8| M2, (24)

where |/\/l?2|2 and |/\/l(L)|2 are the conventional Lorentz-invariant
contributions, which can be inferred from the literature [30]. The
Lorentz-violating effects of the physical system under considera-
tion are encoded in the corrections §| Mg|? and 8| M||2. The next
step is therefore the determination of explicit expressions for these
in terms of the relevant kinematical quantities and the ky and kgg
coefficients.
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Fig. 3. Dominant Lorentz-violating corrections to the processes shown in Fig. 1. The
notation is as before. In particular, the 3-point vertices are the conventional Lorentz-
symmetric ones, and the insertions are those from Fig. 2.

As an aside before embarking on the calculation of §| Mg|? and
8| M |2, we consider the limit

Re (k¢¢)/'w — 7’);“} (25)

for the first insertion in Fig. 2 This limit is incompatible with our
earlier assumptions, such as the trace-free condition (3) and is
therefore not useful for phenomenological purposes. However, it
may be of mathematical interest in the evaluation of Mgller ma-
trix elements for the following reason. In this limit, the kg term
of the insertion becomes Lorentz invariant, and the corresponding
pieces of the top two mSME diagrams in Fig. 3 cancel the bottom
two conventional Lorentz-invariant diagrams in Fig. 1. The usual
Lorentz-symmetric contributions arising from Z-boson exchange
should then be absent from the expressions for our Mgller matrix
elements. Solely for the purpose of making explicit these cancella-
tions in our final result, we will carry the trace piece of kg4 along
in what follows. But again, for actual phenomenological purposes
in the present context, ksy must be small and traceless.

The calculation of §|Mg|? and §| M| is somewhat tedious,
but essentially proceeds in the usual way and includes the dia-
grams in Fig. 3 with the Lorentz-breaking insertions. The four ex-
ternal momenta k*, k'#*, p#, and p’# are constrained by energy-
momentum conservation, leaving three independent momenta. To
cast the results in a relatively compact form, we choose the follow-
ing three combinations of 4-momenta as our kinematical variables

SM:kM"r‘pﬂ, (26)
Ty :k;l —ky, (27)
Up=pu—k,, (28)

with a notation inspired by the ordinary Mandelstam variables. We
then obtain

264 (kW )K,bLM)

T X
| M| sM2 y2(1 — y)2 cos? Oy

{(y —D[@-4y+yHQf +1-2] ScTuSiT

+y[a-2y-yHQf +1-2y] ScULS,U.
+[@=y+yHQ +1] TeULTiUy
—sy(A=»[yQ—=yQy +1]nuw TeTx
—syA=p[a-yHQ} +1]nw UKUA]

_e*(Qfy + DRe(kgp)"
2M2y (1 —y)sin® 26y

{(st —D[(1-2y+2y) 8,80 — TuTu — U, |

+s[<1—y+y2)asv+1+y—y2]mw}, (29)

and
2@4 (kW )K;,LM)

§|IML|2 = X
Ml sM2 y2(1 — y)2 cos? Oy

{(y —1 [(2 —4y+yH Qe —1 +2y] SeTuSiTy
+y [a=2y=yAQf — 1+2y] ScULSIUL

+ [(2 —y+yHQ — 1] TeUuTAU,
—sy(1=y[y@-yQy —1]nu TT,
—sy(=n[A-y)HQf —1] UKUA]

_e*(Qfy — DRe(kgp)"
2M2y (1 —y)sin® 26y

+s[<1—y+y2)Q6v—1—y+y2]n,w}. (30)

Here, s = S2 = (k + p)? is the usual Mandelstam variable that pro-
vides a measure for the center-of-mass energy of the system. Fol-
lowing Ref. [30], we have set y = —s~1T2 = —s~1(k' — k)2, which
governs the scattering angle. The above expressions are correct
to order MEZ, and the ultrarelativistic approximation of dropping
all explicitly appearing m has been implemented. Equations (29)
and (30) represent the main theoretical result of this work. As per
our above discussion, the last lines of both Egs. (29) and (30) con-
tain the Lorentz-invariant trace part of k¢ and should be omitted
in phenomenological applications.

With the results (29) and (30) at hand, essentially all Lorentz-
violating observables for typical electron-electron scattering mea-
surements can now be determined in a straightforward way. For
example, the conventional relation between the squared matrix
element and the cross section [31] remains valid because the ex-
ternal electron legs have been taken as the usual Lorentz-invariant
ones:

1 IMp2  d3k d3p’

= - sPDk+p—K —p). (31
@r 2 105 _ pok] 2K 2p'0 k+p p). (31)

dO’h

Here, we have abbreviated the helicity h € {R, L}, and we have as-
sumed the incoming 3-momenta k and p to be directed along the
same line.

An observable that is particularly interesting for both theoreti-
cal and experimental purposes is the asymmetry
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dog —dop  |MR|* — IM|?

A =
dog +dog |IMRI2 + M2

(32)

In the present context, this asymmetry consists of two contribu-

tions A = Ag + 8A, where Ag is the usual Lorentz-invariant piece

given by [30]

A CF ¥y
2V2ma (V2 —y+1)?

Our results (29) and (30) yield the first-order Lorentz-violating
piece §A:

sQE . (33)

Gr (kw )M
V2o (y? —y+1)?
—(2y* =3y + 1) Se Ty SiTy + T U, To Uy

~ 5 =)y (TeT+ U Us) |

_ G ya=y) e Re (kpg )y
22ma 2—y+12° Y4

As before, we have worked to order MEZ and in the ultrarelativistic
limit by neglecting explicit occurrences of m. In the above expres-
sion, we have also eliminated M  in favor of the fine-structure
constant « and Fermi constant Gr.

We mention that we again kept the trace part of kg4 for
the purely theoretical purpose of studying the Lorentz-symmetric
limit (25). In this limit, Re (k¢¢)ﬁ — 4, so that the last term in
Eq. (34) precisely offsets the Lorentz-symmetric contribution Ag,
as expected from the aforementioned cancellation of Z-exchange
diagrams. As discussed above, Re (k¢¢)ﬁ is largely irrelevant for
Lorentz-violation searches because it is a scalar. In any case, this
term is eliminated by the trace-free condition (3). Since there are
no other kg4 terms in Eq. (34), the asymmetry (32) is insensitive
to this mSME coefficient at leading order. However, other potential
observables, such as

0A =

sin? Ow
[a =20 y5cU,s,0,

(34)

_dop | Mp|?
" dog +dog |MR|2+|ML|2,

By (35)

where again h € {R,L}, do contain nontrivial kg4 contributions
and are perhaps better suited for measurements of this particu-
lar mSME coefficient.

The above expressions for the asymmetry A hold at tree level.
In general, these results are modified by radiative corrections.
The conventional Lorentz-invariant asymmetry Ag is constructed
such that parity-conserving effects cancel, which makes Ag much
smaller than the corresponding generic tree-level effects of this
type, such as By. Numerically, Ag turns out to be of the same order
as radiative corrections predominantly arising from y-Z mixing
diagrams and the anapole-moment diagram [32]. This compara-
tively large radiative effect is therefore of paramount importance
for the interpretation of any measurement of the conventional
Lorentz-invariant asymmetry Ap. An analogous tree-level cancel-
lation is absent from the Lorentz-violating contribution §A, as can
be inferred from Eqgs. (29) and (30). It is therefore expected that
Lorentz-breaking loop effects represent only small corrections to
our tree-level §A and can be disregarded.

4. Experimental tests

With the theoretical prediction (34) for the effects of a Lorentz-
violating Z boson on electron—-electron scattering, a comparison to
experimental data, and thus measurements of ki, become possible.
For a comprehensive experimental investigation of ky, all of its 19

independent components should be considered. However, the pur-
pose of this section is merely to outline a particular experimental
signature of ky in polarized Meller scattering and to estimate the
potential sensitivity of such measurements to kw. It is therefore
sufficient to employ a simplified form of ky . Our choice

(ky HVPo = %[U“pC{USG} _ o plvgn)
+?7w§{“€p} —UVPCWEU}] (36)
is parametrized by

cev = 1ckhey 1 ¢vely, ¢ =(1,0), &=, (37)

which essentially reduces the number of Lorentz-violating coeffi-
cients to the three components of &. We remark in passing that
the analogous three coefficients in the photon sector obey the
weakest experimental bounds and have therefore also been stud-
ied separately as a special case [33,16]. With this simplification,
the asymmetry correction (34) takes the form

_ Gp  gHEV+VEM
22 (Y2 —y+1)?
+ (1= y) kuky —2(1 = ) kK, — 2y puk,] . (38)

where we have reinstated the original momentum variables with
p;l eliminated by energy-momentum conservation, and where we
have taken the ultrarelativistic limit m — 0, as before.

In the flat-spacetime SME, the Lorentz-violating ky/, and thus
¢ and &, are taken as x* independent, so that their components
in cartesian inertial coordinates are constant as well. However, be-
ing components of a tensor, the individual ¢#* and £&* do depend
on the coordinate system, in which ¢ and & are expressed. This
shows that a meaningful comparison of £# measurements between
different experiments requires a common standardized coordinate
system. Sun-centered celestial equatorial coordinates are usually
selected as this standard frame [11], and these coordinates are also
employed in what follows. In particular, the components of ¢ and
& specified in Eq. (37) are understood to refer to this Sun-centered
frame.

The electron momenta ky, py, and k), are usually measured
in an Earth-based laboratory frame. As result of the rotation and
orbital motion of the Earth, the transformation between the Sun-
centered coordinates and the laboratory frame is in general time
dependent. This transformation is dominated by the change of ori-
entation (i.e., the rotation transformation) arising from the Earth
spinning about its axis. This spinning motion also leads to a boost
transformation due to the rotational velocity of laboratories located
off the Earth’s axis. A second, larger boost transformation results
from the Earth’s orbital motion around the Sun. In some circum-
stances, these two boost effects need to be taken into account.
Nonetheless, both boosts involve nonrelativistic speeds, so that the
corresponding effects are subdominant and are therefore neglected
here. We also mention that strictly speaking an Earth-based labo-
ratory frame fails to be inertial. However, for our present purposes
the rotation is adiabatically slow, so that we can disregard non-
inertial effects.

To set up the explicit transformation between laboratory and
Sun-centered coordinates, the laboratory frame needs to be spec-
ified. A typical choice for a location at colatitude x has the
xy-plane parallel to the local surface of the Earth, such that the
x-axis is pointing South and the y-axis East. A right-handed system
then has the z-axis pointing vertically upward. The corresponding
rotation matrix is [13]

SA sin? 0w [k;tk(, + Y DPubv
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' COS Y Cos Qgpt —sinQgt  sin x cos Qgt
R ()= cosxsinQgt cosQgt sinysinQgt |.  (39)
—sin x 0 cos x

Here, Qg =27 /(23 h56 min) denotes the Earth’s sidereal angu-
lar frequency, | = X, Y, Z are the spatial Sun-frame components,
and j =x, y, z the spatial laboratory-frame components. With this
matrix the components of the laboratory momenta for the beam
electrons, the target electrons, and the collected Mgller electrons
can be transformed into the Sun-centered frame, which yields ex-
plicit expressions for k* = (Ey, k), p* = (m,0), and k'* = (Ey, k'),
respectively. Note in particular the time dependence of RJi(t):
3-momenta perceived as constant in the laboratory will gener-
ally change direction when viewed in the Sun-centered frame, ie.,
k =k(t) and k' =k'(t).

With these considerations, the Lorentz-violating asymmetry
correction (38) becomes

GF Sil’l2 Ow
Voo (¥ —y+1)?

where the coefficients c¢; and c; are given by

SA(t) = [m k(t) + ¢ I?’(t)] E, (40)

c1=(1—-y)(Ex—Ep), (41)
C=Ey—A—-y)Ex—ym. (42)

The result (40) illustrates two general features of Lorentz viola-
tion characterized by the anisotropic SME coefficient &. First, the
rotation of the laboratory with respect to § will typically gener-
ate a time-dependent asymmetry correction §A = §A(t). Second,
the usual azimuthal symmetry of the experimental set-up may
not necessarily translate into azimuthal symmetry in the scatter-
ing process: for ¢; # 0, the azimuth dependence of the scattered-
electron momentum k' can contribute to A due to the presence
of €.

Our next step is to express ¢y and c; in terms of the beam
energy E, and the previously introduced variable y, which essen-
tially provides a measure for the scattering angle. These quantities
are unaffected by the transformation (39), so we may proceed in
the laboratory frame. With the help of

Ex+m
Ey = (1 - ‘E—y) Ex~(1—y)E, (43)
k
where the second step applies in the ultrarelativistic limit, we find

c1=y(1—y)E, (44)
cp=—ym. (45)

It is apparent that c; >~ O(m) can be neglected in comparison to
c1 >~ O(EL). We remark that for this reason the aforementioned
Lorentz-violating azimuthal dependence, although present in gen-
eral, fails to generate leading-order effects in the specific situation
at hand. For an incoming-beam direction that is parallel to the lo-
cal surface of the Earth and points in a direction o East of South,
these considerations lead to

Gr Exy(—y)sin®6y -

SA(t) = k() - &
© V2ra  (2—y+1)7? ©5
G E2y (1 - y)sin® 0w
C V2ma (P —y+1)2
[\/5)2( + 55\/1 — cos? o sin® x cos Qgt + co] . (46)

We have again implemented the ultrarelativistic approximation.
In the second step, we have absorbed an irrelevant phase into

the definition of the time t. The constant co = &z cosa sin x is of
less interest in the present context; it represents a constant shift
in the asymmetry, which is difficult to disentangle from Lorentz-
symmetric effects. The key result is the square-root term, which
predicts sidereal variations of the asymmetry §A with an ampli-
tude depending on the Lorentz-violating coefficients &x and &y.

The E158 experiment at the Stanford Linear Accelerator Cen-
ter (SLAC), located at a colatitude of x = 53°, has performed a
measurement of this type [28]. The orientation of SLAC's End Sta-
tion A, which determined the incoming-beam direction, points
o = 123° East of South. Beam electrons with either Ey =45.0 GeV
or E, =48.3 GeV were incident on atomic electrons of a stationary
liquid-hydrogen target, where the two beam energies correspond
to opposite longitudinal polarizations of the incoming electrons.
The resulting scattered Mpgller electrons were counted in the range
% <y< %. For this experimental input, the asymmetry A was
measured with a statistical uncertainty of 1.4 x 1078,

This measurement permits an estimate of the sensitivity of the
E158 experiment to the Lorentz-violating coefficients &x and &y.
An integration of the scattering data on time scales of a day or
longer would have washed out the predicted sidereal effects. How-
ever, if large enough, these variations would have likely been inter-
preted as part of the statistical uncertainty. We therefore presume
that the amplitude

J1—cos2asin® x E2y(1-y)
= VER+E (47)

g =
® 2M2 (y2 — y + 1)2cos? Oy

of the sidereal variations must be in the order of or less than the
statistical uncertainty of the measurement ag < 1.4 x 10~%. This
gives

VER+E2<34x1077. (48)

To arrive at this result, we have made two assumptions. First, we
have conservatively taken the smaller of the above two beam ener-
gies Ey. Second, the scattered Moller electrons were collected over
the aforementioned range % <y< %. As this corresponds only to
a £22% variation of ag, about its average value, we have used our
differential cross-section result (47) with the fixed, conservative
value of y = %, at which ag is smallest [28].

We are only aware of a single previous study that has at-
tempted to estimate the size of the components (kw)a ™Y, which
are related to the present & coefficient by 2(kw)q/%° = £J. That
study was based on astrophysical observations and involved the
W boson. More specifically, certain values of the components
(kw)e"**¥ may lead to photon decay y — WT + W™ at high ener-
gies. The observed survival of ultrahigh-energy photons from cos-
mological sources then leads to a one-sided estimate at the 10>
level [27]. The present result, based on laboratory physics involving
the Z boson, represents an improvement by two orders of magni-
tude with different methods in a different system. For this reason,
dedicated analyses in the context of previous and future polarized-
electron scattering experiments taking the full data sample and all
19 components of ky, into consideration would be competitive and
of definite interest.

5. Summary and outlook

This work has considered power-counting renormalizable
Lorentz-violating contributions to Z-boson physics. We have de-
termined the dominant Feynman rules that govern these effects
and employed them to calculate the tree-level Lorentz-violating
corrections to electron-electron scattering. These general results,
contained in Egs. (29) and (30), form the theoretical basis for
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experimental investigations of the leading-order Lorentz-breaking
effects arising from the Z boson in polarized Mogller scattering of
electrons.

We have applied our results in the case of a simplified ky,
given by Egs. (36) and (37), which has the number of independent
coefficients reduced from 19 to the three components of &. This
sample case has shown that the differential cross-section asymme-
try can in principle depend on the azimuth, even if the system is
set up with azimuthal symmetry, as expected when Lorentz invari-
ance is broken. Moreover, in a terrestrial laboratory, the rotation of
the Earth will typically lead to sidereal oscillations in the asymme-
try.

For the specific experimental conditions of the E158 experiment
at SLAC, the published measurement yields an estimated constraint
at the level of 107 on the components (kw)/%° for J = X, Y.
This result improves existing astrophysical estimates by two or-
ders of magnitude and encourages a dedicated analysis of the full
E158 data that includes all 19 components of kys/. The proposed
MOLLER experiment at Jefferson Lab offers the potential for an in-
creased sensitivity of 0.7 x 1072 to the asymmetry, albeit at the
lower electron energy of 12 GeV. With this input, the MOLLER ex-
periment may be able to provide a further overall improvement
by a factor of about 1.4. Moreover, the different beam directions
and colatitudes for E158 and MOLLER are likely to provide ex-
perimental access to different component combinations of the full
(kw)HVP.

Acknowledgements

This work was supported in part by the Indiana University Cen-
ter for Spacetime Symmetries under an IUCRG grant. RL acknowl-
edges support from the Alexander von Humboldt Foundation.

References

[1] V.A. Kostelecky, S. Samuel, Phys. Rev. D 39 (1989) 683;
Nucl. Phys. B 359 (1991) 545;
K. Hashimoto, M. Murata, PTEP, Prog. Theor. Exp. Phys. 2013 (2013) 043B01.
[2] I. Mocioiu, M. Pospelov, R. Roiban, Phys. Lett. B 489 (2000) 390;
S.M. Carroll, et al., Phys. Rev. Lett. 87 (2001) 141601;
C.E. Carlson, C.D. Carone, R.F. Lebed, Phys. Lett. B 518 (2001) 201;
A. Anisimov, T. Banks, M. Dine, M. Graesser, Phys. Rev. D 65 (2002) 085032.
[3] V.A. Kostelecky, R. Lehnert, M.]. Perry, Phys. Rev. D 68 (2003) 123511;
R. Jackiw, S.-Y. Pi, Phys. Rev. D 68 (2003) 104012;
0. Bertolami, R. Lehnert, R. Potting, A. Ribeiro, Phys. Rev. D 69 (2004) 083513.
[4] J. Alfaro, H.A. Morales-Técotl, LF. Urrutia, Phys. Rev. Lett. 84 (2000) 2318;
ER. Klinkhamer, C. Rupp, Phys. Rev. D 70 (2004) 045020;
G. Amelino-Camelia, et al., AIP Conf. Proc. 758 (2005) 30;
N.E. Mavromatos, Lect. Notes Phys. 669 (2005) 245.
[5] C.D. Froggatt, H.B. Nielsen, arXiv:hep-ph/0211106.
[6] J.D. Bjorken, Phys. Rev. D 67 (2003) 043508.
[7] C.P. Burgess, et al., J. High Energy Phys. 0203 (2002) 043;
A.R. Frey, ]. High Energy Phys. 0304 (2003) 012;
J.M. Cline, L. Valcarcel, J. High Energy Phys. 0403 (2004) 032.
[8] V.A. Kostelecky, S. Samuel, Phys. Rev. D 42 (1990) 1289;
N. Arkani-Hamed, et al., J. High Energy Phys. 0405 (2004) 074;
M.V. Libanov, V.A. Rubakov, ]. High Energy Phys. 0508 (2005) 001;
G. Dvali, O. Pujolas, M. Redi, Phys. Rev. D 76 (2007) 044028;
S. Dubovsky, P. Tinyakov, M. Zaldarriaga, ]. High Energy Phys. 0711 (2007) 083.
[9] D. Colladay, V.A. Kostelecky, Phys. Rev. D 55 (1997) 6760;
Phys. Rev. D 58 (1998) 116002.
[10] V.A. Kostelecky, Phys. Rev. D 69 (2004) 105009.
[11] For an overview of various tests of Lorentz symmetry see V.A. Kostelecky,
N. Russell, Rev. Mod. Phys. 83 (11) (2011), 2016 edition, arXiv:0801.0287v9.
[12] See, e.g., S.R. Coleman, S.L. Glashow, Phys. Lett. B 405 (1997) 249;
T. Jacobson, S. Liberati, D. Mattingly, Phys. Rev. D 66 (2002) 081302;
R. Lehnert, Phys. Rev. D 68 (2003) 085003;
ER. Klinkhamer, M. Schreck, Phys. Rev. D 78 (2008) 085026;
S.T. Scully, EW. Stecker, Astropart. Phys. 31 (2009) 220.
[13] V.A. Kostelecky, M. Mewes, Phys. Rev. D 66 (2002) 056005.
[14] R. Lehnert, R. Potting, Phys. Rev. Lett. 93 (2004) 110402;
Phys. Rev. D 70 (2004) 125010;

V.A. Kostelecky, M. Mewes, Phys. Rev. D 80 (2009) 015020;
A.A. Abdo, et al., Science 323 (2009) 1688.
[15] V.A. Kostelecky, R. Potting, Phys. Rev. D 51 (1995) 3923;
M.A. Hohensee, et al., Phys. Rev. Lett. 102 (2009) 170402;
Phys. Rev. D 80 (2009) 036010;
B. Altschul, Phys. Rev. D 80 (2009) 091901;
G. Amelino-Camelia, et al., Eur. Phys. J. C 68 (2010) 619;
A. Di Domenico, et al., Found. Phys. 40 (2010) 852;
M.S. Berger, V.A. Kostelecky, Z. Liu, Phys. Rev. D 93 (3) (2016) 036005.

[16] ]J.-P. Bocquet, et al., Phys. Rev. Lett. 104 (2010) 241601.

[17] V. Barger, D. Marfatia, K. Whisnant, Phys. Lett. B 653 (2007) 267;

P. Adamson, et al., Phys. Rev. Lett. 105 (2010) 151601;

A.G. Cohen, S.L. Glashow, Phys. Rev. Lett. 107 (2011) 181803;

V.A. Kostelecky, M. Mewes, Phys. Rev. D 85 (2012) 096005;

T. Katori, Mod. Phys. Lett. A 27 (2012) 1230024;

].S. Diaz, V.A. Kostelecky, R. Lehnert, Phys. Rev. D 88 (2013) 071902.

[18] V.A. Kostelecky, R. Lehnert, Phys. Rev. D 63 (2001) 065008;

C. Adam, FR. Klinkhamer, Nucl. Phys. B 657 (2003) 214;

H. Belich, et al., Eur. Phys. ]. C 42 (2005) 127;

C.M. Reyes, L.F. Urrutia, J.D. Vergara, Phys. Rev. D 78 (2008) 125011;
M.A. Hohensee, D.F. Phillips, R.L. Walsworth, arXiv:1210.2683 [quant-ph];
D. Colladay, P. McDonald, R. Potting, Phys. Rev. D 89 (8) (2014) 085014;
C. Hernaski, Phys. Rev. D 90 (12) (2014) 124036.

[19] V.A. Kostelecky, C.D. Lane, A.G.M. Pickering, Phys. Rev. D 65 (2002) 056006;

G. de Berredo-Peixoto, I.L. Shapiro, Phys. Lett. B 642 (2006) 153;
D. Colladay, P. McDonald, Phys. Rev. D 79 (2009) 125019;
Phys. Rev. D 77 (2008) 085006;
Phys. Rev. D 75 (2007) 105002;
A. Ferrero, B. Altschul, Phys. Rev. D 84 (2011) 065030.
[20] D. Colladay, P. McDonald, J. Math. Phys. 43 (2002) 3554;
R. Lehnert, Phys. Rev. D 74 (2006) 125001;
Rev. Mex. Fis. 56 (2010) 469;
B. Altschul, J. Phys. A 39 (2006) 13757,
L.T. Drummond, Phys. Rev. D 88 (2) (2013) 025009, arXiv:1603.09211 [hep-th].
[21] R. Jackiw, V.A. Kostelecky, Phys. Rev. Lett. 82 (1999) 3572;
M. Pérez-Victoria, Phys. Rev. Lett. 83 (1999) 2518.
[22] H. Belich, et al., Phys. Rev. D 67 (2003) 125011;
R. Lehnert, J. Math. Phys. 45 (2004) 3399;
B. Altschul, Phys. Rev. D 73 (2006) 036005;
Q.G. Bailey, V.A. Kostelecky, Phys. Rev. D 74 (2006) 045001;
AJ. Hariton, R. Lehnert, Phys. Lett. A 367 (2007) 11;
M. Gomes, et al., Phys. Rev. D 81 (2010) 045018;
V.A. Kostelecky, ].D. Tasson, Phys. Rev. D 83 (2011) 016013;
R. Potting, Phys. Rev. D 85 (2012) 045033;
M. Cambiaso, R. Lehnert, R. Potting, Phys. Rev. D 85 (2012) 085023;
Phys. Rev. D 90 (6) (2014) 065003;
M. Schreck, Phys. Rev. D 89 (10) (2014) 105019;
Phys. Rev. D 90 (8) (2014) 085025;
R.V. Maluf, J.E.G. Silva, C.A.S. Almeida, Phys. Lett. B 749 (2015) 304.

[23] V.A. Kostelecky, N. Russell, Phys. Lett. B 693 (2010) 443;

V.A. Kostelecky, Phys. Lett. B 701 (2011) 137,

D. Colladay, P. McDonald, Phys. Rev. D 85 (2012) 044042;

V.A. Kostelecky, N. Russell, R. Tso, Phys. Lett. B 716 (2012) 470;
J.E.G. Silva, C.A.S. Almeida, Phys. Lett. B 731 (2014) 74;

M. Schreck, Eur. Phys. ]J. C 75 (5) (2015) 187;

Phys. Rev. D 91 (10) (2015) 105001;

Phys. Rev. D 92 (12) (2015) 125032;

N. Russell, Phys. Rev. D 91 (4) (2015) 045008;

J. Foster, R. Lehnert, Phys. Lett. B 746 (2015) 164;

D. Colladay, P. McDonald, Phys. Rev. D 92 (8) (2015) 085031.

[24] V.A. Kostelecky, N. Russell, ]. Tasson, Phys. Rev. Lett. 100 (2008) 111102;
R. Lehnert, W.M. Snow, H. Yan, Phys. Lett. B 730 (2014) 353, Phys. Lett. B 744
(2015) 415.

[25] E.O. Iltan, Eur. Phys. ]. C 40 (2005) 269;

Mod. Phys. Lett. A 19 (2004) 327;

Acta Phys. Pol. B 36 (2005) 2955;

J.I. Aranda, et al,, J. Phys. G 41 (2014) 055003;

J.I. Aranda, et al., Int. J. Mod. Phys. A 29 (31) (2014) 1450180.

[26] D.L. Anderson, M. Sher, I. Turan, Phys. Rev. D 70 (2004) 016001;

J.P. Noordmans, H.W. Wilschut, R.G.E. Timmermans, Phys. Rev. C 87 (5) (2013)
055502;

Phys. Rev. Lett. 111 (17) (2013) 171601;

E.A. Dijck, et al., Ann. Phys. 525 (8-9) (2013) 653;

S.E. Miiller, et al., Phys. Rev. D 88 (2013) 071901;

K.K. Vos, et al., Phys. Lett. B 729 (2014) 112;

J.P. Noordmans, K.K. Vos, Phys. Rev. D 89 (10) (2014) 101702;

K.K. Vos, HW. Wilschut, R.G.E. Timmermans, Phys. Rev. C 91 (3) (2015) 038501;
Phys. Rev. C 92 (2015) 052501;

J.P. Noordmans, et al., Phys. Rev. D 93 (11) (2016) 116001.


http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6B7370s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6B7370s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6B7370s3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6E63716564s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6E63716564s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6E63716564s3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6E63716564s4
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib737061636574696D6576617279696E67s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib737061636574696D6576617279696E67s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib737061636574696D6576617279696E67s3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib7167s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib7167s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib7167s3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib7167s4
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib666Es1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib626As1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6272616E65s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6272616E65s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6272616E65s3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6D6F6467726176s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6D6F6467726176s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6D6F6467726176s3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6D6F6467726176s4
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6D6F6467726176s5
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib736D6531s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib736D6531s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib736D6532s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib446174615461626C6573s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib446174615461626C6573s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6372617973s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6372617973s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6372617973s3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6372617973s4
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6372617973s5
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib70686F746F6E7331s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib70686F746F6E7332s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib70686F746F6E7332s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib70686F746F6E7332s3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib70686F746F6E7332s4
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib636F6C6C6964657273s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib636F6C6C6964657273s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib636F6C6C6964657273s3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib636F6C6C6964657273s4
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib636F6C6C6964657273s5
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib636F6C6C6964657273s6
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib636F6C6C6964657273s7
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib636F6C6C696465727332s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6E65757472696E6F73s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6E65757472696E6F73s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6E65757472696E6F73s3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6E65757472696E6F73s4
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6E65757472696E6F73s5
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6E65757472696E6F73s6
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib7175616E74s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib7175616E74s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib7175616E74s3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib7175616E74s4
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib7175616E74s5
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib7175616E74s6
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib7175616E74s7
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib72656E6F726Ds1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib72656E6F726Ds2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib72656E6F726Ds3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib72656E6F726Ds4
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib72656E6F726Ds5
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib72656E6F726Ds6
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6669656C647265646566s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6669656C647265646566s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6669656C647265646566s3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6669656C647265646566s4
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6669656C647265646566s5
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725468656F31s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725468656F31s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725468656F32s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725468656F32s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725468656F32s3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725468656F32s4
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725468656F32s5
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725468656F32s6
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725468656F32s7
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725468656F32s8
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725468656F32s9
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725468656F32s10
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725468656F32s11
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725468656F32s12
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725468656F32s13
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib46696E736C6572s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib46696E736C6572s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib46696E736C6572s3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib46696E736C6572s4
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib46696E736C6572s5
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib46696E736C6572s6
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib46696E736C6572s7
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib46696E736C6572s8
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib46696E736C6572s9
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib46696E736C6572s10
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib46696E736C6572s11
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib746F7273696F6Es1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib746F7273696F6Es2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib746F7273696F6Es2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725765616Bs1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725765616Bs2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725765616Bs3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725765616Bs4
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4F746865725765616Bs5
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib5765616Bs1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib5765616Bs2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib5765616Bs2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib5765616Bs3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib5765616Bs4
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib5765616Bs5
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib5765616Bs6
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib5765616Bs7
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib5765616Bs8
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib5765616Bs9
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib5765616Bs10

40 H. Fu, R. Lehnert / Physics Letters B 762 (2016) 33-40

[27] B. Altschul, Astropart. Phys. 28 (2007) 380. [31] See, e.g., M.E. Peskin, D.V. Schroeder, An Introduction to Quantum Field Theory,
[28] PL. Anthony, et al., SLAC E158 Collaboration, Phys. Rev. Lett. 92 (2004) 181602; Addison-Wesley, Reading, 1995.

Phys. Rev. Lett. 95 (2005) 081601. [32] A. Czarnecki, W.J. Marciano, Phys. Rev. D 53 (1996) 1066;
[29] J. Benesch, et al., MOLLER Collaboration, arXiv:1411.4088 [nucl-ex]. Int. J. Mod. Phys. A 15 (2000) 2365;

J. Erler, M.J. Ramsey-Musolf, Phys. Rev. D 72 (2005) 073003.

[30] See, e.g., E. Derman, W.J. Marciano, Ann. Phys. 121 (1979) 147. [33] M. Schreck, Phys. Rev. D 86 (2012) 065038.


http://refhub.elsevier.com/S0370-2693(16)30490-7/bib6B57626F756E64s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib45313538s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib45313538s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4D6F6C6C6572s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib4465726D616E4D61726369616E6Fs1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib502653s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib502653s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib526164436F7272s1
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib526164436F7272s2
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib526164436F7272s3
http://refhub.elsevier.com/S0370-2693(16)30490-7/bib42695265665056s1

	Møller scattering and Lorentz-violating Z bosons
	1 Introduction
	2 Basics
	3 Electron-electron scattering
	4 Experimental tests
	5 Summary and outlook
	Acknowledgements
	References


