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What can we learn from neutrino electron scattering?

André de Gouvéa and James Jenkins

Department of Physics & Astronomy, Northwestern University, 2145 Sheridan Road, Evanston, Illinois 60208, USA
(Received 12 April 2006; published 7 August 2006)

Precision tests of the standard model are essential for constraining models of new physics. Neutrino-
electron elastic scattering offers a clean probe into many electroweak effects that are complimentary to the
more canonical measurements done at collider facilities. Such reactions are rare, even as compared with
the already tiny cross sections for neutrino-nucleon scattering, and competitive precision measurements
have historically been challenging to obtain. Because of new existing and proposed high-flux neutrino
sources, this is about to change. We present a topical survey of precision measurements that can be done
with neutrino-electron scattering in light of these new developments. Specifically, we consider four
distinct neutrino sources: nuclear reactors, neutrino factories, beta beams, and conventional beams. For
each source we estimate the expected future precision of several representative observables, including the
weak mixing angle, neutrino magnetic moments, and potential leptonic Z' couplings. We find that future
neutrino-electron scattering experiments should add nontrivially to our understanding of fundamental

physics.
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I. INTRODUCTION

Neutrino-electron scattering offers a clean probe into the
standard model of particle physics as well as many of its
extensions. “Clean‘‘ refers to the fact that this process is
very well understood theoretically. There are no hadronic
complications, so that the underlying electroweak physics
(including potential deviations from standard model ex-
pectations) is directly accessible. It is therefore “‘easy” to
use such reactions to test the consistency of the standard
model (SM), determine precision electroweak parameters,
and look for signatures of new physics. When this is
considered along with the large variety of natural and
artificial sources that yield high-flux neutrino samples of
multiple flavors over a vast energy range, it seems that
neutrino-electron scattering provides an ideal laboratory
for electroweak studies.

This line of reasoning appears misleading when realistic
considerations are made. While theoretically ideal, the
study of neutrino-electron scattering is experimentally
challenging due to its tiny cross section, which forces
one to pursue very intense sources and large targets. More
serious is the fact that the neutrino-nucleon scattering cross
section is generally 3 orders of magnitude larger and serves
as a large potential source of background. Naively, one
may consider simply subtracting off such background sta-
tistically. In this case, the uncertainty induced by the sub-
traction is approximately V103 = 30 times larger than the
intrinsic statistical uncertainty of the signal; clearly unac-
ceptable for precision measurements. Of course, this is a
worst-case scenario: experimental setups usually allow one
to isolate the signal events by performing various “cuts”
on the data. Exactly how this is done depends on the energy
and flavor of the incident neutrino beam, as well as on the
details of the detector.

The signal we concentrate on is a single forward electron
with no other detector activity, and all detectors considered
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can distinguish, with varying degrees of success, electrons
from various potential background sources. Cuts on event
timing, rate of energy loss in the detector, and threshold
energy, to name a few, aid in this endeavor (details are
discussed in Sec. II B). Even with optimistic particle iden-
tification abilities, experiments must still account for irre-
ducible backgrounds. This is particularly relevant in », and
v, sources, where the charged current neutrino-nucleon
reaction v,N — eX can yield a final state that is often
consistent with a single recoil electron. Such backgrounds,
however, can still be reduced by exploiting additional
constraints. For example, electrons produced by neutrino-
electron scattering are constrained by kinematics to have
small transverse momenta p, « ,/m,, whereas the electron
p; distribution in most background events is much broader,
Pt © /Mygcicon- Therefore, an experiment with good p,
resolution can significantly constrain this class of back-
ground events. After all available data analyzing resources
are spent, one is (hopefully) left with a signal-dominated
event sample. This being the case, the remaining beam-
related background can be modeled and subtracted, induc-
ing a (much smaller) statistical uncertainty on the final data
sample. Backgrounds related to other neutrino/radiation
sources originating from extraterrestrial, terrestrial, and
artificial origins are typically controlled by introducing
shielding and imposing clever p,, timing, and energy
cuts. The resulting backgrounds and uncertainties will
typically be small, and are therefore not considered here.
Finally, one must also account for other experimental
systematic uncertainties in the final analysis, which may
or may not dominate the sensitivity budget.

These considerations imply that measurements of
neutrino-electron elastic scattering can be limited mainly
by statistics and uncertainties related to the neutrino
source. In order to accumulate enough statistics, one is
required to commit to long running experiments with large
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detectors close to the neutrino source; a practice that has
proven fruitful in the recent past, but not sufficient to yield
results competitive with other tests of electroweak physics.
Significant progress is expected to be made with the advent
of improvements to the neutrino sources themselves, both
in statistics and flux normalization.

Currently existing sources that could be used for
neutrino-elastic scattering purposes can be broadly classi-
fied as either reactors or conventional neutrino beams, and
are both discussed in Sec. II B. These are still subject to
some of the limitations described above, which, in some
cases, prevent competitive electroweak “‘precision’ mea-
surements. Recent progress in the development of two new
classes of neutrino beams inspires the possibility of side-
stepping these limitations and thereby testing the SM to
unparalleled accuracy. Neutrino factories and [-beams
offer high luminosity neutrino beams with well-known
energy spectra [1]. Here, we explore the potential of
neutrino-electron scattering experiments in light of our
enhanced knowledge of these sources.

The paper is organized in the following manner.
Section II reviews the relevant tree-level SM cross sec-
tions, making brief mention of first order electroweak
corrections. We then describe the various neutrino
sources—reactors, conventional beams, B-beams, and
v-factories—used in our analysis. In each case we describe
the energy spectrum, as well as uncertainties and back-
grounds relevant to their associated neutrino-electron scat-
tering experiments. Section III begins with a short
description of our analysis, after which we review and
motivate various observables and present our results on
projected sensitivities to each within the context of future
scattering experiments. Specifically, we discuss measure-
ments of the weak mixing angle 6y, neutrino electromag-
netic moments u,, neutrino neutral current left-handed
couplings p, and potential leptonic Z’ couplings. We con-
clude in Sec. IV with a summary of our results and an
outlook for the future.

II. FORMALISM

We are interested in ‘“‘elastic”” neutrino-electron and
antineutrino-electron scattering, characterized by v,e™ —
vee”, where €, €/ = e, u, 7, and v stands for either a
neutrino or an antineutrino state. Note that, given our
inability to identify the neutrino flavor after it has scattered
off the target electron, there is no way of recognizing
whether the scattered neutrino has the same lepton-flavor
number or lepton number as the incoming one.

The basis of this analysis is the differential event spec-
trum dN(T)/dT. This is the number of neutrino-electron
elastic scattering events within the interval 7 to T + dT of
electron recoil kinetic energy. It involves the convolution
of the differential cross section do(T, E,)/dT and the
incoming neutrino energy spectrum, d®(E,)/dE,. More
than one neutrino flavor/helicity may be produced at each
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of the sources listed in Sec. II B and, since the final state
electrons scattered from the various neutrino types are
experimentally indistinguishable, their contributions must
be incoherently added, leading to

dN(T)

7 = (time) X (# targets)

flavors

dq)l(EV) dO’i(T, EV)
>< dE )
> [ S

where (# targets) is the total number of target electrons in
the detector and (time) is the time duration of the experi-
ment. In order to use Eq. (2.1), we must know the flux and
the cross sections, along with their associated uncertain-
ties. These are reviewed in the following subsections. For
the remainder of this work, unless stated otherwise, we
assume a 100 ton detector of similar capabilities as
Minerva [2], located 100 m from the neutrino source,
running for one year.'

(2.1)

A. Cross sections

In the standard model (SM), all tree-level differential
cross sections for neutrino-electron scattering can be ex-
pressed as
do 2G3m,

o (ve— vee) =L

T [a®E2 + b*(E, — T)* — abm,T),

(2.2)

where G, is the Fermi constant, E, is the energy of the
incident neutrino, and 7 is the kinetic energy of the recoil
electron. a and b are process-dependent constants that,
within the SM, depend on the weak mixing angle 8y, as
tabulated in Table I. The cross term proportional to m,, the
mass of the electron, is relevant for low energy applica-
tions, but is negligible in processes where E, > m,.

Since the incident neutrinos are all produced by some
charged current process, we assume that all incoming
neutrinos (antineutrinos) are strictly left handed (right
handed). Given our understanding of the charged current
interactions, this is an excellent approximation even if one
considers the existence of exotic helicity-flipping pro-
cesses whose amplitudes are necessarily proportional to
the neutrino mass, and therefore negligible for all practical
purposes. We further assume that all electron targets are
unpolarized.

For ¢ = u, 7, the scattering process proceeds via
t-channel Z-boson exchange. The v,e — v,e and v,e —
V.e reactions proceed via a combination of t-channel
Z-boson, and ¢/ s-channel W-boson exchange, respectively,
and are related by a < b exchange. In Sec. III D, we will
discuss the sensitivity of neutrino-electron scattering to the
left-handed neutrino coupling to the Z-boson, referred to as

'One year is defined to be 3.16 X 107 s.
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TABLE I. Standard model a and b parameter values for the
differential cross section, given by Eq. (2.2). Here s>=
sin?@y, = 0.23149 + 0.000 15 [3], where 6, is the electroweak
mixing angle, and € = u, 7.

v.e — v.e vee — v,e vee — vee vee — Ve

p.Inthe SM, p = 1 at tree level. For arbitrary values of p,
the cross section for v,e~ scattering simply scales with p?
in the € = u, 7 case, while the dependency is more in-
volved in the € = e case. We return to this issue in
Sec. III D.

Current experimental precision allows the extraction of
many electroweak observables to better than 1%, introduc-
ing the need to go beyond the simple tree-level cross
sections outlined above. Indeed, neutrino-electron scatter-
ing experiments must include full first (and perhaps sec-
ond) order corrections into their analysis to maintain
consistency [4]. These corrections are theoretically well
known, and can be easily applied to data analysis [5,6]. See
[7] for a pedagogical review of calculations involving
electroweak radiative corrections. Here we briefly summa-
rize the results of such first order effects, utilizing the
minimal subtraction (MS) renormalization scheme. See
[4,8] for the full expressions.

The full O(a) corrections to the ve cross sections given
by Eq. (2.2) involve one-loop effects as well as photon
bremsstrahlung. QED effects (in the relevant high energy
limit) are well described by a T and E, dependent, O(«)
modification of the a, b parameters:

a*(or b*) — a*(or b?)[1 + aF,u) (T, E,)], (2.3)

where F', and F, are dimensionless functions of T and E,,.
The remaining corrections are generally ¢ dependent and
parametrized by the running of the weak mixing angle
sin6yy, and the deviation of p from its tree-level value of
1. These relations depend weakly on the Higgs mass,
which we take to be 150 GeV. The net result is an approxi-
mately 1% shift in the total integrated cross section.
Given the precision with which next-generation experi-
ments can probe the physics of neutrino-electron scatter-
ing, higher order corrections, while small, are by no means
irrelevant, and need to be taken into account. We would
like to emphasize, however, that the effect of higher order
SM corrections is negligible for the purposes of this paper.
This is a consequence of the fact that we are interested in
gauging the precision (60, o for observable) of various
measurements, not in computing what their central values
(0 for the extracted value) are. Generally, 22 ~ few % for
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simplicity, we shall refrain from mentioning them and
always refer to the tree-level cross sections of Eq. (2.2)
when necessary.

B. Fluxes

In our analysis, the specific details of the incoming
neutrino energy spectrum matter little for determining an
experiment’s sensitivity to an observable. How well we
know that spectrum is, however, of the utmost importance,
as is the overall luminosity, mean beam energy, and neu-
trino flavor composition. The sample sources used in our
analysis were chosen to span a large range of possible
configurations. Specifically, we consider four types of
neutrino sources yielding distinct flavor content and energy
spectra over a broad energy range. These are nuclear
reactors, neutrino factories, (B-beams, and conventional
beams. Their respective energy spectra are depicted in
Fig. 1. Note that there are other potential experimental
setups capable of precision neutrino-electron scattering
[9]. These will not be considered in this study.

1. Reactor

Nuclear reactors are intense sources of low energy
(<10 MeV) »,’s, and continue to play a central role in
neutrino physics [10]. The nuclear fuel in a modern light
water reactor is typically enriched with (2—-5)% 23U and
produces 3 GW of thermal power. On average, 200 MeV
and 6 neutrinos are released with each fission, thus yielding
around 5 X 10%°%, /s [10]. The main limitation of a reactor
as a source of antineutrinos is that the fissions occur at rest,
implying isotropic emission: you cannot ‘‘focus’’ the reac-
tor beam.

Reactor
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FIG. 1 (color online). Neutrino energy spectra for different
neutrino sources. Flux normalizations are arbitrary.
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While it is relatively simple to predict the absolute
magnitude of emitted neutrinos, predicting their energy
spectra requires detailed modeling. In an actual neutrino
experiment, the thermal power of the reactor” is measured
as a function of time. With this and the initial fuel compo-
sition, the fission rate can be modeled for the dominant
isotopes. These are 23U, 23°Pu, 238U, and ?*'Pu, and they
typically fission, in an average fuel cycle, by the propor-
tions 25:10:4:3. Other isotopes such as >*°Pu and ***Pu
contribute to the flux at the ©(0.1%) level and can be safely
neglected. Combined with knowledge of the induced decay
of these dominant isotopes by thermal neutrons, this pro-
cedure predicts the reactor ¥, energy spectrum to better
than 10% and the total flux to nearly 1% [11]. Here, we will
employ 3an empirical relation to describe the neutrino flux
[12,13].

dq)f/g (EV)

i (2.4)

= Nzniea01+a“E+a2[E2’
i

where i runs over the dominant parent fission isotopes
23U, 2Py, 28U, and **'Pu and the n,’s are related by
the proportions mentioned above. Table II lists the coef-
ficients of the exponentiated polynomial in Eq. (2.4) for
each isotope [14], as well as the relative n values [10]. The
top-left panel of Fig. 1 depicts them individually along
with the total 7, flux. The absolute normalization N is
found from the requirement that the total neutrino rate be
2 X 10%° (power/GW) s~ 1.
At these energies, the inverse [B-decay process

v,p—etn (2.5)
is the dominant source of background by a factor greater
than 100. Because of its threshold of 1.8 MeV, only about
25% of the released neutrinos will trigger such a reaction.
This begs the question of why neutrino scattering experi-
ments are done with the high energy >2 MeV tail of the
spectrum, in the presence of lower statistics and a signifi-
cant source of background. Some experiments do, in fact,
use low energy reactor neutrinos; they are primarily de-
signed to search for neutrino magnetic moments or study
neutrino-nucleus coherent scattering [15]. The difficulty in
working within this energy range is the uncertainty in the
neutrino flux, which can be as large as 30% [11]. Flux

2Other reactor quantities such as water pressure/temperature
must be measured and used in the modeling of the neutrino
spectrum. These affect the spectrum weakly. See [10] for more
details.

3The chemical composition of the fuel in the reactor also
varies as a function of time, and must be considered in order
to translate reactor flux measurements into physics observables.
The impact of this time evolution is, however, negligible when it
comes to estimating the precision with which physics observ-
ables can be measured. Therefore, for the purposes of the
upcoming analysis, it suffices to deal with the average fuel
compositions.
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TABLE II. Coefficients of the exponentiated second order
polynomial in the reactor antineutrino flux Eq. (2.4), adapted
from [14]. Average n; values were extracted from [10].

i ap; aj; 1\/16\/_1 aj; Mev_2 n;
235U 0.904 —0.184 —0.0878 25
239py 1.162 —0.392 —0.0790 10
28y 0.976 —0.162 —0.0790 4
24lpy 0.852 —0.126 —0.1037 3

measurements have not been made below = 2 MeV and
theoretical calculations are not reliable due to an increase
in the number of 3-decay chains with low Q? values, many
of which are not completely understood. To complicate
matters further, long-lived isotopes, residing in spent fuel
stored on-site, radiate in this range and must be tracked and
accounted for in a reliable analysis.

In the (2—8) MeV region, a detector capable of distin-
guishing the inverse B-decay reaction from the signal with
high efficiency is needed. A study of the uncertainties
associated with reactor neutrinos as relevant to neutrino-
electron scattering at these energies was presented in [16].
There, the authors assume a 26.5 ton CHOOZ-like detector
[17] composed of oil scintillator located ~225 m from two
3.6 GW nuclear reactors. Such an experiment is optimized
for #,p — e n detection, but can also be used to identify
and reconstruct the energy of the final state electron in
v,e — p,e. In general, these two processes are distin-
guished by the detection of the final state neutron in
Eq. (2.5) via its capture on H and Gd nuclei after a
characteristic time in which the neutron thermalizes. This
procedure induces some systematic uncertainty on back-
ground subtraction from the failure to identify some neu-
trons within the characteristic time window, resulting in the
misidentification of some background as signal. Ad-
ditionally, other sources of uncertainty arising from experi-
mental factors such as energy calibration and efficiencies
must also be included for a realistic analysis. Throughout
this work, we refer to these simply as systematic effects
and treat them as we do the background subtraction uncer-
tainty. Backgrounds unrelated to the source are controlled
by shielding and comparing the on/off reactor states
needed for refueling. Following [16], the total uncertainty
from background can be minimized to the 1% level by
utilizing various experimental cuts. Of particular relevance
to our analysis, a cut on the electron visible energy
3 MeV <T <5 MeV must be applied to achieve such
precision. Additionally, by normalizing to the inverse
[B-decay sample, an uncertainty of order 0.1% can be
achieved in the overall neutrino flux normalization [16],
an order of magnitude better than that achieved from
reactor modeling alone.

Future reactor experiments designed to operate in our
selected energy window are optimized to search for the
elusive neutrino mixing angle 65 [18] (see Table I of [19]
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for a concise list of future experiments along with many of
their projected specifications such as reactor power, detec-
tor baselines, and fiducial mass). All of the proposed
facilities include at least one near detector at around
100 m from the source to help control the various source-
related systematic uncertainties. Such sites can serve as
ideal next-generation laboratories for the study of low
energy neutrino-electron scattering. Of these, the Double
CHOQZ experiment [20] should be the first to begin taking
data, and could significantly help explore many of the
topics surveyed here.

For our analysis we assume a single 3 GW reactor, with a
flux given by Eq. (2.4) known to 0.1%. Furthermore, we
apply the visible energy cut 3 MeV <7 <5 MeV de-
scribed above, along with an induced 1% systematic un-
certainty arising from background subtraction. With this in
place, an experiment running for one year should record
approximately 10* signal events, which implies a 1%
statistical uncertainty.

2. Neutrino factory

The concept of a neutrino factory has received much
attention in recent years and is now entering a serious
development stage [1]. The concept is simple: produce
and isolate a copious amount of muons from an intense
(> 1 MW) proton beam incident on a fixed target. Boost
them to the desired energy and then inject them into a
storage ring with a long straight section. The boosted
muons in the straight section will decay in flight into two
neutrinos nearly 100% of the time [3]:

oo e v, (2.6)

ut—e o, v, 2.7

Neutrinos that result from muon decay in straight sections
are beamed in the forward direction by an amount depen-
dent on the boost factor y of the parent muon. The specific
flavor composition of the resulting collimated neutrino
beam is a simple consequence of the sign of the selected
parent muon. Clearly, the beam will consist of equal pro-
portions of muon-type and electron-type neutrinos, where
one is a particle and the other an antiparticle. The geometry
of the storage ring can be optimized so that a maximum
percentage of muons decay in the straight section (approxi-
mately 35%).

In the muon’s rest frame, the decays Eq. (2.6) and (2.7)
are described by the following well-known expressions [1]:

d>d 4E2
' o« % (3m, — 4E,), 2.8
dE,dQ,,, wmii( g : 29

2 24E2
O, 2 o), 2.9)

dE,dQ.,, mm},

where E, refers to the energy of the emitted neutrino in the
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muon’s rest frame. Equations (2.8) and (2.9) are valid for
both «* and u~ decays, provided that the muon beam has
zero net polarization. For a polarized beam, an additional
term is generated that changes sign under ™ < w ™. This
possibility is not considered here, but can easily be intro-
duced and is not expected to affect any of our results (we
refer readers to [1] and references therein for the status and
implications of polarized muon beams as applied to a
neutrino factory).

Given Egs. (2.8) and (2.9), it is straightforward to obtain
the electron-type and muon-type neutrino fluxes at any
boosted reference frame. The bottom-left panel of Fig. 1
shows the on-axis energy spectra of a 50 GeV neutrino
factory beam. Both the v, and v, beam components are
shown without distinguishing between neutrino and anti-
neutrino because they yield the same spectrum. The abso-
lute normalization is obtained by requiring that the
integrated flux over solid angle and energy yields
10%° decays/year [21]. Neutrino factory designs aim at
reaching a 0.1% uncertainty on the flux normalization
[22]. This can be further reduced by half from normalizing
to the muon regeneration process v, ¢ — u~ v, and v,e —
#~P,. A neutrino factory running in the u~ mode of
Eq. (2.7) is subject to a very real source of background
via the inverse beta-decay reaction, which must be reduced
by applying p, cuts. A beam running in the u* mode is not
affected by this, but still may be subject to other back-
ground events that contain a single final state electromag-
netic shower that mimics the electron signal, such as
coherent and diffractive 77° production. These must be
dealt with during data analysis. After all expected analysis
cuts, the resulting signal-to-background ratio is projected
to be better than five [22]. Under such high statistics
conditions, backgrounds are negligible when compared to
the overall flux-normalization uncertainty and additional
systematic effects.

For our analysis, we assume 10*° muon decays per year
in the straight section of the storage ring producing a
neutrino flux given by the boosted version of Eqgs. (2.8)
and (2.9). The uncertainty on the absolute normalization is
taken to be 0.1% and 0.05% for u* and u~ beams,
respectively, with negligible induced statistical uncertainty
arising from background subtraction. Additional system-
atic uncertainties in such neutrino factory experiments are
difficult to estimate and may be large as compared to the
values listed here. We therefore perform our analysis as-
suming a systematic uncertainty ranging from (0-5)%.
With this, an experiment running for one year with a
50 GeV beam should record approximately 10° elastic
scattering events, inducing a statistical uncertainty of
only 0.003%.

3. B-beam

B-beams are newly envisioned facilities that will pro-
duce an intense beam of electron-type neutrinos (v, or 7,)
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with well-known energy spectra. These beams are virtually
free of contamination by other neutrino flavors. The idea
behind a B-beam is very similar to that of a neutrino
factory [1]. B-decaying isotopes are produced by an opti-
mized fixed target collision. They are then accelerated and
placed in a storage ring where they undergo [B-decay,
producing a collimated neutrino beam. Current isotopes
of interest are '8Ne for v, production and ®He for 7,
production. Approximately 10'® decays per year are ex-
pected at a B-beam facility for either nuclei, assuming the
existing design [23], 35% of which should occur in the
straight section of the storage ring and therefore constitute
the beam.

[B-decay kinematics are well known and lead to the
following approximate form for the neutrino energy spec-
trum in the ion’s rest frame:

P
dE,dQ),,

« E3(Ey — E)(Eg — E,) — 2 (2.10)

where E, is the electron end-point energy; 3.5 MeV for °He
and 3.4 MeV for 8Ne. Hence,

d*®

e o« y2E2(E, — E
JE.dO Y°E,(E, — E,)

0]ab =0

X\ J(E, = E, = Qym,? 2.11)

where E, = 2yES™ is now the transformed energy in the
boosted frame and E,, = 2yE, is the maximum neutrino
energy. The top-right panel of Fig. 1 shows the shape of the
B-beam flux given by Eq. (2.11) for both isotopes men-
tioned above and a boost factor y = 500, assuming the
same overall normalization for each. The small difference
between the curves is due to the differences in the S-decay
end-point energy. Once again the normalization is found by
conditions on the integrated flux and is assumed, as in the
neutrino factory case, to be known to approximately 0.1%.
The proposed boost factors range from y = 60 with a
mean energy of 0.2 GeV to y = 2500 with a mean energy
of 7 GeV. At these energies, the primary source of back-
ground is quasielastic scattering (deep inelastic processes
become dominant at the high energy facilities). The num-
ber of such events can be reduced by imposing kinematical
cuts on p,.

For our analysis, we assume a y = 500 B-beam source
consisting of 1.1 X 10'8 and 2.9 X 10'® decays per year at
facilities running in the », (!®Ne) and #, (°He) modes
respectively [23], with an energy spectrum given by
Eq. (2.11) carrying an overall 0.1% uncertainty. Although
the signal-to-background ratio for such [B-beam experi-
ments should be large enough to neglect the statistical
uncertainty induced from background subtraction, addi-
tional systematic uncertainties may still be large as com-
pared with the other characteristic uncertainties of the
system. We therefore perform our analysis assuming sys-
tematic uncertainties ranging from (0—5)%. Under these
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conditions, an experiment running for one year should
record 6 X 10° elastic scattering events inducing a statis-
tical uncertainty of only 0.13%.

4. Conventional beams

We define a conventional beam broadly as any neutrino
source arising primarily from the decay of accelerator-
produced pions or kaons. There are currently several con-
ventional neutrino beams in operation or in the develop-
ment stage. Many were constructed for the primary
purpose of studying long/medium baseline neutrino oscil-
lations, but can also be used to study neutrino-electron
scattering. A detector, as described here, placed close to
the neutrino source would yield a high neutrino-electron
statistics sample. This would lead not only to an enhance-
ment of our knowledge of fundamental particle properties,
but would serve as a source of normalization for the
oscillation experiments as well as reduce uncertainties on
cross sections needed to extract oscillation parameters.
One example is the K2K beam line, originating from the
KEK accelerator facility in Japan which yields a high
luminosity broadband v, beam peaking in the sub-GeV
energy range to the Super-Kamiokande detector 250 km
away [24,25]. A more powerful beam at the currently under
construction J-PARC facility is being planned [25]. In the
U.S.A., Fermilab is currently home to two important con-
ventional neutrino beams. The booster neutrino beam line
provides a low energy (0.5-1.5) GeV, v, beam to the
MiniBooNE experiment and may, in the future, also serve
the proposed FINeSSE (Fermilab Intense Neutrino Scat-
tering Scintillator Experiment) experiment with an overall
flux uncertainty of approximately 5% [26]. At much higher
energies, the NuMI (Neutrinos at the Main Injector) beam
is planned to power the Minerva [2] detector, which is to be
located behind the MINOS near detector. The NuMI beam
can operate in different configurations ranging in peak
energy from (3—-15) GeV. Additionally, it has the option
of running in the “negative” mode, dominated by v, or
the reverse “positive” mode, dominated by »,. Planned
upgrades to the Fermilab proton accelerator would signifi-
cantly enhance the performance of the NuMI beam as it
applies to both neutrino oscillation and scattering experi-
ments [27].

Generally, conventional beams consist of v,, 7,, v,
and 7,, at least to some degree. Muon-type neutrinos are
always the most prominent beam component and, of these,
the dominant helicity state can be chosen by selecting the
sign of the decaying mesons. The bottom-right panel of
Fig. 1 shows a log plot of the energy spectrum of the NuMI
beam in its medium energy (ME) configuration [28]. In this
case, v, is the dominant beam component with »,, con-
tributing at the 3% level and v, making up less than 1%.
We take the NuMI beam in its medium energy, v, domi-
nated, configuration (shown in the bottom-right panel of
Fig. 1) as a representative example throughout this study.
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TABLE III.
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Results on the precision of parameter extraction, assuming a 100 ton detector located 100 m from the neutrino source.

All limits are taken at 68% confidence. The bounds in parentheses are computed assuming a worst-case scenario of 5% systematic
uncertainty induced from background subtraction. See text for details.

Uncertainties sin?6y, Magnetic moment Z' coupling € p
Assumptions % background, % flux %o 68% 68% %
Reactor 3GW, 3<T<5MeV [16] 1, 0.1 0.82 4.8 X 1070y, 2.0x 1073 1.1
ut v-factory 50 GeV, 1020% [22] 0(5), 0.1 0.14 (6.64) 2.5(10.1) X 107"y 6.9(13.1) X 1074 0.09 (1.2)
m~ v-factory 50 GeV, 1020% [22] 0(5), 0.05 0.04 (8.62) 3.1(12.4) X 107wy 3.3(8.7) X 107*  0.06 (0.93)
-beam v, e) vy =2>500,11X = , O. . . .006.6) X 10"V upg  9.8(16.3) X 107% 0. %
b ('8Ne) 500, 1.1 X 108 di:zfg [1] 0¢5), 0.1 034 (7.60)  3.0(6.6) X 10710 9.8(16.3) X 107* 0.369 (2.4)
B-beam 7, (*He)  y =500, 2.9 X 1018% [1] 0¢5), 0.1 022 (5.72) 2.6(6.7) X 1070, 7.7(14.2) X 107 0.75 (3.1)
Conventional NuMI on-axis 3.7 X 10° POT 0(5), 3 0.48 (9.92) 1.8(6.6) X 107 0u,  2.7(6.4) X 1073 3.3 (7.3)

Optimistically consistent with the above projections, we
assume a 3% overall uncertainty on the total flux normal-
ization. Similar to the neutrino factory case, the main
sources of background are those events consisting of single
electromagnetic showers (with electronlike topologies)
which can generally be removed to a negligible level by
cutting on their broad p, distribution. Assuming 3.7 X 10%°
protons on target (POT) and the given detector configura-
tion, we expect nearly 107 elastic scattering events, induc-
ing a statistical uncertainty of 0.03%.

III. RESULTS

We perform y? analysis to extract the sensitivity of
neutrino-electron elastic scattering experiments to
sin’@y, u,, p, and potential leptonic Z’-induced couplings
€. Table III lists the results of our analysis, along with the
key assumptions regarding the different experimental set-
ups. Each result assumes a one year run with a 100 ton
fiducial mass detector located 100 m from the neutrino
source. We take sin?6y (M) = 0.23120 = 0.000 15 at
the Z-pole for all our analysis, except when we explore the
ability of the different setups to measure the weak mixing
angle itself. We also fix p = 1 (at the tree level) for all our
analysis, except when we explore the ability of different
setups to measure p itself.

A. sin?0y

The weak mixing angle 6y, parametrizes the change of
basis from the SU(2); and U(1)y gauge fields to the mass
eigenfields, the W*-boson, the Z-boson, and the photon,
after electroweak symmetry breaking. Within the SM,
electroweak processes, including those of Eq. (2.2), can
be expressed in terms of sin’@y,, G u» and the fine-structure
constant. It is essential to precisely measure these quanti-
ties and check for consistency between the various classes
of processes. The current best fit value is sin?8y (M )y =
0.23120 * 0.000 15 [3], or 8(sin%8y)/sin*0y = 0.065%.

The NuTeV collaboration—which studied deep inelas-
tic neutrino-nucleus scattering—extracted a value for
sin’fy, measured at center-of-mass energies near the

50 GeV scale, with 8(sin?6y,)/sin>0y, = 0.70% precision,
that was approximately 3 standard deviations above the
SM prediction [29]. Many possible explanations of this
discrepancy have been proposed [30], but additional pre-
cision measurements must be made to help pinpoint the
true culprit, be it new physics or some subtle systematic
effect. In particular, neutrino-electron scattering experi-
ments, utilizing the sources described in Sec. II B, should
be especially helpful in this endeavor, as they may be
subject to the same new phenomena responsible for the
NuTeV result, without hadronic complications. It is in this
spirit that we summarize the existing (and proposed) mea-
surements of the weak mixing angle via neutrino-electron
scattering and present our results.

The most precise (8sin®6y /sin*0y, = 0.069%) mea-
surements of the weak mixing angle were done at e*e™
colliders operating near the Z-pole and dominated by
the LEP and SLD experiments [31]. Compared with
such precision measurements, the past contribution from
neutrino-electron elastic scattering from conventional
beam sources at the GeV scale is quite feeble at
dsin®fy, /sin*6y, = 3.5% [3] resulting mainly from data
taken with the CHARM-II detector at the CERN SPS [32],
and to a lesser degree from the E734 experiment at the
Brookhaven National Laboratory [33]. Both experiments,
performed with conventional beams, analyzed the ratio
R = o(v,e)/o(P,e) in order to exploit the cancellation
of common systematic uncertainties. They therefore took
advantage of the ability to run their respective beams in
neutrino/antineutrino mode at will, a method that we do not
explore in our analysis.

Our results on the weak mixing angle are as follows: Ata
future reactor experiment, one should be able to measure
sin®6y, with a 0.82% uncertainty at the MeV scale, a result
consistent with an estimate made, under similar assump-

* Although measurements of the weak mixing angle are much
less precise at neutrino-electron scattering experiments, their
contributions are still very important. The variability of the
various neutrino beam energies helps to demonstrate the running
of sin?@y,. Additionally, such processes aid in the search for new
physics by signaling inconsistencies with the Z-pole results.
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tions, in [16]. A neutrino factory experiment, running in
either w* or u~ mode, can do much better in the absence
of systematic uncertainties. Assuming 0% (5%) systematic
uncertainty &(sin’@y,)/sin’@y, at the multi-GeV scale
could reach 0.14% (6.64%) and 0.04% (8.62%) at a u™
and u~ 50 GeV neutrino factory, respectively. These re-
sults are consistent with the estimates of [22] (which
assume a smaller detector situated slightly closer to the
source). Measurements of sin’fy, at low energy (y < 20)
[B-beam sources have recently been discussed in [34] as a
function of the expectations for the systematic uncertain-
ties and the number of different combined boost factors y
used in the analysis. They conclude that a 10% measure-
ment of sin’fy, at low g? is within reach of a future
[B-beam facility, provided systematic uncertainties are
held below 10%. Our analysis assumes a much higher
energy (y = 500) beam, which implies larger statistics.
Assuming 0% (5%) systematic uncertainties S8(sin’6y,)
should reach 0.34% (7.60%) and 0.22% (5.72%) at a v,
and p, B-beam, respectively, near the GeV scale. Finally,
at existing or planned conventional neutrino beams, the
weak mixing angle could also be measured. Using the
NuMI beam, we find that sin’@y, at a multi-GeV scale
can be measured with 0.48% (9.92%) precision, assuming
0% (5%) systematic uncertainty.

B. Neutrino magnetic moments

Neutrino masses imply that neutrinos necessarily have
nonzero electromagnetic dipole moments. The nature of
M, will depend on whether the neutrinos are Majorana or
Dirac fermions and, without loss of generality, these are
described by (after electroweak symmetry breaking)

uvV;F*’) + H.c. (Majorana),

or L= Mi,j(ﬁiO'M,,VjF””) + H.c. (Dirac),

L = lyj(,
o 3.1

where F*” is the electromagnetic field strength. u;/ is, in
general, complex, and hence carries information concern-
ing the neutrino electric and magnetic dipole moments. It
will become clear, however, that simply by studying
neutrino-electron scattering it is impossible to decide
whether a nontrivial effect due to Eq. (3.1) is to be trans-
lated into an electric or magnetic neutrino dipole moment.

In the SM, a nonzero neutrino magnetic moment is
generated at the one-loop level through the electroweak
diagrams depicted in Fig. 2 and is given, in terms of the
Bohr magneton wp = e¢/2m,, by [35]

IL,LlVJ = 3€GF
8\/572

This is over 8 orders of magnitude below the sensitivity of
foreseeable future probes of neutrino magnetic moments.
For completeness, we mention that, also in the SM, neu-
trinos are expected to have a nonzero electric dipole mo-
ment, which is many, many orders of magnitude smaller

m, =3 X 10’”#3( 3.2)

_ My
107! eV>'
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FIG. 2. Standard model one-loop contributions to the neutrino
magnetic moment.

than the SM expectation for the neutrino magnetic dipole
moment. Many manifestations of physics beyond the SM,
however, predict much larger values for the neutrino mag-
netic moment [36]. The observation of a neutrino magnetic
moment any time in the foreseeable future implies the
existence of physics beyond the standard electroweak
interactions.

The i = j elements of w3/, or diagonal moments, couple
neutrinos of the same mass, while the ij elements, or
transition moments, couple different mass eigenstates.5 In
the case of Majorana neutrinos, ,U,’V’ is constrained to be
antisymmetric by CPT invariance; that is the requirement
that the neutrino and antineutrino must have magnetic
moments of equal magnitude. Thus, Majorana neutrinos
possess only transition moments, whereas Dirac neutrinos
can possess both diagonal and transition moments (this
statement is weak-basis independent).

The presence of Eq. (3.1) modifies the neutrino-electron
elastic scattering cross sections given by Eq. (2.2) in a
dramatic way. The important point to realize is that the
final state in this process contains a right-handed neutrino
state; fundamentally distinguishable from the SM final
state contribution. It must therefore be added incoherently
to the SM event rate. Furthermore, a calculation of the total
effect requires a sum over all possible final state neutrinos
since they are unobserved. The net result is the additional
term in the cross section [37]:

2 /E
d_o-(yfe_)Vie)em :lu’2 WaZ — 1)
ar E m;\T

(3.3)

The signature of the magnetic moment effect is therefore
an excess of events above the SM prediction displaying a
characteristic 7~ ! dependence. Here, u is now an effective
dipole moment, generally given by u; = Slwd 2, where
the sum is performed over all possible final states. Of
course, in the case of a short-baseline scattering experi-
ment, the incoming neutrino is best represented by a flavor

eigenstate, in which case it is most practical to constrain

>In this discussion we are assuming implicitly that the w} are
expressed in the mass eigenbasis and define transition and
diagonal moments using this convention. In the flavor basis,
the magnetic moment matrix is transformed by the unitary
neutrino mixing matrix U. In the Majorana case, for example,
these would be related via u®® = UuUT.
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Mo =Y gn®, a, B=e, u, 7. Notice that this makes it
impossible to determine the nature of the neutrino in such
scattering experiments, as one cannot distinguish transition
from diagonal moments. Matters are complicated further
when dealing with sources composed of multiple neutrino
flavors. In this case one experimentally extracts (or places
an upper limit on) an effective moment, which is a
weighted average of the moments of each beam flavor
component: u2; =S u2f,, where

00 d®,(E,) (E,
df (1) _ JTAE, "5 (3 = 1)

o0 (D V. '
dT %/T dE, “2eE) (B, 1)

(3.4)

dE,

Mg traces out an ellipsoid in magnetic moment space. If
an upper limit u is extracted on the effective moment, the
strongest limit one can place on w, is ., < u/\/f,. Ata
50 GeV neutrino factory, . is related to w, by Mgff =~
& 2 + % p. This relation was obtained by performing
the necessary integrals and neglecting all terms except
those proportional to In7™"/E™3_ Notice that both mo-
ments contribute about equally, but a slightly tighter limit
can be placed on w, as expected from the low energy
behavior of the neutrino factory energy spectrum (see
Fig. 1). With all of this in mind, it is clear that the
experimentally measured magnetic moment is a very con-
voluted quantity, and therefore, one must take great care in
interpreting/comparing such experimental results.

Currently, the tightest bounds on the neutrino magnetic
moment come from astrophysics [38]. These limits arise
from considerations of stellar/supernova cooling and are
somewhat model dependent. Generally, such bounds are of
order (10719-107'2) g, a far cry from the 10~ up pre-
dicted from the minimally extended SM. Direct measure-
ments via neutrino scattering are less model dependent,
easier to interpret, and are quickly approaching a precision
competitive with astrophysics.

Nuclear reactors offer an ideal setting for studying u,
with 7, electron scattering due to the low energy peak of
the neutrino spectrum (where magnetic moment effects are
most prominent), and the ability to compare the on/off
reactor states. Most recently, the MUNU [39] experiment
at the Bugey reactor in France and TEXONO [40] at the
Kuo-Sheng reactor in Taiwan have analyzed the recoil
electron energy spectrum dN/dT for very small recoil
kinetic energies, 7 < 1 MeV. The large uncertainties as-
sociated with the flux normalization at these energies were
overcome by the potentially huge magnetic moment-
induced excess that would either dwarf the SM background
or allow the extraction of a strong upper bound. Their
respective 90% confidence limits are 9 X 107!y and
1.3 X 1079 . Our analysis, on the other hand, yields a
68% confidence level upper bound of 4.8 X 1070 by
considering the high energy tail of the spectrum, where the
overall normalization is well known. w, is also accessible
at beta-beam sources. A 68% upper bound of 3.0(6.6) X

PHYSICAL REVIEW D 74, 033004 (2006)

1079, and 2.6(6.7) X 10719y is achievable at a v,, 7,
[B-beam source, respectively, assuming 0% (5%) system-
atic uncertainty. The authors of [41] also consider the
determination of the electron neutrino magnetic moment
at various sources including reactor and beta beams with
similar results.

As for the other neutrino flavors: the LSND [42] experi-
ment provides the best upper limit value of 6.8 X 10710y,
on u,,. A future neutrino factory experiment could, at best,
improve on this by a factor of 10. With a 0% (5%) assumed
systematic uncertainty, a 50 GeV neutrino factory experi-
ment can produce an upper bound on the effective mag-
netic moment of 2.5(10.1) X 10"y, and 3.1(12.4) X
107"y at 68% confidence for a w* and w~ beam,
respectively. The corresponding bounds on u, and u,
can be found by including the factors 1.35 and 1.48,
respectively, as described above. For the NuMI beam, an
upper limit on u ,, of 1.8(6.6) X 10745 can be achieved,
and could be pushed below 10~ 1% 5 with a new/upgraded
proton driver [27]. Thus far, we have said nothing about
M. At the energies considered here v.’s cannot be pro-
duced, save for V,— V; oscillation effects which are
negligible at our assumed short baseline of 100 m.
Although our analysis cannot add to the subject, we point
out, for completeness, that the Fermilab DONUT experi-
ment has set a weak upper bound of 3.7 X 10~ 7wz on w,
at 90% confidence [43].

C. Neutrino Z’ couplings: €

The existence of hypothetical heavy states that couple to
both electrons and neutrinos would modify the differential
cross section for neutrino-electron scattering. Such heavy
states are ubiquitous in models of the physics that lies
beyond the SM.

At center-of-mass energies well below the masses of the
hypothetical heavy states, contributions to neutrino-
electron scattering are very well captured by the introduc-
tion of effective four-fermion operators of the type
pI'v'el’e, where I stand for the various distinct combina-
tions of Dirac gamma matrices, while » and v’ stand for
potentially distinct neutrino flavors. Here, we will concen-
trate on flavor independent vector-vector interactions, de-
scribed by

L = e(2v2G )7y véy e + He, (3.5)

where € is the new coupling constant, and refer to, for
example, [44,45] for a more detailed study. While we
appreciate the fact that this phenomenon is potentially
much richer, for the purposes of our study, computing the
sensitivity to €, as defined in Eq. (3.5), will suffice in order
to estimate the ability of future ve-scattering experiments
to probe nonstandard neutrino interactions. On the other
hand, the presence of a new, heavy neutral gauge boson
(which we refer to, generically, as a Z’) that couples
universally to all three neutrinos and to right-handed and
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left-handed electrons with equal strength would yield such
an effective Lagrangian. Hence, we refer to € as the
neutrino-Z' coupling.

With the addition of Eq. (3.5), Eq. (2.2) still describes ve
scattering, as long as one replaces

a—a-+e b—b+e 3.6)

At a reactor facility, we find that a 68% upper limit of
2 X 1073 can be set on €.° The limits set at a neutrino
factory are potentially 1 order of magnitude better,
6.9(13.1) X 107* and 3.3(8.7) X 10™* for a " and u~
beam, respectively, assuming 0% (5%) systematic uncer-
tainty. Our estimate for the neutrino factory agree with
estimates obtained in [44]. At a beta-beam facility we
find 68% upper bounds for € of 9.8(16.3) X 10™* and
7.7(14.2) X 1074 for the v, and », modes, respectively.
Finally, a conventional neutrino beam should set a bound
of 2.7(6.4) X 1073. Other neutrino sources (including the
sun) also allow one to probe for the existence of new
neutrino-electron interactions, as recently discussed in
[45].

D. Nature of the neutrino-Z-boson coupling: p

In the SM, the neutrino coupling to Z-bosons is purely
left handed. In Sec. II, we defined the left-handed
neutrino-Z-boson coupling as p, which is, in the SM, equal
to unity at tree level. Its interesting to appreciate, however,
that, experimentally, the left-handed nature of the neutrino
coupling to the Z-boson is far from an established fact (for
a detail discussion of this issue, see [47]).

The most precise information regarding the
neutrino-Z-boson coupling is provided by precision studies
of the invisible Z-boson width [31]. These, however, are
not sensitive to the left-handed neutrino coupling to the
Z-boson, but to a combination of the right-handed and the
left-handed couplings to the Z-boson. More insight can
only be obtained by combining Z-pole data with that
obtained in neutrino scattering. The most robust bound
on the left-handed-Z-boson coupling is obtained by com-
bining Z-pole and CHARM-II data [48]. According to
[47], p values as small as 0.9 are not ruled out (at
around the three sigma level) as long as the right-handed
neutrino-Z-boson coupling is nonzero (it is currently
bound to be roughly less than 40% of the left-handed one
[47]).

The main point is that, in neutrino-electron scattering,
the incoming neutrino (antineutrino) beams are purely left
handed (right handed). Hence, regardless of whether there
are right-handed neutrino Z-boson couplings, the neutral
current contribution to vy,e¢ — ve is only dependent on p.
For the strictly neutral current processes vye — vye and

A detailed study of the electron g; and gy couplings using
reactor data was performed in [46]. Bounds on g; and gy can be
easily converted into bounds on € (among other possibilities).
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vee — vye (£ = u, 1), the cross section is proportional to
p2.7 As only the total event rates are affected, it is expected
that the capability of experiments with »,(7,) beams to
constrain p should be limited. This is the condition of
decay-in-flight conventional neutrino sources, where typi-
cally the electron neutrino beam component only contrib-
utes at the subpercent level. Currently, the most precise
determination of p comes from the CHARM-II [48] col-
laboration at the CERN SPS conventional beam source.
Their result, consistent with the SM prediction of p = 1, is
precise to 6p = 3.4%. In our analysis, assuming the NuMI
beam, we conclude that p can be measured to only 3.3%
(7.3%) assuming 0% (5%) systematic uncertainty; clearly
comparable to the CHARM-II result. Most of the uncer-
tainty is related to the rather poor knowledge of the overall
normalization of the neutrino flux.

Reactions with »,(7,) involve both charged and neutral
current terms, and the interference between them induces
nontrivial changes to the recoil energy spectrum
dNgy(T)/dT described by Eq. (2.1). Allowing for arbitrary
p values, the a, b parameters of Eq. (2.2) read

a=p@—sin*fy) — 1

b = p(—sin®fy,) 3.7)

} v.e — v,e.

Again, a < b for the », process. For this reason, measure-
ments of v, — e scattering (or ¥, — e) are sensitive to p
(and not p?). Furthermore, not only is the total event rate
modified, but so is the energy distribution of the recoil
electrons. Finally, v, — e scattering is also sensitive to the
sign of p, i.e., it depends on whether the W-boson ex-
change interferes destructively or constructively with the
Z-boson exchange contribution [49]. In the SM p is posi-
tive—the Z-boson and W-boson exchange diagrams inter-
fere destructively.

Several of the experimental setups considered here can
extract (sometimes with high confidence) the sign of p.
Indeed, such a feat has already been accomplished by early
experiments sensitive to v, — e elastic scattering [50].
They find agreement with destructive interference (p >
0) at around the five sigma level. The reactor neutrino
experimental setup considered here should be able to re-
peat such a sign determination using electron antineutrinos
(which has not been accomplished yet), as long as it can
accumulate enough statistics and control the uncertainty on
the normalization of the ¥, flux. We find, for example, that
the future reactor experiments listed in [19] could easily
determine the sign of p within one year of data collection,
provided that systematic uncertainties (including flux nor-
malization) are held below (25-30)%. Needless to say,
B-beams should provide the ultimate tool when it comes
to studying this issue in detail.

When setting bounds on p, we explicitly assume that it is
positive. Our estimates are summarized in Table III. We

"For simplicity, we assume that p is flavor independent.
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find that a future reactor experiment should measure p to
1.1%. At a beta-beam source, this can be reduced to 0.39%
(2.4%) and 0.75% (3.1%) for a v, and ¥, beam, respec-
tively, assuming 0% (5%) systematic uncertainty. At a
neutrino factory, assuming the same range of systematic
uncertainties, we expect a precision of 0.09% (1.2%) and
0.06% (0.93%) for a u* and u~ beam, respectively. As
mentioned earlier, we have assumed that the value of p is
flavor universal, so that, in the case of a neutrino factory,
information is obtained from both the v, and the v,
components of the beam.

IV. CONCLUDING REMARKS

Neutrino-electron scattering provides a very clean envi-
ronment for detailed studies of electroweak interactions. In
principle, one is not only capable of precisely determining
the value of SM parameters, but is also sensitive to physics
beyond the SM, including anomalous neutrino couplings to
photons, neutrino and electron couplings to new neutral
gauge bosons (Z primes), and right-handed neutrino neu-
tral currents.

On the negative side, the cross section for neutrino-
electron scattering is tiny. This means that one needs
very large neutrino sources and/or neutrino targets.
Moreover, backgrounds related to neutrino-nucleon scat-
tering, whose cross section is around 3 orders of magnitude
larger, need to be seriously suppressed. Finally, competi-
tive precision measurements can only be performed if the
neutrino beams are very well understood (shape and
normalization).

It is now clear that, in the foreseeable future, new
neutrino facilities, where the obstacles summarized above
can be eliminated, will become available. The new physics
revealed by neutrino oscillation experiments calls for very
intense, very well understood neutrino sources, and these
are currently under serious consideration. Furthermore,
many of these planned facilities will house “‘near detec-
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tors,” for several reasons. The types of setups we are con-
sidering qualify as near detectors (not unlike the Minerva
experiment, currently being planned as a new detector to be
added to the MINOS near detector).

Here, we have estimated how precisely various observ-
ables could be measured via neutrino-electron elastic scat-
tering at existing (say, the NuMI beam) and future
facilities, including neutrino factories, B-beams, and
next-generation, large detectors located close to powerful
nuclear reactors. Table III summarizes our results, as well
as the assumptions that went into extracting them. For most
setups, we have quoted expectations in the case that sys-
tematic uncertainties are reduced to negligible levels—
results with relatively large systematic uncertainties are
quoted in Sec. III. Ultimately, the “correct” estimate for
systematic effects will be obtained by the experimental
collaborations. We believe, however, that our estimates
can be considered representative of either a typical or a
worst-case scenario.

In summary, it is fair to say that, in the foreseeable
future, we can expect neutrino-electron scattering experi-
ments to contribute, in a significant way, to our under-
standing of electroweak interactions—and beyond. We
urge experimentalists to keep the possibility of performing
precision neutrino-electron scattering studies when devel-
oping next-generation ‘‘near detectors’ for future neutrino
facilities.
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