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FIG. 1 Representative example of various neutrino sources across decades of energy. The electroweak cross-section for ⌫̄ee
� !

⌫̄ee
� scattering on free electrons as a function of neutrino energy (for a massless neutrino) is shown for comparison. The peak

at 1016 eV is due to the W
� resonance, which we will discuss in greater detail in Section VII.
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FIG. 2 Diagram of 2-body scattering between an incoming
muon neutrino with 4-momentum p⌫ and an electron at rest
with 4-momentum pe. See text for details.

while the Jacobian written in terms of the fraction of the
neutrino energy imparted to the outgoing lepton energy
(y) is given by:

dq
2

dy
= 2meE⌫ . (4)

Pending on what one is interested in studying, the dif-
ferential cross-sections can be recast to highlight a par-
ticular dependence or behavior.

B. Formalism: Matrix Elements

The full description of the interaction is encoded within
the matrix element. The Standard Model readily pro-
vides a prescription to describe neutrino interactions via
the leptonic charged current and neutral current in the
weak interaction Lagrangian. Within the framework of
the Standard Model, a variety of neutrino interactions are
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field is the study of the low energy part of the solar neutrino
spectrum, which represents the great majority of the spec-
trum and is still an almost unexplored realm. Some of the
challenges ahead are reducing significantly the indetermina-
tion on pep and CNO neutrinos and attaching the pp solar
neutrino measurement. This would be essential to test the
stability and consistency of the standard explanation of the
oscillation mechanism, confirming or definitely disproving
the presence of discrepancies between theory and experi-
ments, which has lately stimulated a flourishing of models
introducing the so-called “Non Standard Interactions” (Sec-
tion 6.1). Once more, these results would be of great interest
to improve the knowledge both of elementary particle prop-
erties and interactions and of the astrophysical models of the
Sun. They could help also to discriminate between different
versions of the solar models, for instance, for what concerns
the so-called “solar abundance problem,” and to deepen the
comparison with the results coming from other studies of
solar properties, for example, from helioseismology. These
studies would of course imply a further improvement of the
already known detection techniques and the introduction of
new ones (see, for instance, Section 7). Also from this point of
view, solar neutrino physics will continue to give a stimulat-
ing contribution both to elementary particle physics and to
astrophysics.

In the present paper we are going to treat all of these top-
ics, focusing our attention on the important advancements
of the last years, on the main open questions, and the future
perspectives of solar neutrino physics. In Section 2, the inter-
ested reader can find a short review of the history of the so-
called “solar neutrino puzzle,” from the the radiochemical
experiments results up to the first data obtained by SNO and
the reactor experiment KamLAND, that solved this puzzle.
The following section is devoted to the standard solar model,
its main input parameters (with the relative uncertainties)
and predictions, the helioseismology, and the “metallicity
problem.”The other ingredient essential for the calculation of
the expected neutrino signal, the neutrino flavor conversion
probability (in vacuum andmatter), is discussed in Section 4.
In Section 5, we report and discuss the important advance-
ments which took place after 2002: from the results of the dif-
ferent phases of SNO and Super-Kamiokande to the discus-
sion of the impact on solar neutrino physics of the data
obtained by the reactor experiment KamLAND and finally to
the first real-time measurements of the low energy solar neu-
trinos performed by Borexino.The discussion on the present
phenomenological situation is completed in Section 6, with a
particular attention to threeflavors and to freefluxes analyses.
We close the paper turning our attention to the near and
far future, discussing the experimental and the theoretical
challenges in Sections 7, 8, and 9.

2. Brief History and Solution of the Solar
Neutrino Problem

2.1. From Homestake to Super-Kamiokande. The first exper-
iment built to detect solar neutrinos took place in the
Homestake gold mine in South Dakota [14–16].The detector

consisted of a large tank containing 615metric tons of liquid
perchloroethylene, chosen because it is rich in chlorine and
the experiment operated continuously from 1970 until 1994.
Neutrinos were detected via the reaction:!! + 37Cl "→ 37Ar + $−. (1)

The energy threshold of this reaction, %th = 814 keV, allowed
the detection of 7Be and 8B (and a small signal from the CNO
and pep) but not that of && neutrinos, because of their low
maximal energy of 0.42MeV. The radioactive 37Ar isotopes
decay by the electron capture with a '1/2 of about 35 days into37Cl∗: 37Ar + $− "→ 37Cl∗ + !!. (2)

Once a month, after bubbling helium through the tank, the37Ar atomswere extracted and counted.The number of atoms
created was only about 5 atoms of 37Ar permonth in 615met-
ric tons C2Cl4. The number of detected neutrinos was lower
(about 1/3) than the value expected by the Solar Standard
Model. This discrepancy is the essence of the solar neutrino
problem, which has been for many years an important puzzle
among physicists.

There were three possible explanations to the solar neu-
trino problem.The first one was to consider that Homestake
could be wrong, that is, the Homestake detector could be
inefficient and, in this case, its reactions would not have been
predicted correctly. After all, to detect a handful of atoms per
week in more than 600metric tons of material is not an easy
task (the science that studies the interior of the Sun by looking
at its vibration modes). The second one was to consider that
the SSM was not correct, but as helioseismology started to
provide independent tests of solar models, the SSM passed all
tests. Indeed, nonstandard solar models constructed ad hoc
to resolve the solar neutrino problem seemed very unlikely
when scrutinized under the light of helioseismology. The
third one, and the strangest hypothesis, was to consider that
something happens to the neutrinos while traveling from the
core of the Sun to the Earth.

The first real-time solar neutrino detector, Kamiokande,
was built in Japan in 1982-1983 [20]. It consisted of a large
water Čerenkov detector with a totalmass of 3048metric tons
of pure water. In real-time neutrino experiments, scientists
study the bluish light produced by the electrons scattered by
an impinging neutrino according to the following equation:!$ + $− "→ !$ + $−. (3)

In the Kamiokande detector, light is recorded by 1000 photo-
multiplier tubes (PMT) and the energy threshold of the reac-
tion is %th = 7.5MeV; therefore, only 8B and ℎ$& neutrinos
are detected (Here and in the rest of the paper, following the
convention commonly adopted in the literature, we use the
term “energy threshold” to indicate the lowest observable
neutrino energy also for Čerenkov’s detector experiments.
However, it is important to bear inmind that for these experi-
ments, differently from the radiochemical ones, there is not a
real energy threshold for the reaction and the lowest limit on
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We calculate the charged-current capture rate of neutrinos on 131Xe in xenon dark matter detec-
tors. The estimated rate is approximately 0.1 event per ton per year. Though subdominant to the
neutrino-electron elastic scattering signal, the capture rate will be appreciable in larger-scale, next
generation xenon-based dark matter experiments. It can be more easily identified by extending to
larger electron recoil energies beyond the canonical ⇠ 1 � 10 keV electron recoil energy window.
This signal may also be di↵erentiated from the larger solar neutrino-electron elastic scattering rate
because of the associated x-rays produced from the Cs-131 decay, with a half-life of 9.7 days.

I. INTRODUCTION

Xenon liquid noble gases are crucial components to the
dark matter search program, establishing world-leading
limits on Weakly-Interacting Massive Particles (WIMPs)
over a mass range ⇠ 10 GeV - 1 TeV [1, 2]. Attaining
the present levels of sensitivity to WIMPs, and improv-
ing upon them in the future, requires an identification of
backgrounds in both nuclear recoil and electronic recoil
bands. In the nuclear recoil band, the backgrounds arise
from single-scatter neutrons from fission of isotopes in
the detector or from cosmic ray interactions. In the fu-
ture, the astrophysical background will arise from coher-
ent neutrino-nucleus scattering of solar and atmospheric
neutrinos [3] will constitute a background of nuclear re-
coils.

In the electron recoil band, radioactivities intrinsic to
Xenon constitute a background at the level of a few ppt.
In future Xenon experiments, Solar neutrinos elastically-
scattering o↵ of electrons will constitute a background in
the electron recoil band. In the WIMP search region of
2-10 keVee (keV electron equivalent), there is expected
to be ⇠ 17 events per ton per year in the electron recoil
band [4] . It is expected that an electron recoil rejection
e�ciency of ⇠ 2 ⇥ 10�4 results in 3.5 ⇥ 10�3 events per
ton per year [5].

To this point, backgrounds from solar neutrinos have
focused on the aforementioned coherent neutrino-nucleus
scattering and elastic neutrino-electron scattering chan-
nels. An additional channel to detect neutrinos, which
has not yet been discussed in the context of dark matter
searches, is charged current neutrino capture,

⌫e + (A,Z) ! (A,Z + 1) + e�. (1)

Radiochemical methods have been traditionally-invoked
to identify solar neutrinos via this reaction [6], which
does not involve tagging the outgoing electron. Proposals
have been put forth to identify the outgoing electron [7, 8]
though this method has yet to be experimentally realized.

In this paper we calculate the rate of pp solar neutrino
interactions from to the charged current capture reaction

⌫e +
131 Xe ! e� +131 Cs. (2)

We calculate the shape of the outgoing electron recoil
spectrum, and discuss the prospects for identifying it.
Though the total event rate from this reaction is much
lower than the rate due to elastic electron-neutrino scat-
tering, there is still an appreciable rate which must be
accounted for in background models for next generation
Xenon experiments [5]. We discuss the prospects for tag-
ging events from this reaction due to the spatial corre-
lation between the outgoing electron and the x-ray that
results from the decay of Cs-131 with a half-light of 9.7
days. We note that the detection of solar neutrinos us-
ing this reaction was first discussed in the context of ra-
diochemical methods [9]. If this signal is identified, it
would be the first real-time detection of solar neutrinos
via charged current capture.

II. CROSS SECTION AND CAPTURE RATE

To determine the capture rate from the cross section
and the solar neutrino flux we follow the long standard
formalism [10]. We consider a Xenon-based detector with
characteristics similar to that of current dark matter
experiments, and take the abundance of 131Xe as the
naturally-occurring value of ⇠ 21%.
Assuming ground state to ground state transitions, the

cross section for Eq. 2 can be determined from the log
ft-value, the spin quantum numbers, and the appropriate
Fermi function [10]. The log ft value for 131Xe is 5.53, and
the relevant spin and parity quantum numbers for the
ground states of the nuclei in the reaction Eq. 2 are 3/2+

for 131Xe and 5/2+ for 131Cs. For the Fermi function
we use the fit results from (REF VOGEL). The Q-value
for ground state transitions is 352 keV, and neglecting
the recoil energy of the nucleus the outgoing electron
energy is related to the incoming neutrino energy as Ee =
E⌫ �Q.
Ground state to ground state transitions can be in-

duced by pp solar neutrinos, which have an endpoint neu-
trino energy of 423 keV. Standard solar models (SSM)
strongly constrain the shape of the pp spectrum and the
flux normalization to be 6 ⇥ 1010 cm�2 s�1. Since the
predicted pp flux is strongly tied to the solar luminosity,
and there is weak dependence on uncertainty in the so-

⌫e + d ! p+ p+ e�

⌫ + d ! p+ n+ ⌫
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• Neutral current interaction; Total scattering amplitude 
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• Small momentum transfer wrt to the target size implies 
coherent enhancement  
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to be stronger than future COHERENT measurements for Z 0 masses in the sub-10 MeV range.
The outline of this paper is as follows: In Sec. II we review the CE⌫NS process, in Sec. III we present the details of

kinetic and mass mixing, in Sec. IV we briefly outline the existing bounds, in Sec. V we explain our numerical setup,
in Sec.VI we present the results from current and projected measurements, and we summarize our results in Sec. VII.

II. COHERENT ELASTIC NEUTRINO-NUCLEUS SCATTERING

CE⌫NS occurs whenever the momentum transfer between the neutrino and the nucleus is smaller than or comparable
to the inverse size of the nucleus, which takes place for incident neutrino energies of E⌫ . O(50) MeV. For such low
energies, the neutrino e↵ectively “sees” the entire nucleus rather than the individual components, leading to an
enhancement in the scattering cross section that scales approximately as the square of the number of neutrons. The
neutron number is dominant because the proton coupling that contributes to the CE⌫NS process is more than an
order of magnitude smaller than the neutron coupling.

In the SM, the di↵erential cross-section for a neutrino scattering o↵ of a target electron or quark of mass m through
a Z exchange is

d�

dER
=

G2
Fm

2⇡

 
(gv + ga)

2 + (gv � ga)
2

✓
1�

ER

E⌫

◆2

+ (g2a � g2v)
mER

E2
⌫

!
, (1)

where GF is the Fermi constant, ER is the recoil energy, E⌫ is the incident neutrino energy, (gv, ga) = (T3 �

2Qemsin
2✓W , T3) are the vector and axial-vector couplings to the Z-boson, T3 is the third component of the weak

isospin, Qem is the electromagnetic charge, and ✓W is the weak mixing angle (T3e = �1/2 in our convention). There
is also a contribution from neutrinos scattering o↵ electrons due to the the charged-current t-channel exchange of a
W -boson. In order to account for the full momentum dependence of the nuclear scattering interaction, the di↵erential
cross-section must be multiplied by a form factor. In the present work we use the standard Helm form factor [29].

The SM cross-section above can be modified if there exists a new mediating particle which couples to neutrinos
and either electrons or quarks. Let us consider a new vector particle Z 0

µ with the following interaction terms in the
Lagrangian:

L � Z 0
µ(g

0
⌫ ⌫̄L�

µ⌫L + g0f,v f̄�
µf + g0f,af̄�

µ�5f), (2)

where g0⌫ , g
0
f,v, and g0f,a are constants associated with new physics. The e↵ects of this new field can be accommodated

by a redefinition of the couplings in Eq. (1):

(gv, ga) ) (gv, ga) +
g0⌫ (g

0
f,v,±g0f,a)

p
2GF (q2 +M2

Z0)
), (3)

where q2 is the momentum trasnfer and the (�) sign applies for the case of antineutrino scattering. Although only
new vector mediators are considered here, one can introduce other types of mediators and associated couplings, e.g.,
the mediator could be of scalar and/or pseudoscalar type [13, 20, 22].

To-date the CE⌫NS process has only been measured by the COHERENT collaboration. The dominant portion
of the neutrino source is a prompt flux of ⌫µ of energy 30 MeV from ⇡+

! µ+ + ⌫µ decays, with sub-dominant
components from delayed ⌫e and ⌫̄µ fluxes originating from the µ+ decay (the form of the energy distributions for
these neutrino beams are given, for example, in [30]). The first detection of the CE⌫NS process was obtained with
a 14.6 kg array of CsI scintillators with a 4.25 keV detection threshold. The COHERENT collaboration plans to
implement a ton-scale liquid argon detector and a ton-scale array of NaI scintillators [16] which will be used for the
projections in the current work.

Nuclear reactor facilities aim to detect the CE⌫NS process with a ⌫̄e flux with energies ⇠ 1 MeV. These neutrinos
will produce sub-keV nuclear recoils, necessitating the use of low threshold detector technology such as that developed
for dark matter direct detection experiments. The CE⌫NS scattering rate per target mass at the proposed reactor
experiments is projected to be a few orders of magnitude greater than that measured by the COHERENT experiment.
This is due to reactor neutrino fluxes which are roughly 5-6 orders of magnitude greater than that of COHERENT.
However this flux advantage is mitigated because the scattering rate is proportional to the square of the incident
neutrino energy. With reactors producing a neutrino source of roughly 20 times smaller energy than at COHERENT,
this will relatively reduce the scattering rate by a factor of about 400. The projected ton-scale targets at COHERENT
will help to partially o↵set this comparative rate deficiency, as reactor experiments expect to deploy detectors of total
mass of O(10) kg. For the projections in the present work we will utilize cryogenic Ge and Si with 100 eV nuclear
recoil thresholds, and a total exposure of 100 kg·yr.
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interaction oscillation measurement with a common de-
tector and multiple baselines. The main technical issue
in the two-target cyclotron design is maintaining a good
vacuum in the two-prong extraction line. The beam will
be “painted” across the face of each target in order to
prevent hot spots in the graphite, an e↵ect which will
dominate the ±25 cm uncertainty on the experimental L
from each neutrino source. The targets will be arranged
in a row enveloped within a single iron shield, with the
detector located 20 m downstream of the near target and
40 m downstream of the far target. This configuration
has been found to provide the best overall sensitivity to
the LSND allowed region.

The analysis below exploits the L dependence of neu-
trino oscillations. Therefore, the flux of protons on each
target must be well understood in time; standard proton
beam monitors allow a 0.5% measurement precision. The
absolute neutrino flux is less important, as sensitivity to
the oscillation signal depends on relative detected rates
at the various distances. The systematic uncertainty as-
sociated with the flux normalization is 10% if there is no
large water or oil detector available and 1.1% if such a
detector does exist [36]. A high statistics ⌫-electron scat-
tering measurement at a large water detector provides a
precise determination of the flux normalization.

IV. DETECTING COHERENT NEUTRINO
SCATTERING

Coherent neutrino-nucleus scattering, in which an in-
coming neutrino scatters o↵ an entire nucleus via neu-
tral current Z exchange [41], has never been observed
despite its well predicted and comparatively large stan-
dard model cross section. The coherent scattering cross
section is

d�

dT
=

G2
F

4⇡
Q2

W M

✓
1� MT

2E2
⌫

◆
F (Q2)2 , (3)

where GF is the Fermi constant; QW is the weak charge
[QW = N � (1 � 4 sin2✓W )Z, with N , Z, and ✓W as
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FIG. 1: Energy distribution of neutrinos from a DAR source.

the number of neutrons, number of protons, and weak
mixing angle, respectively]; M is the nuclear target mass;
T is the nuclear recoil energy; and E⌫ is the incoming
neutrino energy. The ⇠5% cross section uncertainty, the
actual value depending on the particular nuclear target
employed, is dominated by the form factor [42].
Coherent neutrino scattering is relevant for the under-

standing of type II supernova evolution and the future de-
scription of terrestrial supernova neutrino spectra. Mea-
suring the cross section of the process also provides sensi-
tivity to non-standard neutrino interactions (NSI) and a
sin2 ✓W measurement at low Q [31]. Cross section mea-
surements as a function of energy on multiple nuclear
targets can allow the cross section dependence on NSI
and ✓W to be isolated and understood. As demonstrated
here, neutrino oscillations can also be cleanly probed us-
ing coherent scattering.
The di�culty of coherent neutrino scattering detection

arises from the extremely low energy of the nuclear recoil
signature. For example, a 20 MeV neutrino produces a
maximum recoil energy of about 21 keV when scattering
on argon. Both a CDMS-style germanium detector [34]
and a single phase liquid argon detector, such as the one
proposed for the CLEAR experiment [33], are consid-
ered in this paper for detecting these low energy events.
Other dark matter style detector technologies, especially
those with ultra-low energy thresholds, can be e↵ective
for studying coherent neutrino scattering as well.

A. Experimental Setup

The envisioned experimental setup is consistent with
the current DAE�ALUS accelerator proposal and follows
a realistic detector design. A single DAE�ALUS cy-
clotron will produce 4⇥ 1022 ⌫/flavor/year running with
a duty cycle between 13% and 20% [37, 39]. A duty cy-
cle of 13% and a physics run exposure of five total years
are assumed here. With baselines of 20 m and 40 m,
the beam time exposure distribution at the two baselines
is optimal in a 1 : 4 ratio: one cycle to near (20 m),
four cycles to far (40 m). Instantaneous cycling between
targets is important for target cooling and removes sys-
tematics between near and far baselines associated with
detector changes over time. The accelerator and detector
location is envisioned inside an adit leading into a sharp
300 ft rise at the Sanford Research Facility at Homes-
take, in South Dakota. The neutrino flux normalization
uncertainty at each baseline is conservatively expected
at 1.5%. We assume the flux has been constrained to
this level by an independent measurement of ⌫-electron
scattering with a large water-based Cerenkov detector
also assumed to be in operation at Sanford Labs. The
1.5% uncertainty estimate takes into consideration the
theoretical uncertainty in the ⌫-electron scattering cross
section and the statistics achievable with a large water
detector. The flux normalization correlation coe�cient
between the near and far baselines is conservatively setAnderson et al., 1201.3805
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Universidad Nacional del Sur, Bah́ıa Blanca, Argentina
9University of Michigan, Ann Arbor, MI, U.S.A.
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Abstract. The CONNIE experiment uses fully depleted, high resistivity CCDs as particle
detectors in an attempt to measure for the first time the Coherent Neutrino-Nucleus Elastic
Scattering of antineutrinos from a nuclear reactor with silicon nuclei. This talk, given at the
XV Mexican Workshop on Particles and Fields (MWPF), discussed the potential of CONNIE
to perform this measurement, the installation progress at the Angra dos Reis nuclear power
plant, as well as the plans for future upgrades.

1. Introduction
The Coherent Elastic Neutrino-Nucleus Scattering (CE⌫NS), is a Standard Model (SM) process

where a neutrino, or antineutrino, interacts with a nucleus as a whole entity [1]. It arises from

the coherent enhancement of the interaction cross-section with the constituent nucleons, when

the 4-momentum transfer is small compared to the reciprocal of the nuclear size: |q2| < 1/R2
;

in the laboratory frame, this corresponds roughly to incident neutrino energies E⌫ < 50 MeV.

Its di↵erential cross-section, to lowest order in T/E⌫ , is [2]

d�

dT
(E⌫ , T ) =

G2
F

8⇡
[Z(4 sin

2 ✓W � 1) +N ]
2 M

✓
2�

MT

E2
⌫

◆
|f(q2)|2 , (1)
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Abstract. We present the potential sensitivity of a future recoil detector for a first
detection of the process of coherent elastic neutrino nucleus scattering (CE⌫NS). We
use the Chooz reactor complex in France as our luminous source of reactor neutrinos.
Leveraging the ability to cleanly separate the rate correlated with the reactor thermal
power against (uncorrelated) backgrounds, we show that a 10 kilogram cryogenic
bolometric array with 100 eV threshold should be able to extract a CE⌫NS signal
within one year of running.

Keywords: neutrino coherent scattering, reactor neutrinos.
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Abstract. The article describes the research program towards an experiment to observe
coherent scattering between neutrinos and the nucleus at the power reactor. The motivations of
studying this process are surveyed. In particular, a threshold of 100-200 eV has been achieved
with an ultra-low-energy germanium detector prototype. This detection capability at low energy
can also be adapted for searches of Cold Dark Matter in the low-mass region as well as to enhance
the sensitivities in the study of neutrino magnetic moments.

Neutrino coherent scattering with the nucleus[1]

ν + N → ν + N (1)

is a fundamental neutrino interaction which has never been experimentally observed. The
Standard Model cross section for this process is given by:

(
dσ

dT
)cohSM =

G2
F

4π
mN[Z(1 − 4sin2θW) − N]2[1 −

mNTN

2E2
ν

] (2)

σtot =
G2

FE2
ν

4π
[Z(1 − 4sin2θW) − N]2 , (3)

where mN, N and Z are the mass, neutron number and atomic number of the nuclei, respectively,
Eν is the incident neutrino energy and TN is the measure-able recoil energy of the nucleus. This
formula is applicable for Eν < 50 MeV where the momentum transfer (Q2) is small such that
Q2R2 < 1, where R is the nuclear size. Although the cross-section is relatively large due to
the ∼N2 enhancement by coherence, the small kinetic energy from nuclear recoils poses severe
experimental challenges both to the detector sensitivity and to background control. Various
detector techniques have been considered[2] to meet these challenges.

Measurement of the coherent scattering cross-section would provide a sensitive test to the
Standard Model[3], probing the weak nuclear charge and radiative corrections due to possible
new physics above the weak scale. The coherent interaction plays important role in astrophysical
processes where the neutrino-electron scatterings are suppressed due to Fermi gas degeneracy.
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Abstract

The proposed Mitchell Institute Neutrino Experiment at Reactor (MINER) experiment at the Nuclear
Science Center at Texas A&M University will search for coherent elastic neutrino-nucleus scattering within
close proximity (about 2 meters) of a 1MW TRIGA nuclear reactor core using low threshold, cryogenic
germanium and silicon detectors. Given the Standard Model cross section of the scattering process and the
proposed experimental proximity to the reactor, as many as 5 to 20 events/kg/day are expected. We discuss
the status of preliminary measurements to characterize the main backgrounds for the proposed experiment.
Both in situ measurements at the experimental site and simulations using the MCNP and GEANT4 codes
are described. A strategy for monitoring backgrounds during data taking is briefly discussed.

1. Introduction

The cross section for the coherent elastic scattering of neutrinos o↵ of nuclei (CE⌫NS) [1] is a long-
standing prediction of the Standard Model, but has yet to be measured experimentally in part due to the
extremely low energy threshold needed for detection with typical high flux neutrino sources such as nuclear
reactors. Improvements in semiconductor detector technologies [2] which utilize the Neganov-Luke phonon
amplification method [3] have brought CE⌫NS detection within reach. The Mitchell Institute Neutrino
Experiment at Reactor (MINER) experiment, currently under development at the Nuclear Science Center
(NSC) at Texas A&M University, will leverage this detector technology to detect CE⌫NS and measure its
cross section. If successful, the CE⌫NS interactions can be used to probe new physics scenarios including
a search for sterile neutrino oscillations, the neutrino magnetic moment, and other processes beyond the
Standard Model [4–7]. The experiment will utilize a megawatt-class TRIGA (Training, Research, Isotopes,
General Atomics) pool reactor stocked with low-enriched (about 20%) 235U. This reactor has an unique
advantage of having a movable core and provides access to deploy detectors as close as about 1m from the

Preprint submitted to Nuclear Instruments and Methods A September 8, 2016
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Exploring Simplified Models of Neutrino NSI: Low-Energies vs. Long-Baselines

Ian M. Shoemaker1

1Department of Physics, The Pennsylvania State University, University Park, PA 16802, USA
(Dated: June 10, 2016)

We employ a framework of simplified models to explore the available parameter space of of non-
standard neutrino interactions (NSI). We use current global oscillation, LHC, and neutrino scattering
data to constrain these models. In the near-term, better constraints will come from long-baseline
experiments like NO⌫A and DUNE but also importantly low-energy coherent neutrino-nuclear and
neutrino-electron scattering data. We find that if DUNE uncovers evidence of NSI it will imply the
existence of a ⌫-mediators lighter than 10 GeV. Moreover, dedicated coherent ⌫-nucleus experiments
can vastly extend the reach beyond DUNE. In models with equal couplings to charged leptons, the
strength of the limits will only be extended and the upper bound on detectable NSI mediator masses
only further constrained.

I. INTRODUCTION

At low-energies NSI is encompassed by the Lagrangian

LNSI � "
p
2GF ⌫̄�µ⌫f̄�µf (1)

where f = u, d, e and " parameterizes the strength of NSI in units of the the electroweak Fermi constant GF '
10�5 GeV�2. The interest in NSI originally arose from the novel flavor impact such an interaction can have [1]
from the coherent forward scattering on neutrinos on the medium. This can thought of as an index of refraction for
neutrinos.

The e↵ects become of LNSI become important whenever the matter potential is comparable to (or larger than) the
vacuum oscillation piece of the Hamiltonian

p
2"NGF & �m2

2E
. (2)

When the matter potential is the larger piece of the Hamiltonian, mixing angles are suppressed relative to their
vacuum values. And of course the well MSW resonance e↵ect can occur when

⌫

f

Neutral Mediator Models Charged Mediators Models
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S
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f f

FIG. 1: Two classes of models for NSI. The first completion involves a neutral vector mediator. The latter involves a color
charged scalar (i.e. a leptoquark). Leptoquark completions were extensively studied in [2], which found no room for sizeable
NSI.

II. SIMPLIFIED MODELS

The dimension-6 NSI operator can be completed in a number of specific models. For example, Lepto-quarks and
R-parity violating SUSY models are NSI completions that involve new SU(3)-charged states. In contrast, Z 0 models
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Scholberg 2005; Barranco 2005; Coloma et al. 2018; 
Liao & Marfatia 2017; Aristizabal-Sierra et al. 2018
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Vogel & Engel 1989

Reactor, Gallium anomalies 

scale direct dark matter detection experiments [28, 29]. We identify an interference range of

NSI parameters for which the rate is reduced by approximately 40%. We additionally show

that the “dark side” solution for solar neutrino mixing angles can be probed by forthcoming

dark matter experiments.

II. SOLAR NEUTRINOS AND NON-STANDARD INTERACTIONS

For neutral current NSI, the most general four fermion interaction is

Lint = 2
p

2GF ⌫̄↵L�
µ⌫�L

⇣
✏fL↵� f̄L�µfL + ✏fR↵� f̄R�µfR

⌘
, (1)

where ↵, � = e, µ, ⌧ indicates the neutrino flavor, and L, R denote left and right-handed

components. From this, the cross section for the interaction between a neutrino and a

fermion, ⌫� + f ! ⌫↵ + f , as a function of nuclear recoil energy, Er, is

d�

dEr
=

2

⇡
G2

Fmf

"���✏fL↵�
���
2

+
���✏fR↵�

���
2
✓
1�

Er

E⌫

◆2

�
1

2

⇣
✏fL⇤↵� ✏fR↵� + ✏fL↵�✏

fR⇤
↵�

⌘ mfEr

E2
⌫

#
, (2)

where mf is the mass of the electron or nucleus [30]. Note that a change of neutrino flavor

may be induced by NSI. The ✏’s of electron scattering in Equation 2 can be written as

✏eL↵↵ ! �↵e +

✓
�
1

2
+ sin2 ✓w

◆
+ ✏eL↵↵ (3)

✏eR↵↵ ! sin2 ✓w + ✏eR↵↵, (4)

where the NSI contributions are given by the last term on the right hand side of both of

these equations, and the remaining terms are SM contributions.

Accounting for the spin-up and spin-down components in a nucleus, it is more convenient

to use vector and axial vector parameters ✏V = ✏L+ ✏R and ✏V = ✏L� ✏R. Then after a short

summation,

✏L↵↵ !
1

2
Z✏pV↵↵ +

1

2
(Z+ � Z�) ✏

pA
↵↵ +

1

2
N✏nV↵↵ +

1

2
(N+ �N�) ✏

nA
↵↵ (5)

✏R↵↵ !
1

2
Z✏pV↵↵ �

1

2
(Z+ � Z�) ✏

pA
↵↵ +

1

2
N✏nV↵↵ �

1

2
(N+ �N�) ✏

nA
↵↵ (6)

where Z+(N+) and Z�(N�) are the corresponding numbers of spin-up and spin-down protons
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gµ, and mediator mass MZ0 . To represent the uncertainty in the nuclear structure, we take

Rn as a parameter and use the Helm form factor model.

FIG. 1: Timing(left) distribution for the prompt and delayed components and energy(right) dis-

tribution as measured by COHERENT. The vertical axis in time distribution gives the probability

that an event is in a given time bin.

We define as L the likelihood function of the data given the model parameters. To form

the likelihood function, we assume that the sum of the observed nuclear recoil plus back-

ground counts, Nobs(t, E), at time t and energy E follows a Poisson model with parameter

�(t, E) = (1 + ↵)N(t, E, ✏) +Nbg(t, E), (5)

where N(t, E, ✏) is the number of neutrino-induced nuclear recoil events predicted from the

theory and Nbg(t, E) denotes the background count at time t and energy E. Note that

by definition Nbg (t, E), the true background count, is not observed; rather the observed

background count denoted byNobs,bg(t, E) is provided by the COHERENT collaboration. We

assume that given Nbg (t, E), Nobs,bg(t, E) follows a Poisson model with parameter Nbg (t, E).

Moreover, in the absence of any prior information about Nbg(t, E), we use a non-informative

prior on the latent parameter Nbg(t, E), so that ⇡(Nbg(t, E)) / 1 for Nbg(t, E) 2 [0,1).

In addition to the counts from the signal and the background components, Equation 5

involves the uncertainty parameter ↵ to account for the systematic uncertainty from flux,

form factor, QF and signal acceptance uncertainties. We assume the parameter to fol-

low normal distribution with zero mean and standard deviation �↵ = 0.28 [1]. Defining

~✓ = (ge, gµ,m,Rn) as the model parameters, the most general likelihood function for the
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standard neutrino interactions (NSI). We use current global oscillation, LHC, and neutrino scattering
data to constrain these models. In the near-term, better constraints will come from long-baseline
experiments like NO⌫A and DUNE but also importantly low-energy coherent neutrino-nuclear and
neutrino-electron scattering data. We find that if DUNE uncovers evidence of NSI it will imply the
existence of a ⌫-mediators lighter than 10 GeV. Moreover, dedicated coherent ⌫-nucleus experiments
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vacuum oscillation piece of the Hamiltonian

p
2"NGF & �m2

2E
. (2)

When the matter potential is the larger piece of the Hamiltonian, mixing angles are suppressed relative to their
vacuum values. And of course the well MSW resonance e↵ect can occur when
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FIG. 1: Two classes of models for NSI. The first completion involves a neutral vector mediator. The latter involves a color
charged scalar (i.e. a leptoquark). Leptoquark completions were extensively studied in [2], which found no room for sizeable
NSI.

II. SIMPLIFIED MODELS

The dimension-6 NSI operator can be completed in a number of specific models. For example, Lepto-quarks and
R-parity violating SUSY models are NSI completions that involve new SU(3)-charged states. In contrast, Z 0 models

scale direct dark matter detection experiments [28, 29]. We identify an interference range of

NSI parameters for which the rate is reduced by approximately 40%. We additionally show

that the “dark side” solution for solar neutrino mixing angles can be probed by forthcoming

dark matter experiments.
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where mf is the mass of the electron or nucleus [30]. Note that a change of neutrino flavor

may be induced by NSI. The ✏’s of electron scattering in Equation 2 can be written as
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where the NSI contributions are given by the last term on the right hand side of both of

these equations, and the remaining terms are SM contributions.
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where Z+(N+) and Z�(N�) are the corresponding numbers of spin-up and spin-down protons
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COHERENT collaboration presently operates a 28 kg single-phase liquid argon (LAr) detector, 

185 kg of NaI[Tl] crystals, and three modules dedicated to the study of NIN production in 

several targets (Fig. 2). Presently planned expansion includes a ~1 ton LAr detector with 

nuclear/electron recoil discrimination capability, an already-in-hand 2 ton NaI[Tl] array 

simultaneously sensitive to sodium CEnNS and charged-current interactions in iodine (Fig. 1B), 

and p-type point contact germanium detectors (24) with sub-keV energy threshold.  We intend to 

pursue the new neutrino physics opportunities provided by CEnNS using this ensemble.  

                            

Fig. 4. Constraints on non-standard neutrino-quark interactions. Blue region: values 
allowed by the present data set at 90 % C.L. (%&min < 4.6) in '(()*, '((,* space. These quantities 
parametrize a subset of possible non-standard interactions between neutrinos and quarks, where 
'(()*, '((,*= 0,0 corresponds to the Standard Model of weak interactions, and indices denote quark 
flavor and type of coupling.  The gray region shows an existing constraint from the CHARM 
experiment (34). 

After some algebra and applying the assumptions already discussed, the cross
section of electron anti-neutrino coherent scattering off a nucleus in the low energy

limit, T ≪ Eν , is given by
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In the next section we will use this expression to compute the expected number of

events for different detectors.

3. Experimental sensitivity to NSI couplings

Experimental detection of coherent neutrino scattering has not yet been achieved.
Several possible methods of detecting neutrino-nucleus coherent scattering have been

previously discussed using superconducting [21], acoustic [22], cryogenic [23], and gas
detectors [24, 5]. Recently, an ultra low energy germanium detector has been pro-

posed by the TEXONO Collaboration [4]. They plan to achieve a sub-keV threshold
with a kg-scale detector.

In this section we demonstrate the sensitivity to NSI coming from the coherent
neutrino-nuclei scattering. In order to apply our analysis to a concrete case, we will
concentrate our discussion on the germanium TEXONO proposal [4]. The detector

would be located at the Kuo-Sheng Nuclear Power Station at a distance of 28 m
from the reactor core. We asume a typical neutrino flux of 1013 s−1 cm−2. There

are several parametrizations that consider in detail the neutrino spectrum coming
from a reactor [25], depending on the fuel composition. In this work we prefer to
consider only the main component of the spectrum [26] coming from 235U, since the

experiment is not running yet. For energies below 2 MeV there are only theoretical
calculations for the antineutrino spectrum that we take from Ref. [27].

Besides the TEXONO proposal, we will also discuss the more theoretical case of
a silicon detector in order to illustrate the potential of a combined analysis of two

different materials.

3.1 The detector

If we neglect for a moment the detector efficiency and resolution, we can estimate

the total number of expected events in a detector as
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• Consider mediators with masses that are much larger than the scale of the momentum 
transfer


• Future COHERENT + Reactor data will be break (and identify new) degeneracies 
between multiple NSI parameters
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FIG. 3: Posterior probabilities of e�ective NSI parameters using the current COHERENT data,

allowing for four flavor diagonal parameters to be non-zero. The left panel takes flat priors on the

‘’s in the range [≠1.5 : 1.5], and the right panel uses flat priors in the range [≠2.5 : 2.5]. The

contours show the 68% and 95% credible regions, and the red crosses indicate the Standard Model

value. In particular, notice that these two-dimensional projections are space-filling with respect to

definition of the prior, and thus do not represent any experimental constraints.

allows for statistical discrimination of the di�erent flavors of NSI when spectral information

is included in the likelihood. As an example, we compare a single bin reconstruction to a ten

bin reconstruction in Figure 4. The extra shape information from CE‹NS spectrum shrinks

the credible regions in parameter space. Motivated by this outcome, for the results in the

remainder of this paper, we take the data to be distributed in ten energy bins.

In Figure 5 we show the constraints on e�ective NSI, and in Figure 6 we show the

projected constraints on the individual NSI parameters. We note that relative to the two

parameter case, when considering four free parameters, regions of parameter space for large

and negative ‘ are opened up. In addition, d-type NSI are stronger constrained than u-type

NSI. In comparison to the current COHERENT data, the space of degenerate solutions

arising through combinations of ‘
u
–– and ‘

d
–– is greatly reduced because the additional reactor

data helps in breaking down the cancellations among these terms.

All of the above results include an experimental background and its associated uncer-

tainty, and also include uncertainties on the neutrino fluxes from the sources. When con-

sidering the future accelerator data, the background and its uncertainty play a particularly

important role in widening the allowed region in the NSI parameter space. This is demon-
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FIG. 4: Comparison between unbinned simulation (blue) and binned simulation (red). For the

unbinned case we take a single energy bin, while for the binned case we take ten energy bins. The

contours show the 90% credible regions and the red crosses indicate the simulated Standard Model

value.
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FIG. 5: Projected posterior probabilities of e�ective NSI with future accelerator and reactor data,

allowing for four flavor diagonal parameters to be non-zero. The contours show the 68% and 95%

credible regions, and the red cross indicates the simulated Standard Model value.

strated in Figure 7, where we show the improvement that could be gained in the reconstruc-

tion if the experimental background was eliminated. In comparison with the contours in

Figure 6, the allowed regions are much smaller.

Using the four parameter global fit to future reactor and accelerator experiments, we

calculate the marginal 95% credible intervals on the flavor diagonal terms and present them

in Table III. We find that the lower uncertainty on the neutrino flux from reactors allows

a very precise measurement of the ‘ee terms, up to the remaining ambiguities discussed in
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BSM physics: Light mediators

• Cross section may be modified if a new mediator couples to quarks/leptons


• The interaction with a new vector particle may be described by: 

2

to be stronger than future COHERENT measurements for Z 0 masses in the sub-10 MeV range.
The outline of this paper is as follows: In Sec. II we review the CE⌫NS process, in Sec. III we present the details of

kinetic and mass mixing, in Sec. IV we briefly outline the existing bounds, in Sec. V we explain our numerical setup,
in Sec.VI we present the results from current and projected measurements, and we summarize our results in Sec. VII.

II. COHERENT ELASTIC NEUTRINO-NUCLEUS SCATTERING

CE⌫NS occurs whenever the momentum transfer between the neutrino and the nucleus is smaller than or comparable
to the inverse size of the nucleus, which takes place for incident neutrino energies of E⌫ . O(50) MeV. For such low
energies, the neutrino e↵ectively “sees” the entire nucleus rather than the individual components, leading to an
enhancement in the scattering cross section that scales approximately as the square of the number of neutrons. The
neutron number is dominant because the proton coupling that contributes to the CE⌫NS process is more than an
order of magnitude smaller than the neutron coupling.

In the SM, the di↵erential cross-section for a neutrino scattering o↵ of a target electron or quark of mass m through
a Z exchange is
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where GF is the Fermi constant, ER is the recoil energy, E⌫ is the incident neutrino energy, (gv, ga) = (T3 �

2Qemsin
2✓W , T3) are the vector and axial-vector couplings to the Z-boson, T3 is the third component of the weak

isospin, Qem is the electromagnetic charge, and ✓W is the weak mixing angle (T3e = �1/2 in our convention). There
is also a contribution from neutrinos scattering o↵ electrons due to the the charged-current t-channel exchange of a
W -boson. In order to account for the full momentum dependence of the nuclear scattering interaction, the di↵erential
cross-section must be multiplied by a form factor. In the present work we use the standard Helm form factor [29].

The SM cross-section above can be modified if there exists a new mediating particle which couples to neutrinos
and either electrons or quarks. Let us consider a new vector particle Z 0

µ with the following interaction terms in the
Lagrangian:

L � Z 0
µ(g
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µf + g0f,af̄�

µ�5f), (2)

where g0⌫ , g
0
f,v, and g0f,a are constants associated with new physics. The e↵ects of this new field can be accommodated

by a redefinition of the couplings in Eq. (1):
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0
f,v,±g0f,a)

p
2GF (q2 +M2
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where q2 is the momentum trasnfer and the (�) sign applies for the case of antineutrino scattering. Although only
new vector mediators are considered here, one can introduce other types of mediators and associated couplings, e.g.,
the mediator could be of scalar and/or pseudoscalar type [13, 20, 22].

To-date the CE⌫NS process has only been measured by the COHERENT collaboration. The dominant portion
of the neutrino source is a prompt flux of ⌫µ of energy 30 MeV from ⇡+

! µ+ + ⌫µ decays, with sub-dominant
components from delayed ⌫e and ⌫̄µ fluxes originating from the µ+ decay (the form of the energy distributions for
these neutrino beams are given, for example, in [30]). The first detection of the CE⌫NS process was obtained with
a 14.6 kg array of CsI scintillators with a 4.25 keV detection threshold. The COHERENT collaboration plans to
implement a ton-scale liquid argon detector and a ton-scale array of NaI scintillators [16] which will be used for the
projections in the current work.

Nuclear reactor facilities aim to detect the CE⌫NS process with a ⌫̄e flux with energies ⇠ 1 MeV. These neutrinos
will produce sub-keV nuclear recoils, necessitating the use of low threshold detector technology such as that developed
for dark matter direct detection experiments. The CE⌫NS scattering rate per target mass at the proposed reactor
experiments is projected to be a few orders of magnitude greater than that measured by the COHERENT experiment.
This is due to reactor neutrino fluxes which are roughly 5-6 orders of magnitude greater than that of COHERENT.
However this flux advantage is mitigated because the scattering rate is proportional to the square of the incident
neutrino energy. With reactors producing a neutrino source of roughly 20 times smaller energy than at COHERENT,
this will relatively reduce the scattering rate by a factor of about 400. The projected ton-scale targets at COHERENT
will help to partially o↵set this comparative rate deficiency, as reactor experiments expect to deploy detectors of total
mass of O(10) kg. For the projections in the present work we will utilize cryogenic Ge and Si with 100 eV nuclear
recoil thresholds, and a total exposure of 100 kg·yr.

not available when considering the energy data alone, or when binning the data more coarsely

in time. We test for deviations from pure SM interactions, considering as an example light

mediators that couple to the SM. We show that including the timing distribution data

increases the deviation relative to the SM prediction, which is ⇠ 1� using energy data alone.

II. LIGHT MEDIATORS AND NON-STANDARD INTERACTIONS

Coherent neutrino-nucleus scattering experiments have been shown to be powerful probes

of mediators ranging from a very low-mass scale (⇠ MeV) to a very high-mass scale (⇠

TeV) [12]. For comparison, the LHC is sensitive to high-scale mediators with mass >⇠ GeV.

Thus CE⌫NS experiments are important because there are many well-motivated new physics

models that predict mediators in this low-mass regime [13].

If the momentum transfer between the neutrino and the nucleus is smaller than or com-

parable to the inverse size of the nucleus (typically E⌫
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However this flux advantage is mitigated because the scattering rate is proportional to the square of the incident
neutrino energy. With reactors producing a neutrino source of roughly 20 times smaller energy than at COHERENT,
this will relatively reduce the scattering rate by a factor of about 400. The projected ton-scale targets at COHERENT
will help to partially o↵set this comparative rate deficiency, as reactor experiments expect to deploy detectors of total
mass of O(10) kg. For the projections in the present work we will utilize cryogenic Ge and Si with 100 eV nuclear
recoil thresholds, and a total exposure of 100 kg·yr.

• The effect of the new field may be accommodated by the redefinition of the 
couplings: 
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III. KINETIC AND MASS MIXING

We will now examine how such couplings could arise in mixing scenarios first examined in [5]. Let us consider the
SM hypercharge gauge group U(1)Y with gauge field B and a dark abelian gauge group U(1)X with gauge field X
and suppose we have the following gauge kinetic terms

Lgauge = �
1

4
Fµ⌫
a Faµ⌫ �

1

4
Fµ⌫
b Fbµ⌫ �

✏

2
Fµ⌫
a Fbµ⌫ (4)

where ✏ parameterizes the mixing of the two U(1)s. The mixing can be generated by a loop of heavy fields charged

under both groups. For fields with masses m and m0 and gauge couplings gY and gX we get ✏ ⇠ gY gX
12⇡2 log m02

m2 . For
O(1) couplings and a mass di↵erence of a factor of 10 or less, this restricts us in the range ✏ . 10�2. One can remove
the mixing term by a field redefinition: Bµ ! Bµ + ✏Xµ which induces new couplings of X to the SM fermions. Note
that this leads to non-diagonal terms in the Z �X mass matrix. Such mass-mixing can be controlled by introducing
additional mass mixing from an extended Higgs sector of whose details we remain oblivious [31, 32].

Accounting for the diagonalization of both the kinetic and mass terms, as well as the SM electroweak rotation, the
mass eigenstates A, Z and Z 0 can be expressed in terms of Bµ, W 3

µ and Xµ by the following transformation matrix:

0

@
Bµ

W 3
µ

Xµ

1

A =

0

@
cos ✓w �✏ sin↵� sin ✓w cos↵ sin ✓w sin↵� ✏ cos↵
sin ✓w cos ✓w cos↵ � cos ✓w sin↵

0 sin↵ cos↵

1

A

0

@
Aµ

Zµ

Z 0
µ

1

A , (5)

where the angle ↵, which has implicit dependence on ✏, controls the Z � Z 0 mass mixing. ↵ can arise from an
extended Higgs sector with a new symmetry breaking scale di↵erent from the EW scale. The extended Higgs sectors
can emerge from grand unified theory models [1, 33] and ↵ can also arise via the Stueckelberg mechanism [34]. Note
that the photon remains massless to all orders in the mixing parameters.

From this we can infer the Z 0-fermion-antifermion coupling to be:

�ig

cos ✓w
[cos↵(tan↵� ✏ sin ✓w)]


T 3
L �

(tan↵� ✏ / sin ✓w)

tan↵� ✏ sin ✓w
sin2 ✓wQ

�
, (6)

where g is the SM SU(2) gauge coupling. If we assume ↵ to be small and define ✏B ⌘ cos↵(tan↵ � ✏ sin ✓w), the
coupling becomes proportional to the hypercharge, and we refer to Z 0 as a dark hypercharge gauge boson. Explicitly,
the coupling is given by:

ig tan ✓w (Yf/2) ✏B , (7)

where Yf is the hypercharge of the SM fermion f . If, instead, we choose ✏ to be zero and define ✏z ⌘ sin↵, then the
Z 0 coupling reduces to

�ig

cos ✓w
✏z

⇥
T 3
L � sin ✓2wQ

⇤
, (8)

and we call it a dark Z boson.
The case usually referred into in the literature as the dark photon corresponds to setting tan↵ = ✏ sin ✓w and will

not be discussed in this work since it generates no couplings between the Z 0 and neutrinos.
Another interesting possibility for probing new physics models is when the SM is extended with a non-universal

U(1) gauge symmetry associated with U(1)Lµ�L⌧ . This symmetry has been discussed in various contexts including
the flavor structures of neutrinos [35, 36], lepton flavor violating Higgs decays [37], dark matter, and the recently
reported flavor non-universality in B decays [38]. This symmetry leads to interactions in the Lagrangian of the form:
Lint � gZ0Q↵�(l̄↵�µl� + ⌫̄L↵�µ⌫L�)Z 0

µ, where, as before, Z 0 is the new gauge boson, gZ0 is the new gauge coupling,
and Q↵� = diag(0, 1,�1) gives the U(1)Lµ�L⌧ charges. It is possible to extend this symmetry to the quark sector as
well.

At low energies, muon and tau loops generate kinetic mixing between the SM photon and Z 0 of strength ✏ /

(8egZ0)/(48⇡2)log(m⌧/mµ) [39, 40] (the µ and ⌧ leptons can be replaced by second and third generation quarks if
the symmetry is also extended to the second-third generation quark sector). Since this is generated at low energy,
the diagonalization is done after electroweak symmetry breaking and results in a Z 0 coupling to the first generation
quarks equal to ✏Q. While this mixing is suppressed by a loop factor, this is compensated for by the direct coupling
to neutrinos in ⌫µ scattering experiments.

✏  10�2
<latexit sha1_base64="z3llmm+/vvRk4IbWWBhGklYQAFg=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0tSBV0W3bisYB/QxDKZ3rRDJ5MwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM593LvPUHCmdKO820VlpZXVteK66WNza3tHXt3r6niVFJo0JjHsh0QBZwJaGimObQTCSQKOLSC4fXEbz2AVCwWd3qUgB+RvmAho0QbqWsfeJAoxmOBPQ7Yde6z0+q4a5edijMFXiRuTsooR71rf3m9mKYRCE05UarjOon2MyI1oxzGJS9VkBA6JH3oGCpIBMrPpteP8bFRejiMpSmh8VT9PZGRSKlRFJjOiOiBmvcm4n9eJ9XhpZ8xkaQaBJ0tClOOdYwnUeAek0A1HxlCqGTmVkwHRBKqTWAlE4I7//IiaVYr7lmlenterl3lcRTRITpCJ8hFF6iGblAdNRBFj+gZvaI368l6sd6tj1lrwcpn9tEfWJ8/D66UUA==</latexit>

• For near similar mediator masses, the bound on the mixing terms is: 

• Consider two limiting cases: 


• Dark hyper charge gauge boson: coupling proportional to SM hyper shares


• Dark Z boson
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FIG. 1: Neutrino nucleus scattering diagrams. Fig. 1(a) is for dark hypercharge and dark Z bosons and Fig. 1(b) is
for the Lµ � L⌧ model.

VI. RESULTS

In Fig. 2 we show the COHERENT and reactor reach on ✏B as a function of MZ0 using the couplings shown
in Eq.(7) and compare it to limits from fixed target, atomic parity violation experiments and the BaBar results.
The points where the curves plateau correspond to the energy scale of each experiment above which MZ0 dominates
over the momentum dependence. In the region allowed by the fixed target experiments, we find that current and
projected limits from CE⌫NS measurements provide stringent constraints (10�5 < ✏ < 10�2) in the mass range
1MeV . mZ0 . 10 GeV, almost as strong as existing limits from atomic parity violation. The Babar results provide
better constraints for mZ0 ⇠ 10 GeV. Below about 10 MeV, the future COHERENT constraints are comparable to
those from atomic parity violation and reactor experiments are projected to provide stronger limits thanks to the low
energies of reactor neutrinos.

In Fig. 3, we show the same constraints applied to ✏Z for the case of a dark Z boson, as given in Eq. (8). The
constraints are similar to the dark hypercharge case with two main di↵erences. First, the window where the CE⌫NS
constraints start competing with atomic parity violation lies outside the bounds of fixed target experiments. Second,
for high values of mZ0 the CE⌫NS limits become independent of the exposure and detector material. This e↵ect is
due to the nature of the Z 0 coupling as well as the high luminosity compared to the assumed systematic uncertainty.

In the dark Z 0 scenario the ratio of BSM to SM couplings to protons and neutrons are identical and equal to
0.27(✏Z/mZ0)2, which limits the distinguishing power of detectors with di↵erent proton and neutron content. Coupled
with the fact that the number of expected events is su�ciently large for the systematic uncertainty to dominate the
statistical uncertainty, this leads to the merger of limits from di↵erent detectors and exposures. Note that the same
cannot be said about the dark hypercharge scenario. In this case, the relative couplings to protons and neutrons are
�3.3(✏Z/mZ0)2 and 0.06(✏Z/mZ0)2 respectively which significantly enhances the reach when di↵erent detectors are
combined.

This can also be demonstrated using Eq. (14). After maximizing the expression with respect to the nuisance

parameter � and defining k ⌘
Npred

Nbg+Nexp
, we get:

�2 =
�

⇣P NpredNexp

Nbg+Nexp

⌘2
+

P N2
pred

Nbg+Nexp

P N2
exp

Nbg+Nexp
+ 1

�2

P (Npred�Nexp)
2

Nbg+Nexp

1
�2 +

P N2
pred

Nbg+Nexp

(15)

'

X N2
exp

Nbg +Nexp
�

P
kNexpP
kNpred

X
kNexp (16)

where in the second line we used the fact that 1/�2 is small compared to Nexp. As mentioned earlier, the Z 0 coupling
relative to the Z coupling is universal in the dark Z scenario which means that k is the same for all detectors and
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FIG. 2: The current and future bounds on the mixing ✏B in the dark hypercharge case are plotted as a function of
the Z 0 mass MZ0 . The solid blue curve is the current COHERENT limit, the orange dashed and green dot-dashed
curves are derived future projections for COHERENT for di↵erent luminosities, the red dotted curved is the future
projection for a reactor experiment, the purple large-dotted curve is from atomic parity violation, the grey regions
are from the NA48/2, E774, E141, and E137 fixed target experiments. The blue shaded region is diallowed by the

BaBar results.

for Fundamental Physics and Astronomy at Texas A&M University for their generous hospitality, and MA would like
to thank the Mitchell Institute for support. BD, GLK and LES would like to thank M. Perry, C. Pope and A. Zytkow
for organizing the Cambridge -Mitchell Workshop where this work was initiated. BD thanks M. Perry for discussions.

[1] P. Langacker, Phys. Rept. 72, 185 (1981).
[2] A. E. Faraggi and D. V. Nanopoulos, Mod. Phys. Lett. A6, 61 (1991).
[3] J. K. Mizukoshi, C. A. de S. Pires, F. S. Queiroz, and P. S. Rodrigues da Silva, Phys. Rev. D83, 065024 (2011), 1010.4097.
[4] R. Gauld, F. Goertz, and U. Haisch, JHEP 01, 069 (2014), 1310.1082.
[5] B. Holdom, Phys. Lett. 166B, 196 (1986).
[6] F. del Aguila, G. D. Coughlan, and M. Quiros, Nucl. Phys. B307, 633 (1988), [Erratum: Nucl. Phys.B312,751(1989)].
[7] K. S. Babu, C. F. Kolda, and J. March-Russell, Phys. Rev. D57, 6788 (1998), hep-ph/9710441.
[8] P. Langacker, Rev. Mod. Phys. 81, 1199 (2009), 0801.1345.
[9] D. Z. Freedman, Phys. Rev. D9, 1389 (1974).

[10] J. Barranco, O. G. Miranda, and T. I. Rashba, JHEP 12, 021 (2005), hep-ph/0508299.
[11] J. Barranco, O. G. Miranda, and T. I. Rashba, Phys. Rev. D76, 073008 (2007), hep-ph/0702175.
[12] D. Akimov et al. (COHERENT) (2015), 1509.08702.
[13] D. G. Cerdeo, M. Fairbairn, T. Jubb, P. A. N. Machado, A. C. Vincent, and C. Bhm, JHEP 05, 118 (2016), [Erratum:

JHEP09,048(2016)], 1604.01025.
[14] C. Bouchiat and P. Fayet, Phys. Lett. B608, 87 (2005), hep-ph/0410260.
[15] J. A. Dror, R. Lasenby, and M. Pospelov, Phys. Rev. D96, 075036 (2017), 1707.01503.
[16] D. Akimov et al. (COHERENT), Science 357, 1123 (2017), 1708.01294.
[17] P. deNiverville, M. Pospelov, and A. Ritz, Phys. Rev. D92, 095005 (2015), 1505.07805.
[18] S.-F. Ge and I. M. Shoemaker (2017), 1710.10889.
[19] B. Dutta, R. Mahapatra, L. E. Strigari, and J. W. Walker, Phys. Rev. D93, 013015 (2016), 1508.07981.
[20] M. Lindner, W. Rodejohann, and X.-J. Xu, JHEP 03, 097 (2017), 1612.04150.
[21] J. Liao and D. Marfatia, Phys. Lett. B775, 54 (2017), 1708.04255.
[22] J. B. Dent, B. Dutta, S. Liao, J. L. Newstead, L. E. Strigari, and J. W. Walker, Phys. Rev. D96, 095007 (2017), 1612.06350.

M. Abdullah et al. PRD 2018, 1803.01224

Dark hypercharge gauge boson
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III. KINETIC AND MASS MIXING

We will now examine how such couplings could arise in mixing scenarios first examined in [5]. Let us consider the
SM hypercharge gauge group U(1)Y with gauge field B and a dark abelian gauge group U(1)X with gauge field X
and suppose we have the following gauge kinetic terms

Lgauge = �
1

4
Fµ⌫
a Faµ⌫ �

1

4
Fµ⌫
b Fbµ⌫ �

✏

2
Fµ⌫
a Fbµ⌫ (4)

where ✏ parameterizes the mixing of the two U(1)s. The mixing can be generated by a loop of heavy fields charged

under both groups. For fields with masses m and m0 and gauge couplings gY and gX we get ✏ ⇠ gY gX
12⇡2 log m02

m2 . For
O(1) couplings and a mass di↵erence of a factor of 10 or less, this restricts us in the range ✏ . 10�2. One can remove
the mixing term by a field redefinition: Bµ ! Bµ + ✏Xµ which induces new couplings of X to the SM fermions. Note
that this leads to non-diagonal terms in the Z �X mass matrix. Such mass-mixing can be controlled by introducing
additional mass mixing from an extended Higgs sector of whose details we remain oblivious [31, 32].

Accounting for the diagonalization of both the kinetic and mass terms, as well as the SM electroweak rotation, the
mass eigenstates A, Z and Z 0 can be expressed in terms of Bµ, W 3

µ and Xµ by the following transformation matrix:

0

@
Bµ

W 3
µ

Xµ

1

A =

0

@
cos ✓w �✏ sin↵� sin ✓w cos↵ sin ✓w sin↵� ✏ cos↵
sin ✓w cos ✓w cos↵ � cos ✓w sin↵

0 sin↵ cos↵

1

A

0

@
Aµ

Zµ

Z 0
µ

1

A , (5)

where the angle ↵, which has implicit dependence on ✏, controls the Z � Z 0 mass mixing. ↵ can arise from an
extended Higgs sector with a new symmetry breaking scale di↵erent from the EW scale. The extended Higgs sectors
can emerge from grand unified theory models [1, 33] and ↵ can also arise via the Stueckelberg mechanism [34]. Note
that the photon remains massless to all orders in the mixing parameters.

From this we can infer the Z 0-fermion-antifermion coupling to be:

�ig

cos ✓w
[cos↵(tan↵� ✏ sin ✓w)]


T 3
L �

(tan↵� ✏ / sin ✓w)

tan↵� ✏ sin ✓w
sin2 ✓wQ

�
, (6)

where g is the SM SU(2) gauge coupling. If we assume ↵ to be small and define ✏B ⌘ cos↵(tan↵ � ✏ sin ✓w), the
coupling becomes proportional to the hypercharge, and we refer to Z 0 as a dark hypercharge gauge boson. Explicitly,
the coupling is given by:

ig tan ✓w (Yf/2) ✏B , (7)

where Yf is the hypercharge of the SM fermion f . If, instead, we choose ✏ to be zero and define ✏z ⌘ sin↵, then the
Z 0 coupling reduces to

�ig

cos ✓w
✏z

⇥
T 3
L � sin ✓2wQ

⇤
, (8)

and we call it a dark Z boson.
The case usually referred into in the literature as the dark photon corresponds to setting tan↵ = ✏ sin ✓w and will

not be discussed in this work since it generates no couplings between the Z 0 and neutrinos.
Another interesting possibility for probing new physics models is when the SM is extended with a non-universal

U(1) gauge symmetry associated with U(1)Lµ�L⌧ . This symmetry has been discussed in various contexts including
the flavor structures of neutrinos [35, 36], lepton flavor violating Higgs decays [37], dark matter, and the recently
reported flavor non-universality in B decays [38]. This symmetry leads to interactions in the Lagrangian of the form:
Lint � gZ0Q↵�(l̄↵�µl� + ⌫̄L↵�µ⌫L�)Z 0

µ, where, as before, Z 0 is the new gauge boson, gZ0 is the new gauge coupling,
and Q↵� = diag(0, 1,�1) gives the U(1)Lµ�L⌧ charges. It is possible to extend this symmetry to the quark sector as
well.

At low energies, muon and tau loops generate kinetic mixing between the SM photon and Z 0 of strength ✏ /

(8egZ0)/(48⇡2)log(m⌧/mµ) [39, 40] (the µ and ⌧ leptons can be replaced by second and third generation quarks if
the symmetry is also extended to the second-third generation quark sector). Since this is generated at low energy,
the diagonalization is done after electroweak symmetry breaking and results in a Z 0 coupling to the first generation
quarks equal to ✏Q. While this mixing is suppressed by a loop factor, this is compensated for by the direct coupling
to neutrinos in ⌫µ scattering experiments.

beam dump

4

A diagrammatic representation of the three scenarios is shown in Fig.(1). Fig. 1(a) is associated with the dark
Z and dark hypercharge cases where the blobs contain the high energy physics responsible for the mixing ✏. Fig
1(b) corresponds to the Lµ � L⌧ case where the new gauge boson provides a direct coupling to a muon neutrino but
communicates with first generations quarks through lepton loops. (⌫µ or ⌫̄µ are the relevant particles for the CE⌫NS
process generated from the decay of charged pions, such as utilized by the COHERENT collaboration).

IV. EXISTING BOUNDS

Several experiments have placed bounds on the mixing parameters introduced above. In this section we review
these bounds and their applicability to the mixing scenarios in consideration.

In addition to the bounds below, our model can, in principle, be constrained by the meson decays B ! KZ 0 and
K ! ⇡Z 0. However, since the amplitudes for these decay modes depend on the details of the Higgs sector, we are
neglecting constraints from these decay modes in our analysis.

A. Fixed target experiments

One of the most stringent constraints on a light Z 0 that couples to electrons is through fixed target experiments, also
known as beam dump experiments. An electron beam is aimed at a high density target and the scattering products
are observed. In such a process the scattered electron may emit a Z 0 in a similar fashion as bremsstrahlung which
can then decay to observable SM particles. This has been searched for by the SLAC E137 (20 GeV) [41], SLAC
E141 (9 GeV) [42], and Fermilab E774 (275 GeV) [43] experiments and no candidate events have been observed.
Another way of utilizing fixed target experiments that would constrain our models is by looking at pion decays
(⇡0

! �Z 0, Z 0
! e+e�). This search has been performed by the NA48/2 Collaboration at CERN [44]1. We adopt

the analysis of Refs. [45–47] to place limits on our models, and since they assume a coupling of the form ✏eA0
µJ

µ
EM ,

the limits on the dark Z and dark hypercharge require the following scalings respectively:

✏ !
e cos ✓w✏

g
q�

�0.5 + 2 sin2 ✓w
�2

+ (�0.5)2
(9)

✏ !
e✏

gY

q
(�0.5)2 + (�1.5)2

(10)

The advantage that these experiments have is that the limits are independent of the Z 0 coupling to nucleons. On
the flip side, the limits are very weak for the Lµ � L⌧ scenario since the couplings to both electrons and light quarks
are suppressed by a loop factor.

The Lµ � L⌧ scenario can be tested via the so-called neutrino trident production as first done in [48]. In the SM,
a neutrino beam may scatter inelastically o↵ a fixed nuclear target producing a pair of muons at tree level which are
then detected (⌫N ! ⌫Nµ+µ�). This process has been observed by both the CHARM-II collaboration [49] and the
Columbia-Chicago-Fermilab-Rochester (CCFR) collaboration [50] using muon-flavored neutrinos and found to be in
agreement with the SM prediction. A Z 0 which couples to muon flavor leptons should generate a similar signal and
can therefore be constrained. For our analysis we reproduce the analytical approximations used in [51] to translate
the bounds from the CCFR collaboration which finds:

�CCFR/�SM = 0.82± 0.28 (11)

.

B. Solar neutrinos

The elastic scattering of low-energy solar neutrinos provides a probe of U(1)Lµ�L⌧ gauge bosons. In particular, the
U(1)Lµ�L⌧ gauge boson can contribute to neutrino-electron scattering from solar neutrinos through a loop induced

1 We thank the authors of [45] for pointing this out and providing us with their data.
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FIG. 3: The current and future bounds on the mixing ✏Z in the dark Z case are plotted as a function of the Z 0 mass
MZ0 . The solid blue curve is the current COHERENT limit, the orange dashed and green dot-dashed curves are

derived future projections for COHERENT for di↵erent luminosities, the red dotted curved is the future projection
for a reactor experiment, the purple large-dotted curve is from atomic parity violation, and the grey regions are from
the NA48/2, E774, E141, and E137 fixed target experiments. The blue shaded region is ruled out by the BaBar

results.
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FIG. 1: Neutrino nucleus scattering diagrams. Fig. 1(a) is for dark hypercharge and dark Z bosons and Fig. 1(b) is
for the Lµ � L⌧ model.

VI. RESULTS

In Fig. 2 we show the COHERENT and reactor reach on ✏B as a function of MZ0 using the couplings shown
in Eq.(7) and compare it to limits from fixed target, atomic parity violation experiments and the BaBar results.
The points where the curves plateau correspond to the energy scale of each experiment above which MZ0 dominates
over the momentum dependence. In the region allowed by the fixed target experiments, we find that current and
projected limits from CE⌫NS measurements provide stringent constraints (10�5 < ✏ < 10�2) in the mass range
1MeV . mZ0 . 10 GeV, almost as strong as existing limits from atomic parity violation. The Babar results provide
better constraints for mZ0 ⇠ 10 GeV. Below about 10 MeV, the future COHERENT constraints are comparable to
those from atomic parity violation and reactor experiments are projected to provide stronger limits thanks to the low
energies of reactor neutrinos.

In Fig. 3, we show the same constraints applied to ✏Z for the case of a dark Z boson, as given in Eq. (8). The
constraints are similar to the dark hypercharge case with two main di↵erences. First, the window where the CE⌫NS
constraints start competing with atomic parity violation lies outside the bounds of fixed target experiments. Second,
for high values of mZ0 the CE⌫NS limits become independent of the exposure and detector material. This e↵ect is
due to the nature of the Z 0 coupling as well as the high luminosity compared to the assumed systematic uncertainty.

In the dark Z 0 scenario the ratio of BSM to SM couplings to protons and neutrons are identical and equal to
0.27(✏Z/mZ0)2, which limits the distinguishing power of detectors with di↵erent proton and neutron content. Coupled
with the fact that the number of expected events is su�ciently large for the systematic uncertainty to dominate the
statistical uncertainty, this leads to the merger of limits from di↵erent detectors and exposures. Note that the same
cannot be said about the dark hypercharge scenario. In this case, the relative couplings to protons and neutrons are
�3.3(✏Z/mZ0)2 and 0.06(✏Z/mZ0)2 respectively which significantly enhances the reach when di↵erent detectors are
combined.

This can also be demonstrated using Eq. (14). After maximizing the expression with respect to the nuisance

parameter � and defining k ⌘
Npred

Nbg+Nexp
, we get:

�2 =
�

⇣P NpredNexp

Nbg+Nexp

⌘2
+

P N2
pred

Nbg+Nexp

P N2
exp

Nbg+Nexp
+ 1

�2

P (Npred�Nexp)
2

Nbg+Nexp

1
�2 +

P N2
pred

Nbg+Nexp

(15)

'

X N2
exp

Nbg +Nexp
�

P
kNexpP
kNpred

X
kNexp (16)

where in the second line we used the fact that 1/�2 is small compared to Nexp. As mentioned earlier, the Z 0 coupling
relative to the Z coupling is universal in the dark Z scenario which means that k is the same for all detectors and
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III. KINETIC AND MASS MIXING

We will now examine how such couplings could arise in mixing scenarios first examined in [5]. Let us consider the
SM hypercharge gauge group U(1)Y with gauge field B and a dark abelian gauge group U(1)X with gauge field X
and suppose we have the following gauge kinetic terms

Lgauge = �
1

4
Fµ⌫
a Faµ⌫ �

1

4
Fµ⌫
b Fbµ⌫ �

✏

2
Fµ⌫
a Fbµ⌫ (4)

where ✏ parameterizes the mixing of the two U(1)s. The mixing can be generated by a loop of heavy fields charged

under both groups. For fields with masses m and m0 and gauge couplings gY and gX we get ✏ ⇠ gY gX
12⇡2 log m02

m2 . For
O(1) couplings and a mass di↵erence of a factor of 10 or less, this restricts us in the range ✏ . 10�2. One can remove
the mixing term by a field redefinition: Bµ ! Bµ + ✏Xµ which induces new couplings of X to the SM fermions. Note
that this leads to non-diagonal terms in the Z �X mass matrix. Such mass-mixing can be controlled by introducing
additional mass mixing from an extended Higgs sector of whose details we remain oblivious [31, 32].

Accounting for the diagonalization of both the kinetic and mass terms, as well as the SM electroweak rotation, the
mass eigenstates A, Z and Z 0 can be expressed in terms of Bµ, W 3

µ and Xµ by the following transformation matrix:

0

@
Bµ

W 3
µ

Xµ

1

A =

0

@
cos ✓w �✏ sin↵� sin ✓w cos↵ sin ✓w sin↵� ✏ cos↵
sin ✓w cos ✓w cos↵ � cos ✓w sin↵

0 sin↵ cos↵

1

A

0

@
Aµ

Zµ

Z 0
µ

1

A , (5)

where the angle ↵, which has implicit dependence on ✏, controls the Z � Z 0 mass mixing. ↵ can arise from an
extended Higgs sector with a new symmetry breaking scale di↵erent from the EW scale. The extended Higgs sectors
can emerge from grand unified theory models [1, 33] and ↵ can also arise via the Stueckelberg mechanism [34]. Note
that the photon remains massless to all orders in the mixing parameters.

From this we can infer the Z 0-fermion-antifermion coupling to be:

�ig

cos ✓w
[cos↵(tan↵� ✏ sin ✓w)]


T 3
L �

(tan↵� ✏ / sin ✓w)

tan↵� ✏ sin ✓w
sin2 ✓wQ

�
, (6)

where g is the SM SU(2) gauge coupling. If we assume ↵ to be small and define ✏B ⌘ cos↵(tan↵ � ✏ sin ✓w), the
coupling becomes proportional to the hypercharge, and we refer to Z 0 as a dark hypercharge gauge boson. Explicitly,
the coupling is given by:

ig tan ✓w (Yf/2) ✏B , (7)

where Yf is the hypercharge of the SM fermion f . If, instead, we choose ✏ to be zero and define ✏z ⌘ sin↵, then the
Z 0 coupling reduces to

�ig

cos ✓w
✏z

⇥
T 3
L � sin ✓2wQ

⇤
, (8)

and we call it a dark Z boson.
The case usually referred into in the literature as the dark photon corresponds to setting tan↵ = ✏ sin ✓w and will

not be discussed in this work since it generates no couplings between the Z 0 and neutrinos.
Another interesting possibility for probing new physics models is when the SM is extended with a non-universal

U(1) gauge symmetry associated with U(1)Lµ�L⌧ . This symmetry has been discussed in various contexts including
the flavor structures of neutrinos [35, 36], lepton flavor violating Higgs decays [37], dark matter, and the recently
reported flavor non-universality in B decays [38]. This symmetry leads to interactions in the Lagrangian of the form:
Lint � gZ0Q↵�(l̄↵�µl� + ⌫̄L↵�µ⌫L�)Z 0

µ, where, as before, Z 0 is the new gauge boson, gZ0 is the new gauge coupling,
and Q↵� = diag(0, 1,�1) gives the U(1)Lµ�L⌧ charges. It is possible to extend this symmetry to the quark sector as
well.

At low energies, muon and tau loops generate kinetic mixing between the SM photon and Z 0 of strength ✏ /

(8egZ0)/(48⇡2)log(m⌧/mµ) [39, 40] (the µ and ⌧ leptons can be replaced by second and third generation quarks if
the symmetry is also extended to the second-third generation quark sector). Since this is generated at low energy,
the diagonalization is done after electroweak symmetry breaking and results in a Z 0 coupling to the first generation
quarks equal to ✏Q. While this mixing is suppressed by a loop factor, this is compensated for by the direct coupling
to neutrinos in ⌫µ scattering experiments.

beam dump

4

A diagrammatic representation of the three scenarios is shown in Fig.(1). Fig. 1(a) is associated with the dark
Z and dark hypercharge cases where the blobs contain the high energy physics responsible for the mixing ✏. Fig
1(b) corresponds to the Lµ � L⌧ case where the new gauge boson provides a direct coupling to a muon neutrino but
communicates with first generations quarks through lepton loops. (⌫µ or ⌫̄µ are the relevant particles for the CE⌫NS
process generated from the decay of charged pions, such as utilized by the COHERENT collaboration).

IV. EXISTING BOUNDS

Several experiments have placed bounds on the mixing parameters introduced above. In this section we review
these bounds and their applicability to the mixing scenarios in consideration.

In addition to the bounds below, our model can, in principle, be constrained by the meson decays B ! KZ 0 and
K ! ⇡Z 0. However, since the amplitudes for these decay modes depend on the details of the Higgs sector, we are
neglecting constraints from these decay modes in our analysis.

A. Fixed target experiments

One of the most stringent constraints on a light Z 0 that couples to electrons is through fixed target experiments, also
known as beam dump experiments. An electron beam is aimed at a high density target and the scattering products
are observed. In such a process the scattered electron may emit a Z 0 in a similar fashion as bremsstrahlung which
can then decay to observable SM particles. This has been searched for by the SLAC E137 (20 GeV) [41], SLAC
E141 (9 GeV) [42], and Fermilab E774 (275 GeV) [43] experiments and no candidate events have been observed.
Another way of utilizing fixed target experiments that would constrain our models is by looking at pion decays
(⇡0

! �Z 0, Z 0
! e+e�). This search has been performed by the NA48/2 Collaboration at CERN [44]1. We adopt

the analysis of Refs. [45–47] to place limits on our models, and since they assume a coupling of the form ✏eA0
µJ

µ
EM ,

the limits on the dark Z and dark hypercharge require the following scalings respectively:

✏ !
e cos ✓w✏

g
q�

�0.5 + 2 sin2 ✓w
�2

+ (�0.5)2
(9)

✏ !
e✏

gY

q
(�0.5)2 + (�1.5)2

(10)

The advantage that these experiments have is that the limits are independent of the Z 0 coupling to nucleons. On
the flip side, the limits are very weak for the Lµ � L⌧ scenario since the couplings to both electrons and light quarks
are suppressed by a loop factor.

The Lµ � L⌧ scenario can be tested via the so-called neutrino trident production as first done in [48]. In the SM,
a neutrino beam may scatter inelastically o↵ a fixed nuclear target producing a pair of muons at tree level which are
then detected (⌫N ! ⌫Nµ+µ�). This process has been observed by both the CHARM-II collaboration [49] and the
Columbia-Chicago-Fermilab-Rochester (CCFR) collaboration [50] using muon-flavored neutrinos and found to be in
agreement with the SM prediction. A Z 0 which couples to muon flavor leptons should generate a similar signal and
can therefore be constrained. For our analysis we reproduce the analytical approximations used in [51] to translate
the bounds from the CCFR collaboration which finds:

�CCFR/�SM = 0.82± 0.28 (11)

.

B. Solar neutrinos

The elastic scattering of low-energy solar neutrinos provides a probe of U(1)Lµ�L⌧ gauge bosons. In particular, the
U(1)Lµ�L⌧ gauge boson can contribute to neutrino-electron scattering from solar neutrinos through a loop induced

1 We thank the authors of [45] for pointing this out and providing us with their data.
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FIG. 1: Neutrino nucleus scattering diagrams. Fig. 1(a) is for dark hypercharge and dark Z bosons and Fig. 1(b) is
for the Lµ � L⌧ model.

VI. RESULTS

In Fig. 2 we show the COHERENT and reactor reach on ✏B as a function of MZ0 using the couplings shown
in Eq.(7) and compare it to limits from fixed target, atomic parity violation experiments and the BaBar results.
The points where the curves plateau correspond to the energy scale of each experiment above which MZ0 dominates
over the momentum dependence. In the region allowed by the fixed target experiments, we find that current and
projected limits from CE⌫NS measurements provide stringent constraints (10�5 < ✏ < 10�2) in the mass range
1MeV . mZ0 . 10 GeV, almost as strong as existing limits from atomic parity violation. The Babar results provide
better constraints for mZ0 ⇠ 10 GeV. Below about 10 MeV, the future COHERENT constraints are comparable to
those from atomic parity violation and reactor experiments are projected to provide stronger limits thanks to the low
energies of reactor neutrinos.

In Fig. 3, we show the same constraints applied to ✏Z for the case of a dark Z boson, as given in Eq. (8). The
constraints are similar to the dark hypercharge case with two main di↵erences. First, the window where the CE⌫NS
constraints start competing with atomic parity violation lies outside the bounds of fixed target experiments. Second,
for high values of mZ0 the CE⌫NS limits become independent of the exposure and detector material. This e↵ect is
due to the nature of the Z 0 coupling as well as the high luminosity compared to the assumed systematic uncertainty.

In the dark Z 0 scenario the ratio of BSM to SM couplings to protons and neutrons are identical and equal to
0.27(✏Z/mZ0)2, which limits the distinguishing power of detectors with di↵erent proton and neutron content. Coupled
with the fact that the number of expected events is su�ciently large for the systematic uncertainty to dominate the
statistical uncertainty, this leads to the merger of limits from di↵erent detectors and exposures. Note that the same
cannot be said about the dark hypercharge scenario. In this case, the relative couplings to protons and neutrons are
�3.3(✏Z/mZ0)2 and 0.06(✏Z/mZ0)2 respectively which significantly enhances the reach when di↵erent detectors are
combined.

This can also be demonstrated using Eq. (14). After maximizing the expression with respect to the nuisance

parameter � and defining k ⌘
Npred

Nbg+Nexp
, we get:

�2 =
�

⇣P NpredNexp

Nbg+Nexp

⌘2
+

P N2
pred

Nbg+Nexp

P N2
exp

Nbg+Nexp
+ 1

�2

P (Npred�Nexp)
2

Nbg+Nexp

1
�2 +

P N2
pred

Nbg+Nexp

(15)

'

X N2
exp

Nbg +Nexp
�

P
kNexpP
kNpred

X
kNexp (16)

where in the second line we used the fact that 1/�2 is small compared to Nexp. As mentioned earlier, the Z 0 coupling
relative to the Z coupling is universal in the dark Z scenario which means that k is the same for all detectors and

10

FIG. 4: The current and future bounds on the coupling gZ0 in the Lµ-L⌧ model are plotted as a function of the Z 0

mass MZ0 . The solid blue curve is the current COHERENT limit, the orange dot-dashed and green dashed are
derived future projections for COHERENT for di↵erent luminosities, the red dotted curve is from the Borexino
measurement of solar neutrinos, and the purple large-dotted curve is from the CCFR measurement of neutrino

trident production. The blue shaded region is ruled out by the BaBar results.
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III. KINETIC AND MASS MIXING

We will now examine how such couplings could arise in mixing scenarios first examined in [5]. Let us consider the
SM hypercharge gauge group U(1)Y with gauge field B and a dark abelian gauge group U(1)X with gauge field X
and suppose we have the following gauge kinetic terms

Lgauge = �
1

4
Fµ⌫
a Faµ⌫ �

1

4
Fµ⌫
b Fbµ⌫ �

✏

2
Fµ⌫
a Fbµ⌫ (4)

where ✏ parameterizes the mixing of the two U(1)s. The mixing can be generated by a loop of heavy fields charged

under both groups. For fields with masses m and m0 and gauge couplings gY and gX we get ✏ ⇠ gY gX
12⇡2 log m02

m2 . For
O(1) couplings and a mass di↵erence of a factor of 10 or less, this restricts us in the range ✏ . 10�2. One can remove
the mixing term by a field redefinition: Bµ ! Bµ + ✏Xµ which induces new couplings of X to the SM fermions. Note
that this leads to non-diagonal terms in the Z �X mass matrix. Such mass-mixing can be controlled by introducing
additional mass mixing from an extended Higgs sector of whose details we remain oblivious [31, 32].

Accounting for the diagonalization of both the kinetic and mass terms, as well as the SM electroweak rotation, the
mass eigenstates A, Z and Z 0 can be expressed in terms of Bµ, W 3

µ and Xµ by the following transformation matrix:

0

@
Bµ

W 3
µ

Xµ

1

A =

0

@
cos ✓w �✏ sin↵� sin ✓w cos↵ sin ✓w sin↵� ✏ cos↵
sin ✓w cos ✓w cos↵ � cos ✓w sin↵

0 sin↵ cos↵

1

A

0

@
Aµ

Zµ

Z 0
µ

1

A , (5)

where the angle ↵, which has implicit dependence on ✏, controls the Z � Z 0 mass mixing. ↵ can arise from an
extended Higgs sector with a new symmetry breaking scale di↵erent from the EW scale. The extended Higgs sectors
can emerge from grand unified theory models [1, 33] and ↵ can also arise via the Stueckelberg mechanism [34]. Note
that the photon remains massless to all orders in the mixing parameters.

From this we can infer the Z 0-fermion-antifermion coupling to be:

�ig

cos ✓w
[cos↵(tan↵� ✏ sin ✓w)]


T 3
L �

(tan↵� ✏ / sin ✓w)

tan↵� ✏ sin ✓w
sin2 ✓wQ

�
, (6)

where g is the SM SU(2) gauge coupling. If we assume ↵ to be small and define ✏B ⌘ cos↵(tan↵ � ✏ sin ✓w), the
coupling becomes proportional to the hypercharge, and we refer to Z 0 as a dark hypercharge gauge boson. Explicitly,
the coupling is given by:

ig tan ✓w (Yf/2) ✏B , (7)

where Yf is the hypercharge of the SM fermion f . If, instead, we choose ✏ to be zero and define ✏z ⌘ sin↵, then the
Z 0 coupling reduces to

�ig

cos ✓w
✏z

⇥
T 3
L � sin ✓2wQ

⇤
, (8)

and we call it a dark Z boson.
The case usually referred into in the literature as the dark photon corresponds to setting tan↵ = ✏ sin ✓w and will

not be discussed in this work since it generates no couplings between the Z 0 and neutrinos.
Another interesting possibility for probing new physics models is when the SM is extended with a non-universal

U(1) gauge symmetry associated with U(1)Lµ�L⌧ . This symmetry has been discussed in various contexts including
the flavor structures of neutrinos [35, 36], lepton flavor violating Higgs decays [37], dark matter, and the recently
reported flavor non-universality in B decays [38]. This symmetry leads to interactions in the Lagrangian of the form:
Lint � gZ0Q↵�(l̄↵�µl� + ⌫̄L↵�µ⌫L�)Z 0

µ, where, as before, Z 0 is the new gauge boson, gZ0 is the new gauge coupling,
and Q↵� = diag(0, 1,�1) gives the U(1)Lµ�L⌧ charges. It is possible to extend this symmetry to the quark sector as
well.

At low energies, muon and tau loops generate kinetic mixing between the SM photon and Z 0 of strength ✏ /

(8egZ0)/(48⇡2)log(m⌧/mµ) [39, 40] (the µ and ⌧ leptons can be replaced by second and third generation quarks if
the symmetry is also extended to the second-third generation quark sector). Since this is generated at low energy,
the diagonalization is done after electroweak symmetry breaking and results in a Z 0 coupling to the first generation
quarks equal to ✏Q. While this mixing is suppressed by a loop factor, this is compensated for by the direct coupling
to neutrinos in ⌫µ scattering experiments.

• Can also consider new universal symmetry, i.e. on that only operates in the mu/tau 
sector 

• New gauge boson couples to neutrino, but to first generation quarks via lepton loops

4

A diagrammatic representation of the three scenarios is shown in Fig.(1). Fig. 1(a) is associated with the dark
Z and dark hypercharge cases where the blobs contain the high energy physics responsible for the mixing ✏. Fig
1(b) corresponds to the Lµ � L⌧ case where the new gauge boson provides a direct coupling to a muon neutrino but
communicates with first generations quarks through lepton loops. (⌫µ or ⌫̄µ are the relevant particles for the CE⌫NS
process generated from the decay of charged pions, such as utilized by the COHERENT collaboration).

IV. EXISTING BOUNDS

Several experiments have placed bounds on the mixing parameters introduced above. In this section we review
these bounds and their applicability to the mixing scenarios in consideration.

In addition to the bounds below, our model can, in principle, be constrained by the meson decays B ! KZ 0 and
K ! ⇡Z 0. However, since the amplitudes for these decay modes depend on the details of the Higgs sector, we are
neglecting constraints from these decay modes in our analysis.

A. Fixed target experiments

One of the most stringent constraints on a light Z 0 that couples to electrons is through fixed target experiments, also
known as beam dump experiments. An electron beam is aimed at a high density target and the scattering products
are observed. In such a process the scattered electron may emit a Z 0 in a similar fashion as bremsstrahlung which
can then decay to observable SM particles. This has been searched for by the SLAC E137 (20 GeV) [41], SLAC
E141 (9 GeV) [42], and Fermilab E774 (275 GeV) [43] experiments and no candidate events have been observed.
Another way of utilizing fixed target experiments that would constrain our models is by looking at pion decays
(⇡0

! �Z 0, Z 0
! e+e�). This search has been performed by the NA48/2 Collaboration at CERN [44]1. We adopt

the analysis of Refs. [45–47] to place limits on our models, and since they assume a coupling of the form ✏eA0
µJ

µ
EM ,

the limits on the dark Z and dark hypercharge require the following scalings respectively:

✏ !
e cos ✓w✏

g
q�

�0.5 + 2 sin2 ✓w
�2

+ (�0.5)2
(9)

✏ !
e✏

gY

q
(�0.5)2 + (�1.5)2

(10)

The advantage that these experiments have is that the limits are independent of the Z 0 coupling to nucleons. On
the flip side, the limits are very weak for the Lµ � L⌧ scenario since the couplings to both electrons and light quarks
are suppressed by a loop factor.

The Lµ � L⌧ scenario can be tested via the so-called neutrino trident production as first done in [48]. In the SM,
a neutrino beam may scatter inelastically o↵ a fixed nuclear target producing a pair of muons at tree level which are
then detected (⌫N ! ⌫Nµ+µ�). This process has been observed by both the CHARM-II collaboration [49] and the
Columbia-Chicago-Fermilab-Rochester (CCFR) collaboration [50] using muon-flavored neutrinos and found to be in
agreement with the SM prediction. A Z 0 which couples to muon flavor leptons should generate a similar signal and
can therefore be constrained. For our analysis we reproduce the analytical approximations used in [51] to translate
the bounds from the CCFR collaboration which finds:

�CCFR/�SM = 0.82± 0.28 (11)

.

B. Solar neutrinos

The elastic scattering of low-energy solar neutrinos provides a probe of U(1)Lµ�L⌧ gauge bosons. In particular, the
U(1)Lµ�L⌧ gauge boson can contribute to neutrino-electron scattering from solar neutrinos through a loop induced

1 We thank the authors of [45] for pointing this out and providing us with their data.
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• Consider if the Z’ couples to hidden sector fermions and leptons 
• Quarks couple to the hidden sector fermions

Figure 2. Current and projected 2� bounds on a vector mediator with F
�
q2
�
⇠ q2 as a function

of the mediator mass. Dashed lines show the limits without a form factor. Here q0 = 50 MeV for
COHERENT, and q0 = 30 MeV for reactor experiments.

we take a background of 1 dru (Ge and Si), and for accelerator neutrino data we take a
background of 5⇥ 10�3 dru (CsI, NaI and Ar) [1]. Here the unit dru stands for differential
rate unit, equal to event/ (keV · kg · day). The COHERENT experiment has an energy
dependent efficiency. We applied the efficiency function from [1] to all the detectors in
the COHERENT experiment. We take the reactor neutrino flux to be that of a 1 MW
reactor at ⇠ 1 m from the core (which yields a the total flux of 1.5⇥ 1012 cm2/s), and the
antineutrino fission spectrum at various sites from Ref. [18]. The accelerator neutrino flux
at SNS is 4.29⇥ 109 cm2/s [1].

In Figs. 2 and 3 we show the COHERENT and reactor constraints on g
0
q
2

⇤2 =
((gL+gR)g⌫)q20

2⇤2

at 2� for a vector or scalar mediator, respectively, as a function of the mediator mass. g
0
q
2

⇤2

represents the coupling strength between quarks and neutrinos as a function of energy and
reduces to g0 if there is no form factor for the coupling. We choose q0 to be a typical
momentum for the experiment, e.g., q0 = 50 MeV and 30 MeV are used for COHERENT
and reactor experiments, respectively. To compare with the limits for the case without a
form factor, we plot the corresponding limits using dashed lines. The quarks may have
direct couplings to the Z 0 and may also couple via DM loops in a given model, in which
case the solid and dashed lines must be combined to obtain constraints on the couplings.
The plateau for small mediator masses arises because m02

⌧ q2 which makes the limits
independent of the mediator mass. In the regime of large mediator masses, the slope of
the limit curves is 2 since the effective couplings become g0

m02 , i.e., log g0 / 2 logm0. Also

– 7 –

Figure 3. Current and projected 2� bounds on a scalar mediator with F
�
q2
�
⇠ q2 as a function

of the mediator mass. Dashed lines show the limits without a form factor. Here q0 = 50 MeV for
COHERENT, and q0 = 30 MeV for reactor experiments.

notice that there is a bump in the low mass region for future COHERENT and reactor
experiments because a combination of the form factor and the mediator propagator yields

q
2

q2+m02 ⇠ 1, so that the mediator-induced spectral distortion is suppressed. On the other
hand, for the case with no form factor, the shape distortion persists for low masses, which
makes the limits stronger compared to the F

�
q2
�
⇠ q2 case. Note that direct detection

constraints are nonexistent for sub-GeV DM and collider bounds are nonexistent for a GeV
mediator which allows a lot of the parameter space to be unconstrained for g  1.

An effect of the form factor, F (q2) ⇠ q2, is that the spectral shapes differ from the
SM prediction and from new physics models with F (q2) = 1. To illustrate this, we show
the spectrum of coherent scattering off a Ar target in Fig. 4. We choose the coupling g

from current COHERENT constraints for F (q2) ⇠ q2 (solid line) and F (q2) = 1 (dashed
line). The main difference between the solid lines and dashed lines are at the higher energy
end because the form factor q2 enhances the deviation from the SM. At low energy, the
spectrum is suppressed by the detection efficiency.

4.2 Solar neutrinos

Several solar neutrino experiments, for example Super-K [19], SNO [20], and Borexino [2],
are sensitive to the neutrino-electron elastic scattering detection channel. Since the typical
momentum transfer that solar neutrino experiments are sensitive to is ⇠ 0.4 MeV, it is
possible to probe much smaller values of ⇤ as compared to reactor and accelerator CE⌫NS
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gµ, and mediator mass MZ0 . To represent the uncertainty in the nuclear structure, we take

Rn as a parameter and use the Helm form factor model.

FIG. 1: Timing(left) distribution for the prompt and delayed components and energy(right) dis-

tribution as measured by COHERENT. The vertical axis in time distribution gives the probability

that an event is in a given time bin.

We define as L the likelihood function of the data given the model parameters. To form

the likelihood function, we assume that the sum of the observed nuclear recoil plus back-

ground counts, Nobs(t, E), at time t and energy E follows a Poisson model with parameter

�(t, E) = (1 + ↵)N(t, E, ✏) +Nbg(t, E), (5)

where N(t, E, ✏) is the number of neutrino-induced nuclear recoil events predicted from the

theory and Nbg(t, E) denotes the background count at time t and energy E. Note that

by definition Nbg (t, E), the true background count, is not observed; rather the observed

background count denoted byNobs,bg(t, E) is provided by the COHERENT collaboration. We

assume that given Nbg (t, E), Nobs,bg(t, E) follows a Poisson model with parameter Nbg (t, E).

Moreover, in the absence of any prior information about Nbg(t, E), we use a non-informative

prior on the latent parameter Nbg(t, E), so that ⇡(Nbg(t, E)) / 1 for Nbg(t, E) 2 [0,1).

In addition to the counts from the signal and the background components, Equation 5

involves the uncertainty parameter ↵ to account for the systematic uncertainty from flux,

form factor, QF and signal acceptance uncertainties. We assume the parameter to fol-

low normal distribution with zero mean and standard deviation �↵ = 0.28 [1]. Defining

~✓ = (ge, gµ,m,Rn) as the model parameters, the most general likelihood function for the
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Energy + Timing Analysis

not available when considering the energy data alone, or when binning the data more coarsely

in time. We test for deviations from pure SM interactions, considering as an example light

mediators that couple to the SM. We show that including the timing distribution data

increases the deviation relative to the SM prediction, which is ⇠ 1� using energy data alone.

II. LIGHT MEDIATORS AND NON-STANDARD INTERACTIONS

Coherent neutrino-nucleus scattering experiments have been shown to be powerful probes

of mediators ranging from a very low-mass scale (⇠ MeV) to a very high-mass scale (⇠

TeV) [12]. For comparison, the LHC is sensitive to high-scale mediators with mass >⇠ GeV.

Thus CE⌫NS experiments are important because there are many well-motivated new physics

models that predict mediators in this low-mass regime [13].

If the momentum transfer between the neutrino and the nucleus is smaller than or com-

parable to the inverse size of the nucleus (typically E⌫
<
⇠ O(50) MeV), coherent scattering

occurs. In the SM, the di↵erential cross-section for a neutrino scattering o↵ of a target

electron or quark of mass m through a Z exchange is

d�
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G
2
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where GF is the Fermi constant, ER is the recoil energy, E⌫ is the incident neutrino energy,

(gv, ga) = (T3 � 2Qemsin
2
✓W , T3) are the vector and axial-vector couplings to the Z-boson,

T3 is the third component of the weak isospin, Qem is the electromagnetic charge, and ✓W

is the weak mixing angle (T3e = �1/2 in our convention). The mediators could be of

scalar/pseudo-scalar types as well.

The SM cross-section above may be modified due to a new mediating particle which

couples to neutrinos and either electrons or quarks. For example consider a new mediator

Z
0
µ with the following interaction terms:

L � Z
0
µ(g

0
⌫ ⌫̄L�

µ
⌫L + g

0
f,vf̄�

µ
f + g

0
f,af̄�

µ
�
5
f), (2)

where g0⌫ , g
0
f,v, and g

0
f,a are constants associated with new physics. With this interaction we

can redefine the couplings (gv, ga) of Eq. (1) in the following way

(gv, ga) ) (gv, ga) +
g
0
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FIG. 2: Posterior probability distribution for gµ, with mediator mass 10MeV (left) and

1000MeV(right)

IV. RESULTS

In order to simplify our analysis we consider models with g⌫ = gu = gd = g
0. The key

features of our analysis are unchanged if we use a di↵erent relation among the couplings.

In Figure 2, we show the posterior probability distributions for gµ and ge, for the case of

10 and 1000 MeV mass mediators. Shown are distributions using energy information alone,

and distributions using both energy and timing information. For both mass mediators, the

gµ distributions are better determined when including timing data.

A clear band which has 68% of the posterior probability can be seen in the result using

both energy and timing data. On the other hand, the energy binning only result will not

have such clear signal band. The reason for this is because gµ will change both prompt

and delayed neutrino recoil spectrum, the timing information will gain most statistics power

from gµ. For ge, it can only contribute to delayed neutrino recoil spectrum, the signal band

is less clear with and without timing information, as shown in Figure 3.

Figure 5 shows the posterior probability distributions for gµ and ge. Shown are distri-

butions using energy data alone, and using energy plus timing data. For all distributions,

the peaks are slightly shifted relative to the SM values (ge = gµ = 0). For the gµ posterior,
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• Important issue: how to statistically handle 
steady-state background


• Define a poisson model in energy/time bins 
and integrate out unknown parameters
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FIG. 5: Heat map of the probability density in log10(MZ0) vs log10 gµ (top row) and log10(MZ0)

vs log10(gµ/⇤) (bottom row, when there exists a form factor q2/⇤2) parameter space using energy

and timing data (left) and energy data alone (right). Here we assume background model (c).

with the SM. The shape of the boundary in both plots can be understood as follows: in

the small mediator mass region, q2 � M2
Z0 , the NSI parameter is independent of the small

mediator mass, while in the large mediator mass region, M2
Z0 � q2, the NSI parameter

depends on g2/M2
Z0 , thus, in log space the slope is about 1. The isolated island at large

mediator mass region is because the global degeneracy for the weak charge across all energy

bins (since the NSI parameter is independent of energy). On the contrary, if a hidden sector

is introduced to generate a form factor ⇠ q2/⇤2, the NSI parameter becomes independent of

energy in the smaller mass region and consequently, the degeneracy appears in the smaller

mass region.

The above results favoring g 6= 0 are independent of the uncertainty in the assumed value

for Rn, since we have taken Rn as a parameter in our analysis. It is however interesting to

determine the manner in which Rn is degenerate with the BSM model. As an example we

can compare to the case in which gu = gd = �g⌫ = g, as in this case there is destructive
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LMA-Dark Solution

• Possible to have a `dark side’ solution 
for the Solar mixing angle with large 
NSI, and mixing angle > 45 degrees


• For light mediators a possible model 
is: 
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Figure 7. Bounds on the product of couplings to neutrino and quark versus the mass of mediator. In the
left (right) panel, g⌫ indicates ee (µµ) component. The blue and red regions show the 95% C.L. with 2
d.o.f. constraints on NSI respectively from the present COHERENT data and the forecast for 10 more years
of COHERENT running with CsI assuming no NSI. The sliver on the right panel is a result of the degeneracy
in Eq. (4.6). The constraint from BBN and the CMB is shown in orange [20]. The CONUS (see section
5.2) constraint in green conservatively takes the Germanium detector and assumes that they will measure the
SM. CONUS cannot constrain the µµ or ⌧⌧ terms. The black line in the left (right) panel correspond to the
LMA–Dark solution with x = 0 (with x = 2). Note that g⌫gq is taken to be negative (positive) for the left
(right) panel to give the LMA–Dark solution at x = 0 (x = 2). Solid lines are current bounds, dashed lines
are future bounds.

LMA–Dark solution which requires interaction strength comparable to that of the weak interac-
tions: g2/M2

Z0 ⇠ GF . While scattering experiments can constrain both of these, they are only
sensitive for mediators heavier than the characteristic energy of the experiment. Large NSI with
very light mediators . 5 MeV is constrained by CMB and Big Bang Nucleosynthesis (BBN) mea-
surements.

Thanks to COHERENT’s measurement of Coherent Elastic ⌫-Nucleus Scattering (CE⌫NS)
with a new low-threshold CsI detector, more stringent upper bounds on the mass of the mediator
for NSI can be placed than what was previously possible. We find that the COHERENT data rule
out LMA–Dark for MZ0 > 48 MeV at 95% C.L. and future measurements should improve this
constraint to ⇠ 10 MeV, which is not enough to close the gap with the constraints from the CMB
and BBN. However, it is possible to reach the ⇠ MeV scale using future high statistics reactor
neutrino experiments measuring CE⌫NS for NSI in the ee sector. With a combination of CE⌫NS
measurements from COHERENT and reactor data along with BBN and CMB information, LMA–
Dark in the ee sector (x 6= 2) will be ruled for many orders of magnitude of mediator masses. MeV
scale NSI will still be viable even after reactor measurements for LMA–Dark NSI in the µµ, ⌧⌧

sector. Notice that from model building point of view, the special case of x = 2 is not necessarily a
fine-tuned limit and can be justified by symmetries. For example, if the new sector is electrophobic,
we will expect ✏ee = ✏eµ = ✏e⌧ = 0 but still ✏µµ, ✏⌧⌧ 6= 0. Until such data arrives however LMA–
Dark will remain viable in the ⇠ 10 MeV range for any x and will continue to play a role in our
ability to move neutrino physics into the precision era.
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As a result of the impact on the matter potential, neutrino oscillation data has provided some
of the strongest probes of NSI [1, 5–8]. In fact, when neutrino oscillation data is analyzed in the
presence of nonzero NSI, in addition to the standard Large Mixing Angle (LMA) solution with
✓12 ' 34� and ✏f

↵� ⌘ 0, another solution, known as LMA–Dark, appears with ✓12 in the “dark”
octant [9] (45� < ✓12 < 90�) and large NSI ✏ ⇠ O(1). Distinguishing between the standard LMA
solution and this LMA–Dark [10] regime requires going beyond oscillation data alone.

The most recent probe of NSI comes from the observation of Coherent Elastic ⌫-Nucleus
Scattering (CE⌫NS) by the COHERENT experiment [11]. CE⌫NS is a process wherein a neutrino
scatters coherently off an entire nucleus. While the cross section is large thanks to the coherent
enhancement, / [A � 2Z(1 � 2 sin2 ✓W )]2, it is challenging to detect this process due to the low
nuclear recoil energies ⇠ keV. The COHERENT collaboration [12] reported the first detection of
CE⌫NS at 6.7 � [11]. The measurement is consistent with the SM expectations within 1.5 � and
therefore offers a new probe of NSI [11, 13–16]. Taking the effective interaction of form (1.1), it
has been argued that this data is already sufficiently strong to rule out the LMA–Dark solution [13].
Notice however that if the mass of the intermediate state leading to the effective coupling (1.1) is
of order of or smaller than the energy-momentum transfer in the scattering experiment, using the
effective action formalism will not be viable.

In this paper, we revisit the question of whether or not large NSI can still be accommodated
in light of COHERENT data. Our broad conclusion is that it can, though it requires a mediator
that is light compared to the momentum transfers probed at COHERENT. We then investigate the
possibility of tightening the constraint on LMA-Dark by future CE⌫NS results. The remainder of
this paper is organized as follows. In section 2, we very briefly describe the class of models that can
give rise to LMA–Dark solution and then in the next section we overview the LMA–Dark solution
phenomenology. In section 4, we discuss the measurement of CE⌫NS by COHERENT and use it to
constrain the LMA–Dark solution as well as lepton flavor violating NSI. In section 5, we estimate
the future sensitivity to the LMA–Dark solution by both COHERENT and reactor neutrino CE⌫NS
measurements such as CONUS. Conclusions are summarized in section 6.

2 General characteristics of models leading to large NSI with a light mediator

Similarly to the models developed in [4, 17–19], let us consider an interaction of the following
form between neutrinos and quark fields with a new U(1)X gauge boson, Z 0

L �

X

q2{u,d}

gqZ
0
µq̄�µq +

X

↵,�2{e,µ,⌧}

(g⌫)↵�Z 0
µ⌫̄↵�µ⌫� . (2.1)

The coupling of Z 0 to neutrinos can originate via (at least) two distinct mechanisms: (1) from
gauging an arbitrary (not necessarily flavor universal) linear combination of lepton numbers of
different generations [17, 18]; or, (2) from mixing of ⌫ with a new electroweak singlet fermion
charged under new U(1)X with mass of O(GeV) [19]. The couplings of the quarks to the Z 0 boson
are U(1)X gauge couplings. Thus, the flavor structure of gq is determined by the pattern of the
U(1)X charges assigned to different flavors. For each generation, the U(1)X charge of the quark
with electric charge 2/3 has to be equal to that of the quark with electric charge �1/3 to make the
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Sterile neutrinos 

• Combined with ‘reactor anomaly’, gallium results may hint at new physics, i.e. ~ eV 
sterile neutrino (Giunti & Laveder 2010; Mention 2011)



Sterile neutrinos 
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In the absence of data, it is still quite possible to estimate the sensitivity of a counting experiment to deviations from
the null result. Referencing Eq. (10), we construct a �2 statistic comparing the deviation-squared of the oscillated
signal N i

Osc
from the SM expectation to the statistical uncertainty �i ⇠

p
N i

Exp
, summing over B bins, where the index

i momentarily performs double duty, labeling both the targeted range of recoil energies and the detector location,
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The omission of backgrounds and systematic errors is an approximation, which we apply presently for simplicity.
Various competing uncertainties will be itemized subsequently (Section V), along with analysis of their relative
impact, and discussion of approaches to their inclusion in the analysis (Section VI and Appendix A). In particular,
we will elaborate upon scenarios in which systematics may be expected to cancel at leading order.

In the limit where many stochastically dispersed bins B are sampled with an approximately uniform distribution of
expected counts N i

Exp
' NTot/B, the value of Eq. (11) will converge to �2

! 3/8NTot sin
4 2✓, where the numerical

coe�cient represents a fourth moment h sin4 i = 3/8 of the sinusoid embedded within �i. The result is independent
of B, and is identical to the scenario where samples are unbinned. This indicates that statistical significance of the
deviation declines in this scenario with the isolation of samples into multiple bins, because the fixed �2 value is then
distributed over more degrees of freedom B. The result is readily understood, and is attributable to the fact that the
sign of �i is always positive, i.e. the sterile neutrino always e↵ects a downward fluctuation in the event rate.

The �2 significance of the oscillation-induced anti-neutrino deficit relative to the statistical background at a single
experimental baseline L, and with no binning in the nuclear kinetic recoil, is projected in Fig. (2) as a function of
�m2

14
and sin2 2✓14. As expected from Eq. (3) and Fig. (1), observability is greatly diminished in the vertical axis

whenever (�m2
14

eV2
⇥ L [m] ⌧ 1), as there is insu�cient phase evolution. Likewise, as suggested by Eq. (11),

observability in the horizontal axis is hampered by reduction of the oscillation amplitude sin2 2✓14, and by elongation
of the separation from core (via geometric reduction in the neutrino flux as N i

Exp
/ 1/L2).

Fig. 3 shows the sensitivity for a larger exposure of 100 kg payload and 3 yr exposure for distances 5 and 10 m
from the reactor core, for thresholds of 10 and 100 eV. As indicated, projected sensitivity to the ⌫̄e-sterile mixing
for multi-year running improves upon that expected from the SOX experiment [18]. This exposure nearly covers the
allowed space of �m2

14
and sin2 2✓14 values associated with global fits to reactor and gallium experiments [30]. Fig. 4

suggests that the entire allowed global fit region can be explored for 5 and 10 m baselines and a recoil threshold of
10 eV.
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FIG. 3: Phase-1 prospective limit of ⌫e � ⌫s mixing parameters with 100 Kg Ge detector mass and 3 year e↵ective exposure
at a sample distance of 5m (left) or 10m (mid) from the reactor. The results for recoil threshold at 100 eV are also plotted
(right) at 5m. Only statistic uncertainties are included and coloring for the number of � contours is the same as in Fig. 2.
For sin2 2✓ � 0.01, the systematic flux uncertainty in reactor neutrinos and neutron backgrounds are subdominant. Global fit
contours at 95% credence level for short-baseline (blue dashed) and ⌫e disappearance (red solid) constraints are from Ref. [30].
The projected SOX limits [18] and those from Solar neutrinos (Solar + Kamland) [31] are also plotted for comparison.
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Light sterile neutrinos have been introduced as an explanation for a number of oscillation signals
at �m2 ⇠ 1 eV2. Neutrino oscillations at relatively short baselines provide a probe of these possible
new states. This paper describes an accelerator-based experiment using neutral current coherent
neutrino-nucleus scattering to strictly search for active-to-sterile neutrino oscillations. This exper-
iment could, thus, definitively establish the existence of sterile neutrinos and provide constraints
on their mixing parameters. A cyclotron-based proton beam can be directed to multiple targets,
producing a low energy pion and muon decay-at-rest neutrino source with variable distance to a
single detector. Two types of detectors are considered: a germanium-based detector inspired by the
CDMS design and a liquid argon detector inspired by the proposed CLEAR experiment.

I. INTRODUCTION

Sterile neutrino models have been invoked to explain a
series of intriguing oscillation signals at �m2 ⇠ 1 eV2 [1–
4]. These signals have relied on neutrino detection
through charged current interactions. In the case of
charged current appearance, the signal is interpreted as
an active flavor oscillating to another active flavor, which
can occur at these high �m2 values if one or more neu-
trino mass states with m4, ... ⇠ 1 eV is added to the
neutrino mass spectrum. The extra mass states are as-
sumed to participate in neutrino oscillations, and must
therefore be small admixtures of weakly-interacting neu-
trino flavor states, with the remaining flavor composition
being sterile (i.e. non-weakly-interacting). In the case of
charged current disappearance, the signal is interpreted
as arising from active-flavor neutrino (e, µ, ⌧) oscillation
to any other neutrino flavor (e, µ, ⌧ , or s, with s being
the sterile flavor).

The oscillation probabilities for appearance and disap-
pearance through charged current searches are expressed
as functions of the active flavor content of the extra mass
eigenstate(s) [1, 2]. In this paper, we assume that only
one such extra mass state, m4, exists. In that case, the
oscillation probabilities are given by

P (⌫↵ ! ⌫� 6=↵) = 4|U↵4|2|U�4|2 sin2(1.27�m2
41L/E)

(1)
in the case of active appearance searches, and

P (⌫↵ ! ⌫ 6↵) = 4|U↵4|2(1� |U↵4|2) sin2(1.27�m2
41L/E)

(2)
in the case of active disappearance searches, where ↵, � =
e, µ, ⌧ ; 6 ↵ corresponds to all flavors other than ↵, includ-
ing active and sterile; |U↵4|2 corresponds to the ↵-flavor
content of the fourth mass eigenstate; and L and E repre-
sent the neutrino travel distance and energy, respectively.
Note that neither search case is purely sensitive to the
sterile neutrino content of the extra neutrino mass state,
|Us4|2. In this paper, we discuss a strictly neutral current

search using coherent neutrino scattering that allows for
pure active-to-sterile oscillation sensitivity.
Coherent neutrino-nucleus scattering is a well-

predicted neutral current weak process with a high cross
section in the standard model, as compared to other neu-
trino interactions at similar energies. Despite this, the
coherent interaction has never been observed as the keV-
scale nuclear recoil signature is di�cult to detect. The
newest generation of ⇠10 keV threshold dark matter de-
tectors provides sensitivity to coherent scattering [5] as
the interaction signal is nearly identical to that which is
expected from WIMP interactions.
An active-to-sterile neutrino oscillation search is moti-

vated in Section II. We describe an experimental design
which makes use of a high intensity pion- and muon-
decay-at-rest (DAR) neutrino source in Section III. The
coherent scattering process is introduced and the exper-
imental design is discussed in Section IV. Sensitivities
to neutrino oscillations at �m2 ⇠ 1 eV2 are shown in
Section V.

II. MOTIVATION FOR AN
ACTIVE-TO-STERILE OSCILLATION SEARCH

A decade ago, sterile neutrino oscillation models were
largely motivated by the LSND anomaly [1, 6–9]. This
result presented a 3.8� excess of ⌫̄e events consistent with
⌫̄µ ! ⌫̄e oscillations described by Eq. 1 at �m2 ⇠ 1 eV2

and sin2 2✓µe = 4|Ue4|2|Uµ4|2 ⇠ 0.003. The apparent ap-
pearance signal is thus interpreted as indirect evidence
for at least one additional neutrino carrying the ability
to mix with active flavors. Being mostly sterile, an ad-
ditional neutrino avoids conflict with measurements of
the Z invisible width [10] (characteristic of three weakly-
interacting light neutrino states) and the three-neutrino
oscillation model established by solar [11–13] and atmo-
spheric/accelerator [14–17] experiments.

The LSND signal was not present in a similar but less
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FIG. 3. Ratio R = Nevents
sterile /Nevents

SM for a detector threshold
Tthres = 100 eVee as a function of the baseline L, at the
TEXONO experiment. The quenching effect is considered
(neglected) in the thin (thick) lines. The vertical dotted line
indicates the TEXONO baseline.

probability. Figure 3 shows the corresponding numerical
result for various choices of the sterile neutrino param-
eters, assuming a 76Ge detector with mass 1 kg and an
energy threshold of Tthres = 100 eVee at the TEXONO
experiment. The quenching effect is taken into account,
while for comparison, the corresponding results obtained
by neglecting the quenching effect are also illustrated.

In our attempt to quantify the sensitivity of a given
CENNS experiment to sterile neutrinos, we define the
quantity

�
2 =

✓
N

events
SM �N

events
sterile

�N
events
SM

◆2

. (20)

We mention that, due to the smallness of ✓13, recently
measured at Daya Bay [31], for simplicity in our calcu-
lations we set sin2 2✓13 = 0. Moreover, we use the fact
that, within the framework of the (3+1) scheme, it holds

sin2 2✓↵↵ = 4|U↵4|2
�
1� |U↵4|2

�
, (21)

sin2 2✓↵� = 4|U↵4|2|U�4|2 , (22)

where ↵,� = e, µ, ⌧, s. Focusing on the relevant short-
baseline (SBL) neutrino experiments, the above expres-
sions enter into the respective effective survival and tran-
sition probabilities, valid for neutrinos and antineutrinos

P↵↵ = 1� sin2 2✓↵↵ sin2
✓
�m

2
41L

4E

◆
,

P↵� = sin2 2✓↵� sin
2

✓
�m

2
41L

4E

◆
.

(23)

In Fig. 4 we illustrate the 90% C.L. sensitivity contours
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FIG. 4. 90% C.L. sensitivity regions in the (|U↵4|2, �m2
41)

planes with ↵ = e (red labelling) and ↵ = µ (blue labelling)
assuming a light sterile neutrino in the (3+1) scheme, at the
TEXONO and COHERENT experiments respectively (for de-
tails see the text).

in the (|Ue4|2, �m
2
41) plane for the TEXONO experi-

ment, obtained from a two-parameter �
2 analysis as de-

scribed above and by taking into account the quenching
effect. The present calculations consider a 76Ge detector
with: 1 kg mass, 100 eVee energy threshold and one year
of data collection time. For comparison, also shown is the
corresponding sensitivity region in the (|Uµ4|2, �m

2
41)

plane for the case of the COHERENT experiment as-
suming its “current” setup (see below).

Our present results indicate clearly that a dedicated
experiment searching for CENNS has also satisfactory
capabilities to probe sterile neutrinos. For the case of
the TEXONO experiment, the lack of ⌫̄e disappearance
results in the sensitivity regions depicted in Fig. 5. The
results are illustrated for three different values of the 76Ge
target mass (1 kg, 10 kg, 100 kg), four possible energy
thresholds (1 eVee, 10 eVee, 100 eVee, 400 eVee) and one
year of data taking time. We note that, by assuming a
threshold as high as Tthres = 400 eVee, the results show
that TEXONO has no sensitivity to the sterile parame-
ters for the case of a 76Ge detector with 1 kg of mass.
One sees that large values of sin2 2✓ee would be ruled out
by the exclusion curves, in agreement with the results
of Refs. [10, 19]. In addition, as stated in Ref. [22], the
requirement of large |Ue1|2 + |Ue2|2 for solar neutrino os-
cillations, implies that values of |Ue4|2 close to unity are
excluded. Therefore, for small sin2 2✓ee one has

sin2 2✓ee ' 4|Ue4|2 . (24)

which satisfies the general expectation that the fourth
generation massive neutrino is mostly sterile.

At this point we turn our attention on the capability of
the COHERENT experiment [57] at the SNS, Oak Ridge,
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FIG. 2. The projected constraints on the sterile neutrino parameter space for a 100 kg CsI detector and source that generates
4⇥1023 protons on target per year with an energy of 1 GeV, after collecting data for a total of 3 years (left) or 10 years (right).
In each case, we have assumed that the detector was located at a distance of 20 meters from the source during the first half of
the exposure, and at a distance of 40 meters during the second half. These constraints are compared to the regions that could
potentially account for the LSND [1] and MiniBooNE [2] anomalies (at the 99% confidence level).

given as follows:

P↵!e,µ,⌧ = 1� 4|U↵4|2
✓
1�

X

�=e,µ,⌧

|U�4|2
◆
sin2

✓
�m2L

4E

◆
,

(5)

where �m2 ⌘ �m2
41 ⇡ �m2

42 ⇡ �m2
43. After appropri-

ate unit conversions, the argument of the sine function
can be rewritten as 1.27⇥ (�m2/eV2)(L/m)(MeV/E).

To estimate the sensitivity of a coherent scattering ex-
periment to a sterile neutrino, we calculate the number
of events predicted to be observed in four time bins, cor-
responding to 0-0.5, 0.5-1, 1-2 and 2-10 µs, defined such
that t = 0.5µs is at the center of the pion pulse. By
taking into account this timing information, we are able
to measure independently the flux of neutrinos that orig-
inate as ⌫µ, as well and those that originate as either ⌫e
or ⌫̄µ. We consider measurements made over two base-
lines (20 and 40 meters), using a target consisting of 100
kg of CsI, over a total observation time of either 3 or 10
years (half of the total time is assumed to be in each of
the 20 and 40 meter configurations). In each configura-
tion, we include in the event rate calculation a steady-
state background of 1.45 ⇥ 10�10 counts/kg/µs, which
can be precisely determined by measuring the o↵-pulse
event rate [22]. Although this is a factor of 10 lower than
the rate reported in Ref. [22], this degree of improve-
ment is achievable through the application of additional
shielding and well-understood techniques to reduce the

dominant internal radiocontaminations of CsI [33] (see
also Refs. [34–36]). We also include in our analysis an
overall systematic uncertainty of ±28% on the overall sig-
nal rate, corresponding to uncertainties associated with
the cross section, detector e�ciency, and overall neutrino
flux.

The main results of our analysis are shown in Figs. 2
and 3. In the first of these figures, we show the pro-
jected constraints on the sterile neutrino parameter space
from an experiment utilizing a 100 kg CsI detector and
source producing a luminosity of 4 ⇥ 1023 protons on
target per year with an energy of 1 GeV. We present
this result in terms of the e↵ective mixing parameter
sin2(2✓µe) ⌘ 4|Ue4|2|Uµ4|2. For simplicity, we have lim-
ited our discussion to the case of |U⌧4| = 0. In Fig. 3, we
show these constraints in the |Uµ4|2 vs |Ue4|2 plane, for
two choices of �m2. When these constraints are com-
pared to the regions favored by LSND and MiniBooNE,
we conclude that the search proposed here would be sen-
sitive to the vast majority of the sterile neutrino parame-
ter space that could potentially account for these anoma-
lies.

In these projections, we have considered measurements
taken over baselines of 20 and 40 meters. If the separa-
tion between these distances were increased (decreased),
the exclusion contours would shift downward (upward)
in �m2, as a consequence of the dependence on L and
�m2 in Eq. 5.
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FIG. 3. As in Fig. 2, but in terms of the |Uµ4|2 vs |Ue4|2 parameter space, for the choice of either �m2 = 0.55 eV2 (upper
frames) or �m2 = 1.3 eV2 (lower frames). Again, the left (right) frames are after collecting data for 3 (10) years. These
constraints are compared to the regions that could potentially account for the LSND [1] and MiniBooNE [2] anomalies (at the
99% confidence level).

IV. SUMMARY AND CONCLUSIONS

In this letter, we have proposed using a 100 kg CsI
coherent neutrino detector located near a pulsed source
of neutrinos functionally similar to the Spallation Neu-
tron Source at the Oak Ridge National Laboratory to
test sterile neutrino scenarios motivated by the LSND
and MiniBooNE anomalies. By making use of timing in-
formation, one independently measure the fluxes of neu-
trinos that originate as ⌫µ or as either ⌫e or ⌫̄µ. Fur-
thermore, by comparing the coherent scattering rates
observed by a given detector while positioned at mul-
tiple distances from the source, it is possible to signif-
icantly reduce systematic uncertainties associated with

the flux normalization, coherent scattering cross section,
and detector e�ciencies. We find that such an experi-
ment would be sensitive to much of the relevant parame-
ter space and would help to clarify the nature of the mys-
terious results reported by the LSND and MiniBooNE
Collaborations.
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but the scaling of bounds with respect to luminosity integration is also less steep, like L1/4 rather than L1/2.
Coherent nuclear scattering is likewise a promising channel for probing the existence of a Majorana neutrino

magnetic moment µ⌫ [11]. Fig. (7) shows statistical search limits for the magnetic moment, using only the leading
(at low threshold) nuclear CE⌫NS contributions. 72Ge and 28Si are combined in a 2:1 mass ratio. For one unified
kg-year, at a detector recoil threshold T th

R = 10 eV, the limit is about 3 ⇥ 10�11, in units of the Bohr magneton.
This is comparable to the present limits from terrestrial experiments [54]. The scaling with mass and time will again
be a fourth-root. For 104 kg-years, the limit is down to about 3 ⇥ 10�12, which is competitive with astrophysics
sensitivity [55]. As before, however, systematic errors will play a limiting role. The event rate is proportional to just
the nuclear proton count Z, whereas the base CE⌫NS strongly integrates the count of neutrons, so that di↵erential
comparison of 72Ge and 28Si is again very useful here to distinguish the origin of any observed event excess; likewise,
this will provide for cancellation in correlated uncertainties.

VI. CANCELLATION OF SYSTEMATIC ERRORS IN DIFFERENTIAL EVENT RATES

In this section, we extend the former presentation of absolute scale sensitivities to new physics via CE⌫NS to
highlight the benefits of di↵erential CE⌫NS event rate observations (cf. the approach of Ref. [32]) in multiple nuclei
to the cancellation of persistent systematic errors. In particular, the combination of silicon and germanium detector
elements presents the opportunity to cleanly distinguish between various models and modes of new physics, based
upon variations in the relative coupling strength to neutrons and protons. While intrinsically insensitive to, for
example, the Z 0 mass or the size of the neutrino magnetic moment µ⌫ , this approach can reveal very clear qualitative
di↵erences between the SM and various candidates for new physics, in a manner that cuts through the systematic
uncertainty ceiling, recovering the potential science impact of large integrated luminosities.

We introduce the observables

⇠ ⌘ EGe /BGe � 1

ESi /BSi � 1
=

SGe /BGe

SSi /BSi
, (3)

and

⇣ ⌘ EGe

BGe
� ESi

BSi
=

SGe

BGe
� SSi

BSi
, (4)

where E, B, and S ⌘ E �B are the experimental total, expected standard model background, and beyond standard
model signal event counts, respectively. Table III itemizes signature values of the ⇠ statistic for various Z 0 model
families, and also for nuclear scattering via the anti-neutrino magnetic moment µ⌫ coupling. These distinctive signa-
tures are broadly independent of the underlying mass scale (MZ0), mixing angle (�), or coupling strength (g0). The
⇣ statistic retains sensitivity to the new physics scale, while still allowing for the cancellation of systematic errors.

TABLE III: The Eq. (3) ratio ⇠ of normalized BSM event counts in 72Ge and 28Si at a detector recoil threshold T th
R = 10 eV.

SM E6 B � L µ⌫

⇠ 1.0 0.89 0.86 0.43

We adopt the point of view that the theoretically calculated background counts B are absolute, with zero error
(�B = 0). This is not to say, of course, that the calculation inherits no propagated uncertainty, but rather that
di↵erences between theory and experiment are considered to be absorbed by the experimental side. Consequently,
�S = �E. Variations of the statistics in Eqs. (3,4) are then given as follows.

�⇠

⇠
=

�EGe

EGe �BGe
� �ESi

ESi �BSi
; �⇣ =

�EGe

BGe
� �ESi

BSi
(5)

Variations �E = �ESyst + �EStat will generically be composed of both systematic and statistical components. The
systematic term is expected to be primarily correlated across detectors, such that �EGe/EGe ' �ESi/ESi. Noting
that the new physics contribution is generically expected to be small, i.e. E ' B, it is observed that systematic
e↵ects cancel to leading order in both terms of Eq. (5), as expected. Moreover, the residual statistical uncertainties
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suitably low-threshold detectors thereby tilts the advantage in expected CE⌫NS event rate per kilogram back toward
reactor-based sources by as much as a few hundred-fold. There are also proposals for accelerator-based stopped pion
sources, such as the DAE�ALUS [26] experiment, which have essential similar characteristics. The proposed liquid
argon detector in that experiment is projected to register approximately 10 CE⌫NS events per kilogram per year, a
figure that is suppressed by up to three magnitude orders relative to the projections in the present work. Candidates
for reactor-based CE⌫NS observation include the TEXONO [27, 28] and CoGeNT at SONGS projects. All such reactor
based environments feature an essentially identical electron antineutrino spectrum. Potentially distinguishing features
including the reactor power, the distance from core, and the recoil threshold sensitivity. The TEXONO experiment is
housed at the Kuo-Sheng power reactor in Taiwan, which operates in the typical few gigawatt power range. At thirty
meters from core, it yields a flux that is broadly comparable to (or perhaps larger by a few times than) that available
at our referenced megawatt research reactor at one meter from core. The SONGS facility also employs a research
reactor, albeit one generating approximately 30 megawatts of power. With the detector placed 20 meters from core,
this corresponds to a net reduction of one magnitude order in flux relative to our proposal at one meter from core,
or flux parity at three meters from core. Both projects are likewise actively pursuing low noise germanium detection
environments capable of reaching recoil thresholds in the one-to-a-few hundreds of eV range [29, 30]. Our referenced
72Ge and 28Si detector technology is capable of substantially broaching the 100 eV threshold, plausibly reaching as
low as 10 eV, in the very near term future [12].

III. NEUTRINO-ATOM SCATTERING

The standard model (SM) electroweak Lagrangian exhibits the gauge symmetry SU(2)L⇥U(1)Y , with gauge fields
W i

µ and Bµ, and couplings g and g0, respectively. After electroweak symmetry breaking, the residual symmetry is
U(1)EM , with coupling e ⌘ g sin ✓W , where the Weinberg angle is defined by the relation tan ✓W ⌘ g0/g. The massive
neutral current is mediated by the mixed bosonic state Zµ, with an e↵ective coupling (conventionally defined as)
g/ cos ✓W and an associated charge operator T3 �QEM sin2 ✓W , where T3 is the diagonal generator of SU(2)L, with
eigenvalues ±1/2 for the upper and lower components of a field doublet, respectively.

For small momentum exchange, the Zµ propagator will be dominated by its M2
Z mass-denominator, generating

an e↵ective (mass-suppressed) dimension-six coupling GF ⌘
p
2g2/8M2

W , where MW ⌘ MZ cos ✓W . The di↵erential
cross-section [31] for SM scattering of a neutrino with energy E⌫ from a target particle of mass M and kinetic recoil
TR is, in terms of the applicable vector qV ⌘ qL + qR and axial qA ⌘ qL � qR charges,

d�

dTR
=

G2
FM

2⇡


(qV + qA)

2 + (qV � qA)
2

✓
1� TR

E⌫

◆2

� (q2V � q2A)
MTR

E2
⌫

�
. (1)

Eq. (1) is applicable both to scattering from electrons and to scattering from nuclei. The SM neutrino is purely left-
handed, but couples via the Z-boson neutral current (with distinct strengths) to both left- and right-handed fermionic
currents. By convention, the global contribution (a factor of 1/2) to the neutral-current vector and axial charges from
the pure-left neutrino has been factored out, such that the referenced charges (and L/R chirality designations) refer
only to the scattering host.

For (e, ⌫e) scattering, the flavor-diagonal t-channel exchange of a W -boson interferes with the neutral current
term, e↵ectively boosting (qV , qA) by a unit value [31]. This diagram is not applicable, though, to the scenario
of a reactor anti-neutrino source. However, there is a second subtlety that is relevant in this case, namely the
emergence of a relative negative phase between (qV , qA) associated with the parity-flip. Absorbing this sign into the
axial coupling, the SM expressions for anti-neutrino scattering from a generic fundamental particle target become
(qV , qA) ⌘ (T3 � 2Q sin2 ✓W ,�T3). For coherent nuclear scattering, these terms should be summed over the quark
content of protons and neutrons, and either multiplied by the respective counts (Z,N) of each (in the vector case) or
multiplied by the respective di↵erential counts (Z+ � Z�, N+ � N�) of up and down spins (in the axial case) [32].
The leading event contribution comes from the neutron count N , with qNV = �0.5 (independent of the Weinberg
angle), whereas coupling to the proton qPV ' +0.038 experiences strong interference and is relatively suppressed by
more than a magnitude order.

The described sum over nuclear constituents at the coupling level, prior to squaring in the amplitude, is the
essence of the nuclear coherency boost. By contrast, electron scattering sums over the atomic number Z incoherently,
boosting the cross-section linearly rather than quadratically. We note as a curiosity that further reduction of the
neutrino energy (to around the milli-eV scale) induces coherency at the level of electron scattering [33]. Both of the
suggested target nuclei, namely 72Ge and 28Si, have a total spin of zero, although the germanium nucleus has a deficit
of spin-up protons (and an excess of spin-up neutrons) of two units, which is observed to boost the expected scattering
count by about 3.5% relative to the dominant vector mode. There are calculable correction factors that account for
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charge-squared, and the new physics will manifest primarily via a cross-term with the much larger SM charges, such
that the expected signal event rate declines still as just 1/M2

Z0 . Also of potential interest, although beyond the present
scope, is the possibility of light Abelian vector bosons with Stueckelberg mass generation [41, 42].

In order to formulate a charge factor for the new physics that sums correctly with the SM terms, several normal-
ization coe�cients must be computed. In full, the prescription for a scattering from a target i will be

QSM (i) ) QSM (i) + QBSM(i) ⇥
⇢
QBSM(⌫)/QSM(⌫)⇥ (g0 cos ✓W /g)2 ⇥ (MZ/MZ0)2

�
,

where previously described global coupling, charge, and mass terms that were explicitly factored out in the SM analysis
have been exchanged for the appropriate BSM analogs; g0 is the BSM hypercharge, and we assume a decoupling limit
where the heavy Z 0 does not mix in the electroweak symmetry breaking.

In order to broadly assess the sensitivity of a solid state detector to these heavy particles, we consider five benchmark
Z 0 models that are representative of the most common approaches to this idea. Two of the benchmarks will be taken
from the symmetry breaking of a typical string-derived scenario featuring the unified E6 group. In this scenario,
two U(1) factors may combine via an unspecified mixing angle � to generate a single TeV-scale gauge field. The
most studied mixing angles are � = 0 (� model), � = cos�1

p
3/8 (⌘ model), and � = ⇡/2 ( model). Silicon

and germanium detectors are not sensitive to the  model, which features purely axial couplings. Two additional
benchmarks are associated with models invoking a baryon minus lepton B � L symmetry [43, 44]. As this is not a
unified theory, the coupling strength is arbitrary, and we consider both (g0 = 0.4) and (g0 = 0.2) examples, the former
being near to the limit allowed by high-energy consistency of the renormalization group. The final model considered
is a toy model called the sequential standard model (SSM), whose couplings are identical to those of the Z-boson
after electroweak symmetry breaking.

Table II itemizes the quark and lepton neutron current charges in the SM (equivalently SSM), and the various de-
scribed extensions [40, 43, 45]. In the E6 models, (g0/g)2 is fixed to be 5

3 tan
2 ✓, where the factor of 5/3 preserves proper

GUT charge normalization. In the B �L models, (g0/g) is not constrained, and the coupling g0 is generally provided
explicitly; the SU(2)L coupling is given numerically by g ' 0.65. In the sequential standard model, (g0 cos ✓W /g)2 = 1.
Continuous parameterization of E6 models is provided by the definition QE6 ⌘ cos�Q�

E6
+ sin�Q 

E6
. As before, the

unified axial charge qA will inherit a relative sign-flip for the scenario of anti-neutrino scattering, after summation of
all relevant contributions.

TABLE II: Quark and lepton neutral current charges in the SM and various extensions.

QSM

p
40Q�

E6

p
24Q 

E6
QB�L

uL
1
2 � 2

3 sin2 ✓W �1 1 1
3

dL � 1
2 + 1

3 sin2 ✓W �1 1 1
3

uR � 2
3 sin2 ✓W 1 �1 1

3

dR 1
3 sin2 ✓W �3 �1 1

3

⌫L 1
2 3 1 �1

eL � 1
2 + sin2 ✓W 3 1 �1

eR sin2 ✓W 1 �1 �1

We note that bounds on the Z 0 from CE⌫NS are complementary to those obtained from the LHC, which probes for
resonance peaks in the dilepton invariant mass. Whereas a collider is directly sensitive to the Z 0 mass scale, individual
coherent nuclear recoil events cannot tag the mass of the mediating species. Still, the coherency boost at very low
recoil thresholds can allow for exquisite statistical sensitivity to the Z 0 scale. Projected 95% confidence limits on the
Z 0 mass at the

p
s = 13/14 TeV LHC with a few (1-3) hundreds of events per femtobarn of luminosity are in the

range of 5 to 6 TeV [44, 45] for the described benchmark scenarios. Limits for the B � L model go as (6,5,4.4) TeV
for couplings g0 of (0.4,0.2,0.1), respectively. The naive proportional scaling of the mass limit with the g0 coupling
is not realizable in a collider scenario, where mass suppression of the parton luminosity at high momenta inhibit the
reach into heavier models. The solid state detectors do not exhibit this shortcoming, being sensitive to the Z 0 mass
only in the o↵-shell Fermi-coupling sense, and thus fare proportionally better at large coupling.

In order to concretely assess event detection significance, we select the signal S to background B significance metric
S/

p
B. Both S and B scale linearly with luminosity L, and S additionally scales proportionally with 1/M2

Z0 . At fixed
significance S/

p
B, the mass reach for nuclear recoil detectors will thus scale like MLim

Z0 / L1/4 i.e. a fourth-root

Present limit



The primary goal of COHERENT is detection
 of CEvNS using the extremely clean, pulsed
  stopped-pion flux at SNS

SNS flux (1.4 MW): 430 x 105 ν/cm2/s @ 20 m;
~400 ns proton pulses @ 60 Hz è~10-4 bg rejection

Future prospects for CE𝜈NS


