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Coherent neutrino nucleus scattering:  
Predictions & Implications

A
nn

u.
 R

ev
. N

uc
l. 

Sc
i. 

19
77

.2
7:

16
7-

20
7.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 T
ex

as
 A

&
M

 U
ni

ve
rs

ity
 - 

C
ol

le
ge

 S
ta

tio
n 

on
 1

0/
04

/1
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.

PHYSICAL REVIE% D VOLUME 9, NUMBER 5

Coherent effects of a weak neutral current
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If there is a weak neutral current, then the elastic scattering process &+A &+A should
have a sharp coherent forward peak just as e+A -e+A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10 38 cm2 on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v+A v+ A*provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars.

There is recent experimental evidence' from
CERN and NAL which suggests the presence of a
neutral current in neutrino-induced interactions.
A primary goal of future neutrino experiments is
to confirm the present findings and to investigate
the properties of the weak neutral current, for
example, the space inversion and internal sym-
metry structure.
Our purpose here is to suggest a class of ex-

periments which can yield information on the iso-
spin structure of the neutral current not obtainable
elsewhere. The idea is very simple: If there is
a weak neutral current, elastic neutrino-nucleus
scattering should exhibit a sharp coherent forward
peak characteristic of the size of the target just
as electron-nucleus elastic scattering does. In a
sense we are talking about measurements of the
nuclear form factors of the weak neutral current
analogous to the measurements of the nuclear
form factors of the electromagnetic neutral cur-
rent in elastic electron scattering experiments. '
In fact, for the same nucleus, these form factors
should have the same q' dependence. Therefore,
the size of the cross section or its extrapolated
forward value gi-res information on the structure
of the weak current itself. In the simplest case
(S= 0, Z= N nuclei such as He~ or C") the strength
of the polar-vector isoscalar component of the
weak neutral current is measured directly.
Our suggestion may be an act of hubris, because

the inevitable constraints of interaction rate, res-
olution, and background pose grave experimental
difficulties for elastic neutrino-nucleus scattering.
We will discuss these problems at the end of this
note, but first we wish to present the theoretical
ideas relevant to the experiment:s.
Although the weak neutral current finds a natural

place in the beautiful unified gauge theories, ' it is

important to interpret experimental results in a
very broad theoretical framework. 4 We assume
a general current-current effective Lagrangian

which is consistent with the early findings' but far
from established. An intermediate neutral vector
boson could be included here without affecting the
analysis of the low-momentum-transfer processes
we are interested in.
The currents will first be written in their fund-

amental form as they would occur, for example,
in particular unified gauge models of the weak,
electromagnetic, and strong interactions. We will
then write an expression which is essentially
model-independent and sufficiently general to
parameter ize realistic experiments.
To begin with, we write the neutrino current as

Ip="'Yp(l ou'Y5)& g

where V —A. coupling is not assumed. The had-
ronic current is assumed to be a sum of com-
ponents, each corresponding to a symmetry of
strong interactions. For example, in a model
with the Glashow-Iliopoulos-Maiani (GIM) mech-
anism, ' one would have

g ~1 = b(Zq + os A~) +y(Jq + urAq) + c(Jq + a,Aq)
+ t (J1=1,lg=0+ ~I=1,Is= oAI=LI~=0) . (~)

that is one would have a linear combination of
baryon number, hyperehange, charm, and third
component of isospin. We assume that the polar-
vector currents are conserved and normalized
(at zero momentum transfer) to the corresponding
quantum number s.
Realistic experiments are done with the left-

• Implications for neutrino 
transport in supernovae 

• Large cross section important 
for understanding how neutrinos 
emerge from supernovae
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Elastic neutrino scattering off electrons in crystalline silicon at 1—10 mK 1a — m resu ts in measurable
ra ure c anges m macroscopic amounts of material, even for low-energy ( ( 0.41MeV)

pp v's from the sun. We propose new detectors for bolometric measurement of low-
teractions includin co

n o ow-energy v in-

lation
ing coherent nuclear elastic scattering. A new and more sen t h fin co ' . sensi ive scarc or oscil-

a ions of reactor antineutrinos is practical ( —100 kg of S') d ld Ii, an wou ay the groundwork for a
more ambitious measurement of the spectrum of 78 d 88 1pp, e, an so ar v s, and supernovae an-
where in our galaxy (—10 tons of Si).

p novae any-

PACS numbers: 13.10.+q, 14.60.Gh, 29.40.—n

could directly determine the solar-core temperature.
The electron events produced by sB v's have a higher
weighted average cross section with energies up to 13
MeV, but do not appear in Fig. 1 because of the sub-
stantially reduced flux.
However, coherent scattering off nuclei for these

highest energy v's produces energy transfers up to
about 10 keV with large rates, resulting in a peak
below the significant energy range for the pp electrons
(see Fig. 1). The coherent cross section for vector
neutral-current scattering off nuclei is given by

cr„,= GF2E2(Z[1 —4sin20„] —N) /47r
(independent of v type), where N is the number of
neutrons in nucleus, and Z is the nuclear charge.
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cross section [Eq. (1)] and the monochromatic nature
of the electron-capture 7Be v's, their recoil electron
spectrum has a sharp cutoff at its upper energy, mak-
ing signal detection easier. In fact, the width of the
Be v energy (—1 keV) is determined by the solar-
core temperature ( —107 K). Measurement of the
resultant rounding of the recoil electron-energy cutoff
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FI~G. 1. Event rate vs recoil energy for solar-v spectra.
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The problems associated with the detection of low-ener neutrinos ar-energy neutnnos are both well known and numerous. For ex-
spi e o i s c ear scientific importance and after two decades of heroic effort

sun has still not been measured. Tradit' ll 1

s o eroic e orts, the v spectrum from the

duced nuclear transmutatio ' I th' L p
ra i iona y, ow-energy neutrino detection has invinvolved measurement of in-

new practical detector for makin
ns. n is etter we explore a new bolomep, olometric method. This method can provide a

ica e ec or or making more sensitive measurements of reactor v's, and can lead to a
measuring the spectrum of neutrinos emitted from the solar core.

v s, an can ea to a detector for

Th d'ffe differential cross section for a v or v with ener E to scatergy o scatter elastically off an electron with recoil energy T

do/dT= (GF2m/27r)((C„+ C )2+ (C„—C ) [1—T/E]2 (C C ) /g ~eT E)p (1)
where, for v, (v, ), C„=2sin20+ —,

' and C, = —,
'
[——')

he difference between v, and v„scattering arises be-
cause charged and neutral currents contribute to the
former, but only neutral currents to the latter. The to-
tal cross section is then given by integration of Eq. (1)
from T= 0 to T~,„=2E2/(2E+ m).
In order to determine rates for solar-v interactions,

we calculate cross sections for production of electrons
in a given energy range weighted over solar-v spectr a t

ates are then calculated with use of the integrated
fluxes of Bahcall, s and with use of the fact that there
are fourteen electrons per Si atom (with
sin20„=0.25). Our results are presented in Table I
and Fig. 1.
As seen from Table I, a detector of recoil electrons

is most sensitive to the pp and Be solar v's. The pp
neutrinos produce recoil electrons with a frequency of

—1 —1

Total (&ee+ ~eN)—1 ton d for silicon, about 500 times the total
rate currently achieved with the 37CI detector. ' As

2 7
shown in Fig. 1, they produce recoil energies bel ow 10

of
keV. The Be neutrinos interact about half as

o ten, and produce recoil electrons with energies up to
60 keV. As a result of the relativel flat differen '
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Principles and applications of a neutral-current detector
for neutrino physics and astronomy

A. Drukier and L. Stodolsky
Max Plan-ck Insti-tut fiir Physik und Astrophysik, Werner Heis-enberg Insti-tut fiir Physik,

Munich, Federal Republic of Germany
{Received 21 November 1983}

We study detection of MeU-range neutrinos through elastic scattering on nuclei and identification
of the recoil energy. The very large value of the neutral-current cross section due to coherence indi-
cates a detector would be relatively light and suggests the possibility of a true "neutrino observato-
ry." The recoil energy which must be detected is very small (10—10 eV}, however. We examine a
realization in terms of the superconducting-grain idea, which appears, in principle, to be feasible
through extension and extrapolation of currently known techniques. Such a detector could permit
determination of the neutrino energy spectrum and should be insensitive to neutrino oscillations
since it detects all neutrino types. Various applications and tests are discussed, including spallation-
sources, reactors, supernovas, and solar and terrestrial neutrinos. A preliminary estimate of the
most difficult backgrounds is attempted.

One of the most fascinating and challenging problems
of experimental physics at present is connected with the
detection of low- and medium-energy neutrinos. Of the
greatest interest is the nascent field of neutrino astrono-
my. Despite the impressive efforts of Davis and colla-
borators, ' some intriguing indications, and some ambi-
tious proposals, the subject is still in its infancy. The
outcome of the solar neutrino problem is still unclear and
the question of neutrinos from stellar collapse is com-
pletely open. Second, many important questions of par-
ticle physics revolve around the question of neutrino mass
and neutrino mixing, for which studies with low- or
medium-energy neutrinos are particularly suitable.
In this paper we would like to discuss the possibility of

a new kind of detector for such neutrinos, using the
neutral-current process of neutrino-nucleus elastic scatter-
ing for neutrino detection.
The advantages or special features of detection via the

neutral-current process are as follows.
(a) Due to the coherence factor for neutrino-nucleus

scattering and the E increase of the total cross section,
the rates are orders of magnitude greater than that for
other detectors of the same weight.
(b) The neutral-current detector responds to all (known)

types of neutrinos equally. For example, muon neutrinos
may be studied below the energy to produce a muon. The
detector should therefore also be insensitive to neutrino
oscillations.
(c) The neutral-current detector responds to neutrinos

of all energy, and in a known way so that the incoming
neutrino spectrum may be inferred.
The central difficulty, of course, of such a neutral-

current device is that detection can only take place by ob-
servation of a very-low-energy nuclear recoil. This gives
both a small and, at first glance, rather unspecific signal.
In the following we will argue that nevertheless these

difficulties might be overcome using a de]'inite detector
principle, that of the superconducting-grain (or -colloid)

detector. Many of our considerations are quite general,
however, and would apply to any system proposing to use
neutrino-nucleus elastic scattering.
In the superconducting colloid, metastable supercon-

ducting grains of micron dimensions are held in a dielec-
tric filler material in a magnetic field. The field and tem-
perature are so adjusted that a small temperature jump 5T
will flip the grain into the normal state. Owing to the
very small value of the specific heat at low temperature
the energy of a single particle, such as our recoil nucleus,
can suffice to flip the grain, as we show below. As the
grain goes normal, the magnetic field around the grain
collapses, due to the disappearance of the Meissner effect.
This in turn leads to an electromagnetic signal which can
be picked up by a readout loop.
As evident from the brief explanation, the method is

essentially calorimetric and provides no inforination on
direction. Thus, except for short neutrino pulses, as from
supernovas, where timing from several stations might be
used, it is not possible to determine the direction of the
neutrinos. Such a detector, using fast electronics, will
have good timing information, however.
For explanation of the detector principle and its various

tests we refer to the literature. Our object in this paper is
to investigate the ultimate possibilities and limitations of
the device as a neutral-current neutrino detector. We
shall leave for a later time a discussion of its detailed con-
struction and instrumentation. We shall, however, at-
tempt to identify the major advantages and disadvantages
set by basic physics. Thus, in the discussion of noise and
background we will leave aside instrumental noise but will
attempt some estimates of particle backgrounds and their
rejection. When necessary, we shall assume ideal func-
tioning of the instrument and extrapolation or extension
of its properties to theoretically possible but as-yet-
untested areas. We begin by describing neutrino-nucleus
elastic scattering.

30 2295
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Detectability of certain dark-matter candidates
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We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10 GeV; particles with spin-dependent interactions of typical weak
strength and masses 1—10 GeV; or strongly interacting particles of masses 1—10' GeV.

Dark galactic halos' may be clouds of elementary parti-
cles so weakly interacting or so few and massive that they
are not conspicuous. Many dark-matter candidates have
been proposed. Magnetic monopoles are one dark-matter
candidate accessible to experimental search, and the same
seems to be true for axions. On the other hand, massive
neutrinos are a popular dark-matter candidate which
seems very difficult to detect except under very favorable
conditions. For many other dark-matter candidates con-
sidered in the literature, no practical experiments have
been proposed.
Recently, Drukier and Stodolsky proposed a new way

of detecting solar and reactor neutrinos. The idea is to ex-
ploit elastic neutral-current scattering of nuclei by neutri-
nos (a mechanism that is also believed to play an impor-
tant role in supernovas). The detector will consist of su-
perconducting grains of radius a few microns embedded
in a nonsuperconducting material in a magnetic field.
The grains are maintained just below their superconduct-
ing transition temperature. A scattered neutrino will im-
part a small recoil kinetic energy to the nucleus it scatters
from (of order 1—100 eV in the experiments considered in
Ref. 5). Such a small energy deposit can make a tiny su-
perconducting grain go normal, permitting the magnetic
fiux to collapse into the grain and producing an elec-
tromagnetic signal in a read-out circuit. The principle of
such a detector has already been demonstrated.
In this paper, we will calculate the sensitivity of the

detector considered in Ref. 5 to various dark-matter can-
didates. Although this detector is not very sensitive to
halo neutrinos (with their tiny masses and interaction
rates), it has, as we will see, a useful sensitivity to some
other dark-matter candidates. We also mention some oth-
er detection schemes.
We will consider three classes of dark-rnatter candi-

dates: particles with coherent weak couplings; particles
with spin-dependent couplings of roughly weak strength;
and particles with strong interactions. If a detector sensi-
tive to 1 event/kgday can be built, useful limits can be
placed on these particles in the mass ranges 1—10 GeV,
1—10 GeV, and 1—10' GeV, respectively (see Table I).
The main difficulty in detecting these particles comes
from backgrounds of radioactivity and cosmic rays, which
we do not attempt to estimate here; such estimates were

TABLE I. Some experiments using the detector in Ref. S.
The spallation, reactor, and solar neutrino experiments were
considered in Ref. 5. The event rate given for the spallation
source refers to "reactor on." The supernova experiment of
Ref. 5, which involves detection of a pulse, is not comparable to
the others and is not included.

Experimental source

Spallation source
Reactor
Solar neutrinos

pp cycle
Be
8B

Galactic halo
coherent m -2 GeV

m &100 GeV
Spin dependent
m-2 GeV
m & 100 GeV

Event rate
in kg 'day

10 —10
10

10 —10
10 —5 && 10
10 —10 2

50—1000
up to 104

0. 1—1
up to 1

Recoil energy
range

10—100 keV
50—500 eV
1—10 eV
5—50 eV

100 eV—3 keV
10—100 eV
10—100 keV
10—100 eV
10—100 keV

made in Ref. 5.
Let us first discuss the lower limit on detectable masses.

If a halo particle of mass m and velocity U scatters from a
target nucleus of mass M, the recoil momentum is at most
2mU and the recoil kinetic energy is at most
e =(2mu) /2M. A reasonable value of U is U =200
km/sec. The lightest nucleus considered in Ref. 5 is
aluminum, with A =27 and M=27 GeV. There seems to
be a reasonable chance of building a detector sensitive to
e-50—100 eV (considerably more optimistic possibilities
are discussed in Ref. 5). For e) 50—100 eV, we need
m ) 1—2 GeV, and this is the lower limit on the mass of
detectable halo particles. It is important to note, though,
that much larger values of m, say m ) 100 GeV, are also
of interest in the dark-matter searches we envision. Thus
values of e up to 10—100 keV are of interest.
Consider elastic scattering of halo particles of mass m

by target nuclei of mass M. The elastic scattering cross
section is cr=[m M /m(m +M) ] ~

~ ~, assuming the
invariant amplitude ~ is a constant (independent of an-
gles) at low energy. If p is the mass density of halo parti-

31 3059 1985 The American Physical Society
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Standard Model prediction
• Neutral current interaction; Total scattering 

amplitude sum of that on constituent 
nucleons  

• Small momentum transfer wrt to the target 
size implies coherent enhancement  

• Due to Standard Model couplings coherent 
enhancement due to neutrons  

• Low energy recoil distribution implies 
difficult to detect 

neutrino neutrino
2

and SK are sensitive to, there is an upturn in the sur-
vival probability coming from the fact that at such en-
ergies the flavor transformations are dominated by vac-
uum e↵ects. New physics in the neutrino sector, such
as non-standard neutrino interactions [26] or transitions
into a non-active sterile component [27], can predict an
energy-independent survival probability in this interme-
diate regime.

Motivated by the prospects for improving understand-
ing the SSM and neutrino properties, in this paper we
perform a general study of the sensitivity of dark matter
detectors to Solar neutrinos. We include the possibil-
ity of sterile neutrinos in our analysis within a specific
theoretical framework involving a single new sterile neu-
trino with mass splitting of �m2 ⇠ eV2. We discuss
the utility of both CNS and ES data from a dark matter
detector. Our primary results show that CNS data sub-
stantially improve the measurement of the normalization
of the 8B Solar neutrino flux, and the ES data substan-
tially improve the measurement of the neutrino mixing
parameters. Interestingly, combining these two indepen-
dent channels together can lead to much improved con-
straints on the active-to-sterile mixing angle.

This paper is organized as follows. In Section II we
briefly review the physics of both coherent neutrino scat-
tering and neutrino-electron scattering, and discuss de-
tection prospects for Solar neutrinos through CNS and
ES. In Section III we briefly discuss a 3+1 model with a
single new sterile neutrino. In Section IV we introduce
our methodology for constraining the parameters of the
3+1 sterile neutrino model with CNS and ES data from
a dark matter detector. In Section V we present the re-
sults of our analysis, and then close in Section VI with
our discussion and conclusions.

II. EXTRACTING COHERENT NEUTRINO
SCATTERING AND ELASTIC SCATTERING

SIGNALS

In this section we briefly review the coherent neutrino
and neutrino electron scattering processes. We then dis-
cuss the properties of future dark matter detectors that
will be sensitive to both CNS through nuclear recoils and
neutrino-electron scattering through electron recoils.

It has been shown by Freedman [28] that the neutrino-
nucleon elastic interaction leads to a coherence e↵ect
implying a neutrino-nucleus cross section that approxi-
mately scales as the atomic number (A) squared when
the momentum transfer is below a few keV. At tree level,
the neutrino-nucleon elastic scattering proceeds through
the exchange of a Z boson within a neutral current inter-
action. The resulting di↵erential neutrino-nucleus cross
section as a function of the recoil energy T

R

and the neu-

trino energy E
⌫

is [29]

d�
CNS

(E
⌫

, T
R

)

dT
R

=
G2

f

4⇡
Q2

w

m
N

✓
1� m

N

T
R

2E2

⌫

◆
F 2(T

R

),

(1)
where m

N

is the target nucleus mass, G
f

is the Fermi
coupling constant, Q

w

= N�(1�4 sin2 ✓
w

)Z is the weak
nuclear hypercharge with N the number of neutrons, Z
the number of protons, and ✓

w

the weak mixing angle.
F (T

R

) is the nuclear form factor that describes the loss
of coherence for recoil energies above ⇠10 keV. In the
following, we will consider the standard Helm form fac-
tor [30].
Future dark matter detectors will also soon be sensitive

to the neutrino-electron electroweak interaction. This
proceeds through the exchange of a Z boson (neutral cur-
rent) and the exchange of a W boson (charged current).
The latter is only possible in the case of an incoming ⌫

e

.
The resulting cross section is [31, 32]

d�
ES

(E
⌫

, T
r

)

dT
r

=
G2

f

m
e

2⇡

⇥
(g

v

+ g
a

)2

+(g
v

� g
a

)2
✓
1� T

r

E
⌫

◆
2

+ (g2
a

� g2
v

)
m

e

T
r

E2

⌫

#
,

(2)

where m
e

is the electron mass, g
v

and g
a

are the vectorial
and axial coupling respectively and are defined such that

g
v

= 2 sin2 ✓
w

� 1

2
g
a

= �1

2
. (3)

In the particular case ⌫
e

+e ! ⌫
e

+e, the interference due
to the additional charged current contribution implies a
shift in the vectorial and axial coupling constants such
that g

v,a

! g
v,a

+1. Due to the rather large di↵erence in
the ⌫

e

+ e and ⌫
µ,⌧

+ e cross sections of almost an order
of magnitude, by measuring the neutrino-electron scat-
tering rate, one can derive the neutrino electron survival
probability. The standard MSW-LMA solution leads to
a rather flat neutrino-electron survival probability below
1 MeV of about 0.545 [26].
Figure 1 shows the event rate spectra from 8B induced

CNS nuclear recoils (blue solid line) and pp induced ES
electronic recoils (red dashed line) as a function of recoil
energy. The former neutrinos are produced from the re-
action 8B ! 8Be+ e+ + ⌫

e

and the latter are produced
from p + p ! 2H + +e+ + ⌫

e

. We plot the rate above
a recoil energy threshold of 0.1 keV for a Ge detector.
With a 0.1 keV energy threshold, we are sensitive to most
pp neutrinos in the ES channel and to neutrino energies
above approximately 1.9 MeV in the CNS channel. In
such configurations, both channels are almost perfectly
pure samples of pp and 8B neutrinos which then o↵er the
unique possibility to accurately probe the solar neutrino
physics in both the vaccum and the matter dominated
regimes with a single experiment. As a matter of fact,
with a one ton-year exposure Ge detector, one expects

Brice et al, 1311.5958



Detection methods

• Many experimental efforts have been proposed to detect coherent neutrino-
nucleus scattering (see Phil Barbeau Neutrino 2014 talk) 

• This talk focuses on extracting new physics from two methods:  

• Accelerators (pion decay-at-rest sources) 

• Reactors 

• May also be detected using astrophysics, i.e. dark matter experiments 



Detection methods: Accelerators

• Pion decay-at-rest (DAR) 
neutrino source 

• Different flavors produced 

• Coherence preserved; relatively 
high recoil energies 

3

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



Detection methods: Reactors 

• Lower neutrino energies than 
accelerators  

• Lower cross section than for 
accelerators  

• Different flavor content than 
accelerators, implications for 
probes of new physics

Talk by Patrick Huber
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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

Z 0
S

f

⌫⌫ ⌫

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



Non-Standard Neutrino Interactions

• NSI describe new physics at high 
energy in form of heavy scalars, 
gauge bosons  

• Best sensitivity to flavor-conserving 
Neutral Current NSI models  

• NSI identified in CNS detection 
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After some algebra and applying the assumptions already discussed, the cross
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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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Neutrino magnetic moment

• Magnetic moment predicted by Standard 
Model too small to detect   

• Experimental upper bounds from 
electron scattering (GEMMA) and 
astrophysics 

• Scattering on protons coherently 
enhanced; may be detectable at low 
nuclear recoil energies (Vogel & Engel 
1989)
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summation of the allowed shape beta decays of all fission
fragments, are summarized in Table II and Fig. 1. The
striking feature of Fig. 1, apparent also in the table, is the
seemingly random discontinuity in the gradually decreas-
ing amplitudes. These steps are quite real; they- stem
from the Coulomb attraction of the emitted electron and
the nucleus. Because of it there is a finite probability of
emitting a zero-momentum electron, and hence a
maximum-energy antineutrino. Whenever such an end-
point is crossed a step in the sum spectrum results. The
positions of the steps are very well defined, but their am-
plitudes depend on the corresponding branching ratios
and on the fission yield, which in turn depends on the ex-
posure time and to some extent on the neutron Aux in the
reactor (effect of neutron capture on long-lived fission
fragments). These quantities, which vary from reactor to
rector, can all be correctly included in the calculation. It
is the integral of the spectrum that appears in Eq. (3),
however, so the details at low energies are not terribly
important.
In Fig. 2 we show the folded cross sections for the

weak and magnetic interactions separately. The steep de-
crease at recoil energies above 1 MeV is caused by the
corresponding drop in the reactor antineutrino spectra.
The necessity of observing relatively low electron recoil is
apparent from the figure. In a real experiment, one
presumably will measure the number of recoil electrons
as a function of T and compare the resulting shape and
magnitude with expectation based on the weak interac-
tion alone (because that is calculable provided the reactor
antineutrino spectrum is known). Thus the important
quantity is the total/weak folded cross-section ratio,
shown in Fig. 3 for several values of p . Assuming sorne-
what arbitrarily that 10 Jo accuracy is achievable, we see
that recoil of 4 MeV must be observed in order to be sen-
sitive to p, =10 ', while one has to go down to T=200
keV for 3 X 10 ", and to 25 keV for 10 ". The experi-
ence of Reines, Gurr, and Sobel' indicates that 10 ' is
clearly within reach, 3 X 10 "is dificult but perhaps not
impossible, and 10 " is almost out of the question.
Thus, the range of limits achievable by a reactor experi-
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ment encompasses the value (1) required to explain the
solar-neutrino problem, though just barely.
Instead of a nuclear reactor an electron-capture radio-

active source could in principle be used. The advantage
is a possible 4m geometry; i.e., the detector might com-
pletely surround the source. The whole apparatus could
be placed in an underground laboratory in order to mini-
mize background. To illustrate such an experiment, let
us consider the same 600-kCi 'Cr source that is to be
used for calibration in the GALLEX project. ' (Note
that even this very strong source is about 10 times weak-
er than a power reactor. ) We assume that at our disposal
is a 50-cm-thick liquid-argon detector, and that recoil
electrons can be detected from T;„=50 keV; back-
ground is neglected. The weak interaction then leads to
5.6 counts per hour in the detector, and the neutrino
magnetic moment to 6. 1X10 p counts per hour. If the
total cross section can be determined to 10%%uo accuracy,
the detection limit on p is =3X 10 ". If the

e
differential cross section can be determined to the same

FIG. 2. Differential cross section for v, scattering on elec-
trons, averaged over the antineutrino spectrum of fissioning
235U
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FIG. 1. Low-energy part of the antineutrino spectrum, corre-
sponding to 'U fission. Two years exposure time.

FIG. 3. Ratio of total to weak-interaction cross sections for
different values of the neutrino magnetic moment, averaged
over the antineutrino spectrum of fissioning "U.
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FIG. 4: Left: Contours at 95% C.L. on the electron neutrino survival probability Pee (cyan) and transition probability into a
sterile neutrino Pes (red) as a function of the neutrino energy. The two set of bands correspond to the case Solar + KamLAND
(dashed lines) and to the case Solar + KamLAND + CNS + ES with a 10 ton-year exposure (filled contours). The contours are
determined from Bayesian marginalization of the previously discussed MCMC analyses. Also shown are the current constraints
on the neutrino-electron survival probability derived assuming no existence of sterile neutrinos [49]. Right: Projected limits
on the active-to-sterile mixing angle sin2 ✓14 ⌘ sin2 ✓ee using all current Solar and KamLAND data plus a 1 (green) and 10
(blue) ton-year exposure of a Ge dark matter detector sensitive to both CNS and ES neutrino induced events. The highlighted
regions are the favored solutions for the reactor anomaly at the 95% and 99% C.L. [51]. The red contour corresponds to the
99% C.L. constraint and best fit point derived from a global analysis of both neutrino disappearance and appearance data [50].
The dashed grey curves are the projected limit from the SOX experiment [52, 53].

probe the solar neutrino sector at both low and high en-
ergies, i.e. in the vacuum and matter dominated regimes.
To do so, we have added simulated data (CNS + ES) to
the previously described MCMC analysis using current
data from other experiments listed in Table I. We have
simulated data from the theoretical CNS and ES event
rate spectra, as shown in Fig. 1, in a model independent
fashion by considering only current data. As discussed
above, for the ES event rate we used the averaged P

ee

value as derived from the combined analysis of all so-
lar experiments sensitive to pp neutrino (see pink dot in
left panel of Fig. 4) which were derived with no ster-
ile neutrinos. The CNS data were generated considering
sin2 ✓

14

= 0, i.e. assuming no active-to-sterile transition.

Figure 3 shows how constraints at 90% C.L. on selected
parameters evolve with the di↵erent data sets considered:
Solar + KamLAND (blue), Solar + KamLAND + CNS
(green), and Solar + KamLAND + CNS + ES data from
a dark matter detector (red). We considered exposures
of 1 (top panels) and 10 (bottom panels) ton-year. For
the Ge dark matter detector, we binned the data from
0.1 keV to 100 keV with 10 (20) bins for the 1 (10) ton-
year exposure.

In general we find that the most substantial improve-
ment by including CNS at dark matter detector is in the
determination of f

8B

, i.e. the 8B neutrino flux normal-
ization. For example with the addition of CNS data from
a Ge dark matter detector with an exposure of 1 (10)
ton-year to existing solar and KamLAND data, we find
that f

8B

is determined with a precision of 3.2% (2.2%).

With this level of uncertainty, the addition of CNS data
alone will be able to clearly distinguish between the high
metallicity GS98-SFII [9] and low metallicity AGSS09-
SFII [8] SSMs, which have respective flux normalizations
and theoretical uncertainties of 5.58⇥106(1±0.14) cm�2

s�1 and 4.59⇥ 106(1± 0.14) cm�2 s�1.

With f
8B

constrained by the CNS data, the addition
of ES data from a dark matter detector then improves
the constraints on sin2 ✓

14

. The constraints on sin2 ✓
14

are most substantially improved when moving from a 1
ton-year to 10 ton-year exposure. It is additionally worth
noting that due to the di↵erent correlations between the
neutrino flux normalizations and the neutrino mixing an-
gles, a CNS and ES measurement from a dark matter de-
tector combined with reactor and other solar experiments
can still substantially improve on the neutrino parame-
ters. This is indeed illustrated in Fig. 3 where we show
the derived constraints in the (f

8B

, sin2 ✓
12

) plane. Such
a result suggests that CNS and ES at dark matter detec-
tors, combined with existing experiments, can improve
our estimates of the di↵erent active-to-active oscillations
as a function of the neutrino energy in the context of a
given neutrino model (3+1 in this case). It is also worth
noticing that in the case of the Solar + KamLAND +
CNS + ES analysis with a 10 ton-year exposure, the re-
constructed value of sin2 ✓

12

is slightly shifted to lower
values compared to the other analyses presented in Fig. 3.
This is because we generated our mock ES data using
P
ee

= 0.55 for the pp neutrinos as motivated by cur-
rent measurements (see the pink dot in Fig. 4 left panel)

Kopp et al., 1303.3011

• Disappearance experiments: Gallium, 
reactor anomalies (Acero et al., 2008, 
Giunti & Laveder 2011, Mention et al. 
2011) 

• Appearance experiments (LSND) 

• Challenge: Model building to 
accommodate additional neutrinos

Giunti et al., 1210.5715, 1308.5288



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

Slide courtesy:  
Kate ScholbergTalk by Taritree Wongjirad 



Expected signals 
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FIG. 7: The recent installation of the 14-kg, low-background CsI[Na] at the SNS. Successive layers of shielding include
(inside-to-out): 7.62 cm HDPE, 15 cm of lead, a 5-cm thick muon veto and 10 cm of water neutron moderator.
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FIG. 8: Di↵erential recoil rates for the COHERENT suite of detectors in the SNS basement. Prompt ⌫µ neutrinos
(arriving within 1 µs) have a small contamination (⇠20%) from ⌫e and ⌫̄µ.

(the fraction of the recoil energy that is detectable as scintillation) in this material over the energy region
of interest has been carefully characterized [16], using the methods described in [62]. The quenching factor
is su�ciently large to expect a realistic ⇠5 keVnr (nuclear-recoil energy deposition) threshold. Additional
quenching factor measurements are planned by the Collaboration using monochromatic neutron beams, to
ensure the minimization of systematic uncertainties. Background studies in conditions similar to those at
the SNS have been performed [16], confirming the suitability of this detector technology.

Neutron background measurements were performed in 2014 at the intended SNS basement location for
this CsI[Na] detector, with the shield populated by two liquid-scintillator neutron detectors representing a
similar detector volume to a 14-kg CsI[Na] crystal. A nuclear recoil rate of only ⇠1 per day was measured
in coincidence with the SNS trigger signal. These events are restricted to a very narrow time region, which
bodes well for the identification of prompt CEvNS signals. A second conclusion from these background

arXiv: 1509.08792
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C. Relevance for Direct Dark Matter Detection Experiments

CEvNS has long been closely linked to direct dark matter searches [23]. The CEvNS of solar and atmo-
spheric neutrinos, which produce single-scatter recoils identical to those expected from WIMPs, is recog-
nized as an irreducible background for dark-matter WIMP searches for next-generation dark matter exper-
iments [4, 24–28]; see Fig. 2(b). Large dark-matter detectors may eventually be able to do solar neutrino
physics using CEvNS [29].

The three detector technologies and materials proposed within the COHERENT program overlap well with
those in use by the WIMP community. Next-generation experiments such as LZ [30], XENON1T [32] and
PandaX [33] utilize a liquid xenon time projection chamber; SuperCDMS [31] uses germanium detectors;
and the KIMS collaboration is conducting a WIMP search with CsI[Tl] crystals [34]. In these cases, by
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In the next section we will use this expression to compute the expected number of

events for different detectors.
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detectors [24, 5]. Recently, an ultra low energy germanium detector has been pro-
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are several parametrizations that consider in detail the neutrino spectrum coming
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• Reactor-based proposal developed with Nuclear Science Center at Texas A&M University  

• Detector technology based on scalable ultra-low threshold Germanium and Silicon arrays 

• Close proximity of ~ 1m to MW reactor core  

• Equivalent rate to larger detectors at larger distance from core (e.g. TEXONO)  

• MW reactor ON/OFF  

• Moveable core: Important for sterile neutrino searches 
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FIG. 3: Integrated yield of nuclear recoil events (per kg per year) captured by

72

Ge (solid) and

28

Si (dashed) detectors as a function

of detector recoil threshold T th

R

. Independent curves are exhibited for the contribution of nuclear and electron cloud recoils, and for

benchmark Z0
and neutrino magnetic moment µ⌫ scattering. This plot cannot be used to compare visibility of magnetic moment and Z0

searches, as both use an arbitrarily established benchmark value.

for T
R

> T th

R

of the detector recoil threshold. The integrand is a product of the previously described di↵erential
cross section and the normalized anti-neutrino energy spectral distribution dN⌫/dE⌫ ÷ N⌫ , as well as the ambient
anti-neutrino flux, the detector mass, and the exposure time.

Fig. (3) exhibits primary results for the expected event capture rate, as a function of the detector recoil threshold
T th

R

, for both 72Ge (solid curves) and 28Si (dashed curves), per kilogram, per year. Separate curves are presented for
nuclear and electron recoils, for the magnetic moment contribution (at a benchmark value of µ = 10�10), and for the
enhancement expected from existence of a Z 0 gauge boson (using a benchmark E

6

“�” model with MZ0 = 1 TeV), the
treatment of which are described in detail subsequently. The electron curves all flatten out at much larger thresholds,
due to the denominator M + 2E⌫ in the maximum recoil. It is clear that SM elastic scattering from the electron
cloud is important at super-keV thresholds, but is completely lost relative to the emergence of the CE⌫NS at low
thresholds. The magnetic moment contribution is larger in terms of absolute numbers for the nucleus, although it is a
more relevant fractionally for the electrons. The recoil threshold T th

R

contributes in the denominator of a logarithm to
the integrated event rate for the magnetic moment scattering, which explains the steepness of the observed slope for
the red CE⌫NS curves. There is also a mass denominator inside this logarithm that suppresses the nuclear magnetic
moment scattering, but the enhancement for the electrons is regulated by a sum with the neutrino energy, and its
e↵ect is limited. It cannot overcome the coherent nucleon-squared enhancement that sits outside the logarithm for
the nuclear case. Electron magnetic moment scattering is comparable to nuclear magnetic moment scattering at a
threshold around 100 eV, the nuclear term dominates by a factor of about 5 around 10 eV, and a factor of about 10
at 1 eV. The benefit of low thresholds to the observation of magnetic moment interactions is thus very clear, and even
more so than for Z 0 scattering, with event rates rising much faster in this regime than for all other CE⌫NS processes.

IV. SENSITIVITY TO Z-PRIME INTERACTIONS

In this section, we discuss prospects for constraining Z 0 interactions [37–40] using ultra-low energy threshold Si
and Ge detectors [9]. Heavy analogs of the Z boson are a mainstay of BSM physics, associated with extra local
U(1) symmetries that arise naturally in various string theoretic and grand unified theory (GUT) constructions. The
presence of a heavy neutral Z 0 gauge boson would manifest itself as a modification (generally enhancement) in the
rate of detected anti-neutrino scattering events. Specifically, the SM vector and axial charges are summed (there
can be interference) with contributions to (qV , qA) from the new physics, which will necessarily carry the dependence
(MZ/MZ0)2, reflecting modification of the propagator to the Fermi coupling. The event rate is proportional to the

Dutta et al. 2015, 1508.07981
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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
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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

⇠ ⌘ E
Ge

/B
Ge

� 1

E
Si

/B
Si

� 1
=

S
Ge

/B
Ge

S
Si

/B
Si

, (3)
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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 E
6

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.
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Variations �E = �E
Syst

+ �E
Stat

will generically be composed of both systematic and statistical components. The
systematic term is expected to be primarily correlated across detectors, such that �E

Ge

/E
Ge

' �E
Si

/E
Si

. 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

11

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

⇠ ⌘ E
Ge

/B
Ge

� 1

E
Si

/B
Si

� 1
=

S
Ge

/B
Ge

S
Si

/B
Si

, (3)

and

⇣ ⌘ E
Ge

B
Ge

� E
Si

B
Si

=
S
Ge

B
Ge

� S
Si

B
Si

, (4)
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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 T

3

�QEM sin2 ✓W , where T
3

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 ⌘
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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
T
R

is, in terms of the applicable vector qV ⌘ qL + qR and axial qA ⌘ qL � qR charges,

d�

dT
R

=
G2

FM

2⇡


(qV + qA)

2 + (qV � qA)
2

✓
1� T

R

E⌫

◆
2

� (q2V � q2A)
MT

R

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) ⌘ (T

3

� 2Q sin2 ✓W ,�T
3

). 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

7

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) + Q
BSM

(i) ⇥
⇢
Q

BSM

(⌫)/Q
SM

(⌫)⇥ (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 E

6

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 E

6

models, (g0/g)2 is fixed to be 5

3

tan2 ✓, 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 E

6

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
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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. 1: Fractional deviation from expected SM CE⌫NS event rates in

72

Ge due to electron anti-neutrino oscillation with a sterile fourth

flavor. Separate curves are displayed for nine binned windows in the nuclear kinetic recoil energy deposition. A tenth (bold, dashed)

curve demonstrates the cumulative unbinned event deviation over all recoils above 10 eV. The vertical axis is inversely rescaled by the

amplitude factor sin

2

2✓
14

, and predictions for any targeted amplitude may be immediately read o↵ by replacing the upper limit (1.0) with

the applicable value. The horizontal axis indicates the product of the distance from core in meter units and the mass-square di↵erence

�m2

14

in units of eV

2

. For example, at a gap of 1 eV

2

, this axis is read literally in meters, whereas the outer scale bound at 100 would

correspond instead to 10 m for �m2

14

= 10 eV

2

.

III. EXPOSURE PER BASELINE OBSERVATIONAL SCHEDULE

A rough estimate of the exposure necessary to attain statistical significance may be constructed as follows. From
Eq. (3), the maximal anti-neutrino disappearance fraction is sin2 2✓, assuming extremization of the position-dependent
term (every length L will realize this criterion for certain discretized incident neutrino energies E

⌫

). Neglecting
systematic e↵ects for the time being, the statistical significance may be gauged by the ratio of the extremal event
deficit NExp sin

2 2✓ over the fluctuation
p

NExp in the SM expected event rate NExp. The annual SM CE⌫NS
expectation for a M = 1 kg 72Ge detector with 10 eV (100 eV) kinetic recoil sensitivity at a distance of 1 m from a
megawatt nuclear reactor source is approximately NExp = 104 (4⇥103) events. Setting the significance ratio to unity,
and correcting for the dilution of flux with distance L2 from the core, the minimal exposure time in a given sampling
bin is around

TMin ' 1 [y]⇥ 10�4

sin4 2✓
⇥

⇢

1 [kg]

M

�

⇥
⇢

L

1 [m]

�2

. (7)

For example, adopting the stipulated reactor power with a single kilogram detector, and taking an oscillation amplitude
sin2 2✓ ' 0.1, the minimal integration time for onset of statistical resolution would be about four days at a distance
of L = 1 m, or about 90 days at a distance of L = 5 m. The escalation to a 100 kg detector would o↵set a ten-fold
reduction in the signal amplitude to sin2 2✓ ' 0.01 with identical exposure. In case of a 100 eV threshold, the event
rate reduces to 40% and the sensitivity scales down by a factor of 60% for fast oscillations. For slower oscillation at
lower sin2 2✓, the sensitivity has a larger impact.

In order to resolve the underlying oscillatory character of the signal, one is clearly motivated to sample multiple
points in the oscillation profile. To some extent, this can be accomplished passively, by sampling multiple neutrino
energies E

⌫

(or multiple kinetic recoil energies Ei

R) at a fixed distance. In this manner, cf. Fig. (1), regular trends in
the event deficit might be resolved within a single vertical constant-L slice of the binned response curves. However,
it is obviously preferable to complement this approach with sample data that is literally extended in space, such
that various candidate signal wavelengths may be probed directly. If this is possible, then independent likelihood
optimizations of the sin2 2✓14 and �m2

14 parameters within an oscillation template may be extracted from each
binned energy range, and subsequently combined into a unified signal fit and error estimate.

Dutta et al. 1511.02834
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The oscillated event expectation N1
Osc in the ith Ei

R recoil energy bin is given in terms of the baseline SM expectation
N i

Exp, the oscillation amplitude sin2 2✓14, and the convolved deviation shape functional �
i

(�m2
14L) of Eq. (5).

N i

Osc = N i

Exp ⇥ �

1 � sin2(2✓14) �i(�m2
14L)

 

(10)

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,

�2 ⌘
B

X

i=1

(N i

Osc �N i

Exp)
2

N i

Exp

= sin4 2✓14 ⇥
B

X

i=1

�2
i

N i

Exp. (11)

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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The oscillated event expectation N1
Osc in the ith Ei

R recoil energy bin is given in terms of the baseline SM expectation
N i

Exp, the oscillation amplitude sin2 2✓14, and the convolved deviation shape functional �
i

(�m2
14L) of Eq. (5).

N i

Osc = N i

Exp ⇥ �

1 � sin2(2✓14) �i(�m2
14L)

 

(10)

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,

�2 ⌘
B

X

i=1

(N i

Osc �N i

Exp)
2

N i

Exp

= sin4 2✓14 ⇥
B

X

i=1

�2
i

N i

Exp. (11)

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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FIG. 1: Left: Accounting for the deployment schedule, the expected precision for an N2 cross-section measurement
is shown for each subsystem. The dominant systematic uncertainties are due to imprecise knowledge of the nuclear
recoil detector thresholds; the uncertainties on the rates due to quenching-factor uncertainties at threshold for each
detector are taken to be: Ge, 2% [14, 15]; CsI[Na], 7% [16]; LXe, 13% [17, 18]. The common ⇠10% neutrino flux
uncertainty has been removed from this plot. Right: Illustration of the / N2 behavior of the CEvNS cross section
versus neutron number N (dashed blue line) for the relevant isotopes of COHERENT target materials. Deviations
from the blue line are due to axial-vector currents on unpaired neutrons and protons and the increasing importance
of the form factor for larger nuclei.
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FIG. 2: (a) Allowed parameter space for two of the NSIs as constrained by the CHARM experiment [21]; also shown
is the predicted sensitivity obtained with the COHERENT detector suite. (b) WIMP dark-matter search parameter
space, showing “neutrino floor” [4] from CEvNS of solar and atmospheric neutrinos as a thick orange dashed line.

C. Relevance for Direct Dark Matter Detection Experiments

CEvNS has long been closely linked to direct dark matter searches [23]. The CEvNS of solar and atmo-
spheric neutrinos, which produce single-scatter recoils identical to those expected from WIMPs, is recog-
nized as an irreducible background for dark-matter WIMP searches for next-generation dark matter exper-
iments [4, 24–28]; see Fig. 2(b). Large dark-matter detectors may eventually be able to do solar neutrino
physics using CEvNS [29].

The three detector technologies and materials proposed within the COHERENT program overlap well with
those in use by the WIMP community. Next-generation experiments such as LZ [30], XENON1T [32] and
PandaX [33] utilize a liquid xenon time projection chamber; SuperCDMS [31] uses germanium detectors;
and the KIMS collaboration is conducting a WIMP search with CsI[Tl] crystals [34]. In these cases, by


