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

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

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

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

dq
2

dy
= 2meE⌫ . (4)

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

B. Formalism: Matrix Elements

The full description of the interaction is encoded within
the matrix element. The Standard Model readily pro-
vides a prescription to describe neutrino interactions via
the leptonic charged current and neutral current in the
weak interaction Lagrangian. Within the framework of
the Standard Model, a variety of neutrino interactions are

Formaggio & Zeller 2012
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Charged current capture of solar neutrinos in xenon dark matter detectors

Louis E. Strigari
Mitchell Institute for Fundamental Physics and Astronomy,

Department of Physics and Astronomy, Texas A&M University, College Station, TX 77845, USA

We calculate the charged-current capture rate of neutrinos on 131Xe in xenon dark matter detec-
tors. The estimated rate is approximately 0.1 event per ton per year. Though subdominant to the
neutrino-electron elastic scattering signal, the capture rate will be appreciable in larger-scale, next
generation xenon-based dark matter experiments. It can be more easily identified by extending to
larger electron recoil energies beyond the canonical ⇠ 1 � 10 keV electron recoil energy window.
This signal may also be di↵erentiated from the larger solar neutrino-electron elastic scattering rate
because of the associated x-rays produced from the Cs-131 decay, with a half-life of 9.7 days.

I. INTRODUCTION

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

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

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

⌫e + (A,Z) ! (A,Z + 1) + e�. (1)

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

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

⌫e +
131 Xe ! e� +131 Cs. (2)

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

II. CROSS SECTION AND CAPTURE RATE

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

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

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

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

⌫̄e + p ! e+ + n

⌫ + e ! ⌫ + e
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Coherent neutrino nucleus scattering:  
Detection methods
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Bolometric Detection of Neutrinos

1 JUL+ 1985

De ar
Blas Cabrera, Lawrence M. Krauss and Frank Wile ek

epartment ofPhysics, Stanford University, Stanford, California 94305
yman aboratory ofPhysics, Harvard University, Cambridge Mas h 0123

ns i u e for eoretical Physics, University of California, Santa Barbara, California 93106
(Received 14 December 1984)

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.

10
CP

CV

x
LLx

2(a ). pp ( e)
2(b). pp(v+e)

5(a). 8 (,e)10

y tial
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

10

5( b). B~ (~~el
I

10

I

1MeV
I

1(X)keV
I

10keV
l

1keV
10 0.leeV

E t.ecoi I

FI~G. 1. Event rate vs recoil energy for solar-v spectra.

1985 The American Physical Society

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 '

PHYSICAL REVIE%' D VOLUME 30, NUMBER 11 1 DECEMBER 1984

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.
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Neutrino-nucleus coherent scattering 
• 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 
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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 TR and the neu-

trino energy E⌫ is [29]

d�CNS(E⌫ , TR)

dTR
=

G2
f

4⇡
Q2

wmN

✓
1� mNTR

2E2
⌫

◆
F 2(TR),

(1)
where mN is the target nucleus mass, Gf is the Fermi
coupling constant, Qw = 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 (TR) 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⌫ , Tr)

dTr
=
G2

fme

2⇡

⇥
(gv + ga)

2

+(gv � ga)
2

✓
1� Tr
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meTr

E2
⌫

#
,

(2)

where me is the electron mass, gv and ga are the vectorial
and axial coupling respectively and are defined such that

gv = 2 sin2 ✓w � 1

2
ga = �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 gv,a ! gv,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

neutrino neutrino

Before the end of this past summer, 
this was  ``…a well known prediction 
of the Standard Model, but is yet to 
be detected….”



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

Detection 40+ years in making! 
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interaction oscillation measurement with a common de-
tector and multiple baselines. The main technical issue
in the two-target cyclotron design is maintaining a good
vacuum in the two-prong extraction line. The beam will
be “painted” across the face of each target in order to
prevent hot spots in the graphite, an e↵ect which will
dominate the ±25 cm uncertainty on the experimental L
from each neutrino source. The targets will be arranged
in a row enveloped within a single iron shield, with the
detector located 20 m downstream of the near target and
40 m downstream of the far target. This configuration
has been found to provide the best overall sensitivity to
the LSND allowed region.

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

IV. DETECTING COHERENT NEUTRINO
SCATTERING

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

d�

dT
=

G2
F

4⇡
Q2

W M

✓
1� MT

2E2
⌫

◆
F (Q2)2 , (3)

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

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

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

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

A. Experimental Setup

The envisioned experimental setup is consistent with
the current DAE�ALUS accelerator proposal and follows
a realistic detector design. A single DAE�ALUS cy-
clotron will produce 4⇥ 1022 ⌫/flavor/year running with
a duty cycle between 13% and 20% [37, 39]. A duty cy-
cle of 13% and a physics run exposure of five total years
are assumed here. With baselines of 20 m and 40 m,
the beam time exposure distribution at the two baselines
is optimal in a 1 : 4 ratio: one cycle to near (20 m),
four cycles to far (40 m). Instantaneous cycling between
targets is important for target cooling and removes sys-
tematics between near and far baselines associated with
detector changes over time. The accelerator and detector
location is envisioned inside an adit leading into a sharp
300 ft rise at the Sanford Research Facility at Homes-
take, in South Dakota. The neutrino flux normalization
uncertainty at each baseline is conservatively expected
at 1.5%. We assume the flux has been constrained to
this level by an independent measurement of ⌫-electron
scattering with a large water-based Cerenkov detector
also assumed to be in operation at Sanford Labs. The
1.5% uncertainty estimate takes into consideration the
theoretical uncertainty in the ⌫-electron scattering cross
section and the statistics achievable with a large water
detector. The flux normalization correlation coe�cient
between the near and far baselines is conservatively setAnderson et al., 1201.3805



Coherent neutrino scattering at reactors
The CONNIE experiment
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Abstract. The CONNIE experiment uses fully depleted, high resistivity CCDs as particle
detectors in an attempt to measure for the first time the Coherent Neutrino-Nucleus Elastic
Scattering of antineutrinos from a nuclear reactor with silicon nuclei. This talk, given at the
XV Mexican Workshop on Particles and Fields (MWPF), discussed the potential of CONNIE
to perform this measurement, the installation progress at the Angra dos Reis nuclear power
plant, as well as the plans for future upgrades.

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

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

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

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

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

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

d�

dT
(E⌫ , T ) =

G2
F

8⇡
[Z(4 sin

2 ✓W � 1) +N ]
2 M

✓
2�

MT

E2
⌫

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

Keywords: neutrino coherent scattering, reactor neutrinos.
Submitted to: J. Phys. G: Nucl. Part. Phys.
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Research program towards observation of

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

Neutrino coherent scattering with the nucleus[1]

ν + N → ν + N (1)

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

(
dσ

dT
)cohSM =

G2
F

4π
mN[Z(1 − 4sin2θW) − N]2[1 −

mNTN

2E2
ν

] (2)

σtot =
G2

FE2
ν

4π
[Z(1 − 4sin2θW) − N]2 , (3)

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

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

Background Studies for the MINER Coherent Neutrino Scattering Reactor
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Abstract

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

1. Introduction

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

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

Ian M. Shoemaker1
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(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

Nuclear form factors/charge radius
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Liao & Marfatia 2017; Aristizabal-Sierra et al. 2018
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scale direct dark matter detection experiments [28, 29]. We identify an interference range of

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

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

dark matter experiments.

II. SOLAR NEUTRINOS AND NON-STANDARD INTERACTIONS

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

Lint = 2
p

2GF ⌫̄↵L�
µ⌫�L

⇣
✏fL↵� f̄L�µfL + ✏fR↵� f̄R�µfR

⌘
, (1)

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

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

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

d�

dEr
=

2

⇡
G2

Fmf

"���✏fL↵�
���
2

+
���✏fR↵�

���
2
✓
1�

Er

E⌫

◆2

�
1

2

⇣
✏fL⇤↵� ✏fR↵� + ✏fL↵�✏

fR⇤
↵�

⌘ mfEr

E2
⌫

#
, (2)

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

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

✏eL↵↵ ! �↵e +

✓
�
1

2
+ sin2 ✓w

◆
+ ✏eL↵↵ (3)

✏eR↵↵ ! sin2 ✓w + ✏eR↵↵, (4)

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

these equations, and the remaining terms are SM contributions.

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

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

summation,

✏L↵↵ !
1

2
Z✏pV↵↵ +

1

2
(Z+ � Z�) ✏

pA
↵↵ +

1

2
N✏nV↵↵ +

1

2
(N+ �N�) ✏

nA
↵↵ (5)

✏R↵↵ !
1

2
Z✏pV↵↵ �

1

2
(Z+ � Z�) ✏

pA
↵↵ +

1

2
N✏nV↵↵ �

1

2
(N+ �N�) ✏

nA
↵↵ (6)

where Z+(N+) and Z�(N�) are the corresponding numbers of spin-up and spin-down protons
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Solar neutrinos: Redux 



Atmospheric and SN neutrinos 
3

supernova rate as a function of z, with neutrino energies
redshifted as Eν/(1+z). The Kaplinghat, Steigman, and
Walker (KSW) model pushed uncertainties in the direc-
tion of producing the largest reasonable DSNB flux [15].
In the relevant energy range, E = 10 − 30 MeV, other
models have nearly the same shape but differ mostly in
normalization; also, several uncertainties are minimized.
The supernova rate is reasonably known in the relevant
range z <

∼
1 (where it rises by ∼ 10 over the z = 0

rate) [15, 16]. Uncertainties on cosmological and neu-
trino oscillation parameters no longer play a significant
role [16], the latter especially if realistic neutrino tem-
peratures [17] are used. The DSNB detection cross sec-
tion [5] may be treated at lowest order at present.

In Fig. 1, we show a range of DSNB spectra. The up-
per edge of the band is set by the SK limit [14] (0.6 of
KSW), and the lower edge by modern models [16] (0.2 of
KSW). The background-limited SK search [14] will gain
the required factor of 3 in sensitivity in about 40 years.
In GADZOOKS!, this sensitivity would be available im-
mediately. Requiring neutron detection would dramat-
ically lower the backgrounds below 18 MeV, where the
spallation beta singles rate rises rapidly. As the thresh-
old is lowered, the atmospheric neutrino backgrounds fall
and the DSNB signal rises. We calculate that the atmo-
spheric [18] backgrounds can be reduced by ∼ 5 from the
measured rates [14] by rejecting events with a preced-
ing nuclear gamma [19] or without a following neutron.
Further rejection (not shown) is likely possible by re-
quiring a small position separation between prompt and
delayed events, since DSNB events produce much less en-
ergetic neutrons. The number of DSNB events expected
in GADZOOKS! is about 2 − 6 per year above 10 MeV.
Uncertainties smaller than the corresponding Poisson un-
certainty can be ignored.

Detection of the DSNB would be an extremely impor-
tant scientific milestone. It could be the first detection of
neutrinos from significant redshifts z <

∼
1, and the second

detection of supernova neutrinos. With the exception of
SN 1987A in the Large Magellanic Cloud, a close com-
panion of our Galaxy, neutrinos have never been detected
from farther than the Sun. The DSNB flux is propor-
tional to the rate of all core-collapse supernovae, includ-
ing optically dark “failed” supernovae that collapse to
black holes. The DSNB spectrum shape would also pro-
vide a crucial calibration for numerical supernova models,
since in relatively few years, the sample of neutrinos from
SN 1987A could be surpassed

Galactic Supernova.— Supernovae in our Galaxy
are expected about 3 times per century, and SK would
observe ∼ 104 events at a typical distance of 10 kpc. The
ability to cleanly identify the dominant ν̄e + p → e+ + n
events would be extremely important for studying the re-
maining reactions, notably νe +16 O → e− +16 F, which
is exquisitely sensitive to the νe temperature and hence
neutrino mixing [20]. Hundreds of νe events could be ob-
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FIG. 1: Spectra of low-energy ν̄e + p → e+ + n coincidence
events and the sub-Čerenkov muon background. We assume
full efficiencies, and include energy resolution and neutrino os-
cillations. Singles rates (not shown) are efficiently suppressed.

served, far more than in any other detector. The neutral-
current events on 16O that lead to gamma and/or neutron
emission would be much better identified, of key impor-
tance for measuring the νµ/ντ temperature [21]. Even in
the forward angular cone, inverse beta events dominate
neutrino-electron scattering events [22]. Isolating those
events would be very useful: it would help detect the neu-
tronization burst νe events; it would improve the pointing
to the supernova by a factor of about 2, down to about
2◦ [22]; and it would allow better spectral studies. Using
timing information alone, SK could immediately recog-
nize a supernova as genuine by the unique time structure
of the events: almost all events in pairs separated by
tens of microseconds, much shorter than the separation
between subsequent neutrino interactions. Neutron de-
tection would improve the ability to study bursts out to
very late times, or to detect faint bursts.

Other Physics.— The solar ν̄e flux is <
∼

1% of the
predicted νe flux [23]. Requiring a neutron coincidence
would greatly reduce backgrounds, and the sensitivity
would be better than about 0.01%; the weak directional
information [5] may allow even better sensitivity. For
atmospheric and accelerator neutrinos, the ability to de-
tect neutron captures delayed from the neutrino inter-
action would shed new light on the hadronic final state.
This would be useful for separating (especially sub-GeV)
neutrinos and antineutrinos (which preferentially eject
protons and neutrons, respectively) and for probing the
type of neutrino interaction. For accelerator neutrinos,
neutrino-neutron elastic scattering will be a significant
new neutral-current channel. For proton decay, neutron
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Elastic Solar neutrino-electron scattering 
2
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FIG. 1: Electronic recoil spectrum from solar neutrinos in
xenon experiments for elastic ⌫ + e� scattering. The labels
denote the pp, 7Be, CNO, and pep fluxes. The blue curves
show the relevant CNO components (15O and 13N).

measurements are important for understanding the solar
interior, and the possibility of alternative energy sources
within the solar interior.

II. NEUTRINO FLUXES AND EXPERIMENTAL

BACKGROUNDS

In this section we discuss the relevant features of the
neutrino-electron elastic scattering rate from solar neu-
trinos. We work within the context of a xenon dark mat-
ter detector, outlining both the flux predictions and the
experimental background rates. It is straightforward to
translate this analysis to other targets (or to incorporate
multiple targets), such as argon, though in general the
experimental backgrounds will be di↵erent for di↵erent
targets. For all the results in this section we use the
high-Z SSM, with flux normalization coe�cients given in
Ref. [16].

A. Neutrino signals

Figure 1 shows the electron recoil event rate spectrum
for the most prominent low-energy solar flux components:
pp, 7Be (both 384 keV and 861 keV lines), pep, 15O and
13N. We take an electron neutrino survival probability of
Pee ' 0.55, which is consistent with the LMA-MSW solu-
tion in the low energy, vacuum-dominated regime [14, 15].
The stepping approximation is taken to account for elec-
tron energy levels, more detailed atomic e↵ects have been
neglected but may produce corrections to the rate [25].
The event rates have been smoothed by a gaussian energy

FIG. 2: The background electronic recoil spectrum from
sources relevant to xenon experiments. The solid blue
(dashed) line is the 2⌫�� decay of 136Xe, at natural abun-
dances (depleted to 1% of its natural abundance). The purple
line is the background due to 85Kr at a concentration of 0.1
ppt. The red line is the spectrum from 216Pb due to 222Rn
emanation, with an activity of 0.1 µBq/kg.

resolution of width (in percent) given by:

�(ER)

ER

=
31p
ER

+ 0.35, (1)

where the recoil energy, ER, is in keV. This parameter-
ization provides a good fit to energy resolution achieved
by XENON1T.
The elastic scattering rate in xenon is dominated by pp

neutrinos, for which the integrated rate up to the end-
point of the spectrum is ⇠ 330 per ton per year. In the
1�10 keV window which is the most relevant for present
dark matter searches, the corresponding rate is ⇠ 25 per
ton per year, where it contributes to the electronic recoil
background. The pp rate is theoretically well determined,
and is only very weakly sensitive to the assumed solar
metallicity model.
After pp, the 7Be component of the flux is the most

significant. There are two separate spectral components
that contribute to the 7Be flux: a 861 keV line which
has a 90% branching fraction, and a 384 keV line which
has a 10% branching fraction. In contrast to the pp flux,
the 7Be flux is very sensitive to the assumed solar metal-
licity. Assuming the high metallicity SSM, the total 7Be
neutrino flux is 5⇥109 cm�2 s�1. Averaging over all scat-
tering angles (which remain unknown in a typical liquid
xenon experiment), the spectra as shown in Figure 1 re-
sult. For the 861 keV line, the interaction rate is ⇠ 129
per ton per year integrated over all recoil energies up to
the endpoint. For the 384 keV line, the corresponding
interaction rate is ⇠ 5 per ton per year integrated over
all energies up to the endpoint.



Neutrino floor for light DM 
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FIG. 7. Discovery limits for DM-electron scattering in silicon (top), germanium (middle), and xenon (bottom). The panels
on the left (right) assume the scattering is mediated by a heavy (light) particle, i.e. FDM = 1 (FDM = ↵2m2

e/q
2). Exposures of

0.1, 1, 10, 100, and 1000 kg-years are shown in purple, red, green, blue, and yellow, respectively. The solid line shows the
results assuming the fiducial ionization e�ciency, while the shaded bands denote the range between the high and low ionization
e�ciencies. The dashed lines show the background-free 90% C.L. sensitivities. The gray shaded region shows the current
direct-detection limits on DM-electron scattering from [19].

Essig et al. 2018; Wyenberg and Shoemaker 2018

• At low mass, neutrino floor from solar neutrinos 
• Particularly important for detectors that lack electron/nuclear discrimination



Annual modulation and Directionality 

• WIMP signal annually modulates due to motion through the ‘WIMP wind’  

• Solar neutrino signal annually modulations because of the small eccentricity of the 
Earth’s orbit 

•Both WIMP and Solar neutrino rate have ~few % annual variation, but peak at times 
separate by ~5 months

3

Sun

Earth

December

June

WIMP

wind 

FIG. 1: A simplified view of the WIMP velocities as seen from the Sun and Earth. Due to the
rotation of the Galactic Disk (containing the Sun) through the essentially non-rotating dark matter
halo, the solar system experiences an e↵ective “WIMP wind.” From the perspective of the Earth,
the wind changes throughout the year due to the Earth’s orbital motion: the wind is at maximum
speed around the beginning of June, when the Earth is moving fastest in the direction of the disk
rotation, and at a minimum speed around the beginning of December, when the Earth is moving
fastest in the direction opposite to the disk rotation. The Earth’s orbit is inclined at ⇠60� relative
to the plane of the Disk.

that is subsequently detected. In the mid 1980s, the development of ultra-pure germanium
detectors provided the first limits on WIMPs [15]. Since then, numerous collaborations
worldwide have been (or will be) searching for these particles, including ANAIS [16], ArDM
[17], CDEX/TEXONO [18], CDMS [19–22], CoGeNT [23–25], COUPP [26], CRESST [27],
DAMA/NaI [28], DAMA/LIBRA [29, 30], DEAP/CLEAN [31], DM-Ice [32], DRIFT [33, 34],
EDELWEISS [35–37], EURECA [38], KIMS [39], LUX [40], NAIAD [41], PandaX [42], PI-
CASSO [43, 44], ROSEBUD [45], SIMPLE [46], TEXONO [47], WArP [48], XENON10
[49–51], XENON100 [52, 53], XENON1T [54], XMASS [55], ZEPLIN [56, 57], and many
others.

The count rate in direct detection experiments experiences an annual modulation [14, 58]
due to the motion of the Earth around the Sun (see Figure 1). Because the relative velocity
of the detector with respect to the WIMPs depends on the time of year, the count rate
exhibits (in most cases) a sinusoidal dependence with time. For the simplest assumptions
about the dark matter distribution in the halo, the flux is maximal in June and minimal
in December. Annual modulation is a powerful signature for dark matter because most
background signals, e.g. from radioactivity in the surroundings, are not expected to exhibit
this kind of time dependence. The details concerning the recoil energy and modulation
spectra depend on the specifics of both the particle physics model and the distribution of
WIMPs in the Galaxy. We discuss these possibilities in this review.

For more than a decade, the DAMA experiment [29] has been claiming detection of an
annual modulation. The experiment, which consists of NaI crystals, is situated in the Gran
Sasso Tunnel under the Apennine Mountains near Rome. By now, the amount of data col-
lected is enormous and the statistical significance of the result is undeniable. The DAMA

J. Davis 2014



Annual modulation and Directionality 

• WIMP signal predicted to point towards the direction of Cygnus constellation 

•Daily amplitude modulation depending on location of detector on Earth  

• Solar neutrino signal points back to the Sun (ignore size of the Sun) 

November 2, 2009 14:20 WSPC/INSTRUCTION FILE
cygnus2009Whitepaper

4 Battat et al.

Fig. 1. Hammer-Aito↵ projection of the WIMP flux in Galactic coordinates. A WIMP mass of
100 GeV has been assumed (from Ref. 12).

z

x

z

x

t = 0 h

t = 12 h

Cygnus

Fig. 2. (left) The daily rotation of the Earth introduces a modulation in recoil angle, as measured
in the laboratory frame. (right) Magnitude of this daily modulation for seven lab-fixed directions,
specified as angles with respect to the Earth’s equatorial plane. The solid line corresponds to zero
degrees, and the dotted, dashed, and dash-dot lines correspond to ±18�, ±54� and ±90�, with
negative angles falling above the zero degree line and positive angles below. The ±90� directions
are co-aligned with the Earth’s rotation axis and therefore exhibit no daily modulation. This
calculation assumes a WIMP mass of 100 GeV and CS2 target gas. (from Ref. 13).

the WIMP origin of the dark matter interaction candidate events.11 This is often
referred to as the materials signal. In practice, this would require the detection of a
large number of events with both targets (in order to measure the energy spectra),
the operation of experiments in similar background environments, and accurate
calculations of the nuclear form factors.

4

tribution in ✓DM�sun follows the expected pattern with a
maximum in March and a minimum in September.

Having presented the dark matter event rate as a func-
tion of energy, time and direction, we now turn to the
neutrinos.

III. NEUTRINO BACKGROUNDS

Dark matter experiments are potentially sensitive to
two seperate types of neutrino interactions: the first is ⌫-
e� neutral current elastic scattering, where the neutrino
interacts with the atomic electrons, and the second is ⌫-
A neutral current coherent elastic scattering, where the
neutrino interacts with the target nucleus. The fact that
the former process can lead to events in a dark matter
experiment has long been realised and has led to it being
suggested as a method for solar neutrino detection [26].
The maximum recoil electron kinetic energy from ⌫-e�

events can be as large as a few hundred keV, and the
cross-sections are of order 10�44 cm2. The latter process
has never been observed since the maximum nuclear re-
coil kinetic energy is only a few tens of keV, however,
the cross-section is relatively large, approximately 10�39

cm2. This work focuses exclusively on coherent ⌫-A scat-
tering.

Although coherent ⌫-A scattering has never been ob-
served, the process is theoretically well understood. The
calculated Standard Model cross-section is relatively
large, of order 10�39 cm2 [27, 28]. There has been in-
terest in using this process to make precision weak inter-
action measurements at the SNS [29], to search for super-
nova neutrinos [30] and to measure neutrinos produced
in the Sun [5]. Even before direct dark matter detec-
tion experiments existed, this process was anticipated as
a background [4]. On the other hand, one could also take
the neutrino events as a signal and test neutrino physics
using dark matter detectors, see e.g. [31].

Here we calculate the background rates caused by ⌫-A
coherent scattering in target materials relevant to current
dark matter searches. We consider the recently measured
solar, e.g. [32, 33], the atmospheric, e.g. [34–36], and the
predicted di↵use neutrino flux from supernovae through-
out the Universe and include the nuclear form factors in
the coherent cross-section calculation. We include the
direction-dependence of the recoil signal, and its sidereal
and annual modulation.

A. Neutrino Scattering Cross-Sections

The maximum recoil kinetic energy in ⌫-A coherent
scattering is

Er,max =
2E2

⌫

mT + 2E⌫
, (7)

where E⌫ is the incident neutrino energy, and mT is
the mass of the target nucleus. The four-momentum ex-

change is related to the recoil energy by Q2 = 2mTEr,
and the three-momentum exchange q is approximately
equal to

p
2mTEr. For neutrino energies below 20 MeV

and nuclear targets from 12C to 132Xe, the maximum re-
coil kinetic energy ranges between 50 keV and 5 keV,
meaning that the maximum possible q is quite small, <1
fm�1. Typical nuclear radii, R, are 3-5 fm, and therefore
the product qR < 1. In this regime, the neutrino scat-
ters coherently o↵ the weak charge of the entire nucleus,
which is given by

QW = N � (1� 4 sin2 ✓W )Z , (8)

where N and Z are the number of target neutrons and
protons respectively, and ✓W is the weak mixing angle.
Through the dependence on QW , coherence enhances the
scattering cross-section with respect to the single nucleon
cross-section by approximately a factor of N2.
The ⌫-A coherent scattering cross-section is given

by [27, 28, 37]

d�

d(cos ✓)
=

G2
F

8⇡
Q2

W E2
⌫ (1 + cos ✓) F (Q2)2 , (9)

where GF is the Fermi coupling constant, QW is the weak
charge of the target nucleus, E⌫ is the projectile neutrino
energy, cos ✓ is the scattering angle in the lab frame of the
outgoing neutrino direction with respect to the incoming
neutrino direction, and F (Q2) is again the nuclear form
factor. The supression of the cross-section by the nuclear
form factor depends on the target material and grows
with the momentum transfer in a collision.
The dependence of the cross-section on scattering angle

means that solar neutrino elastic scattering events will, in
principle, point back to the sun. However, the majority
of dark matter detectors do not have directional sensitiv-
ity, and so we calculate event rates here as a function of
recoil nucleus kinetic energy as well. The scattering angle
and the recoil kinetic energy are related via 2-body kine-
matics and the cross-section can be expressed in terms of
the kinetic energy, Erec, of the recoiling nucleus as

d�

dEr
=

G2
F

4⇡
Q2

W M2 (1� mTEr

2E2
⌫

) F (Q2)2. (10)

The theoretical uncertainty on the coherent ⌫-A scat-
tering cross-section comes from uncertainty in the form
factor; for neutrino energies of 10 MeV the uncertainty
is expected to be less than 10% [30].

B. Neutrino Fluxes

There are many sources that contribute to the large
flux of ambient neutrinos and anti-neutrinos. The main
sources are fusion reactions in the Sun, radioactive decays
in the Earth’s mantle and core, decay products of cos-
mic ray collisions with the atmosphere, relic supernovae
neutrinos and neutrinos from fission processes at nuclear

O’Hare, Billard, Green, Figueroa-Feliciano, Strigari PRD 2015

Grothaus Fairbairn, Monroe PRD 2014



Beyond standard formalism: non-relativistic EFT 

• Heavy mediators 

I. INTRODUCTION

TABLE I. List of NR e�ective operators described in [? ]

O1 1‰1N

O2 (v̨‹)2

O3 iS̨N · ( q̨
mN

◊ v̨‹)

O4 S̨‰ · S̨N

O5 iS̨‰ · ( q̨
mN

◊ v̨‹)

O6 ( q̨
mN

· S̨N )( q̨
mN

· S̨‰)

O7 S̨N · v̨‹

O8 S̨‰ · v̨‹

O9 iS̨‰ · (S̨N ◊
q̨

mN
)

O10 i q̨
mN

· S̨N

O11 i q̨
mN

· S̨‰

O12 S̨‰ · (S̨N ◊ v̨‹)

O13 i(S̨‰ · v̨‹)( q̨
mN

· S̨N )

O14 i(S̨N · v̨‹)( q̨
mN

· S̨‰)

O15 ≠(S̨‰ ·
q̨

mN
)

1
(S̨N ◊ v̨‹) ·

q̨
mN

2

TABLE II. List of detectors considered in this work
Target theshold (low/high)

xenon 3.0 eV / 4.0 keV

germanium 5.3 eV / 7.9 keV

silicon 14 eV / 20 keV

flourine 33 eV / 28 keV

2

SI

SD

8B ν

1 Δχ2=0.446

5 Δχ2=329.

10 Δχ2=94.3
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FIG. 1: Sample maximum likelihood fits to the 8B Solar neutrino-induced nuclear recoil event

rate spectrum in Xenon (left) and Germanium (right). Three di�erent operators are shown, one

operator from each of the groupings in Table III.

FIG. 2: Sample maximum likelihood fits to the atmospheric neutrino-induced nuclear recoil event

rate spectrum in xenon (left) and germanium (right). The same operators are used here as in

Figure 1.

200 neutrino events for each target. Each point in the Figure 3 represents either the proton or

neutron coupling as defined in Equation 2. In Figure 3 we have scaled the coupling by a factor

mv = 246 GeV, so that the resulting quantity cım2
v is dimensionless (the cı’s as defined in

Ref. [9] have dimensions of inverse mass-squared). Also shown are the corresponding WIMP-

nucleon cross sections calculated as ‡i = c2
i µ2

m4
v

. For Si, Ge, and Xe, the excess spin in the

nucleus is carried by the neutron, so that for a fixed number of neutrino events the neutron

coupling corresponds to a lower cross section. For Flourine the excess spin is carried by the

proton, so in this case for a fixed number of neutrino events the proton coupling corresponds

to a lower cross section. Note here that the O1 operator corresponds to the standard SI

9

Fan, Reece, Wang, 2010; Fitzpatrick et al. 2012; Anand et al. 2014

Dent, Dutta, Newstead, Strigari, PRD 2016
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Figure 3: (Color online) The solar neutrino spectrum, along with the SSM un-

certainties (Serenelli, Haxton & Peña-Garay 2011). A weak branch from the �

decay of 17F that contributes from the CN II cycle is included. The units for the

continuous sources are cm�2 s�1MeV�1.

Extended Data Figure 2 | Survival probability of electron-neutrinos
produced by the different nuclear reactions in the Sun. All the numbers are
from Borexino (this paper for pp, ref. 17 for 7Be, ref. 18 for pep and ref. 19
for 8B with two different thresholds at 3 and 5 MeV). 7Be and pep neutrinos are
mono-energetic. pp and 8B are emitted with a continuum of energy, and the
reported P(ne R ne) value refers to the energy range contributing to the

measurement. The violet band corresponds to the 61s prediction of
the MSW-LMA solution25. It is calculated for the 8B solar neutrinos,
considering their production region in the Sun which represents the
other components well. The vertical error bars of each data point
represent the 61s interval; the horizontal uncertainty shows the neutrino
energy range used in the measurement.
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Abstract
We describe the current status of solar neutrino measurements and of the
theory—both neutrino physics and solar astrophysics—employed in in-
terpreting measurements. Important recent developments include Super-
Kamiokande’s determination of the ν − e elastic scattering rate for 8B neu-
trinos to 3%; the latest Sudbury Neutrino Observatory (SNO) global analysis
in which the inclusion of low-energy data from SNO I and II significantly
narrowed the range of allowed values for the neutrino mixing angle θ12;
Borexino results for both the 7Be and proton-electron-proton (pep) neutrino
fluxes, the first direct measurements constraining the rate of proton-proton
(pp) I and pp II burning in the Sun; global reanalyses of solar neutrino data
that take into account new reactor results on θ13; a new decadal evaluation of
the nuclear physics of the pp chain and CNO cycle defining best values and
uncertainties in the nuclear microphysics input to solar models; recognition
of an emerging discrepancy between two tests of solar metallicity, helioseis-
mological mappings of the sound speed in the solar interior, and analyses of
the metal photoabsorption lines based on our best current description of the
Sun’s photosphere; a new round of standard solar model calculations opti-
mized to agree either with helioseismology or with the new photospheric
analysis; and, motivated by the solar abundance problem, the development
of nonstandard, accreting solar models, in order to investigate possible con-
sequences of the metal segregation that occurred in the proto-solar disk. We
review this progress and describe how new experiments such as SNO+ could
help us further exploit neutrinos as a unique probe of stellar interiors.
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7 OUTLOOK AND CHALLENGES

In this review we have summarized the results of 50 years of work on solar neu-

trinos. The field has been characterized by very di�cult experiments carried out

with great success, producing results fundamental to two standard models, our

standard theory of stellar evolution and our standard model of particle physics.

Thirty years of debate over the origin of the solar neutrino problem – a misunder-

standing of the structure of the Sun, or an incomplete description of the properties

of the neutrino – ended with the discovery of massive neutrinos, flavor mixing,

and MSW distortions of the solar neutrino spectrum. The quest to resolve the

solar neutrino problem spurred the development of a new generation of active

detectors of unprecedented volume and radiopurity – SNO, Super-Kamiokande,

and Borexino – that have made solar neutrino spectroscopy a precise science.

This technology has opened up new possibilities.

The program of solar neutrino studies envisioned by Davis and Bahcall has

been only partially completed. Borexino has extended precision measurements

to low-energy solar neutrinos, determining the flux of 7Be neutrinos to 5%, and

thereby confirming the expected increase in the ⌫e survival probability for neu-

trino energies in the vacuum-dominated region. First results on the pep neutrino

flux have been obtained, as well as a limit on the CN neutrino fluxes. But a

larger, deeper version of Borexino, SNO+, will likely be needed to map out the

low-energy solar neutrino spectrum in detail, including the CN neutrino contribu-

tions. The observation of these neutrinos in the Sun would provide an important

test of the nuclear reactions we believe dominate energy generation in massive

hydrogen-burning stars.

There are challenging tasks remaining. The flux of solar pp neutrinos, known
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Table 2: SSM neutrino fluxes from the GS98-SFII and AGSS09-SFII SSMs, with

associated uncertainties (averaging over asymmetric uncertainties). The solar

values come from a luminosity-constrained analysis of all available data by the

Borexino Collaboration.

⌫ flux Emax
⌫ (MeV) GS98-SFII AGSS09-SFII Solar units

p+p!2H+e++⌫ 0.42 5.98(1 ± 0.006) 6.03(1 ± 0.006) 6.05(1+0.003
�0.011) 1010/cm2s

p+e�+p!2H+⌫ 1.44 1.44(1 ± 0.012) 1.47(1 ± 0.012) 1.46(1+0.010
�0.014) 108/cm2s

7Be+e�!7Li+⌫ 0.86 (90%) 5.00(1 ± 0.07) 4.56(1 ± 0.07) 4.82(1+0.05
�0.04) 109/cm2s

0.38 (10%)

8B!8Be+e++⌫ ⇠ 15 5.58(1 ± 0.14) 4.59(1 ± 0.14) 5.00(1 ± 0.03) 106/cm2s

3He+p!4He+e++⌫ 18.77 8.04(1 ± 0.30) 8.31(1 ± 0.30) — 103/cm2s

13N!13C+e++⌫ 1.20 2.96(1 ± 0.14) 2.17(1 ± 0.14)  6.7 108/cm2s

15O!15N+e++⌫ 1.73 2.23(1 ± 0.15) 1.56(1 ± 0.15)  3.2 108/cm2s

17F!170+e++⌫ 1.74 5.52(1 ± 0.17) 3.40(1 ± 0.16)  59. 106/cm2s

�
2
/P

agr 3.5/90% 3.4/90%

Table 3: Results from global 3⌫ analyses including data through Neutrino2012.

Bari Analysis (Fogli et al. 2012) Valencia Analysis (Forero, Tórtola & Valle 2012)

Parameter/hierarchy Best 1� Fit 2� Range 3� Range Best 1� Fit 2� Range 3� Range

�m
2
21(10�5eV2) 7.54+0.26

�0.22 7.15 $ 8.00 6.99 $ 8.18 7.62±0.19 7.27 $ 8.01 7.12 $ 8.20

�m
2
31(10�3eV2) NH 2.47+0.06

�0.10 2.31 $ 2.59 2.23 $ 2.66 2.55+0.06
�0.09 2.38 $ 2.68 2.31 $ 2.74

IH �(2.38+0.07
�0.11) �(2.22 $ 2.49) �(2.13 $ 2.57) �(2.43+0.07

�0.06) �(2.29 $ 2.58) �(2.21 $ 2.64)

sin2
✓12 0.307+0.018

�0.016 0.275 $ 0.342 0.259 $ 0.359 0.320+0.016
�0.017 0.29 $ 0.35 0.27 $ 0.37

sin2
✓23 NH 0.386+0.024

�0.021 0.348 $ 0.448 0.331 $ 0.637

8
>><

>>:

0.613+0.022
�0.040

0.427+0.034
�0.027

0.38 $ 0.66 0.36 $ 0.68

IH 0.392+0.039
�0.022

8
>><

>>:

0.353 $ 0.484

0.543 $ 0.641

0.335 $ 0.663 0.600+0.026
�0.031 0.39 $ 0.65 0.37 $ 0.67

sin2
✓13 NH 0.0241 ± 0.0025 0.0193 $ 0.0290 0.0169 $ 0.0313 0.0246+0.0029

�0.0028 0.019 $ 0.030 0.017 $ 0.033

IH 0.0244+0.0023
�0.0025 0.0194 $ 0.0291 0.0171 $ 0.0315 0.0250+0.0026

�0.0027 0.020 $ 0.030 0.017 $ 0.033

High-Z Low-Z

Haxton et al. 2013
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V. NEUTRINO INTERACTION RATES AND
ELECTRON SCATTERING SPECTRUM

The mean value for 8B neutrinos in the sample above
3 MeV (5 MeV) is 75! 13 (46! 8) counts.

The dominant sources of systematic errors are the deter-
minations of the energy threshold and of the fiducial mass,
both already discussed in the previous sections. The first
introduces a systematic uncertainty of þ3:6% #3:2%
(þ 6:1% #4:8% above 5 MeV). The second systematic
source is responsible for a !3:8% uncertainty in the 8B
neutrino rate. A secondary source of systematics, related to
the effect of the energy resolution on the threshold cuts, has
been studied on a simulated 8B neutrino spectrum and is
responsible for a systematic uncertainty of þ0:0% #2:5%
(þ 0:0% #3:0% above 5 MeV).

The total systematic errors are shown in Table IV.
The resulting count rate with E> 3 MeV is

0:22! 0:04ðstatÞ ! 0:01ðsystÞ cpd=100 t

and with E> 5 MeV

0:13! 0:02ðstatÞ ! 0:01ðsystÞ cpd=100 t:

The final energy spectrum after all cuts and residual back-
ground is shown in Fig. 7. It is in agreement with the
scenario which combines the high metallicity standard
solar model, called BPS09(GS98) [13], and the prediction
of the MSW-LMA solution.

VI. SOLAR 8B NEUTRINO FLUX AND NEUTRINO
OSCILLATION PARAMETERS

The equivalent unoscillated 8B neutrino flux, derived
from the electron scattering rate above 5 MeV (Table V)
is ð2:7! 0:4stat ! 0:2systÞ & 106 cm#2 s#1, in good agree-

ment with the SuperKamiokaNDE I and SNO D2O mea-
surements with the same threshold, as reported in Table VI.
The corresponding value above 3 MeV is (2:4! 0:4stat !
0:1systÞ & 106 cm#2 s#1. The expected value for the case of

no neutrino oscillations, including the theoretical uncer-
tainty on the 8B flux from the standard solar model [11–13]
is ð5:88! 0:65Þ & 106 cm#2 s#1 and, therefore, solar !e

disappearance is confirmed at 4:2".
To define the neutrino electron survival probability !Pee

averaged in the energy range of interest, we define the
measured recoiled electron rate R, through the convolution

Energy [MeV]

4 6 8 10 12 14

C
ou

nt
s 

/ 2
 M

eV
 / 

34
5.

3 
da

ys

0

5

10

15

20

25

30

35

40

45
Data

BPS09(GS98)+LMA−MSW

BPS09(AGS05)+LMA−MSW

FIG. 7 (color online). Comparison of the final spectrum after
data selection and background subtraction (dots) to Monte Carlo
simulations of oscillated 8B interactions, with amplitude from
the standard solar models BPS09(GS98) (high metallicity) and
BPS09(AGS05) (low metallicity), and from the MSW-LMA
neutrino oscillation model.

FIG. 6 (color). Comparison of the final spectrum after data
selection (red dots) to Monte Carlo simulations (black line). The
expected electron recoil spectrum from oscillated 8B ! interac-
tions (filled blue histogram), 208Tl (green), 11Be (cyan), and
external background (violet), are equal to the measured values
in Table III.

TABLE IV. Systematic errors.

Source E > 3 MeV E > 5 MeV
"þ "# "þ "#

Energy threshold 3.6% 3.2% 6.1% 4.8%
Fiducial mass 3.8% 3.8% 3.8% 3.8%
Energy resolution 0.0% 2.5% 0.0% 3.0%
Total 5.2% 5.6% 7.2% 6.8%

TABLE V. Measured event rates in Borexino and comparison
with the expected theoretical flux in the BPS09(GS98) MSW-
LMA scenario [10].

3.0–16.3 MeV 5.0–16.3 MeV

Rate [cpd=100 t] 0:22! 0:04! 0:01 0:13! 0:02! 0:01
"ES

exp [106 cm#2 s#1] 2:4! 0:4! 0:1 2:7! 0:4! 0:2
"ES

exp="
ES
th 0:88! 0:19 1:08! 0:23

G. BELLINI et al. PHYSICAL REVIEW D 82, 033006 (2010)

033006-8

• Borexino, SNO, SK indicate the low 
energy ES data lower than MSW predicts 

• Upturn in MSW survival probability not 
been measured 

• May indicate new physics (e.g. Holanda 
& Smirnov 2011)

Borexino collaboration
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The expression for Pc is also easily found in the same
basis, where it becomes apparent that the dynamics of
conversion in matter depends only on the relative orienta-
tion of the eigenstates of the vacuum and matter Hamil-
tonians. This allows to directly apply the known analyt-
ical solutions for Pc, and, upon rotating back, obtain a
generalization of these results to the NSI case. For exam-
ple, the answer for the infinite exponential profile [18, 19]
A ∝ exp(−r/r0) becomes Pc = (exp[γ(1− cos 2θrel)/2]−
1)/[exp(γ) − 1], where γ ≡ 4πr0∆ = πr0∆m2/Eν . We
further observe that since γ ≫ 1 the adiabaticity viola-
tion occurs only when |θ−α| ≪ 1 and φ ≃ π/2, which is
the analogue of the small-angle MSW [10, 20] effect in the
rotated basis. The “resonant” region in the Sun where
level jumping can take place is narrow, defined by A ≃ ∆
[21]. A neutrino produced at a lower density evolves adi-
abatically, while a neutrino produced at a higher density
may undergo level crossing. The probability Pc in the
latter case is given to a very good accuracy by the for-
mula for the linear profile, with an appropriate gradient
taken along the neutrino trajectory,

Pc ≃ Θ(A − ∆)e−γ(cos 2θrel+1)/2, (12)

where Θ(x) is the step function, Θ(x) = 1 for x > 0 and
Θ(x) = 0 otherwise. We emphasize that our results differ
from the similar ones given in [5, 22] in three important
respects: (i) they are valid for all, not just small values of
α (which is essential for our application), (ii) they include
the angle φ, and (iii) the argument of the Θ function does
not contain cos 2θ, as follows from [21]. We stress that
for large values of α and φ ≃ π/2 adiabaticity is violated
for large values of θ.

Finally, to get an idea on the size of the day/night
asymmetry, ADN ≡ 2(N −D)/(N +D), (here D (N) de-
notes the νe flux at the detector during the day (night))
we can model the Earth as a sufficiently long (com-
pared to the oscillation length) object of constant den-
sity. For 8B neutrino energies, this is appropriate for
∆m2 >∼ 3 − 5 · 10−5 eV2. Introducing a small parameter
x⊕ ≡ A/∆, where A is evaluated for a typical density
inside the Earth, we find, to the first order in x⊕,

ADN ≃ x⊕
sin 2θ(cos 2α sin 2θ + cos 2φ sin 2α cos 2θ)

−[cos 2θ⊙(1 − 2Pc)]−1 − cos 2θ
.

(13)
We verified that Eq. (13) gives a good agreement with
precise numerical calculations for ne ≃ 1.6 moles/cm3.
For the lower ∆m2 region allowed by KamLAND, ∆m2 >∼
1 − 3 · 10−5 eV2, the oscillation length is comparable to
the size of the Earth, however, the averaging in Eq. (13)
still applies to a signal integrated over the zenith angle.

In Fig. 1 we plot the neutrino survival probability as a
function of energy for several representative values of the
NSI parameters. We take ∆m2 and θ corresponding to
the best-fit LMA point and choose the production point
to be at r = 0.1R⊙. Curve (1) is the standard interaction
case, given for reference. The other three curves repre-
sent the three qualitatively different regimes that are of
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FIG. 1: The electron neutrino survival probability and the
day/night asymmetry as a function of energy for ∆m2 = 7×

10−5 eV2, tan2 θ = 0.4 and several representative values of
the NSI parameters: (1) ϵu

11 = ϵd
11 = ϵu

12 = ϵd
12 = 0; (2)

ϵu
11 = ϵd

11 = −0.008, ϵu
12 = ϵd

12 = −0.06; (3) ϵu
11 = ϵd

11 =
−0.044, ϵu

12 = ϵd
12 = 0.14; (4) ϵu

11 = ϵd
11 = −0.044, ϵu

12 =
ϵd
12 = −0.14. Recall that the parameters in Eq. (5) equal

ϵij = ϵu
ijnu/ne + ϵd

ijnd/ne.

interest to us. In the following we illustrate them in con-
nection with observations. For definiteness, we consider
real values of ϵ12, both positive (φ = 0) and negative
(φ = π/2). As is clear from Eq. (6), complex values
(0 < φ < π/2) interpolate between these two cases.

III. ANALYSIS OF DATA

We now turn to the comparison of the NSI predictions
with observations. To do this, we perform a best fit anal-
ysis of the solar neutrino and KamLAND data along the
lines of Refs. [23, 24]. In particular, solar data include the
radiochemical rates [25, 26, 27, 28], the SK ES zenith-
spectra [29], the SNO day-night spectra [30, 31, 32] mea-
sured in phase-I and the SNO rates measured in phase-
II [33]. For consistency, the NC rate prediction for SNO
is treated as a free parameter because it is affected by
an unknown change in the axial coupling of the quarks
that could accompany the vector NSI considered in our
analysis [34]. In our calculations, we use the updated
BP04 [35] Standard Solar Model (SSM) fluxes, electron
density and neutrino production point distributions in
the Sun. For KamLAND we considered the measured
antineutrino spectrum with visible energies higher than
2.6 MeV [36].

The key ingredients of our analysis turn out to be the

Friedland, Lunardini, Pena-Garay PLB 2004

FIG. 3: Electron neutrino survival probability for the SM (blue) compared to cases in which the

NSI give significant deviations from the SM. The left panel shows ✏’s which give deviation from

the SM for electron recoils, and the right panel shows ✏’s which give deviation from the SM for

nuclear recoils.
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FIG. 4: Event rate as a function of energy threshold for di↵erent NSI models. Horizontal lines

indicate where the event rate falls below one per year for, from top to bottom, 0.1, 1 and 10 ton

detectors.

The aforementioned results clearly indicate that NSI will a↵ect future low-mass dark

matter searches. Previous studies have used a specific statistical criteria, i.e. a discovery

limit [8, 41], to quantify how the dark matter sensitivity scales as a function of detector

exposure. For simplicity, here we just consider dark matter searches to be significantly

impacted when the number of neutrino events above a given nuclear energy threshold exceeds

one, for a given detector exposure. Figure 4 shows how this event rate depends on energy

threshold, for NSI parameters which give a maximal deviation from the SM. This clearly

indicates how the neutrino floor may ultimately be either raised or lowered if NSI are allowed.

Finally, we note that when NSI are allowed, a “dark side” solution for the LMA appears,

characterized by ✓12 > 45� (LMA-d) [35]. In Figure 5, we show that this solution can be

8

B. Dutta, Shu Liao, L. Strigari, J. Walker, PLB 2017

• NSI may increase or decrease event rate in Xenon 
• 1t sensitive to models still consistent with nu oscillations 
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NSI give significant deviations from the SM. The left panel shows ✏’s which give deviation from

the SM for electron recoils, and the right panel shows ✏’s which give deviation from the SM for

nuclear recoils.
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FIG. 4: Event rate as a function of energy threshold for di↵erent NSI models. Horizontal lines

indicate where the event rate falls below one per year for, from top to bottom, 0.1, 1 and 10 ton

detectors.

The aforementioned results clearly indicate that NSI will a↵ect future low-mass dark

matter searches. Previous studies have used a specific statistical criteria, i.e. a discovery

limit [8, 41], to quantify how the dark matter sensitivity scales as a function of detector

exposure. For simplicity, here we just consider dark matter searches to be significantly

impacted when the number of neutrino events above a given nuclear energy threshold exceeds

one, for a given detector exposure. Figure 4 shows how this event rate depends on energy

threshold, for NSI parameters which give a maximal deviation from the SM. This clearly

indicates how the neutrino floor may ultimately be either raised or lowered if NSI are allowed.

Finally, we note that when NSI are allowed, a “dark side” solution for the LMA appears,

characterized by ✓12 > 45� (LMA-d) [35]. In Figure 5, we show that this solution can be
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• NSI may increase or decrease event rate in Xenon 
• 1t sensitive to models still consistent with nu oscillations 

Coherent scattering of 8B solar n’s on Xe nuclei
36 NR events in 5.6 tonnes and 1000 days

26

• 3 PMT S1 coincidence requirement. Detection efficiency is ~3 x 10-3.
• Only observe 8B events that fluctuate high in S1 light collection.
• Average light collection efficiency of 11.9%. Supported by cold measurements of the 

PMT QEs and PTFE reflectivity measurements in LXe.
• NR charge and light yields measured by LUX with DD neutron generator. 

Carter Hall NDM 2018
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the data (grey points).

R (m)
0 0.5 1 1.5 2 2.5 3

Ev
en

ts
 / 

( d
ay

 x
 1

00
 t 

x 
40

 c
m

 )

3−10

2−10

1−10

Uniform component
External component

/NDF = 47.8/692χBest Fit - 

PRPS-L
4.5 4.6 4.7 4.8 4.9 5 5.1 5.2 5.3

Ev
en

ts
 / 

( d
ay

 x
 1

00
 t 

x 
0.

01
 )

3−10

2−10

1−10

Electrons
Positrons

/NDF = 85.1/1072χBest Fit - 

FIG. 2. An example of the multivariate fit showing the radial
(top) and the PS-LPR (bottom) distributions of the events
(black crosses).

tion rates: (i) the light yield, (ii) a resolution parameter
which accounts for the non-uniformity of the response
and is relevant for the high-energy part of the spectrum,
(iii) a resolution parameter which accounts for the intrin-
sic resolution of the scintillator and e↵ectively takes into
account other contributions at low energy, (iv) the posi-
tion and width of the 210Po-↵ peak (to account for non-
uniform and time-varying spatial distribution of 210Po
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FIG. 3. Results of the fit for TFC-subtracted energy spectrum
zoomed in to the lowest energy region (an example obtained
with the analytical method) and residuals.

in the detector), and (v) the starting point of the 11C
spectrum, corresponding to the annihilation of the two
511 keV �’s. Leaving the above listed parameters free
gives the analytical fit the freedom to account for second-
order unexpected e↵ects or unforeseen variations of the
detector response in time.
The second method is based on the Borexino MC [14],

a customized Geant4-based simulation package [17],
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FIG. 5. Allowed contours in the fBe-fB parameter space ob-
tained by combining the new result on 7Be ⌫’s with solar
and KamLAND data. The 1� theoretical prediction for the
low metallicity (blue) and the high metallicity (red) SSM
are also shown. The best fit (obtained fixing sin2✓13 to
0.02 [20]) is found to be: �(7Be)= (5.00±0.15)⇥ 109 cm2/s�1;
�(8B)= (5.08± 0.10)⇥ 106 cm2/s�1; tan2✓12 =0.47± 0.03;
�m2

12 =7.5⇥10�5± 0.2 eV2.

metallicity solar models is now largely dominated by the-
oretical uncertainties.

Following the procedure described in [12], we combine
our new result on the 7Be solar ⌫ interaction rate with all
the solar and KamLAND data and obtain the regions of
allowed values for the reduced fluxes fBe and fB (fBe =
�(7Be)/�(7Be)HZ, fB = �(8B)/�(8B)HZ). Fig. 5 shows
the allowed contours together with the 1� theoretical pre-
dictions for high metallicity and low metallicity SSM.

The pp interaction rate is consistent with our previ-
ous result and its uncertainty is reduced by about 20%.
The combination of the Borexino results on pp and 7Be ⌫
fluxes can be used to measure experimentally for the first
time the ratio R between the rates of the 3He-4He and
the 3He-3He reactions occurring in the pp chain inside
the Sun [21]. The value of R reflects the competition
between the two primary modes of terminating the pp
chain and hence is a critical probe of solar fusion. By ne-
glecting the pep and 8B ⌫ contribution, R can be written
as 2�(7Be)/[�(pp)-�(7Be)] . We find R=0.18± 0.02, in
agreement with the most up-to-date predicted values for
R=0.180± 0.011 (HZ) and 0.161± 0.010 (LZ) [4].

The correlation between the CNO and pep ⌫ interac-
tion rates is broken by constraining the CNO one. The
7Be and pp ⌫ interaction rates are not a↵ected by the hy-
pothesis on CNO ⌫’s within our sensitivity. However, the
pep ⌫ interaction rate depends on it, being 0.22 cpd/100 t
higher if the LZ hypothesis is assumed (see Table I).

The��2 profile obtained by marginalizing the pep rate
is shown in Fig. 6 (left) for both the HZ and LZ assump-
tions on CNO ⌫ rate. Both curves are symmetric and
allow us to establish, for the first time, that the absence

of pep reaction in the Sun is rejected at more than 5�.

From the measured interaction rates of pp, 7Be,
and pep neutrinos and assuming the HZ SSM fluxes,
the calculation of the survival probability Pee yields:
Pee(pp)= 0.57± 0.10, Pee(7Be, 862 keV)=0.53± 0.05,
and Pee(pep)= 0.43± 0.11. Fig. 7 compares these
Pee results with the expectations from the standard
MSW-LMA oscillation scenario (taken from [20]).

The similarity between the e� recoil spectrum induced
by CNO neutrinos and the 210Bi spectrum makes it im-
possible to disentangle the two contributions with the
spectral fit. For this reason, we can only provide an up-
per limit on the CNO neutrinos. In order to do so, we
need further to break the correlation between the CNO
and pep contributions. In Phase-I, this was achieved by
fixing the pep ⌫ rate to the theoretical value [10]. In
the current analysis, where pp ⌫’s are included in the ex-
tended energy range, we place an indirect constraint on
pep ⌫’s by exploiting the theoretically well known pp and
pep flux ratio. The interaction rate ratio R(pp/pep) is
constrained to (47.7 ± 1.2) (HZ) [4], [20]. Constraining
R(pp/pep) to the LZ hypothesis value 47.5 ± 1.2 gives
identical results.

We carried out a sensitivity study by performing the
analysis on thousands of data-sets simulated with a toy
Monte Carlo tool: this study shows that under the
current experimental conditions the total expected un-
certainty (statistical plus systematical) is 3.4 cpd/100 t.
With this error, we expect the median 95% C.L. upper
limit for CNO to be ⇠ 9 cpd/100 t and 10 cpd/100 t, for
low and high metallicity, respectively. On data, we ob-
tain an upper limit on CNO ⌫ rate of 8.1 cpd/100 t (95
% C.L.) (see Table I), which is slightly stronger than the
median limit expected from the toy Monte Carlo study.
The likelihood profile for the CNO rate is shown in Fig. 6
(right). This result, using a weaker hypothesis on pep ⌫,
confirms the current best limit on CNO ⌫’s previously
obtained with Borexino Phase-I data [10].

In summary, we have reported the results of the first
simultaneous measurement of the pp, 7Be, and pep com-
ponents of the solar neutrino spectrum providing a com-
prehensive investigation of the main pp chain in the Sun:
we achieved a 2.7% precision on the 7Be ⌫ flux and the
strongest evidence (higher than 5�) of the pep reaction.
Furthermore, by combining our new results on the 7Be
and pp ⌫ fluxes we obtain the first direct measurement
of the ratio R between the 3He-4He and the 3He-3He
reactions which is a critical probe of solar fusion.

The Borexino program is made possible by funding
from INFN (Italy), NSF (USA), BMBF, DFG, HGF,
and MPG (Germany), RFBR (Grants 16-02-01026 A,
15-02-02117 A, 16-29-13014 ofim, 17-02-00305 A) (Rus-
sia), and NCN (Grant No. UMO 2013/10/E/ST2/00180)
(Poland). We acknowledge the generous hospitality and
support of the Laboratory Nazionali del Gran Sasso

Borexino collaboration 2017

•  Multicomponent spectral analysis of low energy solar neutrinos  
•  2.7% precision on 7Be 
• Strongest upper bound on CNO neutrinos 
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B. Experimental backgrounds

Figure 2 shows an estimate of the experimental back-
grounds that are intrinsic to a xenon experiment. The
most prominent background arises from two neutrino
double beta decay (2⌫��) of 136Xe. This is a rare decay
process of 136Xe with a natural abundance of 8.9%. The
measured energy spectrum is the sum of the energy of the
two outgoing electrons, with an endpoint of 2.459 MeV.
The measured half-life is ⇠ 2⇥1021 years [24], which cor-
responds to an event rate of 5.8 events per ton per year
in the WIMP search range 2�10 keV, and O(105) events
below 1.2 MeV. Though dominant over a large electron
recoil energy range, the 2⌫�� background can be reduced
through the use of xenon depleted of 136Xe; experiments
such as EXO [25], which aim to observe neutrinoless dou-
ble beta decay, enrich the 136Xe of their target mass, and
thus produce significant quantities of depleted xenon as
a by product. A plausible reduction of this background
by a factor of 100 is also shown in Figure 2.

Another experimental background arises from radioac-
tive krypton and radon, as natural sources of xenon are
contaminated with these isotopes. While the half-life of
222Rn is only 3.8 days, the radon is continuously replen-
ished through emanation from detector materials. Thus
xenon dark matter experiments are designed to contin-
uously purify the target mass. Xenon-1t has achieved
the lowest levels of krypton concentration, at just 0.66
ppt [26]. The goal for the next generation, multi-ton
scale xenon target is 0.1 ppt of krypton and 0.1 µBq/kg
of radon [27].

III. DETECTION PROSPECTS

With the above estimates for the signal and back-
grounds, we now move on to discussing the prospects
for detection. We briefly discuss our likelihood analysis
for extracting the flux signals.

A. Measuring CNO neutrinos

We first calculate the significance of a CNO neutrino
flux detection as a function of the experimental exposure.
We define a poisson likelihood function in 20 log-spaced
recoil energy bins,

L(f↵) =
20Y

ı=1

Nkı
ı
e�kı

kı!
(1)

where Nı (kı) are the predicted (observed) number of
events in the ıth energy bin. The total number of events
in an energy bin from all flux components is N tot

ı
. We

consider electron recoils over the entire energy range of
5 keV - 1 MeV, where the upper limit is set in order to
contain the spectral endpoint of the CNO components,
without including the double beta decay peak.
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FIG. 3: The significance of a CNO neutrino detection above
the background of pp, pep, 7Be, solar neutrinos as well as the
intrinsic electron recoil background spectrum. The di↵erent
lines correspond to the level of depletion of 136Xe relative to
the natural abundance.

We define f↵ as the flux normalizations for each com-
ponent of the solar neutrino spectrum that we consider:
in our case we have ↵ = pp, 7Be, pep, and CNO. We
additionally define fbg as the background normalization.
To calculate the detection significance of a given compo-
nent, we use the profile likelihood test statistic, q0, which
is given by

p
q0 [28]. The test statistic is calculated for

a simulated representative dataset (called the ’Asimov’
dataset, where fCNO = 1), via

q0 =

8
<

:
�2logL(fCNO=0,✓̂)

L(f̂CNO,
ˆ̂
✓)

fCNO � f̂CNO

0 fCNO < f̂CNO

(2)

where ✓ are the nuisance parameters fpp, f7Be, fpep, and
fbg, and the hatted parameters denote maximization.

With this likelihood and test statistic, Figure 3 shows
the level of significance expected for a detection of CNO
neutrinos as a function of detector exposure. The sig-
nificance is calculated for a series of background scenar-
ios with progressive levels of depletion of 136Xe. At the
present projected background levels, thousands of ton-
years would be required to make a three-sigma detection
of CNO neutrinos. However, a modest reduction of the
136Xe concentration brings the exposure to more feasible
levels. Without the simultaneous reduction in concen-
tration of kryton and radon, depletion of 136Xe beyond
0.1% has a negligible e↵ect.

6

200 t.y

2000 t.y

0.00 0.01 0.02 0.03 0.04 0.05
0.00

0.02

0.04

0.06

0.08

0.10

0.12

LCNO,�/L�
�

FIG. 5: Projected fractional uncertainty on the neutrino luminosity of the Sun from multi-ton xenon dark matter experiments.
The top row shows the projected constraints without the nuclear reaction chain priors, and the bottom row shows the projected
constraints with the nuclear reaction chain priors applied. The left column shows the projected constraints on the total neutrino
flux, while the right column shows just the contribution of the CNO flux to the Solar luminosity.

reducing the uncertainty in their estimation. After 2000
ton-yr the CNO luminosity fraction is estimated to be
L⌫,CNO/L� = (6.4 ± 2.0)10�3, thus making the data
inconsistent with zero at over 3 sigma.

IV. DISCUSSION

In this paper we have studied the prospects for ex-
tracting the low energy components of the solar neutrino
flux through neutrino-electron elastic scattering channel
in xenon dark matter detectors. We find that exposures
of planned experiments can lead to an improved measure-
ment of all of these fluxes, and in particular can likely
lead to the first measurement of the CNO flux.

We have shown that the inclusion of well motivated pri-
ors on the nuclear reaction chain can help in the determi-

nation of the CNO contribution to the solar luminosity.
Allowing a robust measurement, inconsistant with zero,
at exposures of 2000 ton-years. Further improvements
could be made by reducing the background and the un-
certainty in its normalization, however we have shown
that realistic background levels do not preclude a mea-
surement of the CNO neutrino flux.
In summary, by extending to electron recoil energies

beyond the canonical 1-10 keV range used for canonical
dark matter searches, there is rich solar neutrino physics
to be studied. These detections would represent an im-
portant next step in the continuing development of the
solar neutrino program, dating back to over half of a cen-
tury.

Acknowledgements: The work of LES is supported
by DOE Grant de-sc0010813.
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• Linear combination of neutrino fluxes equals the photon 
luminosity  

• Deviation between neutrino luminosity and photon luminosity 
could hint at alternative sources of energy generation 

• Neutrino luminosity constraints improved by a factor of seven 
compared to global analysis (Bergstrom et al. 2016; 
Newstead, LS, Lang, 2018)

• Experimental efforts to measure CNO fluxes (Bonventre & 
Orebi Gann 2018; Cerdeno et al. 2018) 

• CNO measurement via electron scattering in G3 Xe 
experiments depends on 136Xe depletion 
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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 Pee

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 f8B , 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 f8B 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 f8B 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 (f8B , sin

2 ✓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
Pee = 0.55 for the pp neutrinos as motivated by cur-
rent measurements (see the pink dot in Fig. 4 left panel)

G3 detector can provide a test of the reactor/
galium anomaly  (Billard, LS, Figueroa-Feliciano, 

PRD 2014, 1409.0050)

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



New physics with atmospheric neutrinos
� 0/-$)* *.�$''�/$*) $)  �-/# (�// -

� 0/-$)*. /#�/ +-*+�"�/ . /#-*0"#  �-/# (�// -• G3 Xe detectors sensitive to NSI through atmospheric neutrinos 
• Dependence on CP phases due to matter-induced oscillations

Talk by Shu Liao



Recap: Neutrinos in dark matter experiments 

• First measurement of the 8B neutral current energy spectrum 
• First direct measurement of the survival probably for low energy solar neutrinos 
• Direct measurement of the CNO flux  
• PP flux measurement to ~ few percent will provide most stringent measurement 

of the ``neutrino luminosity” of the Sun

Astrophysics 



Recap: Neutrinos in dark matter experiments 

• First measurement of the 8B neutral current energy spectrum 
• First direct measurement of the survival probably for low energy solar neutrinos 
• Direct measurement of the CNO flux  
• PP flux measurement to ~ few percent will provide most stringent measurement 

of the ``neutrino luminosity” of the Sun

Astrophysics 

Particle physics

• NSI affects both neutrino-coherent scattering and neutrino-electron elastic 
scattering channels  

• Independent probe of eV-scale sterile neutrinos 
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FIG. 7: Projected posterior probabilities of the four NSI parameters with future accelerator and

reactor data. Here we assume zero experimental background for the accelerator detectors, all other

uncertainties are marginalized over. The contours show the 68% and 95% credible regions, and the

red cross indicates the simulated Standard Model value.

VI. CONCLUSION

The first measurement of the coherent elastic neutrino-nucleus scattering process by the

COHERENT collaboration has ushered in a new era in the study of the neutrino sector,

and has further demonstrated the fruitful avenue that neutrino physics continues to provide

as a means of testing physics beyond the Standard Model. The CE‹NS process is already

16

Reactor, accelerator, solar 
complementarity 

Solar neutrinos add 
sensitivity to NSI from 
neutrino propagation

Dent, Dutta, Liao, 
Newstead, LS, 
Walker PRD 2018



New directions in dark matter and neutrino physics 

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

Reactors Accelerators 

Astrophysical sources 


