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Neutrinos in dark matter detectors

The Aquarius Project: the subhalos of galactic halos 7

Figure 3. Projected dark matter density in our six different high-resolution halos at z = 0, at the ‘2’ resolution level. In each panel,
all particles within a cubic box of side length 2.5 × r50 centred on the halo are shown, and the circles mark the radius r50. The image
brightness is proportional to the logarithm of the squared dark matter density, and the colour hue encodes the local particle velocity
dispersion, with the same colour map as in Figure 2.

to make them feasible on today’s supercomputers. We have
carried out our most expensive calculation, the Aq-A-1 run,
on the Altix 4700 supercomputer of the Leibniz Computing
Center (LRZ) in Garching/Germany, using 1024 CPUs and
about 3 TB of main memory. The calculation took more than
3.5 million CPU hours to carry out about 101400 timesteps
that involved 6.72×1013 force calculations in total. We have
stored 128 simulation dumps for this calculation, amounting
to a data volume of about 45 TB. The other simulations of
the Aquarius Project were in part calculated on the LRZ
system, and in part on other supercomputers across Eu-
rope. These were the COSMA computer at Durham Univer-
sity/UK, the Bluegene/L system STELLA of the LOFAR
consortium in Groningen/Netherlands, and a Bluegene/P
system of the Max-Planck Computing Center in Garching.
For all these simulations we also stored at least 128 outputs,
but for Aq-A-2 and Aq-A-4 we kept 1024 dumps, and for
Aq-A-3 half this number. This provides exquisite time reso-
lution for studies of the detailed formation history of halos
and the evolution of their substructure. In the present study,
however, we focus on an analysis of the objects at z = 0.

2.4 A first view of the simulations

In Figures 2 and 3, we show images† of the dark matter
distribution in our 6 high resolution halos at redshift z = 0.
The brightness of each pixel is proportional to the logarithm
of the squared dark matter density projected along the line-
of-sight,

S(x, y) =

!

ρ2(r) dz, (1)

while the colour hue encodes the mean dark matter velocity
dispersion, weighted as

σ(x, y) =
1

S(x, y)

!

σloc(r) ρ2(r) dz. (2)

Here the local dark matter density ρ(r) and the local veloc-
ity dispersion σloc(r) of the particles are estimated with an
SPH kernel interpolation scheme based on 64 neighbours.
We use a two-dimensional colour-table (see Fig. 2) in which
the information about the local dark matter ‘temperature’ is

† Further images and videos of the formation process of the halos
are available at http://www.mpa-garching.mpg.de/aquarius
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We consider the possibility that the neutral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10 GeV; particles with spin-dependent interactions of typical weak
strength and masses 1—10 GeV; or strongly interacting particles of masses 1—10' GeV.

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

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

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

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

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

Experimental source

Spallation source
Reactor
Solar neutrinos

pp cycle
Be
8B

Galactic halo
coherent m -2 GeV

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

Event rate
in kg 'day

10 —10
10

10 —10
10 —5 && 10
10 —10 2

50—1000
up to 104

0. 1—1
up to 1

Recoil energy
range

10—100 keV
50—500 eV
1—10 eV
5—50 eV

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

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

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

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

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

✦ Spin-Independent: Cross 
section scales as the mass 
number of nucleus. 

✦ Spin-dependent: Cross 
section depends on angular 
momentum

Goodman & Witten 1984, Ellis & 
Flores 1988, Engel 1991

6

✦ WIMP-nucleus scattering 
assumed isotropic 

✦ Laboratory velocity points 
towards Cygnus 

WIMP WIMP



Coherent neutrino-nucleus scattering

neutrino neutrino

✦ Coherent neutrino 
scattering will produce a 
signal similar to a WIMP

7

• Proportional to the number of neutrons2 
due to vector current coupling

2

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

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

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

II. EXTRACTING COHERENT NEUTRINO
SCATTERING AND ELASTIC SCATTERING

SIGNALS

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

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

R

and the neu-

trino energy E
⌫

is [29]

d�
CNS

(E
⌫

, T
R

)

dT
R

=
G2

f

4⇡
Q2

w

m
N

✓
1� m

N

T
R

2E2

⌫

◆
F 2(T

R

),

(1)
where m

N

is the target nucleus mass, G
f

is the Fermi
coupling constant, Q

w

= N�(1�4 sin2 ✓
w

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

w

the weak mixing angle.
F (T

R

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

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

e

.
The resulting cross section is [31, 32]
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where m
e

is the electron mass, g
v

and g
a

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

g
v

= 2 sin2 ✓
w

� 1

2
g
a

= �1

2
. (3)

In the particular case ⌫
e

+e ! ⌫
e

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

v,a

! g
v,a

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

e

+ e and ⌫
µ,⌧

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

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

e

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

e

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

• Compare to spin-independent WIMP-
nucleus cross section which is 
proportional to A2

• Straightforward prediction of Standard 
Model. Though not yet detected. 

• Also will consider neutrino-electron 
elastic scattering 
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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

�m2
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

�m2
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 
metallicity

Low 
metallicity

Haxton et al, 2013

SNO NC measurement (5.25 x 106) right in between predictions of 
low and high metallicity SSMs



Electron neutrino survival probability 

Borexino collaboration, Nature 2014
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Atmospheric and supernova neutrinos
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Neutrino Coherent Scattering Rates at Direct Dark Matter Detectors 7

Figure 3. Number of events above a threshold recoil kinetic energy for four target
nuclei. For both the diffuse supernova and atmospheric event rates, the sum of all
contributing neutrino flavors are shown.

thresholds in the area of ∼ 5 keV; as is seen dropping the threshold below this energy

will lead to a significantly increased 8B signal.
As an additional note, the analysis above just accounts for neutrino-nucleus

coherent scattering. In principle it would also be possible to detect these same fluxes

via neutrino-electron elastic scatterings [8]. For this channel the largest rate is to due

the solar pp reaction. For example, from pp scatterings on Xe a flat spectrum of electron

recoil events is expected at ∼ 0.1 events per ton-yr with energies up to ∼ 600 keV.

3. Implications for WIMP-Nucleon Cross Section Constraints

In the absence of backgrounds the expected upper limit on the WIMP-cross section

simply scales linearly with the detector. For example a ten times greater exposure

will imply a ten times stronger upper limit on the cross section. In the presence of

backgrounds, however, the projected limits on the cross section must be modified.

Dodelson [26] has provided a simple formalism for estimating the upper limit on the

Ne Ar

Neutrino Backgrounds/Signals

Flux of Atmospheric Neutrinos 9

where φp(A) is the flux of primary protons (nuclei of mass A) outside the influence

of the geomagnetic field and Rp(A) represents the filtering effect of the geomag-

netic field. Free and bound nucleons are treated separately because propagation

through the geomagnetic field depends on magnetic rigidity (total momentum

divided by total charge) whereas particle production depends to a good approxi-

mation on energy per nucleon. A proton of rigidity R (GV) has total energy per

nucleon E(GeV ) =
!

R2 + m2
p whereas the corresponding relation for helium is

E(GeV/A) =
!

R2/4 + m2
p.

The neutrinos come primarily from the two-body decay modes of pions and

kaons and the subsequent muon decays. The decay chain from pions is

π± → µ± + νµ(νµ) (4)

↘

e± + νe(νe) + νµ(νµ),

with a similar chain for charged kaons. When conditions are such that all particles

decay, we therefore expect

νµ + ν̄µ

νe + ν̄e
∼ 2, (5)

νµ/ν̄µ ∼ 1 and νe/νe ∼ µ+/µ−.

Moreover, the kinematics of π and µ decay is such that roughly equal energy is

carried on average by each neutrino in the chain.

2.1 Early calculations

The early calculations used the relation between muons and neutrinos implied

by Eq. 4. The idea is to parameterize the pion production spectrum in the

atmosphere to fit an observed flux of muons. In this way, the primary spectrum

Strigari, NJP 2009
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by Eq. 4. The idea is to parameterize the pion production spectrum in the

atmosphere to fit an observed flux of muons. In this way, the primary spectrum

Strigari, NJP 2009

Solar 

Neutrinos

ATM 

Neutrinos

SN

Neutrinos 10



Event rate predictions 

Recoil energy [keV]
-310 -210 -110 1 10 210

]
-1

E
ve

n
t 

ra
te

 [
(t

o
n

.y
e

a
r.

ke
V

)

-410

-110

210

510

810
pp
pep

hep
7Be_384.3keV
7Be_861.3keV

8B
13N
15O
17F
dsnbflux_8
dsnbflux_5
dsnbflux_3
AtmNu_e

AtmNu_ebar
AtmNu_mu
AtmNu_mubar

Total

Monroe and Fisher PRD 2008

Ar

Neutrino Coherent Scattering Rates at Direct Dark Matter Detectors 7

Figure 3. Number of events above a threshold recoil kinetic energy for four target
nuclei. For both the diffuse supernova and atmospheric event rates, the sum of all
contributing neutrino flavors are shown.

thresholds in the area of ∼ 5 keV; as is seen dropping the threshold below this energy

will lead to a significantly increased 8B signal.
As an additional note, the analysis above just accounts for neutrino-nucleus

coherent scattering. In principle it would also be possible to detect these same fluxes

via neutrino-electron elastic scatterings [8]. For this channel the largest rate is to due

the solar pp reaction. For example, from pp scatterings on Xe a flat spectrum of electron

recoil events is expected at ∼ 0.1 events per ton-yr with energies up to ∼ 600 keV.

3. Implications for WIMP-Nucleon Cross Section Constraints

In the absence of backgrounds the expected upper limit on the WIMP-cross section

simply scales linearly with the detector. For example a ten times greater exposure

will imply a ten times stronger upper limit on the cross section. In the presence of

backgrounds, however, the projected limits on the cross section must be modified.

Dodelson [26] has provided a simple formalism for estimating the upper limit on the
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where φp(A) is the flux of primary protons (nuclei of mass A) outside the influence

of the geomagnetic field and Rp(A) represents the filtering effect of the geomag-

netic field. Free and bound nucleons are treated separately because propagation

through the geomagnetic field depends on magnetic rigidity (total momentum

divided by total charge) whereas particle production depends to a good approxi-

mation on energy per nucleon. A proton of rigidity R (GV) has total energy per

nucleon E(GeV ) =
!

R2 + m2
p whereas the corresponding relation for helium is

E(GeV/A) =
!

R2/4 + m2
p.

The neutrinos come primarily from the two-body decay modes of pions and

kaons and the subsequent muon decays. The decay chain from pions is

π± → µ± + νµ(νµ) (4)

↘

e± + νe(νe) + νµ(νµ),

with a similar chain for charged kaons. When conditions are such that all particles

decay, we therefore expect

νµ + ν̄µ

νe + ν̄e
∼ 2, (5)

νµ/ν̄µ ∼ 1 and νe/νe ∼ µ+/µ−.

Moreover, the kinematics of π and µ decay is such that roughly equal energy is

carried on average by each neutrino in the chain.

2.1 Early calculations

The early calculations used the relation between muons and neutrinos implied

by Eq. 4. The idea is to parameterize the pion production spectrum in the

atmosphere to fit an observed flux of muons. In this way, the primary spectrum
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Figure 3. Number of events above a threshold recoil kinetic energy for four target
nuclei. For both the diffuse supernova and atmospheric event rates, the sum of all
contributing neutrino flavors are shown.

thresholds in the area of ∼ 5 keV; as is seen dropping the threshold below this energy

will lead to a significantly increased 8B signal.
As an additional note, the analysis above just accounts for neutrino-nucleus

coherent scattering. In principle it would also be possible to detect these same fluxes

via neutrino-electron elastic scatterings [8]. For this channel the largest rate is to due

the solar pp reaction. For example, from pp scatterings on Xe a flat spectrum of electron

recoil events is expected at ∼ 0.1 events per ton-yr with energies up to ∼ 600 keV.

3. Implications for WIMP-Nucleon Cross Section Constraints

In the absence of backgrounds the expected upper limit on the WIMP-cross section

simply scales linearly with the detector. For example a ten times greater exposure

will imply a ten times stronger upper limit on the cross section. In the presence of

backgrounds, however, the projected limits on the cross section must be modified.

Dodelson [26] has provided a simple formalism for estimating the upper limit on the
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where φp(A) is the flux of primary protons (nuclei of mass A) outside the influence

of the geomagnetic field and Rp(A) represents the filtering effect of the geomag-

netic field. Free and bound nucleons are treated separately because propagation

through the geomagnetic field depends on magnetic rigidity (total momentum

divided by total charge) whereas particle production depends to a good approxi-

mation on energy per nucleon. A proton of rigidity R (GV) has total energy per

nucleon E(GeV ) =
!

R2 + m2
p whereas the corresponding relation for helium is

E(GeV/A) =
!

R2/4 + m2
p.

The neutrinos come primarily from the two-body decay modes of pions and

kaons and the subsequent muon decays. The decay chain from pions is

π± → µ± + νµ(νµ) (4)

↘

e± + νe(νe) + νµ(νµ),

with a similar chain for charged kaons. When conditions are such that all particles

decay, we therefore expect

νµ + ν̄µ

νe + ν̄e
∼ 2, (5)

νµ/ν̄µ ∼ 1 and νe/νe ∼ µ+/µ−.

Moreover, the kinematics of π and µ decay is such that roughly equal energy is

carried on average by each neutrino in the chain.

2.1 Early calculations

The early calculations used the relation between muons and neutrinos implied

by Eq. 4. The idea is to parameterize the pion production spectrum in the

atmosphere to fit an observed flux of muons. In this way, the primary spectrum
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As discussed in Ref. [48], the test statistic q
0

is then de-
fined as :

q
0

=

⇢
�2 ln�(0) �̂��n > 0

0 �̂��n < 0.
(15)

As one can deduce from such test, a large value of q
0

implies a large discrepancy between the two hypotheses,
which is in favor of H

1

hence a discovery interpretation.
The p-value p

0

associated to this test is then defined as :

p
0

=

Z 1

qobs
0

f(q
0

|H
0

)dq
0

, (16)

where f(q
0

|H
0

) is the probability distribution function of

q
0

under the background only hypothesis. Then, p
0

cor-
responds to the probability to have a discrepancy, bet-
ween H

0

and H
1

, larger or equal to the observed one qobs
0

.
Following Wilk’s theorem, q

0

asymptotically follows a �2

distribution with one degree of freedom (see Ref.[48] for a
more detailed discussion). In such a case, the significance
Z in units of sigmas of the detection is simply given by
Z =

p
qobs
0

.

The resulting discovery limits are presented in Figure 9
in the WIMP-nucleon cross section vs. WIMP mass plane
for four di↵erent experiments : Ge target with a 0.1 keV
threshold (top left), Ge target with a 2 keV threshold
(bottom left), Xe target with a 0.1 keV threshold (top
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Figure 3. Number of events above a threshold recoil kinetic energy for four target
nuclei. For both the diffuse supernova and atmospheric event rates, the sum of all
contributing neutrino flavors are shown.

thresholds in the area of ∼ 5 keV; as is seen dropping the threshold below this energy

will lead to a significantly increased 8B signal.
As an additional note, the analysis above just accounts for neutrino-nucleus

coherent scattering. In principle it would also be possible to detect these same fluxes

via neutrino-electron elastic scatterings [8]. For this channel the largest rate is to due

the solar pp reaction. For example, from pp scatterings on Xe a flat spectrum of electron

recoil events is expected at ∼ 0.1 events per ton-yr with energies up to ∼ 600 keV.

3. Implications for WIMP-Nucleon Cross Section Constraints

In the absence of backgrounds the expected upper limit on the WIMP-cross section

simply scales linearly with the detector. For example a ten times greater exposure

will imply a ten times stronger upper limit on the cross section. In the presence of

backgrounds, however, the projected limits on the cross section must be modified.

Dodelson [26] has provided a simple formalism for estimating the upper limit on the
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where φp(A) is the flux of primary protons (nuclei of mass A) outside the influence

of the geomagnetic field and Rp(A) represents the filtering effect of the geomag-

netic field. Free and bound nucleons are treated separately because propagation

through the geomagnetic field depends on magnetic rigidity (total momentum

divided by total charge) whereas particle production depends to a good approxi-

mation on energy per nucleon. A proton of rigidity R (GV) has total energy per

nucleon E(GeV ) =
!

R2 + m2
p whereas the corresponding relation for helium is

E(GeV/A) =
!

R2/4 + m2
p.

The neutrinos come primarily from the two-body decay modes of pions and

kaons and the subsequent muon decays. The decay chain from pions is

π± → µ± + νµ(νµ) (4)

↘

e± + νe(νe) + νµ(νµ),

with a similar chain for charged kaons. When conditions are such that all particles

decay, we therefore expect

νµ + ν̄µ

νe + ν̄e
∼ 2, (5)

νµ/ν̄µ ∼ 1 and νe/νe ∼ µ+/µ−.

Moreover, the kinematics of π and µ decay is such that roughly equal energy is

carried on average by each neutrino in the chain.

2.1 Early calculations

The early calculations used the relation between muons and neutrinos implied

by Eq. 4. The idea is to parameterize the pion production spectrum in the

atmosphere to fit an observed flux of muons. In this way, the primary spectrum
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Figure 3. Number of events above a threshold recoil kinetic energy for four target
nuclei. For both the diffuse supernova and atmospheric event rates, the sum of all
contributing neutrino flavors are shown.

thresholds in the area of ∼ 5 keV; as is seen dropping the threshold below this energy

will lead to a significantly increased 8B signal.
As an additional note, the analysis above just accounts for neutrino-nucleus

coherent scattering. In principle it would also be possible to detect these same fluxes

via neutrino-electron elastic scatterings [8]. For this channel the largest rate is to due

the solar pp reaction. For example, from pp scatterings on Xe a flat spectrum of electron

recoil events is expected at ∼ 0.1 events per ton-yr with energies up to ∼ 600 keV.

3. Implications for WIMP-Nucleon Cross Section Constraints

In the absence of backgrounds the expected upper limit on the WIMP-cross section

simply scales linearly with the detector. For example a ten times greater exposure

will imply a ten times stronger upper limit on the cross section. In the presence of

backgrounds, however, the projected limits on the cross section must be modified.

Dodelson [26] has provided a simple formalism for estimating the upper limit on the
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where φp(A) is the flux of primary protons (nuclei of mass A) outside the influence

of the geomagnetic field and Rp(A) represents the filtering effect of the geomag-

netic field. Free and bound nucleons are treated separately because propagation

through the geomagnetic field depends on magnetic rigidity (total momentum

divided by total charge) whereas particle production depends to a good approxi-

mation on energy per nucleon. A proton of rigidity R (GV) has total energy per

nucleon E(GeV ) =
!

R2 + m2
p whereas the corresponding relation for helium is

E(GeV/A) =
!

R2/4 + m2
p.

The neutrinos come primarily from the two-body decay modes of pions and

kaons and the subsequent muon decays. The decay chain from pions is

π± → µ± + νµ(νµ) (4)

↘

e± + νe(νe) + νµ(νµ),

with a similar chain for charged kaons. When conditions are such that all particles

decay, we therefore expect

νµ + ν̄µ

νe + ν̄e
∼ 2, (5)

νµ/ν̄µ ∼ 1 and νe/νe ∼ µ+/µ−.

Moreover, the kinematics of π and µ decay is such that roughly equal energy is

carried on average by each neutrino in the chain.

2.1 Early calculations

The early calculations used the relation between muons and neutrinos implied

by Eq. 4. The idea is to parameterize the pion production spectrum in the

atmosphere to fit an observed flux of muons. In this way, the primary spectrum
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based experiments
for the SI interaction with thresholds set such that we do not have pp neutrino events in the data: 3 eV, 5.3 eV, 14 eV and
33 eV for Xe, Ge, Si and C respectively. The exposure has been set such as an expected number of 1,000 8B neutrino events
equally distributed between the targets was expected in the four cases. For the C

3

F
8

based experiment we computed two limits
with and without energy sensitivity. Also shown are the background-free limits obtained without considering the neutrino
background (sensitivity limits). Right: Ratio between the discovery limits of a Xe based experiment, combinations of Xe/Ge,
Xe/Ge/Si and Xe/Ge/Si/C

3

F
8

based experiments with their respective sensitivity limits. The gap between this ratio and 1
gives the e↵ect of the background on the discovery potential. Also shown as dashed vertical lines the WIMP masses that can
be mimicked by di↵erent neutrino components.

comes from the di↵erences in the reconstructed WIMP
masses from a 8B signal shown in Fig. 7 (left panel).
C

3

F
8

is currently used in bubble chamber experiments
such as COUPP which do not have sensitivity to the
recoil energy since they detect events which deposit an
energy density above the threshold required to generate
bubble nucleation [30]. We have thus included curves
with and without energy sensitivity for this target. For
reference, the background-free sensitivity limits for the
chosen exposures are also shown as dashed lines. The

ratio between the sensitivity and the discovery limits,
shown in Fig. 8 (right panel), allows us to quantify the
impact of the neutrino background on the WIMP discov-
ery potential of these idealized experiments. As expected,
for SI WIMP interactions target complementarity has a
modest e↵ect and can at most reduce by a factor of 2
the impact of the neutrino background on the discovery
potential.

Fig. 9 (left panel) is similar to Fig. 8 (left panel) but for
the SD interaction on the proton. From Fig. 7 (right) we
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recoil energy since they detect events which deposit an
energy density above the threshold required to generate
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with and without energy sensitivity for this target. For
reference, the background-free sensitivity limits for the
chosen exposures are also shown as dashed lines. The

ratio between the sensitivity and the discovery limits,
shown in Fig. 8 (right panel), allows us to quantify the
impact of the neutrino background on the WIMP discov-
ery potential of these idealized experiments. As expected,
for SI WIMP interactions target complementarity has a
modest e↵ect and can at most reduce by a factor of 2
the impact of the neutrino background on the discovery
potential.
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Our primary motivation for this is because the neutrino-
electron spectrum is flat and is therefore fairly easy to
distinguish from a WIMP signal. Furthermore, in the
following we will mainly focus on the low WIMP mass
region (below 20 GeV/c2) where the CNS background
largely dominates over the neutrino-electron induced one.
Moreover, most experiments are able to distinguish be-
tween electron and nuclear recoils down to 10�3-10�5,
making the neutrino-electron scattering a negligible com-
ponent.

B. Discovery limit computation

Following Ref. [10], we utilize a profile likelihood ra-
tio test statistic in order to derive discovery limits of
upcoming direct detection experiments in the context of
the coherent neutrino scattering background. A discov-
ery limit fixes a WIMP-nucleon cross section such that if
the true WIMP-nucleon cross section is higher than this
value then the considered experiment has a 90% probabil-
ity to detect a WIMP with at least a 3� confidence level
[25]. A binned likelihood function has been used in order
to compute discovery limits for very high exposures:

L (�
��n

,�
⌫
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N
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binY
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����µ
h,i

�

+
N

⌫X

j=1

µh,i,j

⌫
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A
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⇥
N

⌫Y

j=1

L j

⌫

(�j

⌫

) (6)

where �j

⌫

are the di↵erent neutrino fluxes, P is the
Poisson probability function, N

exp

is the number of
independent experiments, N

bin

is the considered number

of bins, Nh,i is the number of events in the i-th bin of
h-th experiment and N

⌫

is the number of considered
neutrino families. The values of µh,i

�

and µh,i,j

⌫

corre-
spond respectively to the expected number of events
from WIMPs and neutrinos of the family j for the
experiment h. They are computed by integrating the
considered event rates over the recoil energy range of the
i-th bin. Finally, L j

⌫

(�j

⌫

) are the individual likelihood
functions related to the flux normalization of each
neutrino component. They are parametrized as gaussian
distributions with a standard deviation corresponding
to the uncertainty on the considered neutrino flux.

The profile likelihood ratio test statistic allows one to
quantify the gap between a background only hypothesis
(H

0

) and an alternative hypothesis (H
1

) which includes
both background and signal [26]. It is defined as:

q
0

=

8
<

:
�2ln


L (�

��n

=0,

ˆ

ˆ

~

�

⌫

)

L (�̂

��n

,

ˆ

~

�

⌫

)

�
�̂
��n

> 0

0 �̂
��n

< 0
(7)

where we used the
ˆ̂
~�
⌫

notation to show that this
parameter varies in order to maximize the conditional
likelihood function when �

��n

is fixed to zero. Following
Wilk’s theorem, the probability distribution function of
q
0

asymptotically follows a half �2 distribution with one
degree of freedom. This has been checked by computing
the histogram of the q

0

values under the H
0

hypothesis
for 1,000 Monte Carlo pseudo-experiments. Therefore
the significance of this test statistic is simply given by
Z =

p
qobs
0

in units of sigmas.

Figure 2 presents the evolution of the discovery limit
for a WIMP mass of 6 GeV/c2 (left panel) and 100

Going beyond the neutrino background: 
Bigger detectors
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Going beyond the neutrino background: Directional detection

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

E

r,max

=
2E2

⌫

m

T

+ 2E
⌫

, (7)

where E

⌫

is the incident neutrino energy, and m

T

is
the mass of the target nucleus. The four-momentum ex-

change is related to the recoil energy by Q

2 = 2m
T

E

r

,
and the three-momentum exchange q is approximately
equal to

p
2m

T

E

r

. 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

Q

W

= 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 Q

W

, 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 ✓)
=

G

2

F

8⇡
Q

2

W

E

2

⌫

(1 + cos ✓) F (Q2)2 , (9)

where G
F

is the Fermi coupling constant, Q
W

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, E

rec

, of the recoiling nucleus as

d�

dE

r

=
G

2

F

4⇡
Q

2

W

M

2 (1� m

T

E

r

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
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FIG. 4: Mollweide projections of the WIMP plus 8B neutrino angular di↵erential event rate integrated within (from left
to right) three equally sized energy bins spanning the range Er = 0 to 5 keV, for a WIMP with mass m� = 6GeV and
���n = 4.9 ⇥ 10�45 cm2 and a Xe target. The top row shows the signal on February 26th, when the separation between the
directions of the Sun and Cygnus is smallest (⇠ 60�), and the bottom row on September 6th, when the separation is largest
(⇠ 120�). The WIMP contribution is to the left of the neutrino contribution on the top row and to the right on the bottom
row. The Mollweide projections are of the event rate in the laboratory co-ordinate system with the horizon aligned horizontally
and the zenith and nadir at the top and bottom of the projection respectively.

the angular spread decreases with increasing energy i.e.,
the highest energy recoils have the smallest angle between
the incoming particle direction and the recoil direction.

In addition to the standard case of a detector with full
3-dimensional sensitivity, we will also assess the discov-
ery potential of a detector which only has sensitivity to
1-dimensional and 2-dimensional projections of the 3-d
recoil track. Using Eq. (18) we define the 2-d readout to
be the projection of the recoil track onto the x-y plane
such that only the angle � is measured, and the 1-d read-
out to be the projection on to the z-axis such that only
the angle ✓ is measured.

Figure 5 shows the daily evolution of the 1-d, cos ✓,
and 2-d, �, recoil angle distributions at a single energy
(0.5 keV) from 8B neutrinos and a WIMP with mass
m

�

= 6GeV. The � distributions from 8B neutrinos
have two peaks, because at a fixed recoil energy the neu-
trino energy spectrum produces recoils in a ring around
the incident direction. In the WIMP case, however, the
distribution of recoils is peaked in a single direction, to-
wards �v

lab

. The 2-d and 1-d distributions for both at-

mospheric and DSNB neutrinos are flat, and therefore we
do not show them for clarity. The WIMP and neutrino
distributions are significantly di↵erent, not only in their
shape at a single time but also how they evolve over the
course of a day. This suggests that a detector with only
1-d or 2-d readout should still be able to discriminate
WIMP and neutrino induced recoils.

IV. ANALYSIS METHODOLOGY

In this section we introduce the analysis methodology
we use to assess the discovery potential of each readout
strategy for future low-threshold, ton-scale experiments.
Discovery limits were first introduced in Ref. [39] and are
defined such that if the true WIMP model lies above this
limit then a given experiment has a 90% probability to
achieve at least a 3� WIMP detection. To derive these
limits, it is necessary to compute the detection signif-
icance associated with di↵erent WIMP parameters, for
each detector configuration. This can be done using the

Grothaus et al. 2014; O’Hare, Billard, Green, Figueroa-Feliciano, Strigari PRD 2015 
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Going beyond the neutrino background: 
Annual modulation

J. Davis 2014; O’Hare, Billard, Green, Figueroa-Feliciano, Strigari PRD 2015Figure 1. Time variation from DM with a mass of 6 GeV when combined with the signal from solar
neutrino induced nuclear recoils, summed over all recoil energies. Combining the DM and neutrino
signals gives a new time-varying cosine with a di↵erent phase and amplitude. A larger DM-nucleon
cross section � causes the phase of the combined signal to shift to later times and reduces the size of
the overall residual. The shaded regions indicate uncertainty due to systematics in the neutrino flux.

including the annual variation in the Earth-Sun distance it is given by [26],

�⌫(t, E⌫) =
R(E⌫)

4⇡r2(t)
⇡ R(E⌫)

4⇡r20


1 + 2✏cos

✓
2⇡(t� �⌫)

T⌫

◆�
, (2.1)

where R is the neutrino production rate in the Sun, t is the time from January 1st, r(t) is the
time-dependent distance between the Earth and Sun, r0 is the average distance, ✏ = 0.01671
is the orbital eccentricity, T⌫ is the period and �⌫ is the phase. The Earth is closest to the
Sun around January 4th (implying �⌫ = 3 days). Measurements from Borexino [26] for 7Be
neutrinos give a period of T⌫ = 1.01 ± 0.07 years and a phase of �⌫ = 11.0 ± 4.0 days and
observations of 8B neutrinos by Super-Kamiokande [27] are consistent with equation (2.1).
Hence the di↵erential neutrino rate per unit detector mass is

d2N⌫

dtdE
=

Z
dE⌫ �(E,E⌫)�⌫(t, E⌫), (2.2)

where E⌫ is the neutrino energy (as opposed to the nuclear recoil energy E) which we integrate
out and �(E,E⌫) is the neutrino-nucleus cross section [17–19]. In this work we consider only
the 8B neutrinos as a background to DM searches as they dominate for the energy ranges
relevant for a light-DM search.

In order to calculate the rate of DM recoil events, and their annual modulation, we need
to know the distribution of DM velocities in the rest-frame of the Earth. The DM rate is
expected to vary by a few percent with an approximately sinusoidal modulation due to the
changing direction between the Earth and the DM over the year [28]. The di↵erential rate
of Dark Matter interactions with nuclei takes the form of

d2NDM

dtdE
=

⇢DM

mNm

Z vesc

vmin(E)
d3v

d�

dE
vf(v + vE(t)), (2.3)
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Going beyond the neutrino background: 
Non-relativistic Effective Field Theory 
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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
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Going beyond the neutrino background: 
Non-relativistic Effective Field Theory 
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FIG. 1. Best fits of each operator to boron-8 neutrino rate for the four targets
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Extracting new physics from Solar neutrinos
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Solar neutrinos: Outstanding issues 

1. Solar Metallicity problem

2. Intermediate energy survival probability 

New 3D rotational hydrodynamical simulations suggest lower 
metallicity in Solar core [Asplund et al. 2009]

However the low metallicity appears in conflict with helioseismology 
data

SK, Borexino, SNO CC data 
seem to not indicate an ‘upturn’ 
in the electron neutrino survival 
probability 

21



Sterile neutrinos 

• Main SNO CC and NC results do not account for sterile neutrinos 

• To get constraints on sterile neutrinos from the Sun, combine with 
KamLAND data and assume LMA-MSW solution

22



Evidence for a ~ 1 eV sterile neutrino? 

• electron neutrino disappearance 
experiments: Gallium, reactor 
anomaly (Giunti & Lavedar 2006; 
Mention et al. 2011)  

• muon to electron neutrino appearance 
experiments (LSND, MiniBooNE)

• muon neutrino disappearance 
experiments (Super-K, MiniBooNE, 
MINOS)

23

Hints for sterile neutrinos from:

No hints for sterile neutrino from:

Kopp et al., sterile neutrino review 2013



Evidence for a ~ 1 eV sterile neutrino? 

• Also, possible evidence 
from cosmology 
(Giusarma et al.; Dvorkin et 
al.; Zhang et al. 2014)  

SOX: sensitivity to sterile neutrino

--- RA (95% C.L.)
--- RA (99% C.L.)
--- SOX  Cr (95% C.L.)
--- SOX  Cr (99% C.L.)
--- SOX  Ce (95% C.L.)
--- SOX  Ce (99% C.L.)

Global fit. Giunti et al. 
Physical Review D, vol. 
88, 073008, 2013 

• We considered a 3+1 
sterile neutrino model 
(Giunti & Li 2009; Palazzo 
2011, Giunti et al. 2013). 
Electron neutrino mixes 
with 4th mass eigenstate

24

• Most generally constraints 
on sterile neutrinos are 
model-dependent (3+1,3+2, 
etc). 
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FIG. 4: Left: Contours at 95% C.L. on the electron neutrino survival probability Pee (cyan) and transition probability into a
sterile neutrino Pes (red) as a function of the neutrino energy. The two set of bands correspond to the case Solar + KamLAND
(dashed lines) and to the case Solar + KamLAND + CNS + ES with a 10 ton-year exposure (filled contours). The contours are
determined from Bayesian marginalization of the previously discussed MCMC analyses. Also shown are the current constraints
on the neutrino-electron survival probability derived assuming no existence of sterile neutrinos [49]. Right: Projected limits
on the active-to-sterile mixing angle sin2 ✓14 ⌘ sin2 ✓ee using all current Solar and KamLAND data plus a 1 (green) and 10
(blue) ton-year exposure of a Ge dark matter detector sensitive to both CNS and ES neutrino induced events. The highlighted
regions are the favored solutions for the reactor anomaly at the 95% and 99% C.L. [51]. The red contour corresponds to the
99% C.L. constraint and best fit point derived from a global analysis of both neutrino disappearance and appearance data [50].
The dashed grey curves are the projected limit from the SOX experiment [52, 53].

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

ee

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

14

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

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

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

8B

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

8B

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

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

s�1 and 4.59⇥ 106(1± 0.14) cm�2 s�1.

With f
8B

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

14

. The constraints on sin2 ✓
14

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

8B

, sin2 ✓
12

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

12

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

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

• Sterile neutrino sensitivity of 
DM detectors complementary to 
terrestrial searches for eV scale 
sterile neutrinos

Billard, Strigari, Figueroa-Feliciano, 
arXiv:1409.0050

Sterile neutrinos with low threshold DM detectors
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Neutrino magnetic moment 

27

Dutta, Mahapatra, Strigari, Walker, arXiv:1508.07981

4

It is clear that nuclear scattering will generally be dominated by the vector charge, and in the limit of vanishing
axial charge the residual functional dependence 1 � MT

R

/2E2

⌫ interpolates between a large cross-section at zero
recoil and a vanishing cross-section at cut-o↵, where energy-momentum conservation stipulates the maximum recoil
Tmax

R

= 2E2

⌫/(M + 2E⌫) achievable in a collision with no glancing component. The large mass-denominator in this
term highlights the necessity of ultra-low threshold detectors for observation of the heavily boosted CE⌫NS feature.
We calculate that, in order to capture about half of the scattering from fission neutrinos with a mean energy of
1.5 MeV, a detector threshold around 50, 20 eV is required in 28Si, 72Ge.

If the neutrino has a non-vanishing magnetic moment µ⌫ (expressed dimensionlessly as a multiple of the Bohr
magneton µ

Bohr

⌘ e/2me), then this supplements (as a simple sum) the scattering cross section(s) described in
Eq. (1) [22],

d�

dT
R

����
µ⌫

=
⇡↵2µ2

⌫

m2

e


1� T

R

/E⌫

T
R

+
T
R

4E2

⌫

�
. (2)

The second term of Eq. (2) applies only to the case of nuclear scattering, while both nuclear and electron scattering
reference the first term. For coherent nuclear scattering, the unified contribution will again be multiplied by Z2,
whereas the sum over individual elements of the electron cloud is again linear, providing a factor of just Z. For nuclei
with odd atomic number there are additional terms dependent upon the nuclear magnetic moment [22].

FIG. 1: Integrated yield of nuclear recoil events (per kg per year) captured by

72

Ge (solid) and

28

Si (dashed) detectors as a function

of detector recoil threshold T th
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whereas the sum over individual elements of the electron cloud is again linear, providing a factor of just Z. For nuclei
with odd atomic number there are additional terms dependent upon the nuclear magnetic moment [22].

SM Coherent Nuclear Scattering

μν = 10-10 × μBohr CEνNS

MZ' = 1 TeV (E6 χ Model) CEνNS

SM Elastic Electron Scattering

μν = 10-10 × μBohr Electron Scattering

1 10 100 1000 104
10

50

100

500

1000

5000

104

Detector Recoil Energy Threshold [eV]

In
te
gr
at
ed
E
ve
nt
R
at
e
[k
g-
ye
ar
]-1

Elastic Scattering of Reactor Anti-Neutrinos at 1 Meter

Solid: 72Ge, Dashed: 28Si

FIG. 1: Integrated yield of nuclear recoil events (per kg per year) captured by

72

Ge (solid) and

28

Si (dashed) detectors as a function

of detector recoil threshold T th

R

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

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

searches, as both use an arbitrarily established benchmark value.

In order to compute the cumulative expected Standard Model anti-neutrino capture (cf. Ref [23]), it is necessary
to integrate in the region of the E⌫ vs. T

R

plane that is above E⌫ > Emin

⌫ = (T
R

+
p

2MT
R

+ T 2

R

)/2, which is
the minimal neutrino energy (i.e. the inversion of the expression for Tmax

R

) required to trigger a given recoil, and
for T

R

> T th

R

of the detector recoil threshold. The integrand is a product of the previously described di↵erential
cross section and the normalized anti-neutrino energy spectral distribution dN⌫/dE⌫ ÷ N⌫ , as well as the ambient
anti-neutrino flux, the detector mass, and the exposure time. To be concrete, we adopt the spectrum of Ref. [17]
for modeling neutrino energies E⌫ above 2 MeV, which is extrapolated from direct observation of positron emission.
Below 2 MeV (the threshold for inverse �-decay ⌫e + p ! e+ + n is E⌫ > 1.8 MeV) there is no experimental data,
and we employ the theoretically established curve of Ref. [15].

Fig. (1) exhibits primary results for the expected event capture rate, as a function of the detector recoil threshold
T th

R

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

6

“�” model with MZ0 = 1 TeV), the

See N. Mirabolfathi talk 

• Magnetic moment interactions off of 
protons or electrons (Vogel & Engel 1989) 

• Bounds from GEMMA collaboration give 
a limit of 3.2 x 10-11 Bohr magneton

•  Some Majorana neutrino models predict 
magnetic moment ~10-14 Bohr magneton

•  Astrophysical bounds from energy loss 
in stars of 3 x 10-12 Bohr magneton
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converted to the Ref. [23] normalization. The e/e limits are of the order that may be competitively probed by a
low-threshold nuclear recoil detector of the sort proposed, especially with modest extension of the target mass and/or
integrated luminosity. Results are depicted in the Fig. (4) as a function of the detector recoil threshold T th

R
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72Ge and 28Si in a 2:1 mass ratio, with a combined mass of 30 kg, operating for a one-year continuous exposure, at
1 m from core. The modular design of the proposed detector array makes physical reconfiguration and up-scaling of
the experiment relatively straightforward. For example, di↵erent ratios of 72Ge and 28Si may be employed to probe
relative systematics, or to accentuate enhancements in the relative rate of a targeted BSM physics process.

Prior caveats on systematic errors, and prior elaboration of the benefits of a di↵erential search in both 72Ge and
28Si apply in this case as well. The described experiment is not competitively sensitive to the o↵-diagonal e/⌧ flavor
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The second term of Eq. (2) applies only to the case of nuclear scattering, while both nuclear and electron scattering
reference the first term. For coherent nuclear scattering, the unified contribution will again be multiplied by Z2,
whereas the sum over individual elements of the electron cloud is again linear, providing a factor of just Z. For nuclei
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a limit of 3.2 x 10-11 Bohr magneton

•  Some Majorana neutrino models predict 
magnetic moment ~10-14 Bohr magneton
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• Sensitivity to Z-prime of order a 
few TeV, complementary to LHC 
in the near term 
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for modeling neutrino energies E⌫ above 2 MeV, which is extrapolated from direct observation of positron emission.
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• Room for a joint neutrino + DM program? 

Discussion 

• Best approach between: Spectral, directional, timing 
information

• Which questions are most interesting: sterile neutrinos? non-
standard neutrino interactions? neutrino astrophysics? 


