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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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Direct dark matter searches: Basics 

WIMP WIMP

✦ 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

Adapted from SNOWMASS



Plethora of experimental results 

• Possible ways to make results consistent:  
1) Experimental issues  
2) Particle model (e.g. Isospin-violating DM, e.g. Feng & Kumar 2008) 
3) Galactic halo model 

SuperCDMS



LUX results 

• LUX results compatible with 
background only!
–Appears to be no ``non-standard” 

particle or astrophysics  
!

• As cross section limits improve, will 
become more difficult to disentangle 
particle physics from astrophysics.



Coherent neutrino scattering channel

neutrino neutrino

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

Friedman 1974; Tubbs & 
Schramm 1977

5

• 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]
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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. 



pp chain and Solar neutrinos

Stars powered by fusion of light nuclei

Beginning of the cycle:
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Figure 1: (Color online) The left frame shows the three principal cycles com-

prising the pp chain (ppI, ppII, and ppIII), the associated neutrinos that “tag”

each of the three branches, and the theoretical branching percentages defining

the relative rates of competing reactions (GS98-SFII SSM). Also shown is the

minor branch 3He+p ! 4He+e++⌫e, which generates the most energetic neu-

trinos. The right frame shows the CN I cycle, which produces the 13N and 15O

neutrinos.
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Atmospheric and supernova neutrinos

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

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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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.
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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

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

Solar 

Neutrinos

ATM 

Neutrinos

SN

Neutrinos

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
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FIG. 1: Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric, and
di↵use supernovae [12, 13, 31]. Right: Neutrino background event rates for a germanium based detector. The black dashed
line corresponds to the sum of the neutrino induced nuclear recoil event rates. Also shown is the similarity between the event
rate from a 6 GeV/c2 WIMP with a SI cross section on the nucleon of 4.4⇥ 10�45 cm2 (black solid line) and the 8B neutrino
event rate.

neutrino flux as

dR
⌫

dE
r

= MT ⇥
X

A

f
A

Z

E

min
⌫

dN

dE
⌫

d�(E
⌫

, E
r

)

dE
r

dE
⌫

(4)

where dN

dE

⌫

corresponds to the neutrino flux. As it has
been shown in [11], the neutrino-nucleon elastic interac-
tion, well explained by the standard model, leads to a
coherence e↵ect implying a neutrino-nucleus cross sec-
tion that approximately scales as the atomic number (A)
squared when the momentum transfer is below a few keV.
At tree level, the neutrino-nucleon elastic scattering is
a neutral current interaction that proceeds via the ex-
change of a Z boson. The resulting di↵erential neutrino-
nucleus cross section as a function of the recoil energy
and the neutrino energy is given by [8]:
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) (5)

where m
N

is the nucleus mass, G
f

is the Fermi coupling
constant and Q

!

= N � (1 � 4 sin2 ✓
!

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

!

the weak mixing angle.
The presence of the form factors describes the loss of
coherence at higher momentum transfer and is taken
as the same as for the WIMP-nucleus spin-indepedent
scattering. Interestingly, as the CNS interaction only
proceeds through a neutral current, it is similarly
sensitive to all active neutrino flavors. Note that any
active-to-sterile neutrino oscillation would therefore lead
to a deficit of neutrino induced nuclear recoil.

In Fig. 1 (left panel), we present all the neutrino
fluxes that will induce relevant backgrounds to dark
matter detection searches. The di↵erent neutrino
sources considered in this study are the sun, which

generates high fluxes of low energy neutrinos following
the pp-chain [14] and the possible CNO cycle [15, 16],
di↵use supernovae (DSNB) [13] and the interaction of
cosmic rays with the atmosphere [12] which induces low
fluxes of high energy neutrinos. As a summary of the
neutrino sources used in the following, we present in
Table II the di↵erent properties of the relevant neutrino
families such as: the maximal neutrino energy, the
maximum recoil energy for a Ge target nucleus and the
overall flux normalization and uncertainty. Following
[7], we chose to use the same standard solar model
BS05(OP) and the predictions on the atmospheric and
the DSNB neutrino fluxes from [12] and [13] respectively.

The di↵erent neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that
the highest event rates are due to the solar neutrinos
and correspond to recoil energies below 6 keV. Indeed,
the 8B and hep neutrinos dominate the total neutrino
event rate for recoil energies between 0.1 and 8 keV
and above these energies, the dominant component is
the atmospheric neutrinos. Also shown, as a black solid
line, is the event rate from a 6 GeV/c2 WIMP with
a SI cross section on the nucleon of 4.4 ⇥ 10�45 cm2.
We can already notice that for this particular set of
parameters (m

�

,�SI), the WIMP event rate is very
similar to the one induced by the 8B neutrinos. As
discussed in the next section, this similarity will lead
to a strongly reduced discrimination power between
the WIMP and the neutrino hypotheses and therefore
dramatically a↵ect the discovery potential of upcoming
direct detection experiments.

Note that in this study we did not consider neutrino-
electron scattering because as it has been shown in [7],

Solar neutrinos
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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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Figure 6: Distributions of the maximum likelihood of the CNS background under the WIMP only hypothesis for a Ge target
(left) and a Xe target (right). The di↵erent intensities of colors correspond to the energy threshold considered, from light to
dark : 1 eV, 10 eV, 100 eV, 1 keV, 2.5 keV, 5 keV, 7.5 keV, and 10 keV. These distributions have been computed by adjusting
the experiment exposure such that we have a total of about 500 expected neutrino events for each di↵erent energy thresholds
and target.
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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

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 ) =
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p whereas the corresponding relation for helium is

E(GeV/A) =
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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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Reducing solar neutrino background

WIMP-nucleus scattering is 
isotropic in cos (theta)

The angular dependence of 
the neutrino coherence cross 
section is: 

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

Solar neutrino events point back 
to the Sun 

3

FIG. 1: Two dimensional dark matter probability distribu-
tion ⇢ of recoil energy and event angle for a 6 GeV dark matter
particle in a CF4 detector with 5 keV threshold in September.

with r = 4m
DM

m

T

/(m
DM

+m

T

)2. In this work we as-
sume isotropic scattering in cos ✓. The scattering angle
of the recoiling nucleus with respect to the incoming dark
matter velocity is then given by:

tan ✓0 =
p

0 sin ✓p
2m

DM

E

DM

� p

0 cos ✓
, (6)

with p

0 =
p
2m

DM

E

DM

� 2m
T

E

r

.
Figure 1 shows the two dimensional probability

distribution of event angle and recoil energy in a
Tetraflourmethane, CF

4

, detector with 5keV energy
threshold for a 6 GeV dark matter particle. Two dis-
tinct features should be noted. First, the event angles
of dark matter scattering events preferably lie at large
cos ✓

sun

because there is more solid angle there. Sec-
ond, the probability distribution drops to zero above the
largest possible recoil energy for the given dark matter
mass and escape velocity. The power of directionality is
that dark matter masses that create an energy spectrum
very similar to the neutrino background can easily be dis-
tinguished when the event angle is taken into account. As
we will see, for light dark matter a strong gain in sensi-
tivity compared to non-directional detectors is therefore
expected.

A third feature that is not directly visible in figure 1,
but is important nonetheless, is a variation of the peak
of the dark matter probability distribution in time. The
direction of the Earth’s overall velocity vector will point
approximately towards the radio galaxy Cygnus A [50],
such that the incoming dark matter particles in the lab-
frame will have a preferred direction coming from Cygnus
A. The relative angle between the Sun and Cygnus A
changes over the year, such that the peak in the dark
matter probability distribution will follow a similar pat-
tern.

FIG. 2: Distribution of the angle between the incoming dark
matter velocity and the Earth-Sun direction over the year for
events above threshold. For each month 1⇥ 104 dark matter
events have been simulated. The maximum of the distribution
follows the expected pattern as described in the text.

The annual modulation in the event rate of light dark
matter has a maximum in June because at this time the
velocity vector of the Earth and the Sun are parallel to
each other [25]. Both vectors approximately point into
the direction of Cygnus A. In December, these two vec-
tors are anti-parallel resulting in a minimum of the event
rate. The angle between the Earth-Sun direction and the
Earth-Cygnus A direction, ✓

sun�CygnA

, is expected to be
the same in June and December, because the Earth has
simply moved to the other side of the Sun. However,
in September the Earth is between the Sun and Cygnus
A, such that ✓

sun�CygnA

is at its largest value. The two
objects appear on opposite directions in the sky. Analo-
gously, in March when the Earth is behind the Sun rela-
tive to Cygnus, ✓

sun�CygnA

is at its smallest value. These
situations were studied to test the coordinate system of
our simulations.

The time evolution of the peak in the two dimensional
dark matter probability distribution arises because of this
modulation in the relative angle between the incoming
dark matter velocity vector and the Earth-Sun direction,
✓

DM�sun

. Since in September the Sun and Cygnus A ap-
pear in di↵erent directions on the sky, the velocities of
the incoming WIMPs that can produce an event above a
detector’s fixed energy threshold therefore preferentially
point along the Earth-Sun direction. In March, however,
the incoming dark matter velocities will point away from
the Sun, resulting in a large ✓

DM�sun

. When simulating
light dark matter events for each month of the year and
producing a histogram for ✓

DM�sun

, we expect the peaks
of these histograms to show a modulation that follows ex-
actly this pattern. In figure 2 we color code the number
of events in each angular bin. It is visible that the dis-

6

FIG. 4: Neutrino event rate in a CF4 detector. For this
plot a perfect energy e�cency and an upper threshold of
100 keV were considered. For the rest of the paper we as-
sume a more realistic energy e�cency function lowering the
total event rate.

the threshold that we will consider in this work (5 keV),
only 8

B and hep neutrinos from the Sun as well as all
atmospheric and supernovae neutrinos are important.

The scattering angle of the nucleus with respect to
the incoming neutrino direction can then be found from
scattering kinematics to be

cos ✓0 =
E

⌫

+m

T

E

⌫

r
E

r

2m
T

. (13)

Figure 5 shows the two dimensional probability distribu-
tion of recoil energy and event angle for neutrinos in a
CF

4

detector with a 5 keV energy threshold. The sig-
nificant di↵erence to the dark matter probability dis-
tribution is the clear peak at cos ✓

sun

= �1 and small
recoil energies due to the solar neutrino events. Atmo-
spheric and supernovae neutrinos contribute as a smooth,
isotropic background. For a 5 keV CF

4

detector we can
see in figure 4 that the non-solar neutrinos have only a
small contribution such that in this example the prob-
ability distribution function falls o↵ steeply away from
the solar peak. The ratio of the solar peak to the smooth
background of non-solar neutrinos depends on the tar-
get material and the recoil energy threshold. In di↵erent
detector configurations the dominance of the solar peak
over the non-solar background is not necessarily this sig-
nificant.

IV. DARK MATTER SEARCHES IN THE
PRESENCE OF NEUTRINO BACKGROUNDS

Having obtained detailed spectra for dark matter and
neutrino events as a function of energy, direction and

FIG. 5: The two dimensional probability distribution ⇢ of
recoil energy and event angle of neutrinos in a CF4 detector
with 5 keV threshold.

time, we need a statistic to test these signal and back-
ground distributions in a given experiment. In order to
do this, we perform a CLs test [46] to distinguish be-
tween background and signal + background hypotheses,
in which the background comes from solar, atmospheric
and di↵use supernovae neutrino coherent elastic scatter-
ing. We consider a range of targets and moderately op-
timistic energy thresholds, as well as energy and angular
resolutions, which should be realistically achievable by
the next-generation experiments.

A. Statistical Test

The presence of backgrounds in direct searches of any
kind implies that a given set of observed events is ei-
ther pure background or contains background plus signal.
One way to distinguish between these two cases statisti-
cally is to perform a hypothesis test. Such a test can be
carried out by looking at the ratio between the probabil-
ity densities of the measured data ~

X being either signal

plus background or background only, e
Q = L(

~

X,S+B)

L(

~

X,B)

[46].

We take this as the definition of our test statistic:

e
Q =

p

b+s

(n)

p

b

(n)

Q
n

j=1

sSt(tj)+bBt(tj)

s+b

sS

(t)
✓,E(✓j ,Ej)+bB✓,E(✓j ,Ej)

s+bQ
n

j=1

B

t

(t
j

) B
✓,E

(✓
j

, E

j

)
.

(14)
Throughout this work, we use the notation p(x) =
dP (x)/dx as the probability distribution function of the
variable x where P (x) is therefore the cumulative prob-
ability of this quantity at x. Here, we have p

�

(n) as the
Poisson distribution centered at �, s as the number of ex-
pected signal (dark matter) events given by equation 4, b
as the number of expected background (neutrino) events

Grothaus et al. 2014
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FIG. 2: Evolution of the discovery limit for a SI interaction as a function of the exposure for idealized Xe experiments with
perfect e�ciency and a 3 eV (4 keV) threshold. The discovery limit is shown for a 6 GeV/c2 (100 GeV/c2) WIMP mass for
di↵erent values of the systematic uncertainty on the 8B (atmospheric) flux in the left (right) panel. The second and third regions
(background subtraction and saturation regime) are well described by equation 8 as shown by the dashed lines corresponding
to the di↵erent systematic uncertainties.

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

,�
⌫

) =

N

expY

h=1

2

4
N

binY

i=1

P

0

@Nh,i

����µ
h,i

�

+
N

⌫X

j=1

µh,i,j

⌫

1

A

3

5

⇥
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



Electron neutrino survival probability 

Borexino collaboration, Nature 2014

LMA-MSW solution provides neutrino parameters
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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 

15



Standard Solar Model predictions

73

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

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

Haxton et al Solar neutrino review, 2013

High 
metallicity

Low 
metallicity
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Solar neutrino signals in dark matter detectors

• Nuclear recoil from neutrino-
nucleus coherent scattering of 
primarily 8B neutrinos

• Electron recoil from 
elastic scattering of 
primarily pp neutrinos 
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FIG. 1: Allowed event rate for the coherent neutrino scatter-
ing spectrum in a Ge detector from the analysis described in
Section IV. The di↵erent color intensities refer to the con-
fidence level of each neutrino model derived from the �2

tot

distribution of the MCMC analysis which takes into account
current solar and reactor data.

97% of the total 8B neutrino flux. Since we are trying to
evaluate what it would take to be sensitive to sterile os-
cillations from the Sun, in what follows we will consider
a background free experiment and no detection of dark
matter particles.

Note that a low energy threshold of ⇠ 0.1 keV should
be achievable by upcoming Dark Matter experiments
based on cryogenic semiconductor Ge crystals instru-
mented with phonon sensors. Indeed, as recently demon-
strated by the SuperCDMS collaboration, the use of high
electric field across the Ge crystal allows for a significant
amplification of the total phonon signal due to the addi-
tional Luke-Neganov phonon contribution coming from
drifting the charge carriers across the crystal [28, 29].
The SuperCDMS collaboration has shown the possibility
to lower the threshold down 170 eVee (electron equiva-
lent) which is equivalent to a threshold on the nuclear
recoil energy of about 800 eV [30].

III. 3 + 1 NEUTRINO MODEL

In this section, we move on to discuss the theoreti-
cal model that we use for neutrino oscillations. Within
this model-dependent framework, our goal is to then de-
termine in section IV what CNS and ES measurements
from a dark matter detector will add to the existing mea-
surements from reactors and other Solar neutrino exper-
iments. For simplicity, we focus on the theoretical model
with one new mass splitting that is due to a single ster-
ile neutrino that is much larger than the measured mass
splittings�m2

21

and |�m2

32

|. This model can be extended
to also include more than one additional sterile neutrino,
see e.g. Ref. [16]. Here we simply review the formu-

lae that are required to calculate transition probabilities
for this model with one additional sterile neutrino; for a
more complete discussion of this model see Ref. [31].
With one additional sterile neutrino, there are a to-

tal of 6 angles that are required to describe the neutrino
mixing matrix, ✓

12

, ✓
13

, ✓
23

, ✓
14

, ✓
24

, and ✓
34

. For the
analysis in this paper we will take ✓

24

= ✓
34

= 0, so that
the only possible new non-zero angle is ✓

14

. Small values
of ✓

24

and ✓
34

are deduced from the results of reactor
experiments [19], so setting these “non-solar” angles to
zero will not a↵ect the results that we present hereafter.
If we were to consider nonzero values of ✓

24

and ✓
34

, we
would have to also account for the possibility of addi-
tional small CP violating phases on top of the one in the
standard three-neutrino model.
For our assumption of ✓

24

and ✓
34

, the relevant el-
ements of the mixing matrix that determine mixing
between the electron flavor and the mass eigenstates
are [16, 31]

U
e1

= c
14

c
13

c
12

(2)

U
e2

= c
14

c
13

s
12

(3)

U
e3

= c
14

s
13

(4)

U
e4

= s
14

(5)

where s
ı|

= sin ✓
ı|

and c
ı|

= cos ✓
ı|

. The mixing between
the sterile component and the mass eigenstates are con-
trolled by

U
s1

= �s
14

c
13

c
12

(6)

U
s2

= �s
14

c
13

s
12

(7)

U
s3

= �s
14

s
13

(8)

U
s4

= c
14

(9)

In addition to the mixing elements in vacuum, we will
also need the e↵ective mixing matrix elements in mat-
ter at the electron neutrino production point. These are
given by

Um

e1

= c
14

c
13

cm
12

(10)

Um

e2

= c
14

c
13

sm
12

(11)

Um

e3

= U
e3

= c
14

s
13

(12)

Um

e4

= U
e4

= s
14

. (13)

In these equations the matter mixing angles are defined
through

k
m

k
sin 2✓m

12

= sin 2✓
12

(14)

k
m

k
cos 2✓m

12

= cos 2✓
12

� v
x

�2 � v
x

r
x

↵2 (15)

where k, k
m

are the neutrino wavenumbers in vacuum
and in matter. The ratio of the neutral current to the
charged current potential is r

x

= 0.25, � = c
13

c
14

,
↵ = �s

14

s
13

, and v
x

= V
cc

/k, and we take the mat-
ter potential to be V

cc

= 10�11 eV. Note that here we

- 8B flux normalization

- Weakly dependent on detector type

- Energy dependence of 
survival probability 

- Lower average energy than 
Borexino

- Sensitive to flavors 

17



Complication: 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

18



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)

19

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

20

• Most generally constraints 
on sterile neutrinos are 
model-dependent (3+1,3+2, 
etc). 
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FIG. 3: Derived 90% C.L. contours from our MCMC analyses for the normalization of the 8B flux versus the solar mixing angle
sin2 ✓12 (left), the active mixing angle sin2 ✓13 (middle) and the sterile mixing angle sin2 ✓14 (right), when combining current
Solar and KamLAND data with future CNS and ES data from a dark matter detector. The top (bottom) panels assume a 1
(10) ton-yr exposure for a Ge detector with a 0.1 keV threshold. These panels highlight the improvement in the measurement
of the normalization of the 8B flux and on the estimation of the neutrino mixing angles with the addition of CNS and ES data
from a dark matter detector.

We again reiterate that in this figure, and in the figures
below, we focus on the high metallicity SSM [9]. Cor-
relations are clearly evident between the mixing angles,
in particular between sin2 ✓

12

and sin2 ✓
14

. Interestingly
one can see that most of the neutrino model parame-
ters exhibit correlations with f

8B

, suggesting that a bet-
ter measurement of the 8B neutrino flux could improve
our estimation of the neutrino mixing angles. The anti-
correlation between sin2 ✓

12

and sin2 ✓
14

is driven by the
KamLAND data, since large values of both of these pa-
rameters imply a depleted measured flux from reactors.
The anti-correlation between sin2 ✓

12

and f
8B

is largely
driven by the Solar data, in particular the SK measure-
ment of the Solar electron neutrino flux, and its mea-
surement of the mu/tau neutrino flux with a reduced
sensitivity. The positive correlation between sin2 ✓

14

and
f
8B

is largely due to the CNS and SNO measurements of
the total NC Solar flux. We find that sin2 ✓

13

is largely
uncorrelated with any other parameter.

Very generally, we find that the constraints on the pa-
rameters deduced from our MCMC analysis are in ex-
cellent agreement with previous determinations of these

parameters. These results are summarized in Table II.
The upper limit that is deduced from the posterior prob-
ability density of sin2 ✓

14

< 0.034 (at 90% C.L.) is in good
agreement with the upper bounds quoted in Refs. [20, 21].
Also, the constraints on �m2

21

and f
8B

are consistent
with the input priors, and our measurement of sin2 ✓

12

is
consistent with previous results, even though we have a
flat prior on this quantity. It is worth emphasizing that
the goal of this paper is not to perform a perfectly com-
plete and detailed 3+1 analysis but rather to show, for
the first time, what a dark matter detector could bring
to the field of neutrino physics within the scope of a sim-
plified 3+1 analysis, as presented in Sec. III.

B. Including data from a low-threshold dark
matter detector

In this section, we estimate how a low-threshold dark
matter detector with a ton-scale exposure could improve
on the results presented in Figure 4. As discussed above,
such an experiment should give the unique opportunity to
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FIG. 3: Derived 90% C.L. contours from our MCMC analyses for the normalization of the 8B flux versus the solar mixing angle
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(10) ton-yr exposure for a Ge detector with a 0.1 keV threshold. These panels highlight the improvement in the measurement
of the normalization of the 8B flux and on the estimation of the neutrino mixing angles with the addition of CNS and ES data
from a dark matter detector.

We again reiterate that in this figure, and in the figures
below, we focus on the high metallicity SSM [9]. Cor-
relations are clearly evident between the mixing angles,
in particular between sin2 ✓

12

and sin2 ✓
14

. Interestingly
one can see that most of the neutrino model parame-
ters exhibit correlations with f

8B

, suggesting that a bet-
ter measurement of the 8B neutrino flux could improve
our estimation of the neutrino mixing angles. The anti-
correlation between sin2 ✓
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and sin2 ✓
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is driven by the
KamLAND data, since large values of both of these pa-
rameters imply a depleted measured flux from reactors.
The anti-correlation between sin2 ✓
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and f
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is largely
driven by the Solar data, in particular the SK measure-
ment of the Solar electron neutrino flux, and its mea-
surement of the mu/tau neutrino flux with a reduced
sensitivity. The positive correlation between sin2 ✓

14

and
f
8B

is largely due to the CNS and SNO measurements of
the total NC Solar flux. We find that sin2 ✓

13

is largely
uncorrelated with any other parameter.

Very generally, we find that the constraints on the pa-
rameters deduced from our MCMC analysis are in ex-
cellent agreement with previous determinations of these

parameters. These results are summarized in Table II.
The upper limit that is deduced from the posterior prob-
ability density of sin2 ✓

14

< 0.034 (at 90% C.L.) is in good
agreement with the upper bounds quoted in Refs. [20, 21].
Also, the constraints on �m2

21

and f
8B

are consistent
with the input priors, and our measurement of sin2 ✓

12

is
consistent with previous results, even though we have a
flat prior on this quantity. It is worth emphasizing that
the goal of this paper is not to perform a perfectly com-
plete and detailed 3+1 analysis but rather to show, for
the first time, what a dark matter detector could bring
to the field of neutrino physics within the scope of a sim-
plified 3+1 analysis, as presented in Sec. III.

B. Including data from a low-threshold dark
matter detector

In this section, we estimate how a low-threshold dark
matter detector with a ton-scale exposure could improve
on the results presented in Figure 4. As discussed above,
such an experiment should give the unique opportunity to

Billard, Strigari, Figueroa-Feliciano, 
arXiv:1409.0050

Threshold 100 eV assumed 

Constraints on neutrino parameters including DM detectors



Measurement of survival probability 
9

Neutrino energy [MeV]
-110 1 10 210

Pr
ob

ab
ilit

y

0

0.2

0.4

0.6

0.8

1
Pee - Solar + KamLAND

Pes - Solar + KamLAND

Pee - S + K + Ge 10 ton-year

Pes - S + K + Ge 10 ton-year

pp: All solar
Be-7: Borexino
pep: Borexino
B-8: SNO + SK

14
θ22sin-210 -110

   
142

m
∆

-210

-110

1

10

RA: 95% C.L.
RA: 99% C.L.
Global fit: 99% C.L.

Cr (10 MCi)51SOX: 
Pr (100 kCi)144Ce-144SOX: 

Solar + KamLAND
S + K + Ge 1 ton-year
S + K + Ge 10 ton-year

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)

• DM detectors measure both 
the low and high energy 
survival probability 

• Reduction of uncertainty on 
energy dependence of electron 
neutrino survival probability 

• Reduction of uncertainty on 
probability to oscillate into a 
sterile neutrino 

Billard, Strigari, Figueroa-Feliciano, 
arXiv:1409.0050

22



9

Neutrino energy [MeV]
-110 1 10 210

Pr
ob

ab
ilit

y

0

0.2

0.4

0.6

0.8

1
Pee - Solar + KamLAND

Pes - Solar + KamLAND

Pee - S + K + Ge 10 ton-year

Pes - S + K + Ge 10 ton-year

pp: All solar
Be-7: Borexino
pep: Borexino
B-8: SNO + SK

14
θ22sin-210 -110

   
142

m
∆

-210

-110

1

10

RA: 95% C.L.
RA: 99% C.L.
Global fit: 99% C.L.

Cr (10 MCi)51SOX: 
Pr (100 kCi)144Ce-144SOX: 

Solar + KamLAND
S + K + Ge 1 ton-year
S + K + Ge 10 ton-year

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
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Additional issues and discussion

24

• Have assumed that cross section is predicted by the 
Standard Model 

• Some new physics ideas (e.g. Pospelov 2011 Baryonic 
sterile neutrino) 

• Electron/nucleus discrimination at low threshold?

• Will CNS cross section be measured before DM 
experiments hit neutrino floor? 

• Solar neutrino program with DM detectors? 


