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Direct Detection
In past decades direct detection collaborations 
have made a heroic (and successful!) effort in 
background reduction.

Try as you might, these experiments are still 
completely exposed to the sun....

A picture of the sun taken from 
the bottom of Kamioka mine.

...in neutrinos!!!



The irreducible background from solar and 
atmospheric neutrinos will be the eventual      
end-game of direct detection.

Direct Detection
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FIG. 5: Spin-independent elastic WIMP-nucleon cross-section
� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].

and a density of �� = 0.3GeV/cm3. The S1 energy res-
olution, governed by Poisson fluctuations, is taken into
account. Uncertainties in the energy scale as indicated in
Fig. 1 as well as uncertainties in vesc are profiled out and
incorporated into the limit. The resulting 90% confidence
level (CL) limit is shown in Fig. 5 and has a minimum
⇥ = 7.0�10�45 cm2 at aWIMPmass ofm� = 50GeV/c2.
The impact of Le� data below 3 keVnr is negligible at
m� = 10GeV/c2. The sensitivity is the expected limit in
absence of a signal above background and is also shown
in Fig. 5 as 1⇥ and 2⇥ region. Due to the presence of
two events around 30 keVnr, the limit at higher m� is
weaker than expected. This limit is consistent with the
one from the standard analysis, which calculates the limit
based only on events in the WIMP search region with an
acceptance-corrected exposure, weighted with the spec-
trum of a m� = 100GeV/c2 WIMP, of 1471 kg� days.
This result excludes a large fraction of previously unex-

plored WIMP parameter space, and cuts into the region
where supersymmetric WIMP dark matter is accessible
by the LHC [17]. Moreover, the new result challenges
the interpretation of the DAMA [19] and CoGeNT [18]
results as being due to light mass WIMPs.
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� as function of WIMP mass m�. The new XENON100 limit
at 90% CL, as derived with the Profile Likelihood method
taking into account all relevant systematic uncertainties, is
shown as the thick (blue) line together with the 1� and 2�
sensitivity of this run (shaded blue band). The limits from
XENON100 (2010) [7] (thin, black), EDELWEISS [6] (dotted,
orange), and CDMS [5] (dashed, orange, recalculated with
vesc = 544 km/s, v0 = 220 km/s) are also shown. Expecta-
tions from CMSSM are indicated at 68% and 95% CL (shaded
gray) [17], as well as the 90% CL areas favored by CoGeNT
(green) [18] and DAMA (light red, without channeling) [19].
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can this 
background be 
“raised” to be a 

signal?



(relativistic version of                              )                       

What does this 
look like in a 

direct detection 
experiment?
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Using the Energy Spectrum at DAMA/LIBRA to Probe Light Dark Matter
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A weakly interacting massive particle (WIMP) weighing only a few GeV has been invoked as
an explanation for the signal from the DAMA/LIBRA experiment. We show that the data from
DAMA/LIBRA are now powerful enough to strongly constrain the properties of any putative WIMP.
Accounting for the detailed recoil spectrum, a light WIMP with a Maxwellian velocity distribution
and a spin-independent (SI) interaction cannot account for the data. Even neglecting the spec-
trum, much of the parameter space is excluded by limits from the DAMA unmodulated signal at
low energies. Significant modifications to the astrophysics or particle physics can open light mass
windows.

PACS numbers: 95.35.+d

I. INTRODUCTION

The DAMA/LIBRA NaI(Tl) scintillation experiment
[1] has used the annual modulation technique [2, 3] to
search for dark matter (DM). They now find a modula-
tion of over 8� with a period and phase consistent with
a DM signal. However, in some models of DM, it is not
trivial to square this positive result with the null results
from other direct detection experiments.

Recent investigations [4, 5, 6, 7], updating the discus-
sion of [8] note that light DM, with mass of a few GeV
might reconcile the DAMA/LIBRA data with constraints
from other experiments, e.g., [9, 10]. In addition, a DM
candidate with mass ⇠ GeV is tantalizing – it might give
insight into the ratio of the DM density to the density of
baryons.

In this note, we point out that the statistics of the
DAMA/LIBRA data are now su�ciently powerful that
an explanation of the DAMA/LIBRA data must now go
beyond just fitting the overall modulation rate. Addi-
tional self-consistency checks on the light WIMP scenario
are now possible. We discuss two such checks.

First, DAMA/LIBRA has now measured the modula-
tion rate as a function of the observed recoil energy. This
spectrum contains valuable information. Simple kine-
matics indicate that the spectra of nuclei recoiling against
a WIMP are sensitive to the mass of the WIMP. Thus,
fitting the observed energy spectrum constrains the mass
of the candidate WIMP particle. Another constraint can
be derived by looking at the total (unmodulated) rate
of observed events with low energy recoils. Some WIMP
candidates will provide more events than the total num-
ber of observed events at low energies, despite a presum-
ably sizable background.

These two constraints are powerful probes of the light
WIMP region, and e↵ectively exclude this interpretation
if a Maxwellian velocity distribution with standard pa-
rameters is assumed. Modifications to this assumption,
in particular DM streams, can open up small regions of
allowed parameter space.

II. MODULATION RATES AND DAMA

To calculate the detection rates, we follow the standard
formalism reviewed in [11, 12]. The di↵erential scattering
rate is given by:

dR

dER
=

MNNT ⇢��n

2m�µ2
ne

F 2 (fpZ + fn(A� Z))2

f2
n

Z

vmin

f(v)
v

.

(1)
Here, MN is the mass of the target nucleus, NT is the
number of target nuclei in a detector, and µne is the
reduced mass of the WIMP-nucleon system. We take
the local DM density as ⇢� = 0.3 GeV/cm3. F 2 is a
nuclear form factor, while �n represents the cross section
to scatter on a nucleon at zero momentum transfer. The
relative coupling to protons and neutrons are given by
fp and fn. We take these couplings equal. This choice
does not have a large e↵ect. We use the Helm form factor
[11, 12]. Because the F 2 ⇡ 1 for the recoils in the low
mass window, we do not expect our results to be sensitive
to the detailed form of the form factor.

The modulation signal arises from the seasonal di↵er-
ences in the speed distribution, f(v). When the earth
moves with the sun through the WIMP halo, the scat-
tering rate above a given threshold is higher: the flux
of WIMPs increases and the higher relative velocities fa-
vor harder scatters. We take the WIMP halo to have
a Maxwell-Boltzmann (MB) distribution with dispersion
v0 = 220 km/s, cut-o↵ by an escape velocity of 600
km/s in the frame where the halo is isotropic. This
value of the escape velocity is consistent with recent ob-
servations from the RAVE survey [13], which quotes a
value of 498 km/s < vesc < 608 km/s [25]. The earth
moves through this halo at approximately 240 km/s, so
the highest velocity WIMPs in this boosted frame have
velocities of approximately 840 km/s. In doing our nu-
merical work, we take the earth velocity from [12] and
the solar velocity relative to the rotation velocity (taken
to be v0) from [14].

DAMA/LIBRA presents the modulation signal as a
function of the observed energy, measured in keV elec-
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dependent form factor as in equation (3). Note that in equation (4) we do not neglect the neutrino
mass m� and we distinguish between the neutrino energy E� and its momentum p� because later,
in section 3.4, we will consider also the scatttering of heavy sterile neutrinos.

The maximum recoil energy for fixed E� is given by

Emax
r =

2E2
�

mT + 2E�
, (5)

and, conversely, the minimum neutrino energy required for transferring a given recoil energy Er is

Emin
� =

1

2

�
Er +

⌅
E2

r + 2ErmT

⇥
. (6)

For mT ⇥ Er, the case we will mostly be concerned with in this paper, we can make the approx-
imation Emin

� ⇤
⌅
mTEr/2. The event rate at a detector is obtained by folding d�/dEr with the

solar neutrino flux d�/dE� :

dR

dEr
= NT

⇤ ⇥

Emin
�

d�

dE�

d�

dEr
dE� , (7)

where NT is the number of target particles in the experiment.
In figure 2 we show typical event spectra from A� mediated neutrino–electron and neutrino–

nucleus scattering in a dark matter detector (colored lines). For the moment, let us focus on curve
B, which was computed under the assumption that only the three active neutrino flavors exists,
and that the A� boson to couple equally to neutrinos, charged leptons and nucleons. This could
be naturally realized if the dark photon is a B �L gauge boson. Like the corresponding Standard
Model processes, the neutrino–electron scattering rate at recoil energies around 1 keV is dominated
by pp neutrinos, whereas neutrino–nucleus scattering can only be above the detection threshold of
dark matter detectors if it comes from the higher energy components of the solar neutrino flux.
The spectrum flattens below Er ⇤ M2

A�/2m, where the A� propagator is dominated by the dark
photon mass rather than the momentum transfer in the interaction. We conclude from figure 2 that
the existence of a dark photon can substantially modify the solar neutrino spectrum as observed
by direct detection without coming into conflict with dedicated neutrino experiments.

Note that in our plots we neglect the fact that the electrons and nuclei in the target mate-
rial are in bound states. This is justified because their binding energies are in most cases much
smaller than the O(keV) recoil energies we are interested in.3 The only exception are the very
inner electrons in the case of a heavy target material, which can have binding energies of order
10 keV. We have checked that including the e⇥ects of electron wave functions in our calculation
leads only to a correction to the predicted neutrino–electron scattering rate of at most few–20%
and introduces small spectral features at those energies where additional electron shells become
kinematically accessible. By neglecting these small corrections, our results for neutrino–electron
scattering become material-independent and can thus be directly applied to any dark matter direct
detection experiment.

3.2. The parameter space for light gauge bosons

3 This is di�erent for the scattering of dark matter with a mass � 1 GeV on electrons, where observable recoil
energies can occur only when the electron enters the scattering process with a large initial momentum of at least
a few MeV. In this case, a dark matter detector would be probing the high-momentum tail of the bound state
electron wave functions, and, consequently, the fact that electrons are bound cannot be neglected [33].

with
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For nuclear recoil:

The scattering is 
coherent,        .
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Figure 1: Expected event rates in dark matter detectors from (a) solar neutrino–electron scattering and
(b) solar neutrino–nucleus scattering in germanium. Thick black lines correspond to the total event rate,
while thin lines break the rate up into contribution from di�erent neutrino production processes. We also
show the observed electron recoil spectra in XENON-100 [28] (see text for details) and Borexino [23], from
the low-threshold analysis of CDMS data [27], and the event spectra from CoGeNT [20] and DAMA [29].
Since CoGeNT and DAMA cannot distinguish nuclear recoils from electron recoils, we interpret their data
as electron (nuclear) recoils in the left (right) panels, respectively.

in XENON-100 are not precisely known. They depend on the light yield LY , which gives the number
of detected scintillation photons as a function of the electron recoil energy, and which was only
measured at higher energies (122 keV) and has to be extrapolated down to lower energies. In
figure 1a we have used XENON-100’s working assumption that the light yield at low energies is
the same as in the calibration measurement at Er = 122 keV, LY = 2.2 PE/keVee2, which leads to
a detection threshold for electron recoils of about 2 keVee. Measurements indicate that the light
yield might actually be larger at lower recoil energies (down to 30 keVee) [30], and if this trend
continues to even lower recoil energies, the energy threshold in XENON-100 might be even lower
(and the backgound rate per keVee somewhat higher) than what is shown in figure 1a. However, in
many scintillators the light yield peaks at Er � 10 keVee and drops steeply below [30], so that the
exact sensitivity of the XENON-100 detector to low-energy electron recoil events remains somewhat
uncertain. In figure 1, we indicate this uncertainty by a dashed red lines below Er = 50 keVee.

For neutrino–nucleus scattering (figure 1b), we compare the Standard Model prediction to the
observed event rates in CoGeNT [20] and CDMS [27]. Note that the neutrino–nucleus scattering
rate at any given recoil energy depends on the target material. In figure 1b, we have chosen germa-
nium as an example, see [1] for plots of scattering rates on di�erent nuclear targets. Here we discuss
only elastic neutrino–nucleus scattering because it has been shown in [18] that the new physics
contributions to the cross sections for inelastic processes like neutrino-induced deuteron breakup

2 The notation keVee refers to the “electron equivalent energy in keV”, which is defined as the reconstructed recoil
energy under the assumption that it is carried by an electron. For nuclear recoils, only part of the recoil energy
is visible in the detector—an e�ect which has to be corrected for by dividing the visible energy by a quenching
factor—so that the energy threshold for nuclear recoils is higher than that for electron recoils. When referring to
a nuclear recoil energy, we will use the notation “keVnr”.
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nucleus scattering in a dark matter detector (colored lines). For the moment, let us focus on curve
B, which was computed under the assumption that only the three active neutrino flavors exists,
and that the A� boson to couple equally to neutrinos, charged leptons and nucleons. This could
be naturally realized if the dark photon is a B �L gauge boson. Like the corresponding Standard
Model processes, the neutrino–electron scattering rate at recoil energies around 1 keV is dominated
by pp neutrinos, whereas neutrino–nucleus scattering can only be above the detection threshold of
dark matter detectors if it comes from the higher energy components of the solar neutrino flux.
The spectrum flattens below Er ⇤ M2

A�/2m, where the A� propagator is dominated by the dark
photon mass rather than the momentum transfer in the interaction. We conclude from figure 2 that
the existence of a dark photon can substantially modify the solar neutrino spectrum as observed
by direct detection without coming into conflict with dedicated neutrino experiments.

Note that in our plots we neglect the fact that the electrons and nuclei in the target mate-
rial are in bound states. This is justified because their binding energies are in most cases much
smaller than the O(keV) recoil energies we are interested in.3 The only exception are the very
inner electrons in the case of a heavy target material, which can have binding energies of order
10 keV. We have checked that including the e⇥ects of electron wave functions in our calculation
leads only to a correction to the predicted neutrino–electron scattering rate of at most few–20%
and introduces small spectral features at those energies where additional electron shells become
kinematically accessible. By neglecting these small corrections, our results for neutrino–electron
scattering become material-independent and can thus be directly applied to any dark matter direct
detection experiment.

3.2. The parameter space for light gauge bosons

3 This is di�erent for the scattering of dark matter with a mass � 1 GeV on electrons, where observable recoil
energies can occur only when the electron enters the scattering process with a large initial momentum of at least
a few MeV. In this case, a dark matter detector would be probing the high-momentum tail of the bound state
electron wave functions, and, consequently, the fact that electrons are bound cannot be neglected [33].
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Figure 1: Expected event rates in dark matter detectors from (a) solar neutrino–electron scattering and
(b) solar neutrino–nucleus scattering in germanium. Thick black lines correspond to the total event rate,
while thin lines break the rate up into contribution from di�erent neutrino production processes. We also
show the observed electron recoil spectra in XENON-100 [28] (see text for details) and Borexino [23], from
the low-threshold analysis of CDMS data [27], and the event spectra from CoGeNT [20] and DAMA [29].
Since CoGeNT and DAMA cannot distinguish nuclear recoils from electron recoils, we interpret their data
as electron (nuclear) recoils in the left (right) panels, respectively.

in XENON-100 are not precisely known. They depend on the light yield LY , which gives the number
of detected scintillation photons as a function of the electron recoil energy, and which was only
measured at higher energies (122 keV) and has to be extrapolated down to lower energies. In
figure 1a we have used XENON-100’s working assumption that the light yield at low energies is
the same as in the calibration measurement at Er = 122 keV, LY = 2.2 PE/keVee2, which leads to
a detection threshold for electron recoils of about 2 keVee. Measurements indicate that the light
yield might actually be larger at lower recoil energies (down to 30 keVee) [30], and if this trend
continues to even lower recoil energies, the energy threshold in XENON-100 might be even lower
(and the backgound rate per keVee somewhat higher) than what is shown in figure 1a. However, in
many scintillators the light yield peaks at Er � 10 keVee and drops steeply below [30], so that the
exact sensitivity of the XENON-100 detector to low-energy electron recoil events remains somewhat
uncertain. In figure 1, we indicate this uncertainty by a dashed red lines below Er = 50 keVee.

For neutrino–nucleus scattering (figure 1b), we compare the Standard Model prediction to the
observed event rates in CoGeNT [20] and CDMS [27]. Note that the neutrino–nucleus scattering
rate at any given recoil energy depends on the target material. In figure 1b, we have chosen germa-
nium as an example, see [1] for plots of scattering rates on di�erent nuclear targets. Here we discuss
only elastic neutrino–nucleus scattering because it has been shown in [18] that the new physics
contributions to the cross sections for inelastic processes like neutrino-induced deuteron breakup

2 The notation keVee refers to the “electron equivalent energy in keV”, which is defined as the reconstructed recoil
energy under the assumption that it is carried by an electron. For nuclear recoils, only part of the recoil energy
is visible in the detector—an e�ect which has to be corrected for by dividing the visible energy by a quenching
factor—so that the energy threshold for nuclear recoils is higher than that for electron recoils. When referring to
a nuclear recoil energy, we will use the notation “keVnr”.
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dependent form factor as in equation (3). Note that in equation (4) we do not neglect the neutrino
mass m� and we distinguish between the neutrino energy E� and its momentum p� because later,
in section 3.4, we will consider also the scatttering of heavy sterile neutrinos.

The maximum recoil energy for fixed E� is given by

Emax
r =

2E2
�

mT + 2E�
, (5)

and, conversely, the minimum neutrino energy required for transferring a given recoil energy Er is

Emin
� =

1

2

�
Er +

⌅
E2

r + 2ErmT

⇥
. (6)

For mT ⇥ Er, the case we will mostly be concerned with in this paper, we can make the approx-
imation Emin

� ⇤
⌅
mTEr/2. The event rate at a detector is obtained by folding d�/dEr with the

solar neutrino flux d�/dE� :

dR

dEr
= NT

⇤ ⇥

Emin
�

d�

dE�

d�

dEr
dE� , (7)

where NT is the number of target particles in the experiment.
In figure 2 we show typical event spectra from A� mediated neutrino–electron and neutrino–

nucleus scattering in a dark matter detector (colored lines). For the moment, let us focus on curve
B, which was computed under the assumption that only the three active neutrino flavors exists,
and that the A� boson to couple equally to neutrinos, charged leptons and nucleons. This could
be naturally realized if the dark photon is a B �L gauge boson. Like the corresponding Standard
Model processes, the neutrino–electron scattering rate at recoil energies around 1 keV is dominated
by pp neutrinos, whereas neutrino–nucleus scattering can only be above the detection threshold of
dark matter detectors if it comes from the higher energy components of the solar neutrino flux.
The spectrum flattens below Er ⇤ M2

A�/2m, where the A� propagator is dominated by the dark
photon mass rather than the momentum transfer in the interaction. We conclude from figure 2 that
the existence of a dark photon can substantially modify the solar neutrino spectrum as observed
by direct detection without coming into conflict with dedicated neutrino experiments.

Note that in our plots we neglect the fact that the electrons and nuclei in the target mate-
rial are in bound states. This is justified because their binding energies are in most cases much
smaller than the O(keV) recoil energies we are interested in.3 The only exception are the very
inner electrons in the case of a heavy target material, which can have binding energies of order
10 keV. We have checked that including the e⇥ects of electron wave functions in our calculation
leads only to a correction to the predicted neutrino–electron scattering rate of at most few–20%
and introduces small spectral features at those energies where additional electron shells become
kinematically accessible. By neglecting these small corrections, our results for neutrino–electron
scattering become material-independent and can thus be directly applied to any dark matter direct
detection experiment.

3.2. The parameter space for light gauge bosons

3 This is di�erent for the scattering of dark matter with a mass � 1 GeV on electrons, where observable recoil
energies can occur only when the electron enters the scattering process with a large initial momentum of at least
a few MeV. In this case, a dark matter detector would be probing the high-momentum tail of the bound state
electron wave functions, and, consequently, the fact that electrons are bound cannot be neglected [33].
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Figure 1: Expected event rates in dark matter detectors from (a) solar neutrino–electron scattering and
(b) solar neutrino–nucleus scattering in germanium. Thick black lines correspond to the total event rate,
while thin lines break the rate up into contribution from di�erent neutrino production processes. We also
show the observed electron recoil spectra in XENON-100 [28] (see text for details) and Borexino [23], from
the low-threshold analysis of CDMS data [27], and the event spectra from CoGeNT [20] and DAMA [29].
Since CoGeNT and DAMA cannot distinguish nuclear recoils from electron recoils, we interpret their data
as electron (nuclear) recoils in the left (right) panels, respectively.

in XENON-100 are not precisely known. They depend on the light yield LY , which gives the number
of detected scintillation photons as a function of the electron recoil energy, and which was only
measured at higher energies (122 keV) and has to be extrapolated down to lower energies. In
figure 1a we have used XENON-100’s working assumption that the light yield at low energies is
the same as in the calibration measurement at Er = 122 keV, LY = 2.2 PE/keVee2, which leads to
a detection threshold for electron recoils of about 2 keVee. Measurements indicate that the light
yield might actually be larger at lower recoil energies (down to 30 keVee) [30], and if this trend
continues to even lower recoil energies, the energy threshold in XENON-100 might be even lower
(and the backgound rate per keVee somewhat higher) than what is shown in figure 1a. However, in
many scintillators the light yield peaks at Er � 10 keVee and drops steeply below [30], so that the
exact sensitivity of the XENON-100 detector to low-energy electron recoil events remains somewhat
uncertain. In figure 1, we indicate this uncertainty by a dashed red lines below Er = 50 keVee.

For neutrino–nucleus scattering (figure 1b), we compare the Standard Model prediction to the
observed event rates in CoGeNT [20] and CDMS [27]. Note that the neutrino–nucleus scattering
rate at any given recoil energy depends on the target material. In figure 1b, we have chosen germa-
nium as an example, see [1] for plots of scattering rates on di�erent nuclear targets. Here we discuss
only elastic neutrino–nucleus scattering because it has been shown in [18] that the new physics
contributions to the cross sections for inelastic processes like neutrino-induced deuteron breakup

2 The notation keVee refers to the “electron equivalent energy in keV”, which is defined as the reconstructed recoil
energy under the assumption that it is carried by an electron. For nuclear recoils, only part of the recoil energy
is visible in the detector—an e�ect which has to be corrected for by dividing the visible energy by a quenching
factor—so that the energy threshold for nuclear recoils is higher than that for electron recoils. When referring to
a nuclear recoil energy, we will use the notation “keVnr”.
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dependent form factor as in equation (3). Note that in equation (4) we do not neglect the neutrino
mass m� and we distinguish between the neutrino energy E� and its momentum p� because later,
in section 3.4, we will consider also the scatttering of heavy sterile neutrinos.

The maximum recoil energy for fixed E� is given by

Emax
r =

2E2
�

mT + 2E�
, (5)

and, conversely, the minimum neutrino energy required for transferring a given recoil energy Er is

Emin
� =

1

2

�
Er +

⌅
E2

r + 2ErmT

⇥
. (6)

For mT ⇥ Er, the case we will mostly be concerned with in this paper, we can make the approx-
imation Emin

� ⇤
⌅
mTEr/2. The event rate at a detector is obtained by folding d�/dEr with the

solar neutrino flux d�/dE� :

dR

dEr
= NT

⇤ ⇥

Emin
�

d�

dE�

d�

dEr
dE� , (7)

where NT is the number of target particles in the experiment.
In figure 2 we show typical event spectra from A� mediated neutrino–electron and neutrino–

nucleus scattering in a dark matter detector (colored lines). For the moment, let us focus on curve
B, which was computed under the assumption that only the three active neutrino flavors exists,
and that the A� boson to couple equally to neutrinos, charged leptons and nucleons. This could
be naturally realized if the dark photon is a B �L gauge boson. Like the corresponding Standard
Model processes, the neutrino–electron scattering rate at recoil energies around 1 keV is dominated
by pp neutrinos, whereas neutrino–nucleus scattering can only be above the detection threshold of
dark matter detectors if it comes from the higher energy components of the solar neutrino flux.
The spectrum flattens below Er ⇤ M2

A�/2m, where the A� propagator is dominated by the dark
photon mass rather than the momentum transfer in the interaction. We conclude from figure 2 that
the existence of a dark photon can substantially modify the solar neutrino spectrum as observed
by direct detection without coming into conflict with dedicated neutrino experiments.

Note that in our plots we neglect the fact that the electrons and nuclei in the target mate-
rial are in bound states. This is justified because their binding energies are in most cases much
smaller than the O(keV) recoil energies we are interested in.3 The only exception are the very
inner electrons in the case of a heavy target material, which can have binding energies of order
10 keV. We have checked that including the e⇥ects of electron wave functions in our calculation
leads only to a correction to the predicted neutrino–electron scattering rate of at most few–20%
and introduces small spectral features at those energies where additional electron shells become
kinematically accessible. By neglecting these small corrections, our results for neutrino–electron
scattering become material-independent and can thus be directly applied to any dark matter direct
detection experiment.

3.2. The parameter space for light gauge bosons

3 This is di�erent for the scattering of dark matter with a mass � 1 GeV on electrons, where observable recoil
energies can occur only when the electron enters the scattering process with a large initial momentum of at least
a few MeV. In this case, a dark matter detector would be probing the high-momentum tail of the bound state
electron wave functions, and, consequently, the fact that electrons are bound cannot be neglected [33].
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Figure 1: Expected event rates in dark matter detectors from (a) solar neutrino–electron scattering and
(b) solar neutrino–nucleus scattering in germanium. Thick black lines correspond to the total event rate,
while thin lines break the rate up into contribution from di�erent neutrino production processes. We also
show the observed electron recoil spectra in XENON-100 [28] (see text for details) and Borexino [23], from
the low-threshold analysis of CDMS data [27], and the event spectra from CoGeNT [20] and DAMA [29].
Since CoGeNT and DAMA cannot distinguish nuclear recoils from electron recoils, we interpret their data
as electron (nuclear) recoils in the left (right) panels, respectively.

in XENON-100 are not precisely known. They depend on the light yield LY , which gives the number
of detected scintillation photons as a function of the electron recoil energy, and which was only
measured at higher energies (122 keV) and has to be extrapolated down to lower energies. In
figure 1a we have used XENON-100’s working assumption that the light yield at low energies is
the same as in the calibration measurement at Er = 122 keV, LY = 2.2 PE/keVee2, which leads to
a detection threshold for electron recoils of about 2 keVee. Measurements indicate that the light
yield might actually be larger at lower recoil energies (down to 30 keVee) [30], and if this trend
continues to even lower recoil energies, the energy threshold in XENON-100 might be even lower
(and the backgound rate per keVee somewhat higher) than what is shown in figure 1a. However, in
many scintillators the light yield peaks at Er � 10 keVee and drops steeply below [30], so that the
exact sensitivity of the XENON-100 detector to low-energy electron recoil events remains somewhat
uncertain. In figure 1, we indicate this uncertainty by a dashed red lines below Er = 50 keVee.

For neutrino–nucleus scattering (figure 1b), we compare the Standard Model prediction to the
observed event rates in CoGeNT [20] and CDMS [27]. Note that the neutrino–nucleus scattering
rate at any given recoil energy depends on the target material. In figure 1b, we have chosen germa-
nium as an example, see [1] for plots of scattering rates on di�erent nuclear targets. Here we discuss
only elastic neutrino–nucleus scattering because it has been shown in [18] that the new physics
contributions to the cross sections for inelastic processes like neutrino-induced deuteron breakup

2 The notation keVee refers to the “electron equivalent energy in keV”, which is defined as the reconstructed recoil
energy under the assumption that it is carried by an electron. For nuclear recoils, only part of the recoil energy
is visible in the detector—an e�ect which has to be corrected for by dividing the visible energy by a quenching
factor—so that the energy threshold for nuclear recoils is higher than that for electron recoils. When referring to
a nuclear recoil energy, we will use the notation “keVnr”.
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dependent form factor as in equation (3). Note that in equation (4) we do not neglect the neutrino
mass m� and we distinguish between the neutrino energy E� and its momentum p� because later,
in section 3.4, we will consider also the scatttering of heavy sterile neutrinos.

The maximum recoil energy for fixed E� is given by

Emax
r =

2E2
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mT + 2E�
, (5)

and, conversely, the minimum neutrino energy required for transferring a given recoil energy Er is

Emin
� =

1

2
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r + 2ErmT

⇥
. (6)

For mT ⇥ Er, the case we will mostly be concerned with in this paper, we can make the approx-
imation Emin

� ⇤
⌅
mTEr/2. The event rate at a detector is obtained by folding d�/dEr with the

solar neutrino flux d�/dE� :

dR

dEr
= NT
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Emin
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dEr
dE� , (7)

where NT is the number of target particles in the experiment.
In figure 2 we show typical event spectra from A� mediated neutrino–electron and neutrino–

nucleus scattering in a dark matter detector (colored lines). For the moment, let us focus on curve
B, which was computed under the assumption that only the three active neutrino flavors exists,
and that the A� boson to couple equally to neutrinos, charged leptons and nucleons. This could
be naturally realized if the dark photon is a B �L gauge boson. Like the corresponding Standard
Model processes, the neutrino–electron scattering rate at recoil energies around 1 keV is dominated
by pp neutrinos, whereas neutrino–nucleus scattering can only be above the detection threshold of
dark matter detectors if it comes from the higher energy components of the solar neutrino flux.
The spectrum flattens below Er ⇤ M2

A�/2m, where the A� propagator is dominated by the dark
photon mass rather than the momentum transfer in the interaction. We conclude from figure 2 that
the existence of a dark photon can substantially modify the solar neutrino spectrum as observed
by direct detection without coming into conflict with dedicated neutrino experiments.

Note that in our plots we neglect the fact that the electrons and nuclei in the target mate-
rial are in bound states. This is justified because their binding energies are in most cases much
smaller than the O(keV) recoil energies we are interested in.3 The only exception are the very
inner electrons in the case of a heavy target material, which can have binding energies of order
10 keV. We have checked that including the e⇥ects of electron wave functions in our calculation
leads only to a correction to the predicted neutrino–electron scattering rate of at most few–20%
and introduces small spectral features at those energies where additional electron shells become
kinematically accessible. By neglecting these small corrections, our results for neutrino–electron
scattering become material-independent and can thus be directly applied to any dark matter direct
detection experiment.

3.2. The parameter space for light gauge bosons

3 This is di�erent for the scattering of dark matter with a mass � 1 GeV on electrons, where observable recoil
energies can occur only when the electron enters the scattering process with a large initial momentum of at least
a few MeV. In this case, a dark matter detector would be probing the high-momentum tail of the bound state
electron wave functions, and, consequently, the fact that electrons are bound cannot be neglected [33].
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Figure 1: Expected event rates in dark matter detectors from (a) solar neutrino–electron scattering and
(b) solar neutrino–nucleus scattering in germanium. Thick black lines correspond to the total event rate,
while thin lines break the rate up into contribution from di�erent neutrino production processes. We also
show the observed electron recoil spectra in XENON-100 [28] (see text for details) and Borexino [23], from
the low-threshold analysis of CDMS data [27], and the event spectra from CoGeNT [20] and DAMA [29].
Since CoGeNT and DAMA cannot distinguish nuclear recoils from electron recoils, we interpret their data
as electron (nuclear) recoils in the left (right) panels, respectively.

in XENON-100 are not precisely known. They depend on the light yield LY , which gives the number
of detected scintillation photons as a function of the electron recoil energy, and which was only
measured at higher energies (122 keV) and has to be extrapolated down to lower energies. In
figure 1a we have used XENON-100’s working assumption that the light yield at low energies is
the same as in the calibration measurement at Er = 122 keV, LY = 2.2 PE/keVee2, which leads to
a detection threshold for electron recoils of about 2 keVee. Measurements indicate that the light
yield might actually be larger at lower recoil energies (down to 30 keVee) [30], and if this trend
continues to even lower recoil energies, the energy threshold in XENON-100 might be even lower
(and the backgound rate per keVee somewhat higher) than what is shown in figure 1a. However, in
many scintillators the light yield peaks at Er � 10 keVee and drops steeply below [30], so that the
exact sensitivity of the XENON-100 detector to low-energy electron recoil events remains somewhat
uncertain. In figure 1, we indicate this uncertainty by a dashed red lines below Er = 50 keVee.

For neutrino–nucleus scattering (figure 1b), we compare the Standard Model prediction to the
observed event rates in CoGeNT [20] and CDMS [27]. Note that the neutrino–nucleus scattering
rate at any given recoil energy depends on the target material. In figure 1b, we have chosen germa-
nium as an example, see [1] for plots of scattering rates on di�erent nuclear targets. Here we discuss
only elastic neutrino–nucleus scattering because it has been shown in [18] that the new physics
contributions to the cross sections for inelastic processes like neutrino-induced deuteron breakup

2 The notation keVee refers to the “electron equivalent energy in keV”, which is defined as the reconstructed recoil
energy under the assumption that it is carried by an electron. For nuclear recoils, only part of the recoil energy
is visible in the detector—an e�ect which has to be corrected for by dividing the visible energy by a quenching
factor—so that the energy threshold for nuclear recoils is higher than that for electron recoils. When referring to
a nuclear recoil energy, we will use the notation “keVnr”.
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Figure 1: Expected event rates in dark matter detectors from (a) solar neutrino–electron scattering and
(b) solar neutrino–nucleus scattering in germanium. Thick black lines correspond to the total event rate,
while thin lines break the rate up into contribution from di�erent neutrino production processes. We also
show the observed electron recoil spectra in XENON-100 [28] (see text for details) and Borexino [23], from
the low-threshold analysis of CDMS data [27], and the event spectra from CoGeNT [20] and DAMA [29].
Since CoGeNT and DAMA cannot distinguish nuclear recoils from electron recoils, we interpret their data
as electron (nuclear) recoils in the left (right) panels, respectively.

in XENON-100 are not precisely known. They depend on the light yield LY , which gives the number
of detected scintillation photons as a function of the electron recoil energy, and which was only
measured at higher energies (122 keV) and has to be extrapolated down to lower energies. In
figure 1a we have used XENON-100’s working assumption that the light yield at low energies is
the same as in the calibration measurement at Er = 122 keV, LY = 2.2 PE/keVee2, which leads to
a detection threshold for electron recoils of about 2 keVee. Measurements indicate that the light
yield might actually be larger at lower recoil energies (down to 30 keVee) [30], and if this trend
continues to even lower recoil energies, the energy threshold in XENON-100 might be even lower
(and the backgound rate per keVee somewhat higher) than what is shown in figure 1a. However, in
many scintillators the light yield peaks at Er � 10 keVee and drops steeply below [30], so that the
exact sensitivity of the XENON-100 detector to low-energy electron recoil events remains somewhat
uncertain. In figure 1, we indicate this uncertainty by a dashed red lines below Er = 50 keVee.

For neutrino–nucleus scattering (figure 1b), we compare the Standard Model prediction to the
observed event rates in CoGeNT [20] and CDMS [27]. Note that the neutrino–nucleus scattering
rate at any given recoil energy depends on the target material. In figure 1b, we have chosen germa-
nium as an example, see [1] for plots of scattering rates on di�erent nuclear targets. Here we discuss
only elastic neutrino–nucleus scattering because it has been shown in [18] that the new physics
contributions to the cross sections for inelastic processes like neutrino-induced deuteron breakup

2 The notation keVee refers to the “electron equivalent energy in keV”, which is defined as the reconstructed recoil
energy under the assumption that it is carried by an electron. For nuclear recoils, only part of the recoil energy
is visible in the detector—an e�ect which has to be corrected for by dividing the visible energy by a quenching
factor—so that the energy threshold for nuclear recoils is higher than that for electron recoils. When referring to
a nuclear recoil energy, we will use the notation “keVnr”.

Since Joseph cover nuclear, I’ll focus on e-recoil.
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New Physics?
Can new physics in the neutrino sector “raise” this 
background and give interesting signals?
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Figure 1: Expected event rates in dark matter detectors from (a) solar neutrino–electron scattering and
(b) solar neutrino–nucleus scattering in germanium. Thick black lines correspond to the total event rate,
while thin lines break the rate up into contribution from di�erent neutrino production processes. We also
show the observed electron recoil spectra in XENON-100 [28] (see text for details) and Borexino [23], from
the low-threshold analysis of CDMS data [27], and the event spectra from CoGeNT [20] and DAMA [29].
Since CoGeNT and DAMA cannot distinguish nuclear recoils from electron recoils, we interpret their data
as electron (nuclear) recoils in the left (right) panels, respectively.

in XENON-100 are not precisely known. They depend on the light yield LY , which gives the number
of detected scintillation photons as a function of the electron recoil energy, and which was only
measured at higher energies (122 keV) and has to be extrapolated down to lower energies. In
figure 1a we have used XENON-100’s working assumption that the light yield at low energies is
the same as in the calibration measurement at Er = 122 keV, LY = 2.2 PE/keVee2, which leads to
a detection threshold for electron recoils of about 2 keVee. Measurements indicate that the light
yield might actually be larger at lower recoil energies (down to 30 keVee) [30], and if this trend
continues to even lower recoil energies, the energy threshold in XENON-100 might be even lower
(and the backgound rate per keVee somewhat higher) than what is shown in figure 1a. However, in
many scintillators the light yield peaks at Er � 10 keVee and drops steeply below [30], so that the
exact sensitivity of the XENON-100 detector to low-energy electron recoil events remains somewhat
uncertain. In figure 1, we indicate this uncertainty by a dashed red lines below Er = 50 keVee.

For neutrino–nucleus scattering (figure 1b), we compare the Standard Model prediction to the
observed event rates in CoGeNT [20] and CDMS [27]. Note that the neutrino–nucleus scattering
rate at any given recoil energy depends on the target material. In figure 1b, we have chosen germa-
nium as an example, see [1] for plots of scattering rates on di�erent nuclear targets. Here we discuss
only elastic neutrino–nucleus scattering because it has been shown in [18] that the new physics
contributions to the cross sections for inelastic processes like neutrino-induced deuteron breakup

2 The notation keVee refers to the “electron equivalent energy in keV”, which is defined as the reconstructed recoil
energy under the assumption that it is carried by an electron. For nuclear recoils, only part of the recoil energy
is visible in the detector—an e�ect which has to be corrected for by dividing the visible energy by a quenching
factor—so that the energy threshold for nuclear recoils is higher than that for electron recoils. When referring to
a nuclear recoil energy, we will use the notation “keVnr”.
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Figure 1: Expected event rates in dark matter detectors from (a) solar neutrino–electron scattering and
(b) solar neutrino–nucleus scattering in germanium. Thick black lines correspond to the total event rate,
while thin lines break the rate up into contribution from di�erent neutrino production processes. We also
show the observed electron recoil spectra in XENON-100 [28] (see text for details) and Borexino [23], from
the low-threshold analysis of CDMS data [27], and the event spectra from CoGeNT [20] and DAMA [29].
Since CoGeNT and DAMA cannot distinguish nuclear recoils from electron recoils, we interpret their data
as electron (nuclear) recoils in the left (right) panels, respectively.

in XENON-100 are not precisely known. They depend on the light yield LY , which gives the number
of detected scintillation photons as a function of the electron recoil energy, and which was only
measured at higher energies (122 keV) and has to be extrapolated down to lower energies. In
figure 1a we have used XENON-100’s working assumption that the light yield at low energies is
the same as in the calibration measurement at Er = 122 keV, LY = 2.2 PE/keVee2, which leads to
a detection threshold for electron recoils of about 2 keVee. Measurements indicate that the light
yield might actually be larger at lower recoil energies (down to 30 keVee) [30], and if this trend
continues to even lower recoil energies, the energy threshold in XENON-100 might be even lower
(and the backgound rate per keVee somewhat higher) than what is shown in figure 1a. However, in
many scintillators the light yield peaks at Er � 10 keVee and drops steeply below [30], so that the
exact sensitivity of the XENON-100 detector to low-energy electron recoil events remains somewhat
uncertain. In figure 1, we indicate this uncertainty by a dashed red lines below Er = 50 keVee.

For neutrino–nucleus scattering (figure 1b), we compare the Standard Model prediction to the
observed event rates in CoGeNT [20] and CDMS [27]. Note that the neutrino–nucleus scattering
rate at any given recoil energy depends on the target material. In figure 1b, we have chosen germa-
nium as an example, see [1] for plots of scattering rates on di�erent nuclear targets. Here we discuss
only elastic neutrino–nucleus scattering because it has been shown in [18] that the new physics
contributions to the cross sections for inelastic processes like neutrino-induced deuteron breakup

2 The notation keVee refers to the “electron equivalent energy in keV”, which is defined as the reconstructed recoil
energy under the assumption that it is carried by an electron. For nuclear recoils, only part of the recoil energy
is visible in the detector—an e�ect which has to be corrected for by dividing the visible energy by a quenching
factor—so that the energy threshold for nuclear recoils is higher than that for electron recoils. When referring to
a nuclear recoil energy, we will use the notation “keVnr”.
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New Physics Models
Many models with new light gauge boson:

A light B-L gauge boson

Kinetically mixed U(1) (a.k.a dark photon).

New sterile neutrinos can also come in handy.  
Can be emitted by the sun via mixing or oscillation. 

Another “new” gauge boson that can couple to 
neutrinos is the photon.

a magnetic dipole moment: µ⇥ ⇥̄⇤µ⇥⇥ Fµ⇥
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B-L is constrained.  There are holes:
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Parameter Space
Dark photons are a bit more open.
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A Light Gauge Boson
The exchange of A’ contributes to neutrino-nucleus 
and neutrino-electron scattering:

5

or nuclear excitations are about eight orders of magnitude smaller than the elastic scattering cross
section in the class of models we are interested in in this paper (new interactions mediated by
an isoscalar vector current). At the moment, the models of interest to us are therefore not con-
strained by precision experiments like SNO or Borexino, but note that a dedicated Borexino search
for gamma ray lines from the process C12 + ⇥ ⌅ ⇥ + C�

12 ⌅ ⇥b + C12 + � could be sensitive [18].
We see from figure 1b that solar neutrinos can only yield neutrino–nucleus scattering events in
germanium with Er � 10 keV because of the sharp drop-o� of their spectrum at high energies.
In materials containing lighter target nuclei, the upper end up the recoil spectrum can be higher,
up to 20 keV for NaI and 30 keV for CaWO4. Also, atmospheric neutrinos can induce scattering
events with higher recoil energies [1], but because of their much lower flux, we ignore these events
in this paper.

Most dark matter direct detection experiments make an e�ort to distinguish nuclear and elec-
tron recoils, focusing on the former as dark matter candidate events and rejecting the latter as
backgrounds. Interestingly, the two exceptions to this are DAMA [29] and CoGeNT [19], both of
which have observed a possible signal.

3. ENHANCED NEUTRINO SCATTERING RATES IN DARK MATTER DETECTORS
FROM NEW PHYSICS IN THE NEUTRINO SECTOR

We will now turn to new physics scenarios in which neutrino interactions with matter are
enhanced to give event rates that are interesting for present and future direct detection experiments.
It is clear that any such model should give significant contributions only at low recoil energies
of a few keV, but die-o� at high recoil energies of a few hunderd keV. Above that energy, the
precise measurements of the solar neutrino–electron scattering rate in Borexino [23, 31, 32] and
SNO [24, 25] and of the neutrino–nucleus scattering rate in accelerator neutrino experiments set
tight constraints on any anomalous type of neutrino interaction.

3.1. A Dark Photon

One interesting possibility which fits the bill is a new interaction mediated by a very light
(⇥ 1 GeV) new particle. Let us consider a light U(1)⇥ gauge boson A⇥ of mass MA⇥ (a “dark
photon”), coupling both to neutrinos and Standard Model particles. To begin, we will focus on
a scenario with only the three active neutrino flavors, but in the following sections we will also
introduce sterile neutrinos coupled to the dark photon. The amplitude for A⇥-mediated neutrino–
electron scattering is proportional to a propagator of the form (q2 �M2

A⇥)�1 where q2 = �2Erme

is the square of the four-momentum transfer, me is the mass of the electron, and Er is the recoil
energy it receives. Thus, as long as q2 ⇤ M2

A⇥ , the scattering cross section is proportional to 1/E2
r ,

and the new interaction is suppressed in experiments with a high energy threshold.
The cross section for elastic scattering of a neutrino o� a target particle (an electron or an atomic

nucleus) also depends on the chiral structure of the A⇥ couplings to the target. (We assume the
neutrino is always left handed.) Here, however, we will assume A⇥ to have pure vector couplings
of the form ⇧̄�µ⇧eA⇥

µ, and with this assumption we obtain for the di�erential cross section for
neutrino scattering per target particle as a function of the recoil energy

d⌅

dEr
=

g2�g
2
TmT

4⇤p2�(M
2
A⇥ + 2ErmT )2

�
2E2

� + E2
r � 2ErE� � ErmT �m2

�

⇥
, (4)

where mT is the mass of the target electron or nucleus and g� , gT are the A⇥ couplings to neutrinos
and target particles, respectively. If the target particle is an atomic nucleus, gT contains an energy propagator:  q2-M2

}
Er

Er � M 2
A�

2mT

e 
v ge 

gv  



A Light Gauge Boson
What does a direct detection experiment see? 
back to the master formula: 

6

dependent form factor as in equation (3). Note that in equation (4) we do not neglect the neutrino
mass m� and we distinguish between the neutrino energy E� and its momentum p� because later,
in section 3.4, we will consider also the scatttering of heavy sterile neutrinos.

The maximum recoil energy for fixed E� is given by

Emax
r =

2E2
�

mT + 2E�
, (5)

and, conversely, the minimum neutrino energy required for transferring a given recoil energy Er is

Emin
� =

1

2

�
Er +

⌅
E2

r + 2ErmT

⇥
. (6)

For mT ⇥ Er, the case we will mostly be concerned with in this paper, we can make the approx-
imation Emin

� ⇤
⌅
mTEr/2. The event rate at a detector is obtained by folding d�/dEr with the

solar neutrino flux d�/dE� :

dR

dEr
= NT

⇤ ⇥

Emin
�

d�

dE�

d�

dEr
dE� , (7)

where NT is the number of target particles in the experiment.
In figure 2 we show typical event spectra from A� mediated neutrino–electron and neutrino–

nucleus scattering in a dark matter detector (colored lines). For the moment, let us focus on curve
B, which was computed under the assumption that only the three active neutrino flavors exists,
and that the A� boson to couple equally to neutrinos, charged leptons and nucleons. This could
be naturally realized if the dark photon is a B �L gauge boson. Like the corresponding Standard
Model processes, the neutrino–electron scattering rate at recoil energies around 1 keV is dominated
by pp neutrinos, whereas neutrino–nucleus scattering can only be above the detection threshold of
dark matter detectors if it comes from the higher energy components of the solar neutrino flux.
The spectrum flattens below Er ⇤ M2

A�/2m, where the A� propagator is dominated by the dark
photon mass rather than the momentum transfer in the interaction. We conclude from figure 2 that
the existence of a dark photon can substantially modify the solar neutrino spectrum as observed
by direct detection without coming into conflict with dedicated neutrino experiments.

Note that in our plots we neglect the fact that the electrons and nuclei in the target mate-
rial are in bound states. This is justified because their binding energies are in most cases much
smaller than the O(keV) recoil energies we are interested in.3 The only exception are the very
inner electrons in the case of a heavy target material, which can have binding energies of order
10 keV. We have checked that including the e⇥ects of electron wave functions in our calculation
leads only to a correction to the predicted neutrino–electron scattering rate of at most few–20%
and introduces small spectral features at those energies where additional electron shells become
kinematically accessible. By neglecting these small corrections, our results for neutrino–electron
scattering become material-independent and can thus be directly applied to any dark matter direct
detection experiment.

3.2. The parameter space for light gauge bosons

3 This is di�erent for the scattering of dark matter with a mass � 1 GeV on electrons, where observable recoil
energies can occur only when the electron enters the scattering process with a large initial momentum of at least
a few MeV. In this case, a dark matter detector would be probing the high-momentum tail of the bound state
electron wave functions, and, consequently, the fact that electrons are bound cannot be neglected [33].

6

dependent form factor as in equation (3). Note that in equation (4) we do not neglect the neutrino
mass m� and we distinguish between the neutrino energy E� and its momentum p� because later,
in section 3.4, we will consider also the scatttering of heavy sterile neutrinos.

The maximum recoil energy for fixed E� is given by

Emax
r =

2E2
�

mT + 2E�
, (5)

and, conversely, the minimum neutrino energy required for transferring a given recoil energy Er is

Emin
� =

1
2

�
Er +

⌅
E2

r + 2ErmT

⇥
. (6)

For mT ⇥ Er, the case we will mostly be concerned with in this paper, we can make the approx-
imation Emin

� ⇤
⌅

mT Er/2. The event rate at a detector is obtained by folding d�/dEr with the
solar neutrino flux d�/dE� :

dR

dEr
= NT

⇤ ⇥

Emin
�

d�
dE�

d�

dEr
dE� , (7)

where NT is the number of target particles in the experiment.
In figure 2 we show typical event spectra from A� mediated neutrino–electron and neutrino–

nucleus scattering in a dark matter detector (colored lines). For the moment, let us focus on curve
B, which was computed under the assumption that only the three active neutrino flavors exists,
and that the A� boson to couple equally to neutrinos, charged leptons and nucleons. This could
be naturally realized if the dark photon is a B �L gauge boson. Like the corresponding Standard
Model processes, the neutrino–electron scattering rate at recoil energies around 1 keV is dominated
by pp neutrinos, whereas neutrino–nucleus scattering can only be above the detection threshold of
dark matter detectors if it comes from the higher energy components of the solar neutrino flux.
The spectrum flattens below Er ⇤ M2

A�/2m, where the A� propagator is dominated by the dark
photon mass rather than the momentum transfer in the interaction. We conclude from figure 2 that
the existence of a dark photon can substantially modify the solar neutrino spectrum as observed
by direct detection without coming into conflict with dedicated neutrino experiments.

Note that in our plots we neglect the fact that the electrons and nuclei in the target mate-
rial are in bound states. This is justified because their binding energies are in most cases much
smaller than the O(keV) recoil energies we are interested in.3 The only exception are the very
inner electrons in the case of a heavy target material, which can have binding energies of order
10 keV. We have checked that including the e⇥ects of electron wave functions in our calculation
leads only to a correction to the predicted neutrino–electron scattering rate of at most few–20%
and introduces small spectral features at those energies where additional electron shells become
kinematically accessible. By neglecting these small corrections, our results for neutrino–electron
scattering become material-independent and can thus be directly applied to any dark matter direct
detection experiment.

3.2. The parameter space for light gauge bosons

3 This is di�erent for the scattering of dark matter with a mass � 1 GeV on electrons, where observable recoil
energies can occur only when the electron enters the scattering process with a large initial momentum of at least
a few MeV. In this case, a dark matter detector would be probing the high-momentum tail of the bound state
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CoGeNT or DAMA?
If we want to do CoGent or DAMA there is clear 
tension with XENON100 (and also Borexino).
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Figure 2: Expected event spectra in a dark matter detector from new physics in the scattering of solar
neutrinos on electrons. The di�erent colored curves correspond to (A) a model where the neutrino has a
magnetic dipole moment of µ� = 0.32⇥ 10�10µB and (B, C, D) models where the scattering is enhanced by
the exchange of a new light gauge boson A⇥ with couplings ge to electrons and g� to neutrinos. The latter
case is for instance realized in the model from section 3.3, where Standard Model particles couple to the A⇥

through its kinetic mixing with the photon, but there is also a sterile neutrino �s directly charged under U(1)⇥.
To keep the discussion general, we assume the �e ⌅ �s transition probability to be energy-independent, and
we have absorbed the corresponding flux suppression into a redefinition of g2

� . The black curve shows the
Standard Model rate from figure 1, and the red curves and data points show the observed electron recoil
rates in XENON-100 [31] (see section 2 for details), Borexino [26], CoGeNT [22], and DAMA [32]. (Note
that CoGeNT and DAMA cannot distinguish nuclear recoils from electron recoils, so their data can be
interpreted as either.)

4. ENHANCED NEUTRINO–ELECTRON SCATTERING FROM NEW PHYSICS

Let us now investigate the phenomenology of the models introduced in section 3 in more detail.
We begin by studying neutrino–electron scattering rates in dark matter detectors. Most of these
experiments make an e�ort to distinguish nuclear and electron recoils, focusing on the former as
dark matter candidate events and rejecting the latter as backgrounds. Interestingly, two exceptions
to this are DAMA [32] and CoGeNT [21], both of which have observed a possible signal.

Curve A in figure 2 shows the neutrino–electron scattering rate expected for neutrinos with a
magnetic moment (section 3.1) of 0.32⇥ 10�10µB, saturating the experimental limit. We see that
a significant enhancement of the event rate by more than one order of magnitude at Er ⇤ few keV
is possible. While this is still outside the reach of existing experiments, near future detector like
LUX or XENON-1T may be able to enter this territory. Turning this statement around, future
direct detection experiments such as LUX and XENON-1T may be able to improve the bounds on
the magnetic dipole moment of the neutrino considerably.

Curves B, C and D in figure 2 are typical event spectra from A⇥-mediated neutrino–electron
scattering in a dark matter detector. We see that, as expected, the electron recoil energy spectrum is
proportional to the squared propagator of the light gauge boson, (q2�M2

A�)�2 where q2 = �2Erme.
It is thus a steeply falling function of Er for Er > M2

A�/2me, and flattens out below. This can
be easily discerned by comparing curves B, C and D, which where computed assuming di�erent
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Figure 1: Expected event rates in dark matter detectors from (a) solar neutrino–electron scattering and
(b) solar neutrino–nucleus scattering in germanium. Thick black lines correspond to the total event rate,
while thin lines break the rate up into contribution from di�erent neutrino production processes. We also
show the observed electron recoil spectra in XENON-100 [28] (see text for details) and Borexino [23], from
the low-threshold analysis of CDMS data [27], and the event spectra from CoGeNT [20] and DAMA [29].
Since CoGeNT and DAMA cannot distinguish nuclear recoils from electron recoils, we interpret their data
as electron (nuclear) recoils in the left (right) panels, respectively.

in XENON-100 are not precisely known. They depend on the light yield LY , which gives the number
of detected scintillation photons as a function of the electron recoil energy, and which was only
measured at higher energies (122 keV) and has to be extrapolated down to lower energies. In
figure 1a we have used XENON-100’s working assumption that the light yield at low energies is
the same as in the calibration measurement at Er = 122 keV, LY = 2.2 PE/keVee2, which leads to
a detection threshold for electron recoils of about 2 keVee. Measurements indicate that the light
yield might actually be larger at lower recoil energies (down to 30 keVee) [30], and if this trend
continues to even lower recoil energies, the energy threshold in XENON-100 might be even lower
(and the backgound rate per keVee somewhat higher) than what is shown in figure 1a. However, in
many scintillators the light yield peaks at Er � 10 keVee and drops steeply below [30], so that the
exact sensitivity of the XENON-100 detector to low-energy electron recoil events remains somewhat
uncertain. In figure 1, we indicate this uncertainty by a dashed red lines below Er = 50 keVee.

For neutrino–nucleus scattering (figure 1b), we compare the Standard Model prediction to the
observed event rates in CoGeNT [20] and CDMS [27]. Note that the neutrino–nucleus scattering
rate at any given recoil energy depends on the target material. In figure 1b, we have chosen germa-
nium as an example, see [1] for plots of scattering rates on di�erent nuclear targets. Here we discuss
only elastic neutrino–nucleus scattering because it has been shown in [18] that the new physics
contributions to the cross sections for inelastic processes like neutrino-induced deuteron breakup

2 The notation keVee refers to the “electron equivalent energy in keV”, which is defined as the reconstructed recoil
energy under the assumption that it is carried by an electron. For nuclear recoils, only part of the recoil energy
is visible in the detector—an e�ect which has to be corrected for by dividing the visible energy by a quenching
factor—so that the energy threshold for nuclear recoils is higher than that for electron recoils. When referring to
a nuclear recoil energy, we will use the notation “keVnr”.

Can we get a 
sharp threshold?

The solar flux has lines....

A kinematic threshold 
near the 7Be line. 

Its tuned...*

* I would like to thank IDM and its variants for the moral license to do this.
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Interesting spectra can arise:
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Figure 3: Expected event spectra in a dark matter detector from A�-enhanced scattering of heavy sterile
neutrinos on electrons (thick purple and yellow lines). We have assumed the A� mass to be negligible, and
we have chosen the cross section such that the CoGeNT excess can be explained. Black lines show the count
rate in the Standard Model, and red curves show the observed event rates in XENON-100 [31] (see section 2
for details), Borexino [26], CoGeNT [22] and DAMA [32]. We have accounted for the kinematic suppression
of heavy neutrino production for the 7Be neutrinos (solid line), but not of the pp, 13N, 15O, 17F, 8B and
hep neutrinos (dashed line), which are produced as parts of 3-body final states.

5. ENHANCED NEUTRINO–NUCLEUS SCATTERING FROM NEW PHYSICS

While neutrino–electron scattering in a dark matter detector, as discussed in the previous
section, is a very interesting discovery channel for new physics in the neutrino sector, it is not
the process that most of these detectors are designed to look for. Let us therefore now turn our
attention to neutrino–nucleus scattering, focusing in particular on scenarios in which the scattering
rate at low energies is enhanced, thus possibly mimicking a dark matter signal.

As for neutrino–electron scattering, the simplest way of achieving such enhancement is by
introducing a neutrino magnetic moment. The expected neutrino–nucleus scattering rate for solar
neutrinos with a magnetic moment at the current upper limit is shown in figure 4, curve A for
two di�erent target materials: Germanium (used in CoGeNT and CDMS) and CaWO4 (used in
CRESST). As we can see, the e�ect is very small, and certainly not detectable by dark matter
experiments in the foreseeable future.

The situation is di�erent for neutrino–nucleus scattering through the exchange of a new light
gauge boson (“dark photon”) A⇥ with mass MA� (see for instance the models from sections 3.2–3.4).
In this case, the A⇥ couplings can still be su⇥ciently large to allow for substantial enhancement of
the scattering rate. Moreover, when scattering on a heavy nucleus, a low energy neutrino cannot
resolve the nuclear structures, and hence the scattering happens coherently on all nucleons. This
leads to an increase in the cross section proportional to A2, where A is the nuclear mass number.

On the other hand, since nuclei are much heavier than electrons, an O(keV) nuclear recoil
energy (above the detection threshold in a dark matter detector) requires neutrino energies of
O(1–10 MeV), as opposed to the O(10 keV) required for the a detectable electron recoil. This
means that, while all solar neutrino flux components can contribute to �–e� scattering, only the
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Modulation and the Sun
Annual modulation is an iportant part of past and 
(hopefully) future anomalies. 

What modulation signals can the Sun produce?

Many possibilities for modulation:
daily.

annually.

even semi-annually.

 



Elliptical Orbit & Just-So
We are on an elliptical orbit.  Wikipedia:

Closest to the Sun on Jan 3rd (wrong phase for DAMA).

The amplitude is 1.6% (flux is double that).

Introduce oscillation on AU scale (with sterile):
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Just-So
A variety of modulation amplitudes are possible
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Figure 5: Relative annual modulation fraction (RJun�RDec)/(RJun+RDec) of the rate of A�-mediated sterile
neutrino–electron scattering as a function of the recoil energy Er and the mass squared di⇥erence between
active and sterile neutrinos. For simplicity, we use a two-flavor vacuum oscillation framework here. One can
clearly distinguish four di⇥erent regimes, in which the rate is dominated by pp neutrinos, 7Be neutrinos,
pep neutrinos, CNO neutrinos, and 8B neutrinos, respectively.

neutrinos, respectively. In each of these regimes, the modulation fraction is determined mostly by
the oscillation length at the peak energy of the corresponding neutrino flux, as long as the recoil
energy is large enough for this peak energy to be kinematically accessible.

Note that for �m2 values larger than the ones shown in figure 5, the impact of oscillations will
fade away once the oscillation length at the relevant neutrino energies becomes larger than the
diameter of the neutrino production region in the Sun. For pp neutrinos, which are produced at
radii r < 0.2R⇥ in the Sun and whose flux peaks at around 300 keV, this happens for �m2 �
3 ⇥ 10�9 eV2, whereas for 8B neutrinos, which are produced at r < 0.1R⇥ and whose flux peaks
at around 6 MeV, wash-out e⇥ects become relevant only for �m2 � 10�7 eV2 [82].

6.3. Diurnal and annual modulation from Earth matter e�ects

Another mechanism by which solar neutrino signals can modulate with time is Mikheyev-
Smirnov-Wolfenstein (MSW) type matter e⇥ects in the Earth. It is well known (see for instance
reference [83] and references therein) that even in the standard three-flavor oscillation framework
matter-enhanced �µ, �� ⇤ �e oscillations of solar neutrinos inside the Earth can lead to a slightly
enhanced �e flux during the night, when solar neutrinos have to traverse the Earth before reaching
a detector. This leads to diurnal modulation of the �e detection rate, and, since nights are longer
in winter than in summer, it also leads to annual modulation. In the standard framework, the
day–night asymmetry is predicted to be very small, on the few per cent level, but we will argue
here that it can be sizeable in the new physics sector.

Consider, for instance, a scenario based on the model from section 3.4 (a U(1)B gauge boson),
but with two sterile neutrinos, weakly mixed with the active ones. We assume that one of the
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Matter Effects
The new gauge boson can lead to new “MSW-like” 
matter effects:

Active-sterile oscillations in matter can be very 
different from those in vacuum.

Day-night asymmetry due to an oscillation b/
w  among sterile species in matter.  This 
asymmetry can be large.

The matter oscillation length,                            , 
can be anywhere between a kilometer and the 
earth radius.

Vmatter =
g�

M2
A�

(gene + gpnp + gnnn)

Losc = 4�E/�m2



Zenith Angles
At noon, the sun is high in the sky in summer.   
Low in winter.

At midnight, the Sun is lower below the horizon in 
winter. Higher in summer.

Gran Sasso mountain

summer

winter
winter

summer

DayNight



Zenith Angle
The average baseline in rock for solar neutrinos 
going to Gran Sasso modulates:

A strong daily modulation is induced here too.

21

1 10 100 1000 104
0.00

0.05

0.10

0.15

0.20

Distance L travelled in m atter �km ⇥

F
ra
c
ti
o
n
o
f
ti
m
e

Solar ⇥ baselines at Gran Sasso
Winter ⇤Oct�Mar⌅
Summer ⇤Apr�Sep ⌅

Figure 6: The distribution of the amount of matter a solar neutrino has to travel through in winter (October–
March, black histogram) compared to summer (April–September, red histogram). To obtain this plot, we
have computed the thickness of the rock around the Gran Sasso Laboratory as a function of the zenith
and azimuthal angles (including e⇤ects of local topography), and have weighted the result by the fraction
of time the detector sees the Sun in any given direction. A very large daily and annual modulation of a
sterile neutrino signal may be achieved in models with oscillation lengths around a few kilometers or around
several thousand kilometers.

the horizon, we have approximated the Earth as a simple sphere. We have then weighted d(�,⇥)
by the fraction of time the Sun spends at any given point (�,⇥) in the sky (or below the horizon)
during the time intervals indicated in the legend. All computations were done in Mathematica 8.

6.5. Diurnal and annual modulation from neutrino absorption in the Earth

In models that feature sterile neutrinos with su⌅ciently large couplings to ordinary matter,
the sterile neutrinos’ scattering cross section can be so large that their mean free path becomes
less than the diameter of the Earth. (For constraints on such models and a discussion of the
allowed parameter space see section 7 below.) At night, when they have to travel through a
substantial amount of matter before reaching a detector, the sterile neutrinos would thus loose
all their kinetic energy and become undetectable, whereas during daytime, they could reach the
detector unimpeded. This can lead to a very strong daily modulation of the experimental event rate,
and due to the di⇤erent length of day in summer compared to winter, also to annual modulation
peaking in summer.

6.6. Modulation from direction-dependent quenching factors

Finally, there is the possibility that temporal modulation of a neutrino scattering signal is
induced by direction-dependent solid state e⇤ects in a target crystal. This source of modulation is
endemic to signals which originate from a particular direction such as the Sun, as opposed to signals
originating from dark matter which are roughly isotropic, with only a small direction dependence

annual modulation can be much stronger asymmetry 
in daylight hours.



Channeling
The dark matter signal is isotropic to zeroth order.

A signal coming from the sun is maximally 
anisotropic.

Imagine channeling occurs in some target crystals:

A highly angle dependent effect      modulation!



Channeling
This can lead to a daily modulation, as well as a 
annual or semi-annul modulation.
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Figure 7: Illustration of the relative orientation of a detector with respect to the solar neutrino flux through-
out the year. In blue we show the cones which the detector’s normal axis traces out during a day, and in
red we show the Earth’s trajectory around the Sun. As explained in the text, a detector whose detection
e⇥ciency depends on the direction of the incoming particles can observe both diurnal and semi-annual
modulation in the solar neutrino signal.

rate. There would be no contribution to annual modulation, though, because the orientation of
the Earth’s axis relative to the dark matter velocity does not change during the year.

The situation is di�erent for signals induced by particles coming from the Sun, such as neutrinos.
In this case, direction dependent detection e⇥ciencies will lead to both diurnal modulation and
semi-annual modulation. This can be understood from figure 7, in which the blue cones illustrate
the trajectory of the detector’s normal axis during a day, and the red ellipse depicts the Earth’s
orbit around the Sun. We see that the angles under which the detector sees solar neutrinos in
opposite seasons di�er by 180�. Since the target materials typically used in dark matter detectors
(Ge, Si, NaI(Tl), CsI(Tl), CaWO4 CHECK FOR CAWO4) form parity symmetric crystals, their
response is invariant with respect to reversal of the incoming particle direction, and the signal will
be the same in opposite seaons, but may be di�erent in between. This explains why solar neutrino
signals in solid dark matter detectors can show semi-annual modulation.

5. CONCLUSIONS

In this paper, we have discussed the rich phenomenology of standard and non-standard solar
neutrino signals in dark matter direct detectorion experiments. In particular, we have considered
models featuring a “dark photon” A⇥ (a light, weakly coupled new gauge boson), and have shown
that A⇥-mediated neutrino–electron and neutrino–nucleus scattering can be much stronger than
Standard Model weak interactions at the low recoil energies to which dark matter detectors are
sensitive while being consistent with constraints from higher energy experiments such as Borexino.
If we moreover assume that a small fraction of solar neutrinos has oscillated into new “sterile”
flavors, whose couplings to the dark photon are much less constrained than those of Standard
Model particles, the scattering rates can be large enough to explain at least some of the recently
reported signals.

We have also discussed possible sources of temporal variations in the neutrino count rate, in
particular the annual variation of the Earth–Sun distance (possibly in conjunction with oscillation



Concluding
Dark matter and neutrino experiments share 
some features: low backgrounds, large exposure, low 
thresholds. 

They can probe similar physics.                       

New physics connecting the SM to neutrinos can lead 
to interesting direct detection signals:

New light gauge bosons.

Neutrino dipole moments.

Many possibilities for rich modulation signals.
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Nuclear Recoil
The situation is very different w/ nuclear recoil.

SNO has measured Boron 8 neutrinos through 
deuterium dissociation. 

SNO is probing a momentum transfer that is only 
a factor of a few higher than DAMA or CoGent.

A light mediator does not buy you much.

But...



Nuclear Recoil
Deuterium dissociation is an inelastic process.

The standard model rate at SNO is dominated by 
the axial-vector component of the Z interaction.

The vector component is suppressed by....

1103.3261

understanding this is in progress.



Nuclear Recoil
Deuterium dissociation is an inelastic process.

The standard model rate at SNO is dominated by 
the axial-vector component of the Z interaction.

The vector component is suppressed by....

Pospelov:

1103.3261

understanding this is in progress.



Nuclear recoil
Interesting spectra are achievable:

SNO constraints may still be too much....(in progress)
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Figure 4: CHANGE LABEL sin2 � ⇧ sin2 �24 Expected event spectra in a dark matter detector from
solar neutrino–nucleus scattering in Germanium (left) and CaWO4 (right). The di⇥erent colored curves
correspond to (A) a scenario with a neutrino magnetic moment µ� = 0.32⇥10�10µB , (B) a model with active
neutrino–nucleus scattering through a light A⇥ boson (for instance the U(1)B�L model from section 3.2),
and (C), (D) a model in which 2% of the solar neutrino flux oscillate into a Standard Model singlet ⇥s, which
couples to atomic nuclei for instance via a light U(1)B gauge boson (section 3.4) [20]. The relevant model
parameters, in particular the mass of the A⇥ and its coupling to nucleons (gp = gn ⇤ gN ) are listed in the
legend. Where applicable, we have assumed active–sterile mixing with sin2 � = 0.02 and �m2

42 ⌅ 10�10 eV2.
The black curve shows the Standard Model rate from figure 1, and the red curves and data points show the
observed spectra of nuclear recoil candidates in CoGeNT [22], in the low-threshold data set from CDMS [25],
and in CRESST [23].

8B and hep neutrinos—the components with the smallest flux—can a⇥ect the nuclear recoil signal.
This leads to a reduction of 3 or 4 orders of magnitude when compared to the 7Be and pp fluxes,
respectively.

Moreover, the typical 4-momentum exchange q2 = �2ErmN in neutrino–nucleus scattering is
much larger than in a neutrino–electron scattering process with the same recoil energy Er. There-
fore in order to obtain substantial count rates, much higher couplings are needed in comparison to
the ⇥–e� scenarios considered before. Also, the larger q2 means that the transition between flat
and decreasing d⇤/dEr happens at much larger MA� .

In figure 4 (curves B–D), we plot the A⇥-mediated neutrino–nucleus scattering rate for three
di⇥erent scenarios. The first one, curve B, involves only the three active neutrinos, assuming that
they couple universally both to electrons and nucleons. This scenario could, for instance, be realized
in the U(1)B�L model from section 3.2. To obtain a sizable count rate in nuclear recoils, and not
violate the Borexino constraint on neutrino–electron scattering, we need an A⇥ mass heavy enough
to suppress ⇥–e� scattering, but not too heavy so that low energy neutrino–nucleus scattering is
still enhanced. Curve B in figure 4 is a possible realization of this scenario which avoids all bounds
to date (see discussion in section 7 and figure 8). We see that, although the nuclear recoil rate in
this model is higher than the Standard Model rates, it is still at least 3 orders of magnitude lower
than the sensitivity of CoGeNT, CDMS or CRESST, thus making it di⇤cult to probe in present
and near future experiments.



Absorption
If the sterile scattering cross section is high, its 
m.f.p may be smaller than earth radius.

Neutrinos are captured during the night, but reach 
the detector during the day.

Steriles can still be produced via oscillation outside 
the sun.

The sterile flux may still be adjusted to fit the 
signal strength in direct detection.


