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Abstract: The next generation of dark matter direct detection experiments will be sensitive to both coherent neutrino-nucleus and neutrino-electron scattering. This will enable
them to explore aspects of solar physics, perform the lowest energy measurement of the
weak angle sin2 θW to date, and probe contributions from new theories with light mediators. In this article, we compute the projected nuclear and electron recoil rates expected
in several dark matter direct detection experiments due to solar neutrinos, and use these
estimates to quantify errors on future measurements of the neutrino fluxes, weak mixing
angle and solar observables, as well as to constrain new physics in the neutrino sector. Our
analysis shows that the combined rates of solar neutrino events in second generation experiments (SuperCDMS and LZ) can yield a measurement of the pp flux to 2.5% accuracy
via electron recoil, and slightly improve the 8 B flux determination. Assuming a low-mass
argon phase, projected tonne-scale experiments like DARWIN can reduce the uncertainty
on both the pp and boron-8 neutrino fluxes to below 1%. Finally, we use current results
from LUX, SuperCDMS and CDMSlite to set bounds on new interactions between neutrinos and electrons or nuclei, and show that future direct detection experiments can be used
to set complementary constraints on the parameter space associated with light mediators.
Keywords: Beyond Standard Model, Neutrino Physics, Solar and Atmospheric Neutrinos
ArXiv ePrint: 1604.01025

Open Access, c The Authors.
Article funded by SCOAP3 .

doi:10.1007/JHEP05(2016)118

JHEP05(2016)118

David G. Cerdeño,a Malcolm Fairbairn,b Thomas Jubb,a Pedro A.N. Machado,c,d
Aaron C. Vincenta and Céline Bœhma,e
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1

Introduction

Direct detection (DD) experiments are the primary tool in the search for weakly-interacting
dark matter. Such detectors are sensitive to nuclear recoil signals in the ∼ 1–100 keV range
from the scattering of dark matter particles as they stream through the Earth. These experiments typically consist of dense crystals (such as germanium, silicon, or sodium iodide)
or liquid noble gases such as xenon or argon. They are located deep in underground mines,
shielded from cosmic rays and cosmogenic radiation. DD experiments thus share many
similarities with underground neutrino detectors and, as such, may be used to measure
neutrino properties. Moreover, their low recoil energy threshold makes them excellent
tools to search for new physics at low scales.
In particular, the next generation (G2) of DD experiments is expected to detect neutrinos from nuclear reactions occurring inside the Sun. Future experiments might detect
atmospheric neutrinos induced by the interactions of the cosmic rays with the atmosphere,
as well as the diffuse background of neutrinos produced in type II supernovae throughout
the history of the Universe.
The coherent scattering of these neutrinos with nuclei in direct detection experiments
constitutes a severe limitation to the detection of dark matter, since their recoil energy is
expected to be similar. This is referred to as the “neutrino scattering floor” [1–6].
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Solar neutrinos

In this section and the next, we review the necessary physics of solar neutrino fluxes and
direct detection experiments that are relevant for this study and that go into the production
of our results.
2.1

Neutrino contribution

The dominant contributions to the neutrino flux in the lowest energy range arise from the
various nuclear fusion and decay processes occurring in the solar core, associated with the
Sun’s energy production. The primary fusion process in the Sun is p+p → 2 H+e+ +νe and
leads to the production of neutrinos in a continuum up to Eν . 400 keV. These are referred
to as pp neutrinos and are by far the largest contributors to the solar neutrino flux below the
MeV scale. Recoils from pp neutrinos scattering on target nuclei are virtually undetectable,
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For example, the recoil spectrum of a 6 GeV dark matter particle would be very difficult
to distinguish from the 8 B solar neutrino flux, though one may be able to discriminate both
signals by exploiting their different contributions to annual modulation [7, 8], or by using
a combination of complementary targets [9] and directional detectors [10, 11] or detectors
with improved energy resolution [12].
The detection of coherent neutrino scattering is interesting in itself as this Standard
Model (SM) prediction has never been observed in dedicated neutrino experiments, due to
the small cross sections and the very low recoil energy involved. Moreover, any deviation to
the SM expectation could indicate the existence of new physics at low energy, while the lack
of deviation could help to set constraints on light mediators. This attractive possibility
is already an integral part of the science programme of direct detection collaborations,
and presumably within reach of the future SuperCDMS SNOLAB phase [13] and LZ [14]
experiments.
In this work, we focus on the possibility of characterising the physics of solar neutrinos,
and of probing new physics with future dark matter experiments. We quantify the precision
with which sin2 θW can be measured at the lowest possible energy scale to date. This can
both confirm a long-standing prediction of the standard model; and help search for or rule
out effects of new physics, such as a light dark sector, which could change the running of
sin2 θW at low energies (see e.g. ref. [15]).
Before turning to our results, we begin by briefly summarizing the basics of solar neutrino physics and neutrino scattering off nuclei and electrons in sections 2 and 3, respectively. In section 4, we explore the reconstruction of solar parameters from the combination
of data from various DD experiments. In section 5, we determine the constraints that future DD experiments will be able to place on new physics models with light mediators.
For concreteness, we take a simplified effective model approach (below the electroweak
scale), and constrain the mediator mass and couplings to electrons, quarks, and neutrinos.
Finally, we illustrate our results in the case of a light U(1)B−L gauge boson, showing that
current experiments (SuperCDMS, CDMSlite and LUX) can exclude new regions of the
parameter space. Our conclusions are presented in section 6.

2.2

Neutrino physics

In the SM, the coherent scattering of solar neutrinos with nuclei (which takes place through
the exchange of a Z boson) typically leads to nuclear recoils below 10 keV. Their detection
thus requires low-threshold detectors such as SuperCDMS. On the other hand, neutrinoelectron interactions (which occur through the exchange of neutral and charged gauge
bosons) give rise to electron recoil signatures of a few tens to hundreds of keV.
As the pp flux was first measured by Borexino using electron recoils [19], many authors
have proposed the use of nuclear and electron recoil signatures in DD experiments to probe
solar observables, test the validity of SM processes, and probe new physics at low energies.
For example ref. [20] pointed out that a low-threshold Ge detector could improve the
measurement of the 8 B flux normalisation to better than 3% and ref. [18] showed that the
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since the typical momentum transfer is much lower than the threshold energy of a few keV
of current DD experiments. However, the electron recoil energies fit comfortably above the
∼ keV threshold.
At higher energies but with lower flux (by around three orders of magnitude) we find
the neutrinos produced from the CNO cycles, which we will refer to simply as the CNO
neutrinos. Within the same energy range there are the monoenergetic neutrino lines at
Eν = 862 keV and 384 keV from 7 Be. These energies are typically too low to give rise
to a nuclear recoil within the range 1–100 keV that current DD experiments are typically
optimised for, and too high to give an electron recoil in the right energy range. Some
high-metallicity solar models [16] predict CNO fluxes that are over 50% larger than the
expected values in standard solar models. However, these also yield other fluxes that are
experimentally excluded, and are in general disagreement with spectroscopic data [17].
Finally the decay of 8 B nuclei produced in the pp and pep chains yields the highest
energy neutrinos, within the 1–10 MeV range. These are expected to produce nuclear
recoils in DD experiments near the ER ∼ keV recoil energy threshold. Even though the 8 B
neutrino flux is six orders of magnitude lower than the pp flux, the coherent enhancement
of the cross section with the atomic number (σ ∼ A2 ) significantly boosts the detection
rate via nuclear scattering and implies that heavy target DD experiments may be sensitive
to this signal.
Figure 1 shows the individual spectra for the solar neutrino fluxes mentioned above.
We also use coloured bands to show the reach of the experiments that we consider in this
work. Dark shading shows the neutrino energy range that can be seen via coherent nuclear
scattering, while the light shaded areas show the reach of electron recoils. In reality, only
the pp spectrum is expected to lead to a visible electron recoil signal: this is due to 1) the
fact that pp dominates the flux by four orders of magnitude at low energies; and 2) very
high radioactive backgrounds expected at larger electron recoil energies, which will dwarf
even the upper edge of the pp spectrum (see e.g. ref. [18]).
Note that atmospheric neutrinos and neutrinos from the diffuse supernova background
could also induce nuclear recoil signatures in DD experiments. However, since they are
produced at higher energies and with much lower rates, they should only be within the
reach of future multi-ton experiments. We disregard them in the present study.
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Figure 1. Spectra of solar neutrinos accessible to direct detection experiments. In black are the
pp and 8 B fluxes that will be seen respectively by electron and nuclear recoils in second generation
(G2) and future experiments. CNO fluxes are in blue. The purple Be and pep lines, as well as the
subdominant hep flux are not considered in this work. The bands at the top of the figure illustrate
the reach of electron recoils (light shading) and nuclear recoils (dark shading) in future experiments,
based on the optimistic configurations listed in table 1. A low-threshold experiment with a light
target nucleus may be able to probe the CNO fluxes for the first time, provided that backgrounds
are low enough and nuclear recoils can be discriminated.

observation of pp neutrinos in a third generation Xe detector such as DARWIN [21] could
lower the statistical uncertainty on the pp flux to less than 1%; this is an overwhelming
improvement over the current 10% error from Borexino [19]. Such precision measurements
can also help distinguish between metal-rich and metal-poor solar models, via the correlation between neutrino production and the environmental abundance of primordial heavy
elements [22–25].
The nuclear recoil event rates are sensitive to the weak (or Weinberg) angle θW , which
expresses the ratio of the charged to neutral weak gauge boson masses,
cos θW ≡

mW
,
mZ

(2.1)

and effectively determines the ratio between the couplings of the neutrino to the proton
versus the neutron at low energies. The quantity sin2 θW has been determined to very
high accuracy at the electroweak scale, in high energy experiments. Given LEP, PETRA
and PEP measurements [26, 27], the SM renormalization group equations imply that this
parameter should run to sin2 θW = 0.2387 at low energies in the MS scheme [28]. Thus
far, the lowest-energy direct probe of sin2 θW has been at scales of 2.4 MeV [29], via atomic
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d?8 =dE8 (cm!2 s!1 MeV!1 )

G2-Ge

3

Neutrino scattering in DD experiments

Solar neutrinos might leave a signal in DD experiments, either through their coherent
scattering with the target nuclei or through scattering with the atomic electrons.
In general, the number of recoils per unit energy can be written
Z
dR

dφν dσν
=
dEν
,
(3.1)
dER
mT
dEν dER
where  is the exposure and mT is the mass of the target electron or nucleus. If several isotopes are present, a weighted average must be performed over their respective abundances.
The SM neutrino-electron scattering cross section is




G2F me
dσνe
ER 2
2
2
2
2 me ER
=
(gv + ga ) + (gv − ga ) 1 −
+ (ga − gv )
,
(3.2)
dER
2π
Eν
Eν2
where GF is the Fermi constant, and
1
1
;
ga;µ,τ = − ,
(3.3)
2
2
for muon and tau neutrinos. In the case νe + e → νe + e, the interference between neutral
and charged current interaction leads to a significant enhancement:
gv;µ,τ = 2 sin2 θW −

1
1
;
ga;e = + .
2
2
The neutrino-nucleus cross section in the SM reads


G2F 2
dσνN
mN ER
=
Q mN 1 −
F 2 (ER ) ,
dER
4π v
2Eν2
gv;e = 2 sin2 θW +

(3.4)

(3.5)

where F 2 (ER ) is the nuclear form factor, for which we have taken the parametrisation given
by Helm [34].1 Qv parametrises the coherent interaction with protons (Z) and neutrons
(N = A − Z) in the nucleus:
Qv = N − (1 − 4 sin2 θW )Z .
1

(3.6)

Since we are mainly probing recoil energy regimes that are lower than typical DM searches, the uncertainty due to the choice of form factor is minimised [35].
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parity violation measurements in 133 Cs [30]. Given that the momentum exchange in coherent neutrino-nucleus scattering occurs at energies of a few MeV, and that electron recoils
are expected to probe the O(10 keV) range, a direct measurement of sin2 θW in future
DD experiments would constitute the first measurement of this quantity in the keV–MeV
range.
Finally, precision measurements of solar neutrinos can help constrain new physics contributions, including a sterile component in the solar flux [20], as well as the presence of new
mediators, particularly if they are light (below the GeV scale). These light mediators could
have important consequences in neutrino physics [31], in the long standing proton radius
discrepancy [32], and in light DM scenarios [33]. Indeed, for sufficiently light mediators,
the scattering rate will grow as 1/q 2 as one goes to lower energies, so the low momentum
transfer of DD experiments makes them ideal laboratories for such searches.

Experiment  (ton-year) Eth,n (keV) Eth,o (keV) Emax (keV)
G2-Ge

0.25

0.35

0.05

50

R(pp)

R(8 B)

R(CNO)

−

[62–85]

[0–3]

G2-Si

0.025

0.35

0.05

50

−

[3–3]

0

G2-Xe

25

3.0

2.0

30

[2104–2167]

[0–64]

0

Future-Xe

200

2.0

1.0

30

[17339–17846] [520–10094]

0

Future-Ar

150

2.0

1.0

30

[14232–14649] [6638–12354]

0

Future-Ne

10

0.15

0.1

30

[1141–1143]

[898–910]

[21–63]

Current DD experiments excel at the discrimination of nuclear recoils from electron
recoils. By design, these detectors are engineered in such a way that the nuclear recoil background induced by either radioactive processes or cosmic-rays is extremely small. Thus,
in our analysis we consider the idealised situation in which nuclear recoils are produced
solely by coherent neutrino scattering. This assumes that any nuclear recoil backgrounds
can be completely identified and eliminated and that either no signal for dark matter has
been found or that a potential dark matter background can be discriminated.
On the other hand, electron recoils from radioactive processes are copious, and would
constitute a very important background for the study of neutrino-electron scattering. Future advances in the design and construction of extremely radiopure detectors will allow a
significant reduction of the noise levels. For example, current rates in Xenon100 electron recoil band are of the order of 3×103 events ton−1 yr−1 keV−1 [36], but projected xenon-based
experiments such as DARWIN aim to reduce this to O(10) events ton−1 yr−1 keV−1 [18] for
recoil energies below 100 keV. In our analysis we will consider the idealized situation in
which the electron recoil background is negligible compared to standard ν − e scattering.
For concreteness, we have specified in table 1 several experiment types that are similar in threshold, efficiency and exposure specifications to upcoming experiments. We
do not restrict ourselves to experiment-specific parameters such as background spectrum
and resolution since these are difficult to estimate and subject to significant change. We
thus include a second-generation germanium and silicon experiment (inspired by SuperCDMS SNOLAB), a second-generation xenon experiment (inspired by LZ), as well as future
DARWIN-like xenon and argon experiments. Finally, we include a neon-based experiment
to illustrate the possibility of observing the 15 O and 13 N neutrinos from the CNO cycle
with future low-mass TPCs. The very recent ref. [37] contains some discussion of the pep
line; however, even for the most optimistic configuration that we consider, we would see at
most 2 pep events, versus a possible ∼ 60 CNO neutrinos in the same energy range.
Table 1 shows the parameters that we use for our benchmark models, and the expected
number of events from electron recoils of pp neutrinos, R(pp), and nuclear recoils from 8 B

–6–

JHEP05(2016)118

Table 1. Physical properties of idealized G2 (top 3 lines) and future experiments used in our
forecasts, with the expected total pp and boron-8 neutrino events, based on planned masses of
similar experiments and an exposure of 5 years. We give nominal and optimistic threshold energies
and maxima for the energy windows based on the energy beyond which backgrounds are expected
to dominate. Our idealized G2 Ge and Si experiments are similar to the SuperCDMS SNOLAB
phase, while the G2 Xe experiment is similar to LZ projections. Future experiments are similar to
the planned DARWIN experiment, or an argon phase of a DARWIN-like experiment.

and CNO neutrinos (R(8 B) and R(CNO), respectively). We have specified an exposure
similar to planned experiments, as well as two sets of threshold energies that are respectively nominal and optimistic projections of what could be achieved in such experiments
(Eth,n , Eth,o ). Last, as a stand-in for realistic efficiency curves, we take the efficiency in
each experiment to rise linearly from 50% at the threshold, to 100% at 1 keV (for Ge, Si,
Ne) or 5 keV (Xe, Ar).

4

Solar and Standard Model physics

Fijk =

1 ∂φk ∂φk
,
σk2 ∂θi ∂θj

(4.1)

where the indices i, j run over the parameters {θ} that we wish to constrain. The total
P
fisher matrix is simply F ≡ k F k . Assuming gaussianity in the parameters of interest,
the covariance matrix is
C = F −1 .

(4.2)

The diagonal elements of C are the forecasted errors on each individual parameter given the
experiments included in F , while the off-diagonal components give the linear degeneracies.
For electron scattering described in eq. (3.5), the uncertainty on the neutrino mixing
angles θ12 and θ13 lead to an extra source of uncertainty on the measured pp flux. For
G2 experiments, we take the 1σ errors on these parameters from the latest NuFit determinations2 [38, 39], which lead to a 1.15% uncertainty on the inferred neutrino flux from
neutrino scattering. We do not include this error for the Future experiments, as projects
such as JUNO [40] will constrain these quantities to very high precision.3,4
2

http://www.nu-fit.org.
More concretely, JUNO expects to measure sin2 θ12 to within 0.67%, leading to an error on the event
rate in DD experiments of ∼ 0.2%.
4
We also point out that by using independent measurements of the pp flux, one can instead use the DD
observations as a constraint on sin2 θ12 .
3
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The various components of the standard solar model (SSM) make use of very well-understood physics, but depend on over 20 individual input parameters. These include the solar
age, luminosity, radial opacity dependence, diffusion rates, nuclear cross sections and the
elemental abundances at age zero.
Since the downward revision of photospheric elemental abundances a decade ago, some
tension has remained between predictions of the SSM and independent observations using
helioseismology. In this section, we focus on two parameters, the overall metallicity Z/X
and the effective change in opacity with respect to the SSM, δκ. With enough information, one should be able to study the effect of individual elements on the neutrino fluxes.
However, with so few observables it is not possible to distinguish them.
We perform a Fisher analysis to extract the predicted sensitivity of future experiments to the various parameters studied here. For each experiment k which measures an
observable φk with error σk , the Fisher information matrix is

Exp.

φνB

8

φpp
ν

Measured

2.0%5

10.6%6

G2

1.9% (1.9%)

2.5% (2.5%)

4.6% (4.5%)

Future-Xe

1.8% (0.9%)

0.7% (0.7%)

1.7% (1.7%)

Future-Ar

1.0% (0.6%)

0.6% (0.5%)

1.5% (1.4%)

1.43%

−

−

HyperK

7

sin2 θW

4.1

Neutrino fluxes and sin2 θW

The lowest-energy sensitivity to sin2 θW arises through neutrino-electron scattering, which
probes interactions via momentum transfers of order tens of keV (though nuclear scattering
√
recoil energies are lower, the transferred momentum q = 2ER mN is much higher).
If only the experimental measurement by Borexino [19] of the pp flux is considered, then
we find that future DD experiments can measure sin2 θW down to about 20% uncertainty.
However, much greater precision can be attained through the addition of the luminosity
constraint on the total neutrino flux from the Sun. Using the global bounds derived in
ref. [41], the resulting 0.6% error on the pp flux allows G2 experiments to narrow down the
sin2 θW measurement to within 4.5%. This is solely due to an LZ-like xenon experiment,
as the pp flux will remain inaccessible to solid-state experiments due to high backgrounds.
Future liquid noble gas experiments can bring this error down to 1.4%. The projected
uncertainties in different configurations are given in table 2.
Lowering the threshold has little impact on these numbers, since the electron recoil
rate is fairly insensitive to the lower energy. The expected precision on the measurement
of sin2 θW is thus very close to the results of present experiments, with the additional
advantage that direct detection experiments can access an energy range that is unreachable
in a collider setup, and is two orders of magnitude lower than results from atomic parity
violation experiments. As a final remark about sin2 θW , although the precision of future DD
experiment would be about 10 times weaker than future experiments like MOLLER [42],
the energy scale would be a factor 10,000 smaller. Hence, DD experiments are sensitive to
new physics at much lighter scales.
By instead fixing the value of sin2 θW to the expected value given by running the LEP
measurement down to low energies using the MS scheme, sin2 θW = 0.2387 ± 7 × 10−5 [26],
the neutrino fluxes can be independently measured. One can then predict the precision of
the 8 B and pp flux measurements from future experiments. The one-dimensional errors on
8

Global fit [44] φνB = (5.1 ± 0.1) × 106 cm−2 s−1 .
10
Borexino [19] measurement φpp
cm−2 s−1 .
ν = (6.6 ± 0.7) × 10
7
Based on 1 year projected data [43].
5
6
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Table 2. Current and projected errors on the 8 B and pp neutrino fluxes (with fixed sin2 θW =
0.2387), and on sin2 θW at low energies (using the solar neutrino flux data from SuperK, SNO+ and
Borexino, and the luminosity constraint on the pp flux from [41]). The numbers are shown for the
nominal (optimistic) thresholds of table 1. Each subsequent experiment set includes the previous
one measurements.

4.2

Solar observables and CNO neutrinos

We now turn to the impact of coherent nuclear scattering and electron recoil measurements
on solar modelling. An accurate measurement of pp and 7 Be neutrino fluxes, together with
the luminosity constraint [47], tell us the exact fraction of the solar energy that comes from
the pp-chain, and thus indirectly constrains the CNO cycle which makes up the remaining
∼ 1% of energy generation. Such a measurement would therefore constitute the most
accurate probe yet of the 13 N and 15 O neutrino fluxes, which have yet to be experimentally
observed.
To illustrate how DD experiments can help infer solar properties, we use the partial
derivatives from linear solar models [45, 46] of the neutrino fluxes with respect to an
overall shift in opacity δκ and with respect to the metal-to-hydrogen ratio Z/X.9 Figure 2
illustrates the impact of future experiments on these observables. Since they are both
highly correlated with the 8 B flux (and less so to pp), the main effect is to narrow down
the degeneracy in the opacity-metallicity space. This indicates that, when combined with
new neutrino data, a precise independent measurement of either κ or solar metallicity
can pin down the other observable to a high degree of precision, though direct detection
experiments on their own are of limited help. In table 3, we show the projected errors from
DD experiments on the determination of opacity and metallicity.
We finally return to the 13 N and 15 O neutrino fluxes. These lie approximately an order
of magnitude below the 7 Be line, although they dominate the solar spectrum at electron
recoil energies above ∼ 750 keV. In this range, material backgrounds dominate by several
orders of magnitude, making discrimination of the CNO neutrinos highly unlikely. One
may search for CNO events in the nuclear recoil spectrum. This requires:
1. A light target to reach neutrino energies below the 8 B peak;
8

The small difference with the 1% error quoted in ref. [18] is due to the larger exposure we take here.
Strictly speaking, one should correlate all neutrino fluxes with individual elemental and with a radiallydependent parametrization of δκ(r). Given the paucity of observables, however, we restrict ourselves to
these more general quantities.
9
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each of these fluxes are presented in the first column of table 2. The reduction of error in
the pp flux is striking: the G2 xenon experiment will bring this from the current 10% down
to 2.2%; future experiments bring this down even further, to 0.6%. 8 Note that lowering
the threshold has very little effect on the measured pp flux, as the electronic recoil rate
does not rise sharply at lower energies.
In contrast, a lower threshold allows significantly more 8 B neutrinos to be measured,
this time allowing a SuperCDMS-like germanium experiment to drive the G2 measurements, albeit with only a small improvement (±1.9%) with respect to current measurements (±2%). As a further consequence, the optimistic detector configurations have almost twice the sensitivity as the nominal ones. A xenon phase of DARWIN could thus
measure the 8 B flux better than even a dedicated future neutrino experiment such as HyperKamiokande [43], for which we show a sensitivity projection based on one year of data
taking in the last line of table 2.
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Figure 2. Estimate of the potential improvement of constraints on the solar metallicity fraction
Z/X and the deviation of opacity from the standard solar model δκ, through the use of neutrino
measurements. Left: using the nominal thresholds Eth,n from table 1; right: using the optimistic
8
threshold energies Eth,o . The main effect comes from the correlation between φνB and these two
quantities (although the small effect of pp is also included), based on linear solar models [45, 46].
The addition of these neutrino data are reflected in a narrower correlation line. To break this
degeneracy, the neutrino flux from the subdominant CN cycle must be included, since these are the
only direct probe of the light elements which contribute directly to Z/X.
Exp.

δk

Z/X

Solar observations

0.04

0.0024

Including neutrinos

0.034

0.0013

Future-Xe

0.033 (0.033)

0.0013 (0.0013)

Future-Ne

0.032 (0.030)

0.0013 (0.0012)

Table 3. Current and projected errors on the average opacity (δk ) and the metallicity (Z/X),
using the nominal (optimistic) thresholds of table 1. Each subsequent experiment set includes the
previous one measurements. Approximate error on δκ is from helioseismological observations [45];
error on the metallicity comes from the measured solar abundances [48]. The neutrino data used
for the second line are the same as table 2.

2. A low threshold (e.g., below 0.25 keV for Ne);
3. Good discrimination between nuclear and electron recoil events.
Light elements such as F, Na, Ne and Al, would give 0.02 to 0.01 15 O events per kg year with
a 0.1 keV threshold. Superheated fluids such as C3 F8 targets are light enough, but current
thresholds tend to be far too large [49]. Supercooled scintillating sapphire bolometers such
as ROSEBUD [50] can attain a ∼ 100 eV threshold. However, their exposures tend to be
limited to a few hundred gram-days. An alternative which satisfies 1) and 2) would be
pressurized noble gas TPCs. Thresholds of 100 eV can in principle be obtained for Ne
with such a setup [51, 52]. The low threshold is key to this observation: increasing Eth by
only 50% yields a substantial drop in the observable CN flux, from 63 to 21 events for 10
ton-years of neon. Discrimination between nuclear and electron recoils at such low energies
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Current observations
Future Xe
Future Ne

-0.06

L

Scalar

(gν,φ φν̄R νL + h.c.)
¯ `,s ` + φq̄gq,s q
+ φ`g

Pseudoscalar

(gν,φ φν̄R νL + h.c.)
¯ `,p ` − iγ 5 φq̄gq,p q
− iγ 5 φ`g

Vector

gν,Z 0 Zµ0 ν̄L γ µ νL
¯ µ g`,v `+Z 0 q̄γ µ gq,v q
+Zµ0 `γ
µ

Axial vector

gν,Z 0 Zµ0 ν̄L γ µ νL
¯ µ g`,a γ 5 `
− Zµ0 `γ
0
− Zµ q̄γ µ gq,a γ 5 q

dσe /dER − dσeSM /dER

SM
dσN /dER − dσN
/dER

2
2
gν,φ
ge,s
ER m2e
4πEν2 (2ER me +m2φ )2

2
Q02
s m N ER
2πEν2 (2ER mN +m2φ )2

2
2
2
gν,φ
ge,p
ER
me
8πEν2 (2ER me +m2φ )2

0

√
2 2GF me gv gν,Z 0 ge,v
π (2ER me +m2Z 0 )
2
me g 2 0 ge,v
+ 2π(2ERν,Z
me +m2Z 0 )2
√
2 2GF me ga ge,a gν,Z 0
π(2ER me +m2Z 0 )
2
me g 2 0 ge,a
+ 2π(2ERν,Z
me +m2Z 0 )2

GF mN Qv Q0v (2Eν2 −ER mN )
√
2 2πEν2 (2ER mN +m2Z 0 )
2
Q02
v mN (2Eν −ER mN )
+ 4πE
2
2
2
ν (2ER mN +mZ 0 )

−

GF mN Qa Q0a (2Eν2 +mN ER )
√
2 2πEν2 (2ER mN +m2Z 0 )
GF mN Qv Q0a Eν ER
− √2πE
2
2
ν (2ER mN +mZ 0 )
2
Q02
m
(2E
+E
m
)
N
R
N
a
ν
+ 4πE
2
2
2
ν (2ER mN +mZ 0 )

Table 4. New Lagrangian terms and differential cross sections with the nucleus N and electron
e for the four types of new mediator we consider. Note the negative interference in the vector
and axial case with the SM contribution. The couplings gv and ga are defined in eq. (3.3). The
coherence factors Qi are defined in eqs. (5.5)–(5.9).

is extremely challenging and one might rather rely on the radiopurity of the experiment
and the directionality of solar neutrinos. In green, we show the effect of a future neonbased experiment on solar observables in figure 2. CNO neutrinos are a direct probe of the
abundances of these elements — and thus of the metallicity Z/X which C, N, O dominate.
Even a modest measurement of the CNO flux (63 events in our optimistic case) can thus
provide a small break in the degenerate parameter space.

5

Constraints on new physics

The simultaneous measurement of the neutrino-electron and neutrino-nucleus couplings enables us to test the predictions for models of new physics in two complementary directions.
5.1

Simplified models

To parametrise new physics at a very low scale, we write the Lagrangian for energies
below electroweak symmetry breaking which incorporates scalar and vector mediators that
couple to neutrinos, electrons, and quarks in a model independent way. The additional
terms in the low energy Lagrangian are shown in the second column of table 4, for a scalar
(or pseudoscalar) mediator φ, and vector (or axial vector) mediator Z 0 . The resulting
neutrino-nucleus and neutrino-electron scattering cross sections are shown in the third and
fourth columns. We neglect terms of order ER /Eν . 10−2 and, in the case of pseudoscalar
interactions, couplings to heavy quarks.
In our model, we introduce couplings to quarks, but in order to correctly describe
scattering with nuclei, the couplings of the mediator to the nucleons are needed. This is
done by calculating the matrix element of the quark Lagrangian with nucleon states, which
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Mediator

leads to the following changes at the Lagrangian level:
(N ) mN

cq q̄q → fT q

mq

N̄ N ,

(5.1)

5
cq q̄iγ 5 q → cN
A N̄ iγ N ,
µ 5

cq q̄γ γ q →
µ

cq q̄γ q →

)
µ 5
∆(N
q N̄ γ γ N
µ
cN
V N̄ γ N ,

(5.2)
,

(5.3)
(5.4)

X mN (N )
Q0s
=
f
≈ 14A + 1.1Z ,
gν,φ gq,s
mq T q

(5.5)

N ,q

Q0v
= 3A ,
gν,Z 0 gq,v
X
Q0a
= SN
∆(p)
q ≈ 0.3SN ,
gν,Z 0 gq,a
q

(5.6)
(5.7)

Qv = N − (1 − 4 sin2 θW )Z ,
(p)


(p)

Qa = SN ∆(p)
u − ∆d − ∆s

(5.8)
≈ 1.3SN .

(5.9)

The primed coherence factors refer to new interactions. Although the axial vector interaction at low energies is also coherent, it couples to the spin operator, so the coherence factor
2 ∼ O(1–10), rather than A2 ∼ 104 . This assumes a
is proportional to the nuclear spin SN
simple shell model, whereby any unpaired nucleon contains the full J quantum number of
the nucleus in its ground state.
We assume that the mediators are light (below the few GeV scale) and their couplings
to SM particles are small. Therefore, their contribution to electron and nucleus scattering
(via t-channel exchange) should be negligible at a high momentum transfer q 2  m2φ,Z 0
but will be enhanced for low scale measurements.
5.2

Predicted event rates and sensitivities

In figure 3 we show the effect that the presence of scalar, vector and axial vector interactions
would have upon the rate of scattering events per ton-year as a function of the low-energy
threshold. The rate of electron recoil events for a 132 Xe target, as well as coherent nuclear
recoil events for a variety of different target materials and mediator masses are plotted. In
all cases shown, the new physics contribution grows with lower recoil energies, showing the
need for low-threshold detectors.
Electron recoil spectra (shown on the left column) are from pp neutrinos, the lowest
energy and most copious neutrinos produced in the Sun. Since lowering the threshold
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where N is the nucleon (proton or neutron) spinor, and the coefficients are given numerically in ref. [53] (see also ref. [54] and references therein, as well as refs. [55, 56] for more
recent determinations of the pion-sigma term and of the strangeness content of the nucleon based on experimental and EFT results, which enter into these coefficients). More
specifically, in our framework where the couplings to all quarks are the same, the coherence
factors, Q, of the cross sections induced by these different interactions (see table 4) are
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Figure 3. Electron recoil (left) and nuclear recoil (right) integrated rates as a function of the
experimental threshold energy Eth . Electron recoils are normalised to 132 Xe while nuclear recoils
are plotted for a variety of target materials. Top: scalar coupling; middle row: vector coupling;
lower panels: axial vector coupling.
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SM
mΦ = 1 keV
mΦ = 5 keV
mΦ = 10 keV
mΦ = 50 keV
mΦ = 100 keV

ER,max =

2Eν2
.
(mN + 2Eν )

(5.10)

For this reason, heavier targets need a lower threshold to probe both new fluxes of neutrinos
and new physics processes at low energies. For example, whereas Eth ≈ 2 keV is needed
for xenon to be sensitive to 8 B neutrinos, these can be accessed by a hypothetical detector
based on neon with only Eth ≈ 10 keV. The material dependence also enters into the
coherence factors (eqs. (5.5)–(5.9)) for nuclear recoils which in turn depend on A/Z.
As in the case of electron recoils, the most pronounced deviations from the SM prediction occur in the limit where the mediator mass is small. Indeed, in such a case, the
−1
−2
differential cross section scales as dσ/dER ∝ ER
for scalar mediators and dσ/dER ∝ ER
for vector and axial vector mediators when the new physics contributions dominate. Once
more, this leads to an enhancement of the cross section for low recoil energies. We do not
show the nuclear recoil rates expected for a pseudoscalar mediator, since the nuclear form
factor cancels out when the couplings to all light quarks are identical [53].
As an additional remark on the axial vector and vector mediator cases, the interference
between the standard Z and Z 0 amplitudes become important when these are comparable
in magnitude. Remarkably, this interference is destructive due to the chiral structure of
the Z couplings, which may lead to an overall suppression of events with respect to the SM
prediction. We have illustrated this possibility in figure 3 for the case of vector couplings.
The projected constraints on light scale physics are shown in figures 4 and 5, for
different mediators and target materials. The bands enclose the nominal and optimistic
scenarios defined in table 1. They are wider for nuclear recoils (right panels) in comparison
to electron recoils (left panels) since the dependence with the threshold energy is more
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of detection does not open up any new sources of neutrinos, a threshold of Eth ∼ 1 keV
is sufficient to maximize the SM event rate. The size of the new-physics contribution is
dictated by the mass of the mediator and the corresponding coupling. In the limit of
−1
small mediator masses, the differential cross section in table 4 scales as dσ/dER ∝ ER
for
−2
scalar mediators and dσ/dER ∝ ER for vector and axial vector mediators, thus leading to
substantial changes at low energies. Therefore, if the experimental threshold is low enough,
an enhancement of the signal with respect to the SM prediction could be observed. This
does not hold for pseudoscalar mediators, as shown in figure 5, since in the small mass
limit dσ/dER is energy-independent. Although we are only showing the results for 132 Xe,
the rates for any other target can be found by rescaling by the corresponding number of
electrons per unit mass.
For nuclear recoils the integrated event rate also increases sharply with decreasing
threshold. This can be seen as a sharp break in the right-hand panels of figure 3. This
break corresponds to the intersection of new physics and SM contributions and its location
depends on the values of the couplings. The fact that this enhancement becomes visible in
these figures around the same energy as the CNO flux is a coincidence due to the choice
of coupling, but the CNO contribution nonetheless results in further enhancement.
The target material dependence is very pronounced due to kinematics, as the maximum
recoil energy is suppressed by the large nucleus mass,
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Figure 4. Electron recoil (left) and nuclear recoil (right) 90% CL limits for a variety of target
materials, using natural isotopic abundances. Top: scalar coupling; middle row: vector coupling;
lower panels: axial vector coupling. The thickness of the bands represent the difference between the
nominal (least constraining) and optimistic (most constraining) threshold configurations of table 1.
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Figure 5. Electron recoil integrated rates (left) and sensitivity (right) for a pseudoscalar coupling.

pronounced. Depending on the mediator mass, electron recoils could probe couplings below
10−6 , while the bounds from nuclear recoils would range from 10−3 to 10−6 . In the case
of a vector mediator scattering off nuclei (middle right plot), the destructive interference
with the SM Z contribution may lead to disconnected regions, e.g., for a G2 silicon-based
detector. It is worth remembering at this point that we are basing our projections on the
assumption that backgrounds can be removed. As discussed above, this is a reasonable
hypothesis for the case of nuclear recoils but more challenging for electron recoils.
5.3

Bounds for a U(1)B−L model

To put the sensitivity of future DD experiments in context, we illustrate our results with
the specific example of a light U(1)B−L gauge boson, a construction that was studied in
ref. [57] for ν − e scattering. In this case, a new vector mediator couples to the B − L
quantum numbers of standard model particles. Quarks therefore carry charge 1/3 under
this new gauge coupling, while leptons have charge −1.
In figure 6 we present our bounds as before. The coloured lines are the result of this
study. We use the optimistic threshold scenarios of a G2 germanium (red lines) and xenon
experiment (blue), as well as for a future DARWIN-like xenon target (green). We separate
the limits that can be inferred from nuclear (solid lines) and electron recoils (dashed). As
in the cases shown in figure 4, electron bounds tend to do better, thanks to the larger pp
flux and to the closer kinematic matching between the solar neutrino energies and electron
mass, allowing for higher recoil energies.
Our results in figure 6 are overlaid on excluded areas from previous studies, in the
plane of gauge coupling gB−L versus mediator mass. A detailed description of each bound
can be found in ref. [57] and references therein (see also ref. [58] for the TEXONO and
CHARM-II limits). It should be emphasized that these limits are not model-independent,
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as they are sensitive to the coupling between the gauge boson and a specific fermion, as well
as to the Lorentz structure of the coupling. These bounds fall into three broad categories:
• Coupling to electrons (or muons) only. “Atomic physics” (measurements of energy
levels of atomic excited states), “Sun” and “Globular Clusters” (star cooling via
the emission of the mediator), “Borexino” (solar neutrinos scattering off electrons),
“TEXONO” and “GEMMA” (reactor neutrinos scattering off electrons), as well as
CHARM-II (accelerator neutrinos scattering off electrons) all require a coupling to
electrons. The region labeled as “Z 0 capture in Sun” is not well understood: although
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Figure 6. Projected 90% CL constraints on the B-L model for nuclear recoils (solid lines) and
electron recoils (dashed) in the optimistic scenarios for G2 germanium (red), G2 xenon (blue) and
future xenon (green). We also show approximate bounds derived from the current SuperCDMS
(red line), CDMSlite (brown solid and dashed lines), and LUX data (blue shaded region). The gap
in the region bounded by LUX is due to destructive interference between the new mediator and the
standard model contribution. Our bounds are overlaid on existing constraints. To translate these
bounds to the other possible scenarios, one should keep in mind that some bounds (intermediate
grey) only apply when the new mediator couples to leptons. The supernova bound (brown) only
applies to couplings to baryons, while B-factory bounds (pink) require both. The fifth force constraint (dark grey) applies in either case. The grey regions, the neutrino scattering bound and the
pink pregion, and the supernova limits are respectively taken from refs. [57, 58], and [59].

the Sun would not lose energy due to Z 0 emission, solar dynamics could be severely
modified, and exact bounds have yet to be computed. The anomalous magnetic
moment bounds require couplings to electrons or muons. Moreover, these curves
only apply to pure vector couplings (e.g., the curve for axial vector couplings does
not flatten at low mediator masses [60, 61]).

• Coupling to quarks only. The “SN1987A” region (Supernova 1987A losing half of its
energy via Z 0 emission) is sensitive to couplings to nucleons.
• Any coupling. Fifth force searches (tests of gravitational, Casimir and van der Waals
forces) would be sensitive to all scenarios, except if the couplings to protons, neutrons
and electrons are proportional to the electric charge, in such a way that the test bodies
used in these experiments are essentially neutral under the new interaction.
Finally, we present an estimate of the current bounds based on available data from
the SuperCDMS Soudan results [62], CDMSlite [63], and the latest LUX data [64]. For
SuperCDMS we take an exposure of 577 kg days, and an energy range Eth = 1.6 keV,
Emax = 10 keV. We neglect detector resolution effects, and use the efficiency presented in
figure 1 of ref. [62]. We take the 11 candidate events of this study as background. In the
case of LUX, the exposure was 38.4 kg years, with an energy range ER = [1.1, 25] keV. We
take the efficiency from figure 1 of ref. [64]. To model the detector resolution, we adopt a
Gaussian smearing of ER , with a width σER /keV ' 0.2(ER /keV)0.6 [65].10 The small gap
in the LUX region corresponds to the coupling range in which the interference between the
new mediator and the Z boson suppresses the expected event rate.
In the case of CDMSlite, we analysed separately electron and nuclear recoils separately.
The exposure of its second run [63] was 70 kg days, with a threshold as low as ER =
0.056 keV for electron recoils (ER ∼ 150 eV for nuclear recoils). We consider the efficiency,
energy bands and background (we assume a flat background) defined in figure 3 and table I
10

This can be inferred via the relationship ER = 13.7 eV · (ne + nγ ), where ne and nγ are the measured
electron and photon numbers, and the error on these quantities as a function of energy is shown in figure 12
of [65].
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• Coupling to electrons and/or quarks. “Fixed target” bounds require coupling to electrons only or both electrons and light quarks, depending if the experiment considered is an electron or proton beam dump. For the first, the mediator is produced by
radiation when e− collide with a target, while in proton dump experiments, the production is dominated by pseudoscalar meson decays (e.g. π 0 → γZ 0 ). For both cases,
the signature consists of Z 0 decay to e+ e− (the sharp cut on the left of this region
corresponds to 2 me , below which the production of two electrons is kinematically
forbidden). Notice that a larger coupling to neutrinos would enhance the mediator
invisible branching ratio, weakening this bound. The “Fixed Target” region shown
in figure 6 includes only electron dump experiments. Proton dump experiments are
almost entirely within that region and their inclusion will not change our conclusions.
The “B-factories” region requires non vanishing couplings to bottom quarks.

6

Conclusions

In this work we have investigated the potential of direct detection (DD) dark matter experiments to use the flux of solar neutrinos to improve our understanding of particle physics
and of the Sun, as well as to probe the existence of hypothetical new messenger particles.
The observation of neutrino-electron scattering in next generation DD experiments
would lead to an independent measurement of sin2 θW at unprecedented low energies which
cannot be reached by dedicated experiments. A 4.5% precision can be obtained in this
measurement from next-generation (G2) experiments, and hypothetical future Xe and Ar
experiments could reduce this down to 1.4%. Future dedicated neutrino experiments such
as HyperKamiokande and JUNO [40] will further constrain the solar neutrino flux normalizations, allowing an even more precise DD-inferred measurement of sin2 θW .
Data from future DD experiments will also help constrain measurements of solar parameters. Most notably, the total pp neutrino flux could be measured up to 0.6% precision
(compared with the current experimental precision of approximately 10%, and a projected
percent-level precision from SNO+ [66]). Other observables related to the solar composition — namely the opacity and metallicity — could also be improved, albeit with the help
of complementary probes.
Crucially, these forecasts are for setups very similar to DD experiments that will become operational and begin data taking over the next few years. In contrast, planned
dedicated neutrino experiments are still up to a decade away.
We have studied the conditions under which DD experiments can be sensitive to solar
neutrinos from the CNO cycle. We observed that this would require a light target, combined
with an extremely low energy threshold and good discrimination between electron and
nuclear recoils. Due to the small atomic mass of Ne, gaseous TPCs of this material with
11

Although having a larger ν − q scattering than ν − e may seem unnatural, a simple example of a gauge
invariant theory with this property would be a broken B − 3L3 gauge symmetry with a light mediator.
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of ref. [63]. We have derived independent constraints on nuclear recoils (solid brown line)
and electron recoils (dashed brown line), since CDMSlite cannot distinguish between these.
In this case spectral information is available as the data are split into four energy bins, and
we modify the likelihood ratio analysis accordingly.
The current and future bounds presented here make it clear that, in the case where a
new mediator couples only to baryons or charged leptons, DD experiments actually lead
to the strongest constraints for large regions of the parameter space. In the case of leptononly coupling, the strong electron recoil limits push into the ∼ MeV mediator window,
inaccessible to fixed target experiments, and can strengthen limits by a factor of ∼ 5 for
mediators above ∼ 100 MeV. If the new mediator couples more strongly to light quarks
than to electrons, nuclear bounds from DD experiments dominate the parameter space, as
the light grey and pink regions of figure 6 cease to apply. In fact, the limits that we have
derived in this paper from current results of LUX, SuperCDMS, and CDMSlite represent
the strongest bounds on this scenario to date.11
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[21] M. Schumann, L. Baudis, L. Bütikofer, A. Kish and M. Selvi, Dark matter sensitivity of
multi-ton liquid xenon detectors, JCAP 10 (2015) 016 [arXiv:1506.08309] [INSPIRE].
[22] C. Peña-Garay and A. Serenelli, Solar neutrinos and the solar composition problem,
arXiv:0811.2424 [INSPIRE].
[23] W.C. Haxton and A.M. Serenelli, CN-cycle neutrinos and solar metalicity, arXiv:0902.0036
[INSPIRE].
[24] W.C. Haxton, R.G. Hamish Robertson and A.M. Serenelli, Solar neutrinos: status and
prospects, Ann. Rev. Astron. Astrophys. 51 (2013) 21 [arXiv:1208.5723] [INSPIRE].

[26] Particle Data Group collaboration, K.A. Olive et al., Review of particle physics,
Chin. Phys. C 38 (2014) 090001 [INSPIRE].
[27] CELLO collaboration, H.J. Behrend et al., Determination of αs and sin2 θw from
measurements of the total hadronic cross-section in e+ e− annihilation,
Phys. Lett. B 183 (1987) 400 [INSPIRE].
[28] J. Erler and M.J. Ramsey-Musolf, The weak mixing angle at low energies,
Phys. Rev. D 72 (2005) 073003 [hep-ph/0409169] [INSPIRE].
[29] C. Bouchiat and C.A. Piketty, Parity violation in atomic cesium and alternatives to the
standard model of electroweak interactions, in 11th International Symposium on Lepton and
Photon Interactions at High Energies, Ithaca U.S.A. (1983) [Phys. Lett. B 128 (1983) 73]
[INSPIRE].
[30] S.G. Porsev, K. Beloy and A. Derevianko, Precision determination of electroweak coupling
from atomic parity violation and implications for particle physics,
Phys. Rev. Lett. 102 (2009) 181601 [arXiv:0902.0335] [INSPIRE].
[31] C. Boehm, Implications of a new light gauge boson for neutrino physics,
Phys. Rev. D 70 (2004) 055007 [hep-ph/0405240] [INSPIRE].
[32] B. Batell, D. McKeen and M. Pospelov, New parity-violating muonic forces and the proton
charge radius, Phys. Rev. Lett. 107 (2011) 011803 [arXiv:1103.0721] [INSPIRE].
[33] C. Boehm, T.A. Enßlin and J. Silk, Can annihilating dark matter be lighter than a few
GeVs?, J. Phys. G 30 (2004) 279 [astro-ph/0208458] [INSPIRE].
[34] R.H. Helm, Inelastic and elastic scattering of 187 MeV electrons from selected even-even
nuclei, Phys. Rev. 104 (1956) 1466 [INSPIRE].
[35] G. Duda, A. Kemper and P. Gondolo, Model independent form factors for spin independent
neutralino-nucleon scattering from elastic electron scattering data, JCAP 04 (2007) 012
[hep-ph/0608035] [INSPIRE].
[36] XENON100 collaboration, E. Aprile et al., Study of the electromagnetic background in the
XENON100 experiment, Phys. Rev. D 83 (2011) 082001 [Erratum ibid. D 85 (2012) 029904]
[arXiv:1101.3866] [INSPIRE].
[37] L.E. Strigari, The neutrino floor at ultra-low threshold, arXiv:1604.00729 [INSPIRE].
[38] M.C. Gonzalez-Garcia, M. Maltoni and T. Schwetz, Updated fit to three neutrino mixing:
status of leptonic CP-violation, JHEP 11 (2014) 052 [arXiv:1409.5439] [INSPIRE].

– 22 –

JHEP05(2016)118

[25] A. Serenelli, C. Peña-Garay and W.C. Haxton, Using the standard solar model to constrain
solar composition and nuclear reaction S factors, Phys. Rev. D 87 (2013) 043001
[arXiv:1211.6740] [INSPIRE].

[39] J. Bergström, M.C. Gonzalez-Garcia, M. Maltoni and T. Schwetz, Bayesian global analysis of
neutrino oscillation data, JHEP 09 (2015) 200 [arXiv:1507.04366] [INSPIRE].
[40] JUNO collaboration, F. An et al., Neutrino physics with JUNO,
J. Phys. G 43 (2016) 030401 [arXiv:1507.05613] [INSPIRE].
[41] J. Bergström et al., Updated determination of the solar neutrino fluxes from solar neutrino
data, JHEP 03 (2016) 132 [arXiv:1601.00972] [INSPIRE].
[42] MOLLER collaboration, J. Mammei, The MOLLER experiment,
Nuovo Cim. C 035N04 (2012) 203 [arXiv:1208.1260] [INSPIRE].

[44] Super-Kamiokande collaboration, K. Abe et al., Solar neutrino results in
Super-Kamiokande-III, Phys. Rev. D 83 (2011) 052010 [arXiv:1010.0118] [INSPIRE].
[45] F.L. Villante, Constraints on the opacity profile of the sun from helioseismic observables and
solar neutrino flux measurements, Astrophys. J. 724 (2010) 98 [arXiv:1006.3875] [INSPIRE].
[46] J.N. Bahcall and A.M. Serenelli, How do uncertainties in the surface chemical abundances of
the sun affect the predicted solar neutrino fluxes?, Astrophys. J. 626 (2005) 530
[astro-ph/0412096] [INSPIRE].
[47] J.N. Bahcall, The luminosity constraint on solar neutrino fluxes,
Phys. Rev. C 65 (2002) 025801 [hep-ph/0108148] [INSPIRE].
[48] M. Asplund, N. Grevesse, A.J. Sauval and P. Scott, The chemical composition of the sun,
Ann. Rev. Astron. Astrophys. 47 (2009) 481 [arXiv:0909.0948] [INSPIRE].
[49] PICO collaboration, C. Amole et al., Improved dark matter search results from PICO-2L
Run 2, Phys. Rev. D 93 (2016) 061101 [arXiv:1601.03729] [INSPIRE].
[50] C. Bobin et al., Towards measurements of recoils below 4 keV with the ‘ROSEBUD’
experiment, in Proceedings of the 5th International Workshop, TAUP’97, Gran Sasso Italy
(1997) [Nucl. Phys. Proc. Suppl. 70 (1999) 90] [INSPIRE].
[51] F.J. Iguaz et al., TREX-DM: a low-background MicrOMEGAs-based TPC for low-mass
WIMP detection, arXiv:1512.01455 [INSPIRE].
[52] I.G. Irastorza et al., Gaseous time projection chambers for rare event detection: results from
the T-REX project. II. Dark matter, JCAP 01 (2016) 034 [arXiv:1512.06294] [INSPIRE].
[53] M. Cirelli, E. Del Nobile and P. Panci, Tools for model-independent bounds in direct dark
matter searches, JCAP 10 (2013) 019 [arXiv:1307.5955] [INSPIRE].
[54] R.J. Hill and M.P. Solon, Standard model anatomy of WIMP dark matter direct detection. II.
QCD analysis and hadronic matrix elements, Phys. Rev. D 91 (2015) 043505
[arXiv:1409.8290] [INSPIRE].
[55] J.M. Alarcón, J. Martin Camalich and J.A. Oller, The chiral representation of the πN
scattering amplitude and the pion-nucleon sigma term, Phys. Rev. D 85 (2012) 051503
[arXiv:1110.3797] [INSPIRE].
[56] J.M. Alarcón, L.S. Geng, J. Martin Camalich and J.A. Oller, The strangeness content of the
nucleon from effective field theory and phenomenology, Phys. Lett. B 730 (2014) 342
[arXiv:1209.2870] [INSPIRE].

– 23 –

JHEP05(2016)118

[43] K. Abe et al., Letter of intent: The Hyper-Kamiokande experiment. Detector design and
physics potential, arXiv:1109.3262 [INSPIRE].

[57] R. Harnik, J. Kopp and P.A.N. Machado, Exploring ν signals in dark matter detectors,
JCAP 07 (2012) 026 [arXiv:1202.6073] [INSPIRE].
[58] S. Bilmis et al., Constraints on dark photon from neutrino-electron scattering experiments,
Phys. Rev. D 92 (2015) 033009 [arXiv:1502.07763] [INSPIRE].
[59] E. Rrapaj and S. Reddy, Nucleon-nucleon bremsstrahlung of dark gauge bosons and revised
supernova constraints, arXiv:1511.09136 [INSPIRE].
[60] A.I. Studenikin, Charged lepton G − 2 and constraints on new physics, in Proceedings of Les
Rencontres de Physique de la Vallee d’Aoste, La Thuile Italy (1998) [hep-ph/9808219]
[INSPIRE].

[62] SuperCDMS collaboration, R. Agnese et al., Search for low-mass weakly interacting
massive particles with SuperCDMS, Phys. Rev. Lett. 112 (2014) 241302 [arXiv:1402.7137]
[INSPIRE].
[63] SuperCDMS collaboration, R. Agnese et al., New results from the search for low-mass
weakly interacting massive particles with the CDMS low ionization threshold experiment,
Phys. Rev. Lett. 116 (2016) 071301 [arXiv:1509.02448] [INSPIRE].
[64] LUX collaboration, D.S. Akerib et al., Improved limits on scattering of weakly interacting
massive particles from reanalysis of 2013 LUX data, Phys. Rev. Lett. 116 (2016) 161301
[arXiv:1512.03506] [INSPIRE].
[65] LUX collaboration, D.S. Akerib et al., Tritium calibration of the LUX dark matter
experiment, Phys. Rev. D 93 (2016) 072009 [arXiv:1512.03133] [INSPIRE].
[66] SNO+ collaboration, S. Andringa et al., Current status and future prospects of the SNO+
experiment, Adv. High Energy Phys. 2016 (2016) 6194250 [arXiv:1508.05759] [INSPIRE].

– 24 –

JHEP05(2016)118

[61] F. Jegerlehner and A. Nyffeler, The muon g − 2, Phys. Rept. 477 (2009) 1
[arXiv:0902.3360] [INSPIRE].

