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FIG. 3. Upper limits on the spin-independent elastic WIMP-
nucleon cross section at 90% C.L. Observed limit in black,
with the 1- and 2-� ranges of background-only trials shaded
green and yellow. Also shown are limits from the first LUX
analysis [6] (gray), SuperCDMS [40] (green), CDMSlite [41]
(light blue), XENON100 [42] (red), DarkSide-50 [43] (orange),
and PandaX [44] (purple). The expected spectrum of coherent
neutrino-nucleus scattering by 8B solar neutrinos can be fit
by a WIMP model as in [45], plotted here as a black dot.

the ongoing 300-day LUX search and the future LUX-
ZEPLIN [46] experiment.
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Neutrino backgrounds/signals 

• ``Neutrino Floor” from Coherent Neutrino-Nucleus scattering 

• Annual modulation/Directionality discrimination (Davis 2014; O’Hare et al. 2015; Grothaus et al. 2015)
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Borexino Collaboration, Nature 2014
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Figure 3: (Color online) The solar neutrino spectrum, along with the SSM un-

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

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

continuous sources are cm�2 s�1MeV�1.

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

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

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

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

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

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

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

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

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

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

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

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

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

This technology has opened up new possibilities.

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

been only partially completed. Borexino has extended precision measurements

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

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

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

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

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

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

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

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

hydrogen-burning stars.

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

associated uncertainties (averaging over asymmetric uncertainties). The solar

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

Borexino Collaboration.

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

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

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

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

0.38 (10%)

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

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

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

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

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

�2/P agr 3.5/90% 3.4/90%

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

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

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

�m2
21(10�5eV2) 7.54+0.26

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

�m2
31(10�3eV2) NH 2.47+0.06

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

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

�0.06) �(2.29 $ 2.58) �(2.21 $ 2.64)

sin2 ✓12 0.307+0.018
�0.016 0.275 $ 0.342 0.259 $ 0.359 0.320+0.016

�0.017 0.29 $ 0.35 0.27 $ 0.37

sin2 ✓23 NH 0.386+0.024
�0.021 0.348 $ 0.448 0.331 $ 0.637

8
>><

>>:

0.613+0.022
�0.040

0.427+0.034
�0.027

0.38 $ 0.66 0.36 $ 0.68

IH 0.392+0.039
�0.022

8
>><

>>:

0.353 $ 0.484

0.543 $ 0.641

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

sin2 ✓13 NH 0.0241 ± 0.0025 0.0193 $ 0.0290 0.0169 $ 0.0313 0.0246+0.0029
�0.0028 0.019 $ 0.030 0.017 $ 0.033

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

�0.0027 0.020 $ 0.030 0.017 $ 0.033

High  
metallicity 

Low  
metallicity 

Haxton et al. 2013

• Solar metallicity  

• 3D rotational 
hydrodynamical 
simulations suggest 
lower metallicity in Solar 
core (Asplund et al. 2009)  

• Low metallicity in conflict 
with heliosiesmology data  

• SNO Neutral Current 
measurement right in 
between predictions of 
low and high metallicity 
SSMs 
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• Borexino, SNO, SK indicate 
the low energy ES data 
lower than MSW predicts 

• More generally, upturn in 
MSW survival probability not 
been measure  

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

Advances in High Energy Physics 21

Table 6: Best estimates for the !"! and CNO solar neutrino interaction rates. For the results in the last two columns both statistical and
systematic uncertainties are considered. Total fluxes have been obtained assuming MSW-LMA and using the scattering cross-sections from
[146, 148, 149] and a scintillator "− density of (3.307 ± 0.003) ⋅ 1029 ton−1 .The last column gives the ratio between our measurement and the
high-Z (GS98) SSM [64]. Table taken from [74].$ Interaction rate Solar-$ flux Data/SSM

[counts/(day ⋅ 100 ton)] [108 cm−2 s−1] ratio!"! 3.1 ± 0.6stat ± 0.3syst 1.6 ± 0.3 1.1 ± 0.2
CNO <7.9 (< 7.1stat only) <7.7 <1.5
Table 7: Best-fit neutrino oscillation parameters from a two-flavor neutrino oscillation analysis. Uncertainties listed are 1 % after the &2 was
minimized with respect to all other parameters (taken from [147]).

Analysis tan2'12 Δ)221 [eV2] &2/NDF
SNO only (LMA) 0.427+0.033−0.029 5.62+1.92−1.36 × 10−5 1.39/3
SNO only (LOW) 0.427+0.043−0.035 1.35+0.35−0.14 × 10−7 1.41/3
Solar 0.427+0.028−0.028 5.13+1.29−0.96 × 10−5 108.07/129
Solar + KamLAND 0.427+0.027−0.024 7.46+0.20−0.19 × 10−5

0 0.01 0.02 0.03 0.04 0.05
0

2

4

6

8

10

95% C.L.

68.27% C.L.

99.73% C.L.

sin2 !13

Δ#2

Solar + KL
ATM + LBL + CHOOZ
Global

Figure 16: Projection over sin2'13 combining the projections
obtained by analyzing data from all neutrino sources. The data
from atmospheric, short-baseline experiments, and long-baseline
experiments (ATM + LBL + CHOOZ) was determined from Figure
2 (left panel) in [157] which already includes the latest T2K [155] and
MINOS [156] results.

looking for leptonic CP violation [164]. The impact and
the possible consequences of these recent results have been
discussed, among the others, in the following papers [164–
167]. The different accuracy that can be reached in the
determination of themixing angle between the first and third
generation, according to the different kind of neutrino exper-
iments included in the analysis, is represented in Figure 16.

The combined analysis of the different SNO phases was
also very useful to obtain a precise determination of the8B solar neutrino flux, Φ8B = 5.25 ± 0.16(stat)+0.11−0.13(syst) ×

(C
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Figure 17: In this picture, taken from [154], the final energy
spectrum derived from Borexino’s analysis (red points) is repre-
sented and compared with the Monte Carlo predictions (blue and
purple bands) obtained using the MSW-LMA neutrino oscillation
model and the standard solar models in the versions corresponding,
respectively, to the high metallicity (BPS09(GS98)) and the low
metallicity (BPS09 (AGS05)) cases.

106 cm−2 s−1, with an important reduction of the systematic
uncertainty.This result was consistent with, but more precise
than, both the high-Z BPS09 (GS), Φ = (5.88 ± 0.65) ×106 cm−2 s−1, and low-Z BPS09(AGSS09),Φ = (4.85±0.58)×106 cm−2 s−1, and solar model predictions [72].

The combination of the LETA analysis by the SNO collab-
oration [112] and of the Borexino measurements [154] made
possible a detailed study of the low energy part of the 8B solar
neutrino spectrum. Even if characterized by a larger uncer-
tainty (mainly due to a more limited statistics), Borexino

Borexino Collaboration, 2010



Solar neutrino signals:  
Astrophysical goals for dark matter experiments 

• First measurement of the 8B neutral current energy spectrum 

• First direct measurement of the survival probably for low energy 
solar neutrinos 

• Direct measurement of the CNO flux  

• PP flux measurement to ~ few percent will provide most 
stringent measurement of the ``neutrino luminosity” of the Sun



Low energy solar neutrino survival probability 
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FIG. 2: Fractional flux uncertainty (�f) on the pp, 7Be, pep, and CNO components as a function of threshold nuclear recoil
energy. The top row is for Ge, and the bottom row is for Si. For the pp, 7Be, and pep panels, the Borexino sensitivity is
indicated. In the 7Be, pep, and CNO panels, energy regions where the pp signal dominates is shaded light grey. In the pep
and CNO panels, energy regions where the pp signal dominates is shaded light grey, and energy regions where the 7Be signal
dominates is shaded dark grey. Note the di↵erence in energy ranges between the panels, and the di↵erent curves in each panel
correspond to di↵erent exposures.

in nuclear recoil energy bins of width ⇠ eV. We quote
results in terms of the fractional uncertainty on the flux
normalization, �f , and quantify how the measurement of
�f for each component improves with decreasing nuclear
recoil energy threshold and increasing exposure.

For our fiducial model we assume the high-Z SSM for
the flux normalizations. Figure 2 shows �f for the pp,
7Be, pep, CNO fluxes as a function of threshold nu-
clear recoil energy for di↵erent exposures T

exp

. In all
cases there is a dramatic improvement in the measure-
ment of �f as the threshold is dropped into the regimes
where each respective flux component dominates (Fig-
ure 1). For pp neutrinos, a Si detector reaches the Borex-
ino sensitivity for a threshold <⇠ 3 eV and an exposure
⇠ 5 kg-yr, while a Ge detector reaches the Borexino sen-
sitivity for the same threshold and an exposure ⇠ 500
kg-yr. It should be emphasized that the Borexino mea-
surement is neutrino-electron scattering, which is due
mostly to charged-current interactions. A CNS measure-
ment would thus represent the first pure neutral current
detection of these flux components.

For the 7Be flux, a ⇠ 50 kg-yr Ge exposure with ⇠
10 eV threshold will result in a detection with �f '
0.15. At this same threshold, ⇠ 500 kg-yr exposure with
Ge will match the Borexino sensitivity, �f ' 0.05. For
Si, ⇠ 50 kg-yr exposure with a ⇠ 30 eV threshold will
result in a detection with �f ' 0.25, and a >⇠ 500 kg-
yr exposure matches the Borexino sensitivity. Thus for

>⇠ 1 eV threshold, a Si detector is most sensitive to the
pp flux, while a Ge detector is most sensitive to the 7Be
flux.
The pep and CNO fluxes are prominent at energies

lower than 8B, but higher than 7Be. Though the pep
and CNO spectral shapes are di↵erent, their flux nor-
malizations are correlated in a multi-component analy-
sis. This is evident in Figure 1 which indicates a brief
saturation as the threshold is lowered before �f is ulti-
mately minimized. For the pep flux, we find that a ⇠ 500
kg-yr Ge exposure with ⇠ 10 eV threshold will measure
normalization to a fractional uncertainty of ⇠ 0.4. This
exposure will provide a ⇠ 2� detection of the CNO flux.
Increasing the exposure to 5 ton-yr will match the Borex-
ino charged current sensitivity to the pep flux, and also
attain �f ⇠ 0.2 on the CNO flux.

IV. DISCUSSION AND CONCLUSION

We have examined the potential for direct dark matter
searches to reach the neutrino floor with detector mass
similar to those under development and with ultra-low
energy thresholds, as low as ⇠ eV. These detectors, such
as e.g. SuperCDMS [4], will be sensitive to dark matter
with mass ⇠ GeV. For reasonable detector mass ⇠ 50 kg-
yr, a threshold of ⇠ 10 (30) eV in Ge (Si) will measure
the 7Be solar neutrino flux. Approximately an order of

Ultra-low threshold (< 100 eV) detectors will make first neutral current 
measurement of low energy Solar neutrino fluxes

Borexino Collaboration, 2011
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⌫ Interaction rate Solar-⌫ flux Data/SSM
[counts/(day·100 ton)] [108cm�2s�1] ratio

pep 3.1± 0.6
stat

± 0.3
syst

1.6± 0.3 1.1± 0.2
CNO < 7.9 (< 7.1

stat only

) < 7.7 < 1.5

TABLE I. The best estimates for the pep and CNO solar neu-
trino interaction rates. For the results in the last two columns
both statistical and systematic uncertainties are considered.
Total fluxes have been obtained assuming MSW-LMA and
using the scattering cross-sections from [22–24] and a scintil-
lator e� density of (3.307±0.003)⇥1029 ton�1. The last col-
umn gives the ratio between our measurement and the High
Metallicity (GS98) SSM [9].

Background Interaction rate Expected rate
[counts/(day·100 ton)] [counts/(day·100 ton)]

85Kr 19+5

�3

30± 6 [5]
210Bi 55+3

�5

–
11C 27.4± 0.3 28± 5
10C 0.6± 0.2 0.54± 0.04
6He < 2 0.31± 0.04
40K < 0.4 –
234mPa < 0.5 0.57± 0.05
Ext. � 2.5± 0.2 –

TABLE II. The best estimates for the total rates of the back-
ground species included in the fit. The statistical and system-
atic uncertainties were added in quadrature. The expected
rates for the cosmogenic isotopes 11C, 10C and 6He have been
obtained following the methodology outlined in [25]. The
expected 234mPa rate was determined from the 214Bi-214Po
measured coincidence rate, under the assumption of secular
equilibrium. Ext. � includes the estimated contributions from
208Tl, 214Bi and 40K external �-rays.

tent with our measurement [5]. Table II summarizes the
estimates for the rates of the other background species.
The higher rate of 210Bi compared to [5] is due to the ex-
clusion of data from 2007, when the observed decay rate
of 210Bi in the FV was smallest.

Table III shows the relevant sources of systematic un-
certainty. To evaluate the uncertainty associated with
the fit methods we have performed fits changing the bin-
ning of the energy spectra, the fit range and the energy
bins for which the radial and pulse-shape parameter dis-
tributions were fit. This has been done for energy spec-
tra constructed from both the number of PMTs hit and
the total collected charge in the event. Further system-
atic checks have been carried out regarding the stability
of the fit over di↵erent exposure periods, the spectral
shape of the external �-ray background and electron re-
coils from CNO neutrinos, the fixing of 214Pb and pp and
8B neutrinos to their expected values, and the exclusion
of minor radioactive backgrounds (short-lived cosmogen-
ics and decays from the 232Th chain) from the fit.

Table I also shows the solar neutrino fluxes inferred
from our best estimates of the pep and CNO neutrino in-
teraction rates, assuming the MSW-LMA solution, and
the ratio of these values to the High Metallicity (GS98)
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FIG. 4. ��2 profile obtained from likelihood ratio tests be-
tween fit results where the pep and CNO neutrino interaction
rates are fixed to particular values (all other species are left
free) and the best-fit result.

Source [%]
Fiducial exposure +0.6

�1.1

Energy response ±4.1
210Bi spectral shape +1.0

�5.0

Fit methods ±5.7
Inclusion of independent 85Kr estimate +3.9

�0.0

�-rays in pulse shape distributions ±2.7
Statistical uncertainties in pulse shape distributions ±5
Total systematic uncertainty ±10

TABLE III. Relevant sources of systematic uncertainty and
their contribution in the measured pep neutrino interaction
rate. These systematics increase the upper limit in the CNO
neutrino interaction rate by 0.8 counts/(day·100 ton).

SSM predictions [9]. Both results are consistent with the
predicted High and Low Metallicity SSM fluxes assuming
MSW-LMA. Under the assumption of no neutrino flavor
oscillations, we would expect a pep neutrino interaction
rate in Borexino of (4.47±0.05) counts/(day·100 ton); the
observed interaction rate disfavors this hypothesis at
97% C.L. If this discrepancy is due to ⌫e oscillation to ⌫µ
or ⌫⌧ , we find Pee=0.62±0.17 at 1.44MeV. This result is
shown alongside other solar neutrino Pee measurements
in Fig. 5. The MSW-LMA prediction is shown for com-
parison.

We have achieved the necessary sensitivity to provide,
for the first time, evidence of the rare signal from pep
neutrinos and to place the strongest constraint on the
CNO neutrino flux to date. This has been made possible
by the combination of the extremely low levels of intrinsic
background in Borexino, and the implementation of novel
background discrimination techniques. This result raises
the prospect for higher precision measurements of pep
and CNO neutrino interaction rates, if the next dominant
background, 210Bi, is further reduced by scintillator re-
purification.

The Borexino program is made possible by funding
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FIG. 2: Fractional flux uncertainty (�f) on the pp, 7Be, pep, and CNO components as a function of threshold nuclear recoil
energy. The top row is for Ge, and the bottom row is for Si. For the pp, 7Be, and pep panels, the Borexino sensitivity is
indicated. In the 7Be, pep, and CNO panels, energy regions where the pp signal dominates is shaded light grey. In the pep
and CNO panels, energy regions where the pp signal dominates is shaded light grey, and energy regions where the 7Be signal
dominates is shaded dark grey. Note the di↵erence in energy ranges between the panels, and the di↵erent curves in each panel
correspond to di↵erent exposures.

in nuclear recoil energy bins of width ⇠ eV. We quote
results in terms of the fractional uncertainty on the flux
normalization, �f , and quantify how the measurement of
�f for each component improves with decreasing nuclear
recoil energy threshold and increasing exposure.

For our fiducial model we assume the high-Z SSM for
the flux normalizations. Figure 2 shows �f for the pp,
7Be, pep, CNO fluxes as a function of threshold nu-
clear recoil energy for di↵erent exposures T

exp

. In all
cases there is a dramatic improvement in the measure-
ment of �f as the threshold is dropped into the regimes
where each respective flux component dominates (Fig-
ure 1). For pp neutrinos, a Si detector reaches the Borex-
ino sensitivity for a threshold <⇠ 3 eV and an exposure
⇠ 5 kg-yr, while a Ge detector reaches the Borexino sen-
sitivity for the same threshold and an exposure ⇠ 500
kg-yr. It should be emphasized that the Borexino mea-
surement is neutrino-electron scattering, which is due
mostly to charged-current interactions. A CNS measure-
ment would thus represent the first pure neutral current
detection of these flux components.

For the 7Be flux, a ⇠ 50 kg-yr Ge exposure with ⇠
10 eV threshold will result in a detection with �f '
0.15. At this same threshold, ⇠ 500 kg-yr exposure with
Ge will match the Borexino sensitivity, �f ' 0.05. For
Si, ⇠ 50 kg-yr exposure with a ⇠ 30 eV threshold will
result in a detection with �f ' 0.25, and a >⇠ 500 kg-
yr exposure matches the Borexino sensitivity. Thus for

>⇠ 1 eV threshold, a Si detector is most sensitive to the
pp flux, while a Ge detector is most sensitive to the 7Be
flux.
The pep and CNO fluxes are prominent at energies

lower than 8B, but higher than 7Be. Though the pep
and CNO spectral shapes are di↵erent, their flux nor-
malizations are correlated in a multi-component analy-
sis. This is evident in Figure 1 which indicates a brief
saturation as the threshold is lowered before �f is ulti-
mately minimized. For the pep flux, we find that a ⇠ 500
kg-yr Ge exposure with ⇠ 10 eV threshold will measure
normalization to a fractional uncertainty of ⇠ 0.4. This
exposure will provide a ⇠ 2� detection of the CNO flux.
Increasing the exposure to 5 ton-yr will match the Borex-
ino charged current sensitivity to the pep flux, and also
attain �f ⇠ 0.2 on the CNO flux.

IV. DISCUSSION AND CONCLUSION

We have examined the potential for direct dark matter
searches to reach the neutrino floor with detector mass
similar to those under development and with ultra-low
energy thresholds, as low as ⇠ eV. These detectors, such
as e.g. SuperCDMS [4], will be sensitive to dark matter
with mass ⇠ GeV. For reasonable detector mass ⇠ 50 kg-
yr, a threshold of ⇠ 10 (30) eV in Ge (Si) will measure
the 7Be solar neutrino flux. Approximately an order of
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We observed, for the first time, solar neutrinos in the 1.0–1.5MeV energy range. We measured the
rate of pep solar neutrino interactions in Borexino to be (3.1±0.6

stat

±0.3
syst

) counts/(day·100 ton)
and provided a constraint on the CNO solar neutrino interaction rate of <7.9 counts/(day·100 ton)
(95% C.L.). The absence of the solar neutrino signal is disfavored at 99.97% C.L., while the absence
of the pep signal is disfavored at 98% C.L. This unprecedented sensitivity was achieved by adopting
novel data analysis techniques for the rejection of cosmogenic 11C, the dominant background in
the 1–2MeV region. Assuming the MSW-LMA solution to solar neutrino oscillations, these values
correspond to solar neutrino fluxes of (1.6±0.3)⇥108 cm�2s�1 and <7.7⇥108 cm�2s�1 (95% C.L.),
respectively, in agreement with the Standard Solar Model. These results represent the first mea-
surement of the pep neutrino flux and the strongest constraint of the CNO solar neutrino flux to
date.

PACS numbers: 13.35.Hb, 14.60.St, 26.65.+t, 95.55.Vj, 29.40.Mc

Over the past 40 years solar neutrino experiments [1–
5] have proven to be sensitive tools to test both astro-
physical and elementary particle physics models. Solar
neutrino detectors have demonstrated that stars are pow-
ered by nuclear fusion reactions. Two distinct processes,
the main pp fusion chain and the sub-dominant CNO
cycle, are expected to produce solar neutrinos with dif-
ferent energy spectra and fluxes. Until now only fluxes
from the pp chain have been measured: 7Be, 8B, and, in-
directly, pp. Experiments involving solar neutrinos and
reactor anti-neutrinos [6] have shown that solar neutrinos

undergo flavor oscillations.

Results from solar neutrino experiments are consistent
with the Mikheyev-Smirnov-Wolfenstein Large Mixing
Angle (MSW-LMA) model [7], which predicts a transi-
tion from vacuum-dominated to matter-enhanced oscilla-
tions, resulting in an energy dependent ⌫e survival prob-
ability, Pee. Non-standard neutrino interaction mod-
els formulate Pee curves that deviate significantly from
MSW-LMA, particularly in the 1–4MeV transition re-
gion, see e.g. [8]. The mono-energetic 1.44MeV pep neu-
trinos, which belong to the pp chain and whose Stan-
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⌫ Interaction rate Solar-⌫ flux Data/SSM
[counts/(day·100 ton)] [108cm�2s�1] ratio

pep 3.1± 0.6
stat

± 0.3
syst

1.6± 0.3 1.1± 0.2
CNO < 7.9 (< 7.1

stat only

) < 7.7 < 1.5

TABLE I. The best estimates for the pep and CNO solar neu-
trino interaction rates. For the results in the last two columns
both statistical and systematic uncertainties are considered.
Total fluxes have been obtained assuming MSW-LMA and
using the scattering cross-sections from [22–24] and a scintil-
lator e� density of (3.307±0.003)⇥1029 ton�1. The last col-
umn gives the ratio between our measurement and the High
Metallicity (GS98) SSM [9].

Background Interaction rate Expected rate
[counts/(day·100 ton)] [counts/(day·100 ton)]

85Kr 19+5

�3

30± 6 [5]
210Bi 55+3

�5

–
11C 27.4± 0.3 28± 5
10C 0.6± 0.2 0.54± 0.04
6He < 2 0.31± 0.04
40K < 0.4 –
234mPa < 0.5 0.57± 0.05
Ext. � 2.5± 0.2 –

TABLE II. The best estimates for the total rates of the back-
ground species included in the fit. The statistical and system-
atic uncertainties were added in quadrature. The expected
rates for the cosmogenic isotopes 11C, 10C and 6He have been
obtained following the methodology outlined in [25]. The
expected 234mPa rate was determined from the 214Bi-214Po
measured coincidence rate, under the assumption of secular
equilibrium. Ext. � includes the estimated contributions from
208Tl, 214Bi and 40K external �-rays.

tent with our measurement [5]. Table II summarizes the
estimates for the rates of the other background species.
The higher rate of 210Bi compared to [5] is due to the ex-
clusion of data from 2007, when the observed decay rate
of 210Bi in the FV was smallest.

Table III shows the relevant sources of systematic un-
certainty. To evaluate the uncertainty associated with
the fit methods we have performed fits changing the bin-
ning of the energy spectra, the fit range and the energy
bins for which the radial and pulse-shape parameter dis-
tributions were fit. This has been done for energy spec-
tra constructed from both the number of PMTs hit and
the total collected charge in the event. Further system-
atic checks have been carried out regarding the stability
of the fit over di↵erent exposure periods, the spectral
shape of the external �-ray background and electron re-
coils from CNO neutrinos, the fixing of 214Pb and pp and
8B neutrinos to their expected values, and the exclusion
of minor radioactive backgrounds (short-lived cosmogen-
ics and decays from the 232Th chain) from the fit.

Table I also shows the solar neutrino fluxes inferred
from our best estimates of the pep and CNO neutrino in-
teraction rates, assuming the MSW-LMA solution, and
the ratio of these values to the High Metallicity (GS98)
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FIG. 4. ��2 profile obtained from likelihood ratio tests be-
tween fit results where the pep and CNO neutrino interaction
rates are fixed to particular values (all other species are left
free) and the best-fit result.

Source [%]
Fiducial exposure +0.6

�1.1

Energy response ±4.1
210Bi spectral shape +1.0

�5.0

Fit methods ±5.7
Inclusion of independent 85Kr estimate +3.9

�0.0

�-rays in pulse shape distributions ±2.7
Statistical uncertainties in pulse shape distributions ±5
Total systematic uncertainty ±10

TABLE III. Relevant sources of systematic uncertainty and
their contribution in the measured pep neutrino interaction
rate. These systematics increase the upper limit in the CNO
neutrino interaction rate by 0.8 counts/(day·100 ton).

SSM predictions [9]. Both results are consistent with the
predicted High and Low Metallicity SSM fluxes assuming
MSW-LMA. Under the assumption of no neutrino flavor
oscillations, we would expect a pep neutrino interaction
rate in Borexino of (4.47±0.05) counts/(day·100 ton); the
observed interaction rate disfavors this hypothesis at
97% C.L. If this discrepancy is due to ⌫e oscillation to ⌫µ
or ⌫⌧ , we find Pee=0.62±0.17 at 1.44MeV. This result is
shown alongside other solar neutrino Pee measurements
in Fig. 5. The MSW-LMA prediction is shown for com-
parison.

We have achieved the necessary sensitivity to provide,
for the first time, evidence of the rare signal from pep
neutrinos and to place the strongest constraint on the
CNO neutrino flux to date. This has been made possible
by the combination of the extremely low levels of intrinsic
background in Borexino, and the implementation of novel
background discrimination techniques. This result raises
the prospect for higher precision measurements of pep
and CNO neutrino interaction rates, if the next dominant
background, 210Bi, is further reduced by scintillator re-
purification.

The Borexino program is made possible by funding
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We observed, for the first time, solar neutrinos in the 1.0–1.5MeV energy range. We measured the
rate of pep solar neutrino interactions in Borexino to be (3.1±0.6

stat

±0.3
syst

) counts/(day·100 ton)
and provided a constraint on the CNO solar neutrino interaction rate of <7.9 counts/(day·100 ton)
(95% C.L.). The absence of the solar neutrino signal is disfavored at 99.97% C.L., while the absence
of the pep signal is disfavored at 98% C.L. This unprecedented sensitivity was achieved by adopting
novel data analysis techniques for the rejection of cosmogenic 11C, the dominant background in
the 1–2MeV region. Assuming the MSW-LMA solution to solar neutrino oscillations, these values
correspond to solar neutrino fluxes of (1.6±0.3)⇥108 cm�2s�1 and <7.7⇥108 cm�2s�1 (95% C.L.),
respectively, in agreement with the Standard Solar Model. These results represent the first mea-
surement of the pep neutrino flux and the strongest constraint of the CNO solar neutrino flux to
date.

PACS numbers: 13.35.Hb, 14.60.St, 26.65.+t, 95.55.Vj, 29.40.Mc

Over the past 40 years solar neutrino experiments [1–
5] have proven to be sensitive tools to test both astro-
physical and elementary particle physics models. Solar
neutrino detectors have demonstrated that stars are pow-
ered by nuclear fusion reactions. Two distinct processes,
the main pp fusion chain and the sub-dominant CNO
cycle, are expected to produce solar neutrinos with dif-
ferent energy spectra and fluxes. Until now only fluxes
from the pp chain have been measured: 7Be, 8B, and, in-
directly, pp. Experiments involving solar neutrinos and
reactor anti-neutrinos [6] have shown that solar neutrinos

undergo flavor oscillations.

Results from solar neutrino experiments are consistent
with the Mikheyev-Smirnov-Wolfenstein Large Mixing
Angle (MSW-LMA) model [7], which predicts a transi-
tion from vacuum-dominated to matter-enhanced oscilla-
tions, resulting in an energy dependent ⌫e survival prob-
ability, Pee. Non-standard neutrino interaction mod-
els formulate Pee curves that deviate significantly from
MSW-LMA, particularly in the 1–4MeV transition re-
gion, see e.g. [8]. The mono-energetic 1.44MeV pep neu-
trinos, which belong to the pp chain and whose Stan-
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G3 experiments at low threshold may be able to study the CNO Solar neutrino flux 
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Neutrino luminosity of the Sun 

• Neutrinos can test the idea that the Sun shines because of nuclear fusion 

• Compare the neutrino-inferred luminosity to the Solar luminosity  

• Imposing the luminosity constraint gives the share of energy production 
between PP chain and CNO cycle, 

• Without the luminosity constraint, 

• Direct pp measurement (e.g. Xenon) at few percent level can improve 
this constraint

Bergstrom, Gonzalez-
Garcia et al. JHEP 2016



Radiochemical dark matter experiments 

• Ton+ scale Xenon experiments will be sensitive to CC neutrino capture: 

⌫e +
131 Xe ! e� +131 Cs

• Ground state to ground state transition rate 
is dominated by pp and is well known; higher 
energy neutrino capture rate into excited 
states more uncertain 

• First experimental setup to detect outgoing 
electron, rate is ~ event per ton per year 

• Possible coincidence signal with 131Cs decay, 
with half-life ~ 10 days 

Astroparticle 
Physics 

Astroparticle Physics 7 (1997) 173-179 

A xenon solar neutrino detector 
A.Sh. Georgadze a, H.V. Klapdor-Kleingrothaus b, H. P&s b, Yu.G. Zdesenko a 

a Institute for Nuclear Research, 252028, Kiev, Ukraine 
b Max-Planck-lnstitut fiir Kernphysik, PO. Box 103980, D-69029 Heidelberg, Germany 
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Abstract 

The neutrino capture by 13’Xe with the threshold at 352 keV as reaction to detect solar neutrinos is examined. The 
most important feature of this process is its high sensitivity to beryllium neutrinos, that contribute approximately 40% to 
the total capture rate predicted in the Standard Solar Model (45 SNU) Also the procedure of extraction of the daughter 
cesium atoms from liquid xenon as well as other technical problems concerning preparation of the cesium sample, low 
background measurements and side reactions for a possible realization as a solar neutrino detector are discussed. The 
expected counting rate from the SSM for a xenon detector is x 1500 eventslyrkt. Combining the results of such a detector 
with other experimental data it will be possible to test the existence of vacuum oscillations and the MSW effect and/or 
input parameters of the Standard Solar Models. @ 1997 Elsevier Science B.V. 

PACS: 23.40.-s; 94.8O.+g; 96.60.-j 

1. Introduction 

Lower neutrino fluxes compared to those predicted 
by Standard Solar Models (SSM) have been observed 
in most currently available solar neutrino experiments. 
The chlorine experiment [ 1 ] which is sensitive mainly 
to boron and partially to beryllium neutrinos has mea- 
sured a total flux of 2.55 f 0.25 SNU [ 21 or 32f5% 
[3] (40flO% [4], 61flO % [5]) of that predicted 
by the SSM [ 3-51. The water Cerenkov detector in 
the Kamiokande experiment, registering only *B neu- 
trinos, observes a flux of (2.89f0.41),106 cmm2 s-’ 
[ 61 which corresponds to (5 1 f 10) % [ 31 (65?:;% 
[ 41, or 104f25 % [ 51) of that expected in SSMs [ 3- 
51. 

The last results of the GALLEX and SAGE exper- 
iments are 69.7 f 6.7?$,! SNU [7] and 72 f 12 f 7 
SNU [ 83 ( la errors), respectively, which are essen- 

tially lower (about 3a) than predictions of the SSM 
~(65 f 15)%. 

In an attempt to reconcile the Kamiokande and 
Homestake experiments the conclusion was obtained 
that not only ‘B but 7Be neutrinos suffer considerable 
reduction with respect to predictions of the SSM. The 
GALLEX and SAGE results support this conclusion. 
In particular, the SSM prediction for the gallium 
experiment is 113-132 SNU [ 3-51. Since the pp neu- 
trino flux is almost model independent and closely 
tied with the solar luminosity it was supposed that its 
contribution to the GALLEX result can be predicted 
with reasonable precision to be 70 SNU [ 31. The 
boron neutrino contribution fixed by the Kamiokande 
data in model independent way is equal to 7 SNU. 
Thus, comparing theoretical and experimental results 
one can see that in the gallium data there is no room 
for beryllium neutrinos which are expected to con- 

0927-6505/97/$17.00 @ 1997 Elsevier Science B.V. All rights reserved. 
PII SO927-6505(97)00017-O 



Outstanding issues III 

• Gallium calibration experiments check the 
capture cross section for two excite 
states not constrained by 71Ge lifetime 

• Ratio of measured 71Ge relative to that 
expected from source strength indicates 
~ 2sigma discrepancy

Mention et al. 2011

• Combined with ‘reactor anomaly’, 
gallium results may hint at new 
physics, i.e. ~ eV sterile neutrino 

SAGE collaboration, 2009 

• Discrepancy may be larger when 
accounting for uncertainty in cross 
section (Giunti & Laveder 2010)



• DM experiments provide first 
measurement of the energy 
dependence of the survival probability  

• Sensitive to oscillation to 4th 
generation sterile neutrino

9
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FIG. 4: Left: Contours at 95% C.L. on the electron neutrino survival probability Pee (cyan) and transition probability into a
sterile neutrino Pes (red) as a function of the neutrino energy. The two set of bands correspond to the case Solar + KamLAND
(dashed lines) and to the case Solar + KamLAND + CNS + ES with a 10 ton-year exposure (filled contours). The contours are
determined from Bayesian marginalization of the previously discussed MCMC analyses. Also shown are the current constraints
on the neutrino-electron survival probability derived assuming no existence of sterile neutrinos [49]. Right: Projected limits
on the active-to-sterile mixing angle sin2 ✓14 ⌘ sin2 ✓ee using all current Solar and KamLAND data plus a 1 (green) and 10
(blue) ton-year exposure of a Ge dark matter detector sensitive to both CNS and ES neutrino induced events. The highlighted
regions are the favored solutions for the reactor anomaly at the 95% and 99% C.L. [51]. The red contour corresponds to the
99% C.L. constraint and best fit point derived from a global analysis of both neutrino disappearance and appearance data [50].
The dashed grey curves are the projected limit from the SOX experiment [52, 53].

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

ee

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

14

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

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

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

8B

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

8B

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

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

s�1 and 4.59⇥ 106(1± 0.14) cm�2 s�1.

With f
8B

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

14

. The constraints on sin2 ✓
14

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

8B

, sin2 ✓
12

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

12

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

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

Billard, Strigari, Figueroa-Feliciano, PRD 1409.0050

Super-K, SNO CC, and Borexino may not be seeing the upturn in the MSW 
survival probability at intermediate energy

Neutrino properties: Sterile neutrinos 

Palazzo 2012



Mitchell Institute Neutrino Experiment at Reactor

• Reactor-based proposal developed with Nuclear Science Center at Texas A&M University  

• Detector technology based on scalable ultra-low threshold Germanium and Silicon arrays 

• Close proximity of ~ 1m to MW reactor core  

• Equivalent rate to larger detectors at larger distance from core (e.g. TEXONO)  

• MW reactor ON/OFF  

• Moveable core: Important for sterile neutrino searches 

Mirabolfathi et al. 1510.00999

Background Studies for the MINER Coherent Neutrino Scattering Reactor

Experiment

G. Agnoleta, W. Bakera, D. Barkerb, R. Becka, T.J. Carrollc, J. Cesarc, P. Cushmanb, J.B. Dentd,
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Abstract

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

1. Introduction

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

Preprint submitted to Nuclear Instruments and Methods A September 8, 2016
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MIνER with Ge/Si

Reactor Pool

N

γ

ν

Key Features
1. Low-threshold (<100 eV) with sensitivity to 

CNS
2. 2m proximity to core (rate enhancement)
3. Moveable Core tests short baseline oscillation
4. 10 kg payload with sensitivity to CNS in a 

month

Dilution fridge being commissioned
Shielding construction in progress
Expect engineering data in Fall



First run may happen outside 
of thermal cavern with straight 
hanging detector tower. 
Distance from core is higher 
(~4m), but quicker engineering 
run

Full run will occur with detectors in Icebox (adapted 
from SuperCDMS Soudan design) that will reside 
inside thermal cavern with ~2m proximity and 
overburden.



Sterile neutrino search at reactors 

6

The oscillated event expectation N1
Osc in the ith Ei

R recoil energy bin is given in terms of the baseline SM expectation
N i

Exp, the oscillation amplitude sin2 2✓14, and the convolved deviation shape functional �
i

(�m2
14L) of Eq. (5).

N i

Osc = N i

Exp ⇥ �

1 � sin2(2✓14) �i(�m2
14L)

 

(10)

In the absence of data, it is still quite possible to estimate the sensitivity of a counting experiment to deviations from
the null result. Referencing Eq. (10), we construct a �2 statistic comparing the deviation-squared of the oscillated
signal N i

Osc from the SM expectation to the statistical uncertainty �
i

⇠ p
N i

Exp, summing over B bins, where the index
i momentarily performs double duty, labeling both the targeted range of recoil energies and the detector location,

�2 ⌘
B

X

i=1

(N i

Osc �N i

Exp)
2

N i

Exp

= sin4 2✓14 ⇥
B

X

i=1

�2
i

N i

Exp. (11)

The omission of backgrounds and systematic errors is an approximation, which we apply presently for simplicity.
Various competing uncertainties will be itemized subsequently (Section V), along with analysis of their relative
impact, and discussion of approaches to their inclusion in the analysis (Section VI and Appendix A). In particular,
we will elaborate upon scenarios in which systematics may be expected to cancel at leading order.

In the limit where many stochastically dispersed bins B are sampled with an approximately uniform distribution of
expected counts N i

Exp ' NTot/B, the value of Eq. (11) will converge to �2 ! 3/8NTot sin
4 2✓, where the numerical

coe�cient represents a fourth moment h sin4 i = 3/8 of the sinusoid embedded within �
i

. The result is independent
of B, and is identical to the scenario where samples are unbinned. This indicates that statistical significance of the
deviation declines in this scenario with the isolation of samples into multiple bins, because the fixed �2 value is then
distributed over more degrees of freedom B. The result is readily understood, and is attributable to the fact that the
sign of �

i

is always positive, i.e. the sterile neutrino always e↵ects a downward fluctuation in the event rate.
The �2 significance of the oscillation-induced anti-neutrino deficit relative to the statistical background at a single

experimental baseline L, and with no binning in the nuclear kinetic recoil, is projected in Fig. (2) as a function of
�m2

14 and sin2 2✓14. As expected from Eq. (3) and Fig. (1), observability is greatly diminished in the vertical axis
whenever (�m2

14 eV2 ⇥ L [m] ⌧ 1), as there is insu�cient phase evolution. Likewise, as suggested by Eq. (11),
observability in the horizontal axis is hampered by reduction of the oscillation amplitude sin2 2✓14, and by elongation
of the separation from core (via geometric reduction in the neutrino flux as N i

Exp / 1/L2).
Fig. 3 shows the sensitivity for a larger exposure of 100 kg payload and 3 yr exposure for distances 5 and 10 m

from the reactor core, for thresholds of 10 and 100 eV. As indicated, projected sensitivity to the ⌫̄
e

-sterile mixing
for multi-year running improves upon that expected from the SOX experiment [18]. This exposure nearly covers the
allowed space of �m2

14 and sin2 2✓14 values associated with global fits to reactor and gallium experiments [30]. Fig. 4
suggests that the entire allowed global fit region can be explored for 5 and 10 m baselines and a recoil threshold of
10 eV.

SOX: 51CrH10MCiL

SOXH100kCiL
Ce- 144Pr

Solar+
K
am
land

10-3 10-2 10-1 100

10-1

100

101

sin2 2q14

D
m
142
@eV

2 D

c2 Significance, 100Kg, 3yr, 5m, Unbinned, ER>10 eV

SOX: 51CrH10MCiL

SOXH100kCiL
Ce- 144Pr

Solar+
K
am
land

10-3 10-2 10-1 100

10-1

100

101

sin2 2q14

D
m
142
@eV

2 D

c2 Significance, 100Kg, 3yr, 10m, Unbinned, ER>10 eV

SOX: 51CrH10MCiL

SOXH100kCiL
Ce- 144Pr

Solar+
K
am
land

10-3 10-2 10-1 100

10-1

100

101

sin2 2q14

D
m
142
@eV

2 D

c2 Significance, 100Kg, 3yr, 5m, Unbinned, ER>100 eV

FIG. 3: Phase-1 prospective limit of ⌫e � ⌫s mixing parameters with 100 Kg Ge detector mass and 3 year e↵ective exposure
at a sample distance of 5m (left) or 10m (mid) from the reactor. The results for recoil threshold at 100 eV are also plotted
(right) at 5m. Only statistic uncertainties are included and coloring for the number of � contours is the same as in Fig. 2.
For sin2 2✓ � 0.01, the systematic flux uncertainty in reactor neutrinos and neutron backgrounds are subdominant. Global fit
contours at 95% credence level for short-baseline (blue dashed) and ⌫e disappearance (red solid) constraints are from Ref. [30].
The projected SOX limits [18] and those from Solar neutrinos (Solar + Kamland) [31] are also plotted for comparison.

Measuring Active-to-Sterile Neutrino Oscillations with Neutral Current Coherent
Neutrino-Nucleus Scattering
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Light sterile neutrinos have been introduced as an explanation for a number of oscillation signals
at �m2 ⇠ 1 eV2. Neutrino oscillations at relatively short baselines provide a probe of these possible
new states. This paper describes an accelerator-based experiment using neutral current coherent
neutrino-nucleus scattering to strictly search for active-to-sterile neutrino oscillations. This exper-
iment could, thus, definitively establish the existence of sterile neutrinos and provide constraints
on their mixing parameters. A cyclotron-based proton beam can be directed to multiple targets,
producing a low energy pion and muon decay-at-rest neutrino source with variable distance to a
single detector. Two types of detectors are considered: a germanium-based detector inspired by the
CDMS design and a liquid argon detector inspired by the proposed CLEAR experiment.

I. INTRODUCTION

Sterile neutrino models have been invoked to explain a
series of intriguing oscillation signals at �m2 ⇠ 1 eV2 [1–
4]. These signals have relied on neutrino detection
through charged current interactions. In the case of
charged current appearance, the signal is interpreted as
an active flavor oscillating to another active flavor, which
can occur at these high �m2 values if one or more neu-
trino mass states with m4, ... ⇠ 1 eV is added to the
neutrino mass spectrum. The extra mass states are as-
sumed to participate in neutrino oscillations, and must
therefore be small admixtures of weakly-interacting neu-
trino flavor states, with the remaining flavor composition
being sterile (i.e. non-weakly-interacting). In the case of
charged current disappearance, the signal is interpreted
as arising from active-flavor neutrino (e, µ, ⌧) oscillation
to any other neutrino flavor (e, µ, ⌧ , or s, with s being
the sterile flavor).

The oscillation probabilities for appearance and disap-
pearance through charged current searches are expressed
as functions of the active flavor content of the extra mass
eigenstate(s) [1, 2]. In this paper, we assume that only
one such extra mass state, m4, exists. In that case, the
oscillation probabilities are given by

P (⌫↵ ! ⌫� 6=↵) = 4|U↵4|2|U�4|2 sin2(1.27�m2
41L/E)

(1)
in the case of active appearance searches, and

P (⌫↵ ! ⌫ 6↵) = 4|U↵4|2(1� |U↵4|2) sin2(1.27�m2
41L/E)

(2)
in the case of active disappearance searches, where ↵, � =
e, µ, ⌧ ; 6 ↵ corresponds to all flavors other than ↵, includ-
ing active and sterile; |U↵4|2 corresponds to the ↵-flavor
content of the fourth mass eigenstate; and L and E repre-
sent the neutrino travel distance and energy, respectively.
Note that neither search case is purely sensitive to the
sterile neutrino content of the extra neutrino mass state,
|Us4|2. In this paper, we discuss a strictly neutral current

search using coherent neutrino scattering that allows for
pure active-to-sterile oscillation sensitivity.
Coherent neutrino-nucleus scattering is a well-

predicted neutral current weak process with a high cross
section in the standard model, as compared to other neu-
trino interactions at similar energies. Despite this, the
coherent interaction has never been observed as the keV-
scale nuclear recoil signature is di�cult to detect. The
newest generation of ⇠10 keV threshold dark matter de-
tectors provides sensitivity to coherent scattering [5] as
the interaction signal is nearly identical to that which is
expected from WIMP interactions.
An active-to-sterile neutrino oscillation search is moti-

vated in Section II. We describe an experimental design
which makes use of a high intensity pion- and muon-
decay-at-rest (DAR) neutrino source in Section III. The
coherent scattering process is introduced and the exper-
imental design is discussed in Section IV. Sensitivities
to neutrino oscillations at �m2 ⇠ 1 eV2 are shown in
Section V.

II. MOTIVATION FOR AN
ACTIVE-TO-STERILE OSCILLATION SEARCH

A decade ago, sterile neutrino oscillation models were
largely motivated by the LSND anomaly [1, 6–9]. This
result presented a 3.8� excess of ⌫̄e events consistent with
⌫̄µ ! ⌫̄e oscillations described by Eq. 1 at �m2 ⇠ 1 eV2

and sin2 2✓µe = 4|Ue4|2|Uµ4|2 ⇠ 0.003. The apparent ap-
pearance signal is thus interpreted as indirect evidence
for at least one additional neutrino carrying the ability
to mix with active flavors. Being mostly sterile, an ad-
ditional neutrino avoids conflict with measurements of
the Z invisible width [10] (characteristic of three weakly-
interacting light neutrino states) and the three-neutrino
oscillation model established by solar [11–13] and atmo-
spheric/accelerator [14–17] experiments.

The LSND signal was not present in a similar but less
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FIG. 1: Fractional deviation from expected SM CE⌫NS event rates in

72

Ge due to electron anti-neutrino oscillation with a sterile fourth

flavor. Separate curves are displayed for nine binned windows in the nuclear kinetic recoil energy deposition. A tenth (bold, dashed)

curve demonstrates the cumulative unbinned event deviation over all recoils above 10 eV. The vertical axis is inversely rescaled by the

amplitude factor sin

2

2✓
14

, and predictions for any targeted amplitude may be immediately read o↵ by replacing the upper limit (1.0) with

the applicable value. The horizontal axis indicates the product of the distance from core in meter units and the mass-square di↵erence

�m2

14

in units of eV

2

. For example, at a gap of 1 eV

2

, this axis is read literally in meters, whereas the outer scale bound at 100 would

correspond instead to 10 m for �m2

14

= 10 eV

2

.

III. EXPOSURE PER BASELINE OBSERVATIONAL SCHEDULE

A rough estimate of the exposure necessary to attain statistical significance may be constructed as follows. From
Eq. (3), the maximal anti-neutrino disappearance fraction is sin2 2✓, assuming extremization of the position-dependent
term (every length L will realize this criterion for certain discretized incident neutrino energies E

⌫

). Neglecting
systematic e↵ects for the time being, the statistical significance may be gauged by the ratio of the extremal event
deficit NExp sin

2 2✓ over the fluctuation
p

NExp in the SM expected event rate NExp. The annual SM CE⌫NS
expectation for a M = 1 kg 72Ge detector with 10 eV (100 eV) kinetic recoil sensitivity at a distance of 1 m from a
megawatt nuclear reactor source is approximately NExp = 104 (4⇥103) events. Setting the significance ratio to unity,
and correcting for the dilution of flux with distance L2 from the core, the minimal exposure time in a given sampling
bin is around

TMin ' 1 [y]⇥ 10�4

sin4 2✓
⇥

⇢

1 [kg]

M

�

⇥
⇢

L

1 [m]

�2

. (7)

For example, adopting the stipulated reactor power with a single kilogram detector, and taking an oscillation amplitude
sin2 2✓ ' 0.1, the minimal integration time for onset of statistical resolution would be about four days at a distance
of L = 1 m, or about 90 days at a distance of L = 5 m. The escalation to a 100 kg detector would o↵set a ten-fold
reduction in the signal amplitude to sin2 2✓ ' 0.01 with identical exposure. In case of a 100 eV threshold, the event
rate reduces to 40% and the sensitivity scales down by a factor of 60% for fast oscillations. For slower oscillation at
lower sin2 2✓, the sensitivity has a larger impact.

In order to resolve the underlying oscillatory character of the signal, one is clearly motivated to sample multiple
points in the oscillation profile. To some extent, this can be accomplished passively, by sampling multiple neutrino
energies E

⌫

(or multiple kinetic recoil energies Ei

R) at a fixed distance. In this manner, cf. Fig. (1), regular trends in
the event deficit might be resolved within a single vertical constant-L slice of the binned response curves. However,
it is obviously preferable to complement this approach with sample data that is literally extended in space, such
that various candidate signal wavelengths may be probed directly. If this is possible, then independent likelihood
optimizations of the sin2 2✓14 and �m2

14 parameters within an oscillation template may be extracted from each
binned energy range, and subsequently combined into a unified signal fit and error estimate.
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The oscillated event expectation N1
Osc in the ith Ei

R recoil energy bin is given in terms of the baseline SM expectation
N i

Exp, the oscillation amplitude sin2 2✓14, and the convolved deviation shape functional �
i

(�m2
14L) of Eq. (5).

N i

Osc = N i

Exp ⇥ �

1 � sin2(2✓14) �i(�m2
14L)

 

(10)

In the absence of data, it is still quite possible to estimate the sensitivity of a counting experiment to deviations from
the null result. Referencing Eq. (10), we construct a �2 statistic comparing the deviation-squared of the oscillated
signal N i

Osc from the SM expectation to the statistical uncertainty �
i

⇠ p
N i

Exp, summing over B bins, where the index
i momentarily performs double duty, labeling both the targeted range of recoil energies and the detector location,

�2 ⌘
B

X

i=1

(N i

Osc �N i

Exp)
2

N i

Exp

= sin4 2✓14 ⇥
B

X

i=1

�2
i

N i

Exp. (11)

The omission of backgrounds and systematic errors is an approximation, which we apply presently for simplicity.
Various competing uncertainties will be itemized subsequently (Section V), along with analysis of their relative
impact, and discussion of approaches to their inclusion in the analysis (Section VI and Appendix A). In particular,
we will elaborate upon scenarios in which systematics may be expected to cancel at leading order.

In the limit where many stochastically dispersed bins B are sampled with an approximately uniform distribution of
expected counts N i

Exp ' NTot/B, the value of Eq. (11) will converge to �2 ! 3/8NTot sin
4 2✓, where the numerical

coe�cient represents a fourth moment h sin4 i = 3/8 of the sinusoid embedded within �
i

. The result is independent
of B, and is identical to the scenario where samples are unbinned. This indicates that statistical significance of the
deviation declines in this scenario with the isolation of samples into multiple bins, because the fixed �2 value is then
distributed over more degrees of freedom B. The result is readily understood, and is attributable to the fact that the
sign of �

i

is always positive, i.e. the sterile neutrino always e↵ects a downward fluctuation in the event rate.
The �2 significance of the oscillation-induced anti-neutrino deficit relative to the statistical background at a single

experimental baseline L, and with no binning in the nuclear kinetic recoil, is projected in Fig. (2) as a function of
�m2

14 and sin2 2✓14. As expected from Eq. (3) and Fig. (1), observability is greatly diminished in the vertical axis
whenever (�m2

14 eV2 ⇥ L [m] ⌧ 1), as there is insu�cient phase evolution. Likewise, as suggested by Eq. (11),
observability in the horizontal axis is hampered by reduction of the oscillation amplitude sin2 2✓14, and by elongation
of the separation from core (via geometric reduction in the neutrino flux as N i

Exp / 1/L2).
Fig. 3 shows the sensitivity for a larger exposure of 100 kg payload and 3 yr exposure for distances 5 and 10 m

from the reactor core, for thresholds of 10 and 100 eV. As indicated, projected sensitivity to the ⌫̄
e

-sterile mixing
for multi-year running improves upon that expected from the SOX experiment [18]. This exposure nearly covers the
allowed space of �m2

14 and sin2 2✓14 values associated with global fits to reactor and gallium experiments [30]. Fig. 4
suggests that the entire allowed global fit region can be explored for 5 and 10 m baselines and a recoil threshold of
10 eV.
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FIG. 3: Phase-1 prospective limit of ⌫e � ⌫s mixing parameters with 100 Kg Ge detector mass and 3 year e↵ective exposure
at a sample distance of 5m (left) or 10m (mid) from the reactor. The results for recoil threshold at 100 eV are also plotted
(right) at 5m. Only statistic uncertainties are included and coloring for the number of � contours is the same as in Fig. 2.
For sin2 2✓ � 0.01, the systematic flux uncertainty in reactor neutrinos and neutron backgrounds are subdominant. Global fit
contours at 95% credence level for short-baseline (blue dashed) and ⌫e disappearance (red solid) constraints are from Ref. [30].
The projected SOX limits [18] and those from Solar neutrinos (Solar + Kamland) [31] are also plotted for comparison.
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FIG. 1: Left: Accounting for the deployment schedule, the expected precision for an N2 cross-section measurement
is shown for each subsystem. The dominant systematic uncertainties are due to imprecise knowledge of the nuclear
recoil detector thresholds; the uncertainties on the rates due to quenching-factor uncertainties at threshold for each
detector are taken to be: Ge, 2% [14, 15]; CsI[Na], 7% [16]; LXe, 13% [17, 18]. The common ⇠10% neutrino flux
uncertainty has been removed from this plot. Right: Illustration of the / N2 behavior of the CEvNS cross section
versus neutron number N (dashed blue line) for the relevant isotopes of COHERENT target materials. Deviations
from the blue line are due to axial-vector currents on unpaired neutrons and protons and the increasing importance
of the form factor for larger nuclei.
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FIG. 2: (a) Allowed parameter space for two of the NSIs as constrained by the CHARM experiment [21]; also shown
is the predicted sensitivity obtained with the COHERENT detector suite. (b) WIMP dark-matter search parameter
space, showing “neutrino floor” [4] from CEvNS of solar and atmospheric neutrinos as a thick orange dashed line.

C. Relevance for Direct Dark Matter Detection Experiments

CEvNS has long been closely linked to direct dark matter searches [23]. The CEvNS of solar and atmo-
spheric neutrinos, which produce single-scatter recoils identical to those expected from WIMPs, is recog-
nized as an irreducible background for dark-matter WIMP searches for next-generation dark matter exper-
iments [4, 24–28]; see Fig. 2(b). Large dark-matter detectors may eventually be able to do solar neutrino
physics using CEvNS [29].

The three detector technologies and materials proposed within the COHERENT program overlap well with
those in use by the WIMP community. Next-generation experiments such as LZ [30], XENON1T [32] and
PandaX [33] utilize a liquid xenon time projection chamber; SuperCDMS [31] uses germanium detectors;
and the KIMS collaboration is conducting a WIMP search with CsI[Tl] crystals [34]. In these cases, by


