
Astrophysical uncertainties on direct dark matter 
searches, and new directions in neutrino physics 

Dark matter at the dawn of discovery?

Heidelberg University

April 9-11, 2018

Louis E. Strigari




100 10+1 10+2 10+3 10+4

Mass [GeV/c2]

10-50

10-48

10-46

10-44

10-42

10-40

10-38

10-36

C
ro

ss
 s

ec
tio

n 
[c

m
2 ] (

no
rm

al
is

ed
 to

 n
uc

le
on

)

100 10+1 10+2 10+3 10+4

Mass [GeV/c2]

10-50

10-48

10-46

10-44

10-42

10-40

10-38

10-36

C
ro

ss
 s

ec
tio

n 
[c

m
2 ] (

no
rm

al
is

ed
 to

 n
uc

le
on

)

Coherent ν
Background

7Be
8B

Atmospheric and DSNB

XENON1T
LUX

PandaX
DAMIC

SuperCDMS
Darkside 50

EDELWEISS-III
CRESST-II



Neutrino-nucleus coherent scattering 

2

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

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

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

II. EXTRACTING COHERENT NEUTRINO
SCATTERING AND ELASTIC SCATTERING

SIGNALS

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

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

trino energy E⌫ is [29]
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dTR
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where mN is the target nucleus mass, Gf is the Fermi
coupling constant, Qw = N�(1�4 sin2 ✓w)Z is the weak
nuclear hypercharge with N the number of neutrons, Z
the number of protons, and ✓w the weak mixing angle.
F (TR) is the nuclear form factor that describes the loss
of coherence for recoil energies above ⇠10 keV. In the
following, we will consider the standard Helm form fac-
tor [30].
Future dark matter detectors will also soon be sensitive

to the neutrino-electron electroweak interaction. This
proceeds through the exchange of a Z boson (neutral cur-
rent) and the exchange of a W boson (charged current).
The latter is only possible in the case of an incoming ⌫e.
The resulting cross section is [31, 32]
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where me is the electron mass, gv and ga are the vectorial
and axial coupling respectively and are defined such that

gv = 2 sin2 ✓w � 1

2
ga = �1

2
. (3)

In the particular case ⌫e+e ! ⌫e+e, the interference due
to the additional charged current contribution implies a
shift in the vectorial and axial coupling constants such
that gv,a ! gv,a+1. Due to the rather large di↵erence in
the ⌫e + e and ⌫µ,⌧ + e cross sections of almost an order
of magnitude, by measuring the neutrino-electron scat-
tering rate, one can derive the neutrino electron survival
probability. The standard MSW-LMA solution leads to
a rather flat neutrino-electron survival probability below
1 MeV of about 0.545 [26].
Figure 1 shows the event rate spectra from 8B induced

CNS nuclear recoils (blue solid line) and pp induced ES
electronic recoils (red dashed line) as a function of recoil
energy. The former neutrinos are produced from the re-
action 8B ! 8Be+ e+ + ⌫e and the latter are produced
from p + p ! 2H + +e+ + ⌫e. We plot the rate above
a recoil energy threshold of 0.1 keV for a Ge detector.
With a 0.1 keV energy threshold, we are sensitive to most
pp neutrinos in the ES channel and to neutrino energies
above approximately 1.9 MeV in the CNS channel. In
such configurations, both channels are almost perfectly
pure samples of pp and 8B neutrinos which then o↵er the
unique possibility to accurately probe the solar neutrino
physics in both the vaccum and the matter dominated
regimes with a single experiment. As a matter of fact,
with a one ton-year exposure Ge detector, one expects

Brice et al, 1311.5958

neutrino neutrino

About a year ago ``…a well known 
prediction of the Standard Model, but 
is yet to be detected….”

Sensitive to BSM physics:  

NSI: Scholberg 2005; Barranco et al. 2007  
Sterile neutrinos: Dutta et al. 1508.07981, 1511.02834  
Z’ interactions: Lindner et al 2017; Abdullah et al. 2018



 
 
 
 
 
 
 
 

  
 
 
Fig. S11. Equivalent to Fig. 3 in the main text of this Report, from a parallel analysis pipeline 
(see text). Optimized choices of Cherenkov and Afterglow cuts for this analysis are ≥ 8 peaks 
accepted, and ≤ 4 peaks in pretrace accepted, respectively. Projections on energy (number of PE) 
are restricted to arrival times in the range 0-5 µs, and projections on time to PE ≤ 20. The 
CEνNS and prompt neutron predictions shown include the signal acceptance curve specific to 
this alternative analysis. The same good agreement with Beam ON residuals is observed, as well 
as an absence of CEνNS-like excess in Beam OFF data.  
 
  

The primary goal of COHERENT is detection
 of CEvNS using the extremely clean, pulsed
  stopped-pion flux at SNS

SNS flux (1.4 MW): 430 x 105 ν/cm2/s @ 20 m;
~400 ns proton pulses @ 60 Hz è~10-4 bg rejection

3

interaction oscillation measurement with a common de-
tector and multiple baselines. The main technical issue
in the two-target cyclotron design is maintaining a good
vacuum in the two-prong extraction line. The beam will
be “painted” across the face of each target in order to
prevent hot spots in the graphite, an e↵ect which will
dominate the ±25 cm uncertainty on the experimental L
from each neutrino source. The targets will be arranged
in a row enveloped within a single iron shield, with the
detector located 20 m downstream of the near target and
40 m downstream of the far target. This configuration
has been found to provide the best overall sensitivity to
the LSND allowed region.

The analysis below exploits the L dependence of neu-
trino oscillations. Therefore, the flux of protons on each
target must be well understood in time; standard proton
beam monitors allow a 0.5% measurement precision. The
absolute neutrino flux is less important, as sensitivity to
the oscillation signal depends on relative detected rates
at the various distances. The systematic uncertainty as-
sociated with the flux normalization is 10% if there is no
large water or oil detector available and 1.1% if such a
detector does exist [36]. A high statistics ⌫-electron scat-
tering measurement at a large water detector provides a
precise determination of the flux normalization.

IV. DETECTING COHERENT NEUTRINO
SCATTERING

Coherent neutrino-nucleus scattering, in which an in-
coming neutrino scatters o↵ an entire nucleus via neu-
tral current Z exchange [41], has never been observed
despite its well predicted and comparatively large stan-
dard model cross section. The coherent scattering cross
section is

d�

dT
=

G2
F

4⇡
Q2

W M
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1� MT

2E2
⌫

◆
F (Q2)2 , (3)

where GF is the Fermi constant; QW is the weak charge
[QW = N � (1 � 4 sin2✓W )Z, with N , Z, and ✓W as
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FIG. 1: Energy distribution of neutrinos from a DAR source.

the number of neutrons, number of protons, and weak
mixing angle, respectively]; M is the nuclear target mass;
T is the nuclear recoil energy; and E⌫ is the incoming
neutrino energy. The ⇠5% cross section uncertainty, the
actual value depending on the particular nuclear target
employed, is dominated by the form factor [42].
Coherent neutrino scattering is relevant for the under-

standing of type II supernova evolution and the future de-
scription of terrestrial supernova neutrino spectra. Mea-
suring the cross section of the process also provides sensi-
tivity to non-standard neutrino interactions (NSI) and a
sin2 ✓W measurement at low Q [31]. Cross section mea-
surements as a function of energy on multiple nuclear
targets can allow the cross section dependence on NSI
and ✓W to be isolated and understood. As demonstrated
here, neutrino oscillations can also be cleanly probed us-
ing coherent scattering.
The di�culty of coherent neutrino scattering detection

arises from the extremely low energy of the nuclear recoil
signature. For example, a 20 MeV neutrino produces a
maximum recoil energy of about 21 keV when scattering
on argon. Both a CDMS-style germanium detector [34]
and a single phase liquid argon detector, such as the one
proposed for the CLEAR experiment [33], are consid-
ered in this paper for detecting these low energy events.
Other dark matter style detector technologies, especially
those with ultra-low energy thresholds, can be e↵ective
for studying coherent neutrino scattering as well.

A. Experimental Setup

The envisioned experimental setup is consistent with
the current DAE�ALUS accelerator proposal and follows
a realistic detector design. A single DAE�ALUS cy-
clotron will produce 4⇥ 1022 ⌫/flavor/year running with
a duty cycle between 13% and 20% [37, 39]. A duty cy-
cle of 13% and a physics run exposure of five total years
are assumed here. With baselines of 20 m and 40 m,
the beam time exposure distribution at the two baselines
is optimal in a 1 : 4 ratio: one cycle to near (20 m),
four cycles to far (40 m). Instantaneous cycling between
targets is important for target cooling and removes sys-
tematics between near and far baselines associated with
detector changes over time. The accelerator and detector
location is envisioned inside an adit leading into a sharp
300 ft rise at the Sanford Research Facility at Homes-
take, in South Dakota. The neutrino flux normalization
uncertainty at each baseline is conservatively expected
at 1.5%. We assume the flux has been constrained to
this level by an independent measurement of ⌫-electron
scattering with a large water-based Cerenkov detector
also assumed to be in operation at Sanford Labs. The
1.5% uncertainty estimate takes into consideration the
theoretical uncertainty in the ⌫-electron scattering cross
section and the statistics achievable with a large water
detector. The flux normalization correlation coe�cient
between the near and far baselines is conservatively set

The primary goal of COHERENT is detection
 of CEvNS using the extremely clean, pulsed
  stopped-pion flux at SNS

SNS flux (1.4 MW): 430 x 105 ν/cm2/s @ 20 m;
~400 ns proton pulses @ 60 Hz è~10-4 bg rejection

6+ sigma evidence ruling out 
background only hypothesis, one-
sigma consistency with SM 

COHERENT collaboration, 
Science, 2017
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Distinguishing DM from 
neutrinos: 

• Annual modulation/
directionality: Grothaus, 
Fairbairn, Monroe 2014; 
O’Hare et al. 2015, Davis 
2015 

•SD DM: Ruppin, Billard, 
Figueroa-Feliciano, Strigari, 
2014 

• Non-rel EFTs: Dent, 
Dutta, Strigari, Newstead 
2016/2017 

•NSI: Sierra, Rojas, Tytgat 
2018; Gonzalez-Garcia et 
al. 2018
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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

�m
2
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

�m
2
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-Z Low-Z

Haxton et al. 2013
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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

�m
2
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

�m
2
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-Z Low-Z

Haxton et al. 2013

V. NEUTRINO INTERACTION RATES AND
ELECTRON SCATTERING SPECTRUM

The mean value for 8B neutrinos in the sample above
3 MeV (5 MeV) is 75! 13 (46! 8) counts.

The dominant sources of systematic errors are the deter-
minations of the energy threshold and of the fiducial mass,
both already discussed in the previous sections. The first
introduces a systematic uncertainty of þ3:6% #3:2%
(þ 6:1% #4:8% above 5 MeV). The second systematic
source is responsible for a !3:8% uncertainty in the 8B
neutrino rate. A secondary source of systematics, related to
the effect of the energy resolution on the threshold cuts, has
been studied on a simulated 8B neutrino spectrum and is
responsible for a systematic uncertainty of þ0:0% #2:5%
(þ 0:0% #3:0% above 5 MeV).

The total systematic errors are shown in Table IV.
The resulting count rate with E> 3 MeV is

0:22! 0:04ðstatÞ ! 0:01ðsystÞ cpd=100 t

and with E> 5 MeV

0:13! 0:02ðstatÞ ! 0:01ðsystÞ cpd=100 t:

The final energy spectrum after all cuts and residual back-
ground is shown in Fig. 7. It is in agreement with the
scenario which combines the high metallicity standard
solar model, called BPS09(GS98) [13], and the prediction
of the MSW-LMA solution.

VI. SOLAR 8B NEUTRINO FLUX AND NEUTRINO
OSCILLATION PARAMETERS

The equivalent unoscillated 8B neutrino flux, derived
from the electron scattering rate above 5 MeV (Table V)
is ð2:7! 0:4stat ! 0:2systÞ & 106 cm#2 s#1, in good agree-

ment with the SuperKamiokaNDE I and SNO D2O mea-
surements with the same threshold, as reported in Table VI.
The corresponding value above 3 MeV is (2:4! 0:4stat !
0:1systÞ & 106 cm#2 s#1. The expected value for the case of

no neutrino oscillations, including the theoretical uncer-
tainty on the 8B flux from the standard solar model [11–13]
is ð5:88! 0:65Þ & 106 cm#2 s#1 and, therefore, solar !e

disappearance is confirmed at 4:2".
To define the neutrino electron survival probability !Pee

averaged in the energy range of interest, we define the
measured recoiled electron rate R, through the convolution
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FIG. 7 (color online). Comparison of the final spectrum after
data selection and background subtraction (dots) to Monte Carlo
simulations of oscillated 8B interactions, with amplitude from
the standard solar models BPS09(GS98) (high metallicity) and
BPS09(AGS05) (low metallicity), and from the MSW-LMA
neutrino oscillation model.

FIG. 6 (color). Comparison of the final spectrum after data
selection (red dots) to Monte Carlo simulations (black line). The
expected electron recoil spectrum from oscillated 8B ! interac-
tions (filled blue histogram), 208Tl (green), 11Be (cyan), and
external background (violet), are equal to the measured values
in Table III.

TABLE IV. Systematic errors.

Source E > 3 MeV E > 5 MeV
"þ "# "þ "#

Energy threshold 3.6% 3.2% 6.1% 4.8%
Fiducial mass 3.8% 3.8% 3.8% 3.8%
Energy resolution 0.0% 2.5% 0.0% 3.0%
Total 5.2% 5.6% 7.2% 6.8%

TABLE V. Measured event rates in Borexino and comparison
with the expected theoretical flux in the BPS09(GS98) MSW-
LMA scenario [10].

3.0–16.3 MeV 5.0–16.3 MeV

Rate [cpd=100 t] 0:22! 0:04! 0:01 0:13! 0:02! 0:01
"ES

exp [106 cm#2 s#1] 2:4! 0:4! 0:1 2:7! 0:4! 0:2
"ES

exp="
ES
th 0:88! 0:19 1:08! 0:23

G. BELLINI et al. PHYSICAL REVIEW D 82, 033006 (2010)

033006-8

• Borexino, SNO, SK indicate the low 
energy ES data lower than MSW predicts 

• Upturn in MSW survival probability not 
been measured 

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

Borexino collaboration
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• NSI describe new physics at high 
energy in form of heavy scalars, 
gauge bosons  

• Best sensitivity to flavor-conserving 
Neutral Current NSI models  

• NSI identified in CNS detection 
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We employ a framework of simplified models to explore the available parameter space of of non-
standard neutrino interactions (NSI). We use current global oscillation, LHC, and neutrino scattering
data to constrain these models. In the near-term, better constraints will come from long-baseline
experiments like NO⌫A and DUNE but also importantly low-energy coherent neutrino-nuclear and
neutrino-electron scattering data. We find that if DUNE uncovers evidence of NSI it will imply the
existence of a ⌫-mediators lighter than 10 GeV. Moreover, dedicated coherent ⌫-nucleus experiments
can vastly extend the reach beyond DUNE. In models with equal couplings to charged leptons, the
strength of the limits will only be extended and the upper bound on detectable NSI mediator masses
only further constrained.

I. INTRODUCTION

At low-energies NSI is encompassed by the Lagrangian

LNSI � "
p
2GF ⌫̄�µ⌫f̄�µf (1)

where f = u, d, e and " parameterizes the strength of NSI in units of the the electroweak Fermi constant GF '
10�5 GeV�2. The interest in NSI originally arose from the novel flavor impact such an interaction can have [1]
from the coherent forward scattering on neutrinos on the medium. This can thought of as an index of refraction for
neutrinos.

The e↵ects become of LNSI become important whenever the matter potential is comparable to (or larger than) the
vacuum oscillation piece of the Hamiltonian

p
2"NGF & �m2

2E
. (2)

When the matter potential is the larger piece of the Hamiltonian, mixing angles are suppressed relative to their
vacuum values. And of course the well MSW resonance e↵ect can occur when

⌫

f

Neutral Mediator Models Charged Mediators Models

Z 0
S

f

⌫⌫ ⌫

f f

FIG. 1: Two classes of models for NSI. The first completion involves a neutral vector mediator. The latter involves a color
charged scalar (i.e. a leptoquark). Leptoquark completions were extensively studied in [2], which found no room for sizeable
NSI.

II. SIMPLIFIED MODELS

The dimension-6 NSI operator can be completed in a number of specific models. For example, Lepto-quarks and
R-parity violating SUSY models are NSI completions that involve new SU(3)-charged states. In contrast, Z 0 models

Barranco et al. 2005

scale direct dark matter detection experiments [28, 29]. We identify an interference range of

NSI parameters for which the rate is reduced by approximately 40%. We additionally show

that the “dark side” solution for solar neutrino mixing angles can be probed by forthcoming

dark matter experiments.

II. SOLAR NEUTRINOS AND NON-STANDARD INTERACTIONS

For neutral current NSI, the most general four fermion interaction is

Lint = 2
p

2GF ⌫̄↵L�
µ⌫�L

⇣
✏fL↵� f̄L�µfL + ✏fR↵� f̄R�µfR

⌘
, (1)

where ↵, � = e, µ, ⌧ indicates the neutrino flavor, and L, R denote left and right-handed

components. From this, the cross section for the interaction between a neutrino and a

fermion, ⌫� + f ! ⌫↵ + f , as a function of nuclear recoil energy, Er, is

d�

dEr
=

2

⇡
G2

Fmf

"���✏fL↵�
���
2

+
���✏fR↵�

���
2
✓
1�

Er

E⌫

◆2

�
1

2

⇣
✏fL⇤↵� ✏fR↵� + ✏fL↵�✏

fR⇤
↵�

⌘ mfEr

E2
⌫

#
, (2)

where mf is the mass of the electron or nucleus [30]. Note that a change of neutrino flavor

may be induced by NSI. The ✏’s of electron scattering in Equation 2 can be written as

✏eL↵↵ ! �↵e +

✓
�
1

2
+ sin2 ✓w

◆
+ ✏eL↵↵ (3)

✏eR↵↵ ! sin2 ✓w + ✏eR↵↵, (4)

where the NSI contributions are given by the last term on the right hand side of both of

these equations, and the remaining terms are SM contributions.

Accounting for the spin-up and spin-down components in a nucleus, it is more convenient

to use vector and axial vector parameters ✏V = ✏L+ ✏R and ✏V = ✏L� ✏R. Then after a short

summation,

✏L↵↵ !
1

2
Z✏pV↵↵ +

1

2
(Z+ � Z�) ✏

pA
↵↵ +

1

2
N✏nV↵↵ +

1

2
(N+ �N�) ✏

nA
↵↵ (5)

✏R↵↵ !
1

2
Z✏pV↵↵ �

1

2
(Z+ � Z�) ✏

pA
↵↵ +

1

2
N✏nV↵↵ �

1

2
(N+ �N�) ✏

nA
↵↵ (6)

where Z+(N+) and Z�(N�) are the corresponding numbers of spin-up and spin-down protons
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The expression for Pc is also easily found in the same
basis, where it becomes apparent that the dynamics of
conversion in matter depends only on the relative orienta-
tion of the eigenstates of the vacuum and matter Hamil-
tonians. This allows to directly apply the known analyt-
ical solutions for Pc, and, upon rotating back, obtain a
generalization of these results to the NSI case. For exam-
ple, the answer for the infinite exponential profile [18, 19]
A ∝ exp(−r/r0) becomes Pc = (exp[γ(1− cos 2θrel)/2]−
1)/[exp(γ) − 1], where γ ≡ 4πr0∆ = πr0∆m2/Eν . We
further observe that since γ ≫ 1 the adiabaticity viola-
tion occurs only when |θ−α| ≪ 1 and φ ≃ π/2, which is
the analogue of the small-angle MSW [10, 20] effect in the
rotated basis. The “resonant” region in the Sun where
level jumping can take place is narrow, defined by A ≃ ∆
[21]. A neutrino produced at a lower density evolves adi-
abatically, while a neutrino produced at a higher density
may undergo level crossing. The probability Pc in the
latter case is given to a very good accuracy by the for-
mula for the linear profile, with an appropriate gradient
taken along the neutrino trajectory,

Pc ≃ Θ(A − ∆)e−γ(cos 2θrel+1)/2, (12)

where Θ(x) is the step function, Θ(x) = 1 for x > 0 and
Θ(x) = 0 otherwise. We emphasize that our results differ
from the similar ones given in [5, 22] in three important
respects: (i) they are valid for all, not just small values of
α (which is essential for our application), (ii) they include
the angle φ, and (iii) the argument of the Θ function does
not contain cos 2θ, as follows from [21]. We stress that
for large values of α and φ ≃ π/2 adiabaticity is violated
for large values of θ.

Finally, to get an idea on the size of the day/night
asymmetry, ADN ≡ 2(N −D)/(N +D), (here D (N) de-
notes the νe flux at the detector during the day (night))
we can model the Earth as a sufficiently long (com-
pared to the oscillation length) object of constant den-
sity. For 8B neutrino energies, this is appropriate for
∆m2 >∼ 3 − 5 · 10−5 eV2. Introducing a small parameter
x⊕ ≡ A/∆, where A is evaluated for a typical density
inside the Earth, we find, to the first order in x⊕,

ADN ≃ x⊕
sin 2θ(cos 2α sin 2θ + cos 2φ sin 2α cos 2θ)

−[cos 2θ⊙(1 − 2Pc)]−1 − cos 2θ
.

(13)
We verified that Eq. (13) gives a good agreement with
precise numerical calculations for ne ≃ 1.6 moles/cm3.
For the lower ∆m2 region allowed by KamLAND, ∆m2 >∼
1 − 3 · 10−5 eV2, the oscillation length is comparable to
the size of the Earth, however, the averaging in Eq. (13)
still applies to a signal integrated over the zenith angle.

In Fig. 1 we plot the neutrino survival probability as a
function of energy for several representative values of the
NSI parameters. We take ∆m2 and θ corresponding to
the best-fit LMA point and choose the production point
to be at r = 0.1R⊙. Curve (1) is the standard interaction
case, given for reference. The other three curves repre-
sent the three qualitatively different regimes that are of
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FIG. 1: The electron neutrino survival probability and the
day/night asymmetry as a function of energy for ∆m2 = 7×

10−5 eV2, tan2 θ = 0.4 and several representative values of
the NSI parameters: (1) ϵu

11 = ϵd
11 = ϵu

12 = ϵd
12 = 0; (2)

ϵu
11 = ϵd

11 = −0.008, ϵu
12 = ϵd

12 = −0.06; (3) ϵu
11 = ϵd

11 =
−0.044, ϵu

12 = ϵd
12 = 0.14; (4) ϵu

11 = ϵd
11 = −0.044, ϵu

12 =
ϵd
12 = −0.14. Recall that the parameters in Eq. (5) equal

ϵij = ϵu
ijnu/ne + ϵd

ijnd/ne.

interest to us. In the following we illustrate them in con-
nection with observations. For definiteness, we consider
real values of ϵ12, both positive (φ = 0) and negative
(φ = π/2). As is clear from Eq. (6), complex values
(0 < φ < π/2) interpolate between these two cases.

III. ANALYSIS OF DATA

We now turn to the comparison of the NSI predictions
with observations. To do this, we perform a best fit anal-
ysis of the solar neutrino and KamLAND data along the
lines of Refs. [23, 24]. In particular, solar data include the
radiochemical rates [25, 26, 27, 28], the SK ES zenith-
spectra [29], the SNO day-night spectra [30, 31, 32] mea-
sured in phase-I and the SNO rates measured in phase-
II [33]. For consistency, the NC rate prediction for SNO
is treated as a free parameter because it is affected by
an unknown change in the axial coupling of the quarks
that could accompany the vector NSI considered in our
analysis [34]. In our calculations, we use the updated
BP04 [35] Standard Solar Model (SSM) fluxes, electron
density and neutrino production point distributions in
the Sun. For KamLAND we considered the measured
antineutrino spectrum with visible energies higher than
2.6 MeV [36].

The key ingredients of our analysis turn out to be the

Friedland, Lunardini, Pena-Garay PLB 2004
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FIG. 3: Electron neutrino survival probability for the SM (blue) compared to cases in which the

NSI give significant deviations from the SM. The left panel shows ✏’s which give deviation from

the SM for electron recoils, and the right panel shows ✏’s which give deviation from the SM for

nuclear recoils.
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FIG. 4: Event rate as a function of energy threshold for di↵erent NSI models. Horizontal lines

indicate where the event rate falls below one per year for, from top to bottom, 0.1, 1 and 10 ton

detectors.

The aforementioned results clearly indicate that NSI will a↵ect future low-mass dark

matter searches. Previous studies have used a specific statistical criteria, i.e. a discovery

limit [8, 41], to quantify how the dark matter sensitivity scales as a function of detector

exposure. For simplicity, here we just consider dark matter searches to be significantly

impacted when the number of neutrino events above a given nuclear energy threshold exceeds

one, for a given detector exposure. Figure 4 shows how this event rate depends on energy

threshold, for NSI parameters which give a maximal deviation from the SM. This clearly

indicates how the neutrino floor may ultimately be either raised or lowered if NSI are allowed.

Finally, we note that when NSI are allowed, a “dark side” solution for the LMA appears,

characterized by ✓12 > 45� (LMA-d) [35]. In Figure 5, we show that this solution can be
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α (which is essential for our application), (ii) they include
the angle φ, and (iii) the argument of the Θ function does
not contain cos 2θ, as follows from [21]. We stress that
for large values of α and φ ≃ π/2 adiabaticity is violated
for large values of θ.

Finally, to get an idea on the size of the day/night
asymmetry, ADN ≡ 2(N −D)/(N +D), (here D (N) de-
notes the νe flux at the detector during the day (night))
we can model the Earth as a sufficiently long (com-
pared to the oscillation length) object of constant den-
sity. For 8B neutrino energies, this is appropriate for
∆m2 >∼ 3 − 5 · 10−5 eV2. Introducing a small parameter
x⊕ ≡ A/∆, where A is evaluated for a typical density
inside the Earth, we find, to the first order in x⊕,

ADN ≃ x⊕
sin 2θ(cos 2α sin 2θ + cos 2φ sin 2α cos 2θ)

−[cos 2θ⊙(1 − 2Pc)]−1 − cos 2θ
.

(13)
We verified that Eq. (13) gives a good agreement with
precise numerical calculations for ne ≃ 1.6 moles/cm3.
For the lower ∆m2 region allowed by KamLAND, ∆m2 >∼
1 − 3 · 10−5 eV2, the oscillation length is comparable to
the size of the Earth, however, the averaging in Eq. (13)
still applies to a signal integrated over the zenith angle.

In Fig. 1 we plot the neutrino survival probability as a
function of energy for several representative values of the
NSI parameters. We take ∆m2 and θ corresponding to
the best-fit LMA point and choose the production point
to be at r = 0.1R⊙. Curve (1) is the standard interaction
case, given for reference. The other three curves repre-
sent the three qualitatively different regimes that are of
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FIG. 1: The electron neutrino survival probability and the
day/night asymmetry as a function of energy for ∆m2 = 7×

10−5 eV2, tan2 θ = 0.4 and several representative values of
the NSI parameters: (1) ϵu
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12 = ϵd
12 = 0.14; (4) ϵu
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11 = −0.044, ϵu

12 =
ϵd
12 = −0.14. Recall that the parameters in Eq. (5) equal

ϵij = ϵu
ijnu/ne + ϵd

ijnd/ne.

interest to us. In the following we illustrate them in con-
nection with observations. For definiteness, we consider
real values of ϵ12, both positive (φ = 0) and negative
(φ = π/2). As is clear from Eq. (6), complex values
(0 < φ < π/2) interpolate between these two cases.

III. ANALYSIS OF DATA

We now turn to the comparison of the NSI predictions
with observations. To do this, we perform a best fit anal-
ysis of the solar neutrino and KamLAND data along the
lines of Refs. [23, 24]. In particular, solar data include the
radiochemical rates [25, 26, 27, 28], the SK ES zenith-
spectra [29], the SNO day-night spectra [30, 31, 32] mea-
sured in phase-I and the SNO rates measured in phase-
II [33]. For consistency, the NC rate prediction for SNO
is treated as a free parameter because it is affected by
an unknown change in the axial coupling of the quarks
that could accompany the vector NSI considered in our
analysis [34]. In our calculations, we use the updated
BP04 [35] Standard Solar Model (SSM) fluxes, electron
density and neutrino production point distributions in
the Sun. For KamLAND we considered the measured
antineutrino spectrum with visible energies higher than
2.6 MeV [36].

The key ingredients of our analysis turn out to be the

Friedland, Lunardini, Pena-Garay PLB 2004

• NSI may increase or decrease event rate in Xenon 
• 1t sensitive to models still consistent with nu oscillations 



Low energy solar neutrino spectroscopy 
4

Energy (keV)

 ) h
Ev

en
ts

 / 
( d

ay
 x

 1
00

 t 
x 

N

3−10

2−10

1−10

1

10 C14

Po210

Bi210

Kr85

Total fit: p-value=0.7

C11

pile-up
ext bkg

pp
Be7

CNO
pep B8

hN
100 200 300 400 500 600 700 800 900

500 1000 1500 2000 2500
Energy (keV)

 ) h
Ev

en
ts

 / 
( d

ay
 x

 1
00

 t 
x 

N

3−10

2−10

1−10

1

10 C14

Po210

Bi210

Kr85

He6

Total fit: p-value=0.7

C11

C10

pile-up
ext bkg

pp
Be7

CNO pep B8

hN
100 200 300 400 500 600 700 800 900

500 1000 1500 2000 2500

Energy (keV)

σ
R

es
id

ua
ls

: (
D

at
a 

- F
it)

 / 

4−
3−
2−
1−
0
1
2
3
4

500 1000 1500 2000 2500
Energy (keV)

σ
R

es
id

ua
ls

: (
D

at
a 

- F
it)

 / 

4−
3−
2−
1−
0
1
2
3
4

500 1000 1500 2000 2500

FIG. 1. Multivariate fit results (an example obtained with the MC method) for the TFC-subtracted (left) and the TFC-tagged
(right) energy spectra, with residuals. The sum of the individual components from the fit (black lines) are superimposed on
the data (grey points).
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FIG. 2. An example of the multivariate fit showing the radial
(top) and the PS-LPR (bottom) distributions of the events
(black crosses).

tion rates: (i) the light yield, (ii) a resolution parameter
which accounts for the non-uniformity of the response
and is relevant for the high-energy part of the spectrum,
(iii) a resolution parameter which accounts for the intrin-
sic resolution of the scintillator and e↵ectively takes into
account other contributions at low energy, (iv) the posi-
tion and width of the 210Po-↵ peak (to account for non-
uniform and time-varying spatial distribution of 210Po
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FIG. 3. Results of the fit for TFC-subtracted energy spectrum
zoomed in to the lowest energy region (an example obtained
with the analytical method) and residuals.

in the detector), and (v) the starting point of the 11C
spectrum, corresponding to the annihilation of the two
511 keV �’s. Leaving the above listed parameters free
gives the analytical fit the freedom to account for second-
order unexpected e↵ects or unforeseen variations of the
detector response in time.
The second method is based on the Borexino MC [14],

a customized Geant4-based simulation package [17],
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FIG. 5. Allowed contours in the fBe-fB parameter space ob-
tained by combining the new result on 7Be ⌫’s with solar
and KamLAND data. The 1� theoretical prediction for the
low metallicity (blue) and the high metallicity (red) SSM
are also shown. The best fit (obtained fixing sin2✓13 to
0.02 [20]) is found to be: �(7Be)= (5.00±0.15)⇥ 109 cm2/s�1;
�(8B)= (5.08± 0.10)⇥ 106 cm2/s�1; tan2✓12 =0.47± 0.03;
�m2

12 =7.5⇥10�5± 0.2 eV2.

metallicity solar models is now largely dominated by the-
oretical uncertainties.

Following the procedure described in [12], we combine
our new result on the 7Be solar ⌫ interaction rate with all
the solar and KamLAND data and obtain the regions of
allowed values for the reduced fluxes fBe and fB (fBe =
�(7Be)/�(7Be)HZ, fB = �(8B)/�(8B)HZ). Fig. 5 shows
the allowed contours together with the 1� theoretical pre-
dictions for high metallicity and low metallicity SSM.

The pp interaction rate is consistent with our previ-
ous result and its uncertainty is reduced by about 20%.
The combination of the Borexino results on pp and 7Be ⌫
fluxes can be used to measure experimentally for the first
time the ratio R between the rates of the 3He-4He and
the 3He-3He reactions occurring in the pp chain inside
the Sun [21]. The value of R reflects the competition
between the two primary modes of terminating the pp
chain and hence is a critical probe of solar fusion. By ne-
glecting the pep and 8B ⌫ contribution, R can be written
as 2�(7Be)/[�(pp)-�(7Be)] . We find R=0.18± 0.02, in
agreement with the most up-to-date predicted values for
R=0.180± 0.011 (HZ) and 0.161± 0.010 (LZ) [4].

The correlation between the CNO and pep ⌫ interac-
tion rates is broken by constraining the CNO one. The
7Be and pp ⌫ interaction rates are not a↵ected by the hy-
pothesis on CNO ⌫’s within our sensitivity. However, the
pep ⌫ interaction rate depends on it, being 0.22 cpd/100 t
higher if the LZ hypothesis is assumed (see Table I).

The��2 profile obtained by marginalizing the pep rate
is shown in Fig. 6 (left) for both the HZ and LZ assump-
tions on CNO ⌫ rate. Both curves are symmetric and
allow us to establish, for the first time, that the absence

of pep reaction in the Sun is rejected at more than 5�.

From the measured interaction rates of pp, 7Be,
and pep neutrinos and assuming the HZ SSM fluxes,
the calculation of the survival probability Pee yields:
Pee(pp)= 0.57± 0.10, Pee(7Be, 862 keV)=0.53± 0.05,
and Pee(pep)= 0.43± 0.11. Fig. 7 compares these
Pee results with the expectations from the standard
MSW-LMA oscillation scenario (taken from [20]).

The similarity between the e� recoil spectrum induced
by CNO neutrinos and the 210Bi spectrum makes it im-
possible to disentangle the two contributions with the
spectral fit. For this reason, we can only provide an up-
per limit on the CNO neutrinos. In order to do so, we
need further to break the correlation between the CNO
and pep contributions. In Phase-I, this was achieved by
fixing the pep ⌫ rate to the theoretical value [10]. In
the current analysis, where pp ⌫’s are included in the ex-
tended energy range, we place an indirect constraint on
pep ⌫’s by exploiting the theoretically well known pp and
pep flux ratio. The interaction rate ratio R(pp/pep) is
constrained to (47.7 ± 1.2) (HZ) [4], [20]. Constraining
R(pp/pep) to the LZ hypothesis value 47.5 ± 1.2 gives
identical results.

We carried out a sensitivity study by performing the
analysis on thousands of data-sets simulated with a toy
Monte Carlo tool: this study shows that under the
current experimental conditions the total expected un-
certainty (statistical plus systematical) is 3.4 cpd/100 t.
With this error, we expect the median 95% C.L. upper
limit for CNO to be ⇠ 9 cpd/100 t and 10 cpd/100 t, for
low and high metallicity, respectively. On data, we ob-
tain an upper limit on CNO ⌫ rate of 8.1 cpd/100 t (95
% C.L.) (see Table I), which is slightly stronger than the
median limit expected from the toy Monte Carlo study.
The likelihood profile for the CNO rate is shown in Fig. 6
(right). This result, using a weaker hypothesis on pep ⌫,
confirms the current best limit on CNO ⌫’s previously
obtained with Borexino Phase-I data [10].

In summary, we have reported the results of the first
simultaneous measurement of the pp, 7Be, and pep com-
ponents of the solar neutrino spectrum providing a com-
prehensive investigation of the main pp chain in the Sun:
we achieved a 2.7% precision on the 7Be ⌫ flux and the
strongest evidence (higher than 5�) of the pep reaction.
Furthermore, by combining our new results on the 7Be
and pp ⌫ fluxes we obtain the first direct measurement
of the ratio R between the 3He-4He and the 3He-3He
reactions which is a critical probe of solar fusion.
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Figure 8. Comparison of experiments searching for CNO neutrinos using electronic recoils, with either
exposure or running-time labelled. The error-bars show the projected 3� precision with which each
experimental run will be able to measure the flux of CNO neutrinos. The optimistic and pessimistic
scenarios di↵er by how accurately key backgrounds will be measured, and are detailed in Table 4 for
liquid argon experiments (e.g. DarkSide-20k or Argo) [29, 30], Table 3 for SNO+ [27] and Table 2 for
Borexino [22, 46]. The horizontal lines labelled “High” and “Low” refer to the high and low metallicity
scenarios respectively [6, 7, 10]. Each column and colour represents a di↵erent experiment or lab
combination.

decays. This would take Argo (in SNOLAB or Jinping) 5 years with a 100 ton fiducial mass.
In both cases this requires a radon background at the level of 10µBq per 100 tons contamination.

SNO+ in its pure liquid-scintillator mode (i.e. without 130Te added) should achieve a
good measurement of the CNO flux with three years of running, and with five years of data
will be able to distinguish the two scenarios for the solar metallicity using CNO neutrinos at
3�, provided that the 210Bi background can be measured to an accuracy of 1%. As can be
seen in figure 8, without this constraint on the 210Bi background rate, the measurement of the
CNO flux will be much less precise due to the large degeneracy between the CNO flux and the
210Bi rate. Hence an accurate determination of the 210Bi rate in SNO+ is crucial for a CNO
neutrino search. A SNO+ run of six months should be able to detect CNO neutrinos with 99%
confidence, but will lead to only a modest constraint on the absolute flux, which is unlikely to
be better than the limit already set by Borexino [22, 46]. Hence SNO+ would need to run for
between 3 and 5 years to be confident of measuring the CNO flux to enough precision to solve
the solar metallicity problem, provided that its background levels are as low as those already
measured in Borexino.

After ten years of running, Borexino could measure the CNO flux with enough precision to
separate the two solar models, provided that the 210Bi background is measured to a precision of
1% i.e. the optimistic prior scenario. However, this projection is extremely sensitive to the level
of precision to which the backgrounds, especially 210Bi can be measured to i.e. for Borexino the
di↵erence in CNO flux precision between the optimistic and pessimistic cases is particularly
large. If the future run of Borexino has larger background rates than we have assumed or if
these are not measured to the precision assumed in our optimistic prior case, then Borexino is
unlikely to measure the CNO flux even after ten years, as is clear from the large error bars for
the pessimistic case.

Note also that we have only fit energy spectra in our analysis of each experiment, while
the experimental collaborations will have access to additional information. Hence our projec-
tions should be considered as conservative estimates. For example, the Borexino collaboration
will have access to more data such as the spatial position of each interaction, information on
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Direct pp measurement with Xe at few percent level can improve this constraint
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NSI in neutrino-electron scattering 

χ2 ¼
X

i¼1

!
RexptðiÞ − RSMðiÞ − RXðiÞ

ΔðiÞ

"
2

; ð4Þ

where Rexpt is the measured rate; and RSM and RX are the
expected event rates for SM and X (with X ¼ Z0, NLS1B,
CHB, etc.), respectively; and ΔðiÞ is the ith bin statistical
uncertainty published by the experiments. The published
systematic uncertainties of the experiments contribute to
shifts of the best-fit values in the physics couplings. The
two contributions are added in quadrature to give rise to the
combined uncertainties, from which the 90% or 95% C.L.
limits can be derived using the prescription of Ref. [16].

III. INTERMEDIATE BOSONS BEYOND
THE STANDARD MODEL

Some of the BSM involve exchanging of massive inter-
mediate bosons such as the extra Z0, NLS1B, and CHB in
addition to the SM Z and W gauge bosons. A Feynman
diagram of neutrino and antineutrino scattering off electron
for various NSI scenarios is illustrated in Fig. 1.
Some of the new physics BSMs have a mechanism

giving mass to neutrinos such as low-energy SUSY with
R-parity breaking, an extra Higgs boson, unified SUSY
models, etc. Indeed, any BSM physics model should
reproduce current data and therefore should include mas-
sive neutrinos. In addition, there are some recent model-
dependentBSMstudies in the literature [17,18]. In this paper,
weonly study some specificmodels for new interactionswith
massive virtual bosons. In the following sections these BSM
scenarios and their corresponding experimental constraints
will be discussed in detail.
NSI can simply be considered as modifications of

coupling constants with additional new terms in the chiral
couplings of gR;L in general. Therefore, for the flavor-
conserving (FC) NSI cases, the new couplings can be
expressed as

gRðLÞ → ~gRðLÞ ¼ gRðLÞ þ ~εRðLÞee : ð5Þ

The ν̄e − e and νe − e scattering differential cross sec-
tions can be written in terms of new couplings of FC and
flavor-violating (FV) NSI of neutrinos given in Table II.
The differential cross section of BSM contributions can be
obtained by using Eq. (1) together with the coefficients

from Table II considering both FC NSI and FV NSI with
l0 ¼ μ or τ.

A. Extra Z0 gauge boson

Intermediate particles of electroweak interaction, in
addition to SM W% and Z0 gauge bosons, have engaged
particle physicists’ attention for a long while since they are
a common feature of many models aiming to define the
nature of BSM. The Z0 gauge boson, the new gauge boson,
was proposed as a theoretical particle resulting from the
expansion of electroweak interactions in particle physics.
Its name comes from the SM Z boson.
Newmassive U(1) gauge bosons emerge in grand unified

and superstring theories such as SO(10) and E6 [19], in
theories of extra space-time dimensions of the SM gauge
bosons [20]. In this study, we will not restrict ourselves to
SM gauge bosons. In fact, we will consider a possible new
vector boson predicted in many extensions of the SM called
the Z0 gauge boson, which is a massive, electrically neutral
and color-singlet hypothetical particle of spin 1.
There are various physical models of BSM that suggest

different Z0 bosons. The most popular of them are the E6-
string-type model, left-right symmetric model, and the
sequential Standard Model (SSM). The E6-string-type
model, based on E6 symmetries, contains the SOð10Þ ×
Uð1Þψ and SUð5Þ ×Uð1Þχ , which means that the two Z0

states (i.e., Z0
χ and Z0

ψ ) are included and can mix by some
angle β. The mixing of these two states is given by their
linear combination as Z0ðβÞ ¼ Z0

χðcosβÞ þ Z0
ψðsinβÞ [21].

The new coupling parameters of BSM are generally
obtained by modifying the ordinary coupling constants of
the SM. Therefore, the new cross sections for the inter-
actions via the exchange of an extra Z0 gauge boson can be
obtained by replacing the SM couplings appearing in
Eq. (1) with the new modified couplings accordingly.
The new differential cross section of Z0 models for

νeðν̄eÞ − e elastic scattering can be obtained by modifying
the couplings with

~εRee ¼ 2γsin2θWρNC
νe

#
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where cβ ¼ cosβ, sβ ¼ sinβ, and γ ¼ ðMZ=MZ0Þ2.
FIG. 1. Feynman diagram for νeðν̄eÞ − e via exchange of
massive mediators such as the virtual Z0 or NLS1B.

TABLE II. Coefficients with BSM contributions in expressions
of the differential cross section of νeðν̄eÞ − e scattering given in
Eq. (1).

Coefficients ν̄e − e νe − e

a2 ~g2R þ
P

l0≠ej~εRel0 j
2 ð~gL þ 1Þ2 þ

P
l0≠eð~εLel0Þ

2

b2 ð~gL þ 1Þ2 þ
P

l0≠ej~εLel0 j2 ~g2R þ
P

l0≠eð~εRel0Þ2

ab ~gRð~gL þ 1Þ þ
P

l0≠ej~εRel0 jj~εLel0 j
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Bolanos et al. 2009; Sevda et 
al. 2017; Lindner et al. 2018

In this paper, three main models of the E6-string-type
model [22] have been investigated: the χ model where
cos β ¼ 1, the ψ model where cos β ¼ 0, and the η model
where cos β ¼

ffiffiffiffiffiffiffiffi
3=8

p
.

One of the other popularmodels proposing a heavy neutral
vector boson is the left-right symmetric model, which has
breaking dynamical symmetry. The left-right symmetric
model is based on SUð2ÞL × SUð2ÞR ×Uð1ÞB−L, where
SUð2ÞL and SUð2ÞR are associated to the left-handed and
right-handed weak isospins, respectively, and Uð1ÞBL is
associated to the chargeQBL ¼ B − L, whereB andL are the
baryon and lepton number, respectively. The couplings are
constructed in this model as

~gR ¼ AgR þ BgL and

~gL ¼ AgL þ BgR; ð7Þ

where the parameters of A and B can be described as

A ¼ 1 þ sin4θW
1 − 2sin2θW

γ and

B ¼ sin2θWð1 − sin2θWÞ
1 − 2sin2θW

: ð8Þ

Finally, the SSM, Z0
SSM, is defined as having the same

couplings with quarks and leptons, which are identical to
those of the SM Z, and decays of only known fermions.
This model serves as a useful reference case when
comparing the Z0 researches with well-motivated models
[21]. The differential cross section for this model can be
written as
"
dσ
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The differential cross sections for various extra Z0 models
with the use of CsI(Tl) as a target at a specific value of γ are
displayed in Fig. 2, where the SM contribution is super-
imposed for comparison. As it can be seen in the figure, the
cross sections of different Z0 models demonstrate similar
behavior with respect to the recoil energy of the electron.
Working at the MeV-energy regime has many more advan-
tages than working at low energy since the cross sections of
the SM were measured more precisely with CsI(Tl) data.
Therefore, more stringent limits are set to the mass of the
extra Z0 gauge boson with the CsI(Tl) detector data set
compared to those of Ge detector data sets.
By adopting aminimumχ2 analysis, the best-fit results and

the lower bounds for themass of theZ0 gauge boson obtained
from theCsI(Tl) detector data set for eachZ0 model are given
in Table III. The projected sensitivities and the present
bounds from the LHC experiment are also given for
comparison. It can be seen that the bounds from low-energy
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FIG. 2. Differential cross section as a function of the recoil
energy T with typical reactor ν̄e spectra for extra Z0 models for a
specific γ value using CsI(Tl) as a target, where γ ¼ ðMZ=MZ0Þ2.
The SM contributions are superimposed for comparison.

TABLE III. Constraints onMZ0 at 95% C.L. obtained from the best fit on γ, current limits, and projected sensitivities onMZ0 bounds by
improving 1% in the accuracies of CsI(Tl) data.

Model Best fit for γ (1σ) χ2min=dof

MZ0 bounds
at 95%

C.L. (GeV)

Projected (1%)
MZ0 bounds at
95% C.L. (GeV)

Current limit
[PDG 2016] at
95% C.L. (GeV)

Z0
χ 0.16 % 0.41 % 0.31 8.7=9 >85 >915 >1970 (ATLAS)

E6 string type Z0
η 0.43 % 1.01 % 0.83 8.7=9 >52 >566 >1870 (ATLAS)

Z0
ψ ½0.44 % 1.13 % 0.95' × 10−18 8.7=9 >0 >0 >2260 (CMS)

Z0
LR −8.02 % 5.28 % 0.61 7.8=9 >44 >413 >1162 (RVUE)

Z0
SSM −0.04 % 0.14 % 0.06 8.7=9 >172 >1822 >1830 (ATLAS)

B. SEVDA et al. PHYSICAL REVIEW D 96, 035017 (2017)
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FIG. 7. Discovery limits for DM-electron scattering in silicon (top), germanium (middle), and xenon (bottom). The panels
on the left (right) assume the scattering is mediated by a heavy (light) particle, i.e. FDM = 1 (FDM = ↵2m2

e/q
2). Exposures of

0.1, 1, 10, 100, and 1000 kg-years are shown in purple, red, green, blue, and yellow, respectively. The solid line shows the
results assuming the fiducial ionization e�ciency, while the shaded bands denote the range between the high and low ionization
e�ciencies. The dashed lines show the background-free 90% C.L. sensitivities. The gray shaded region shows the current
direct-detection limits on DM-electron scattering from [19].

Essig et al. 2018; Wyenberg and Shoemaker 2018

• 8B energy spectrum at low threshold used to probe NSI, sterile neutrinos 
(Billard, LS, Figueroa-Feliciano 2014) 

• Also possible to go for CNO with low thresholds (Strigari PRD 2016)



Recap: Neutrinos in 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

Astrophysics 



Recap: Neutrinos in 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

Astrophysics 

Particle physics

• NSI affects both neutrino-coherent scattering and neutrino-electron elastic 
scattering channels  

• Probe of low mass mediators via neutrino-electron elastic scattering 
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FIG. 7: Projected posterior probabilities of the four NSI parameters with future accelerator and

reactor data. Here we assume zero experimental background for the accelerator detectors, all other

uncertainties are marginalized over. The contours show the 68% and 95% credible regions, and the

red cross indicates the simulated Standard Model value.

VI. CONCLUSION

The first measurement of the coherent elastic neutrino-nucleus scattering process by the

COHERENT collaboration has ushered in a new era in the study of the neutrino sector,

and has further demonstrated the fruitful avenue that neutrino physics continues to provide

as a means of testing physics beyond the Standard Model. The CE‹NS process is already

16



Dark matter and neutrino complementarity 

The primary goal of COHERENT is detection
 of CEvNS using the extremely clean, pulsed
  stopped-pion flux at SNS

SNS flux (1.4 MW): 430 x 105 ν/cm2/s @ 20 m;
~400 ns proton pulses @ 60 Hz è~10-4 bg rejection

Reactors Accelerators 

Astrophysical sources 
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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.

Astrophysics

Nuclear Physics High-energy Physics

COHERENT collaboration presently operates a 28 kg single-phase liquid argon (LAr) detector, 

185 kg of NaI[Tl] crystals, and three modules dedicated to the study of NIN production in 

several targets (Fig. 2). Presently planned expansion includes a ~1 ton LAr detector with 

nuclear/electron recoil discrimination capability, an already-in-hand 2 ton NaI[Tl] array 

simultaneously sensitive to sodium CEnNS and charged-current interactions in iodine (Fig. 1B), 

and p-type point contact germanium detectors (24) with sub-keV energy threshold.  We intend to 

pursue the new neutrino physics opportunities provided by CEnNS using this ensemble.  

                            

Fig. 4. Constraints on non-standard neutrino-quark interactions. Blue region: values 
allowed by the present data set at 90 % C.L. (%&min < 4.6) in '(()*, '((,* space. These quantities 
parametrize a subset of possible non-standard interactions between neutrinos and quarks, where 
'(()*, '((,*= 0,0 corresponds to the Standard Model of weak interactions, and indices denote quark 
flavor and type of coupling.  The gray region shows an existing constraint from the CHARM 
experiment (34). 
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FIG. 4. (Color online) Same as Fig. 3, but for effective moments
in germanium, and without experimental result.

Existing xenon detectors, such as XENON100 [42] and LUX
[43], are made up of on the order of a few hundred kg of
xenon, approximately the amount required for a form factor
measurement. A proposed experiment, the LUX-ZEPLIN
project, will use 1.5 tonnes of Xe [43].

The results of the analysis appear in Figs. 3– 5. The closed
curves correspond to 40% confidence, 91% confidence, and
97% confidence. As mentioned above, we considered two
cases: one in which the normalization of the flux is allowed to
vary (by ±10%), and a second in which the normalization is
kept constant. Panel (a) of each figure shows the results with
the flux unconstrained within that 10% range, and panel (b)
shows the same results with the assumption that the flux is
known perfectly. The colored vertical band in Fig. 3 shows
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FIG. 5. (Color online) Same as Fig. 4, but in xenon.

a model-dependent experimental result for the rms radius,
obtained from argon-carbon scattering in Ref. [44]. There is
a clear discrepancy between that result and the predictions of
the nine Skyrme functionals selected for this study, labeled
by small crosses in Fig. 3 (the outlier in Figs. 3 and 4
corresponds to the SkX functional of Ref. [27], which predicts
systematically smaller radii than other functionals). Those
functionals include SkM∗, the one we use to generate the
“data.” This discrepancy is mentioned by Ozawa et al., but
no explanation is offered. While we marginalize over ⟨R6

n⟩eff
for xenon, the quantity is poorly constrained and not included
in the plot in Fig. 5. Numerical results at the 91% confidence
level for the mean, minimum, and maximum of the (effective)
rms neutron radius and fourth moment, (and sixth moment in
xenon) appear in Tables III and IV.

TABLE III. Numerical results at the 91% confidence level for the 3.5 tonne 40Ar detector, the 1.5 tonnes Ge detector, and the 300 kg Xe
detector with Lν allowed to vary by ±10%. The first column contains the element, the second the moment or effective moment considered in
the corresponding row, the third the calculated values of the moments or effective moments for the Skyrme model SkM∗, the fourth the mean
values for the moments or effective moments, produced by the Monte Carlo, the fifth the percent difference between the mean values and the
SkM∗ values, the sixth the minimum values chosen by the Monte Carlo, and the seventh the percent difference between the minimum and
the mean value. The eighth column gives the maximum values chosen by the Monte Carlo, and the ninth column gives the percent difference
between the maximum and the mean values.

SkM∗ values Mean % Difference Min % Difference Max % Difference
(from SkM∗) (from mean) (from mean)

40Ar ⟨R2
n⟩1/2 (fm) 3.4168 3.4103 − 0.2 3.2587 − 4 3.5999 +6

⟨R4
n⟩1/4 (fm) 3.7233 3.6576 − 2 2.8304 − 23 4.3210 +18

Ge ⟨R2
n⟩

1/2
eff (fm) 4.0495 4.0516 +0.05 3.8792 − 4 4.2697 +5

⟨R4
n⟩

1/4
eff (fm) 4.3765 4.3603 − 0.4 3.7276 − 15 5.0096 +15

Xe ⟨R2
n⟩

1/2
eff (fm) 4.8664 4.8648 − 0.001 4.6788 − 4 5.0980 +5

⟨R4
n⟩

1/4
eff (fm) 5.2064 5.1914 − 0.3 4.7180 − 10 5.5521 +7

⟨R6
n⟩

1/6
eff (fm) 5.4887 5.3149 − 3 0.5491 − 90 10.433 +97

024612-7
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