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If there is a weak neutral current, then the elastic scattering process &+A &+A should
have a sharp coherent forward peak just as e+A -e+A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 10 38 cm2 on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v+A v+ A*provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the
nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars.

There is recent experimental evidence' from
CERN and NAL which suggests the presence of a
neutral current in neutrino-induced interactions.
A primary goal of future neutrino experiments is
to confirm the present findings and to investigate
the properties of the weak neutral current, for
example, the space inversion and internal sym-
metry structure.
Our purpose here is to suggest a class of ex-

periments which can yield information on the iso-
spin structure of the neutral current not obtainable
elsewhere. The idea is very simple: If there is
a weak neutral current, elastic neutrino-nucleus
scattering should exhibit a sharp coherent forward
peak characteristic of the size of the target just
as electron-nucleus elastic scattering does. In a
sense we are talking about measurements of the
nuclear form factors of the weak neutral current
analogous to the measurements of the nuclear
form factors of the electromagnetic neutral cur-
rent in elastic electron scattering experiments. '
In fact, for the same nucleus, these form factors
should have the same q' dependence. Therefore,
the size of the cross section or its extrapolated
forward value gi-res information on the structure
of the weak current itself. In the simplest case
(S= 0, Z= N nuclei such as He~ or C") the strength
of the polar-vector isoscalar component of the
weak neutral current is measured directly.
Our suggestion may be an act of hubris, because

the inevitable constraints of interaction rate, res-
olution, and background pose grave experimental
difficulties for elastic neutrino-nucleus scattering.
We will discuss these problems at the end of this
note, but first we wish to present the theoretical
ideas relevant to the experiment:s.
Although the weak neutral current finds a natural

place in the beautiful unified gauge theories, ' it is

important to interpret experimental results in a
very broad theoretical framework. 4 We assume
a general current-current effective Lagrangian

which is consistent with the early findings' but far
from established. An intermediate neutral vector
boson could be included here without affecting the
analysis of the low-momentum-transfer processes
we are interested in.
The currents will first be written in their fund-

amental form as they would occur, for example,
in particular unified gauge models of the weak,
electromagnetic, and strong interactions. We will
then write an expression which is essentially
model-independent and sufficiently general to
parameter ize realistic experiments.
To begin with, we write the neutrino current as

Ip="'Yp(l ou'Y5)& g

where V —A. coupling is not assumed. The had-
ronic current is assumed to be a sum of com-
ponents, each corresponding to a symmetry of
strong interactions. For example, in a model
with the Glashow-Iliopoulos-Maiani (GIM) mech-
anism, ' one would have

g ~1 = b(Zq + os A~) +y(Jq + urAq) + c(Jq + a,Aq)
+ t (J1=1,lg=0+ ~I=1,Is= oAI=LI~=0) . (~)

that is one would have a linear combination of
baryon number, hyperehange, charm, and third
component of isospin. We assume that the polar-
vector currents are conserved and normalized
(at zero momentum transfer) to the corresponding
quantum number s.
Realistic experiments are done with the left-
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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.  
 
  

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. 1: ��2 as a function of NSI parameters ✏f,V↵� , for a global fit to oscillation experiments (dashed curves) and for a fit
to oscillations and COHERENT data (solid curves). Blue lines correspond to the LMA solution (✓12 < ⇡/4), while the red
lines correspond to the LMA-D solution (✓12 > ⇡/4). We minimize the �2 with respect to all oscillations parameters and all
un-displayed NSI parameters in each panel.

The predicted number of signal events NNSI, for a given
set of NSI parameters ", can be expressed as:

NNSI(") = �
⇥
feQ

2
we(") + (f⌫µ + f⌫̄µ)Q

2
wµ(")

⇤
, (7)

where � is an overall normalization constant which de-
pends on the exposure, detector e�ciencies, etc. We then
construct a chi-squared function �2

COH using just the to-
tal number of events, according to the expression given
in the supplementary material of Ref. [13]. We consider
Nmeas = 142 observed events and take into account the
statistical errors of the signal and the subtracted back-
ground, as well as systematic errors of the signal (28%)
and beam-on background (25%). The normalization con-
stant � (which is not given in Ref. [13]) is determined by
requiring the �2 to be zero at the best-fit point quoted
in Ref. [13] (i.e., ✏u,Vee = �0.57, ✏d,Vee = 0.59, all other
✏f,V↵� = 0).1

To illustrate the impact of COHERENT on the LMA-
D solution, we show in Fig. 2 the chi-squared for oscil-
lations and for the COHERENT experiment separately,
projected onto the ✏f,Vee vs ✏f,Vµµ plane. In this example,
we have restricted to flavour diagonal NSI with f = u
quarks. Oscillation data only constraints the di↵erence

1 Let us note that, with this procedure, our constraints on ✏u,Vee

and ✏d,Vee turn out slightly weaker than the result in Ref. [13] (our
90% CL interval is about 20% larger). Hence our results can be
regarded as conservative.
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FIG. 2: Allowed regions in the plane of ✏u,Vee and ✏u,Vµµ from
the COHERENT experiment shown together with the allowed
regions from the global oscillation analysis. Diagonal shaded
bands correspond to the LMA and LMA-D regions as indi-
cated, at 1�, 2�, 3� (2 dof). The COHERENT regions are
shown at 1� and 2� only because the 3� region extends be-
yond the boundaries of the figure.

✏f,Vee �✏f,Vµµ and therefore two separate bands in this plane
are allowed by the data: one corresponding to the LMA,
and a second one for the LMA-D solution. Conversely,
the COHERENT experiment constrains the combination
given in Eq. (6) and therefore its results project onto an
ellipse in this plane.

Results. Our final results for the combined fit of oscil-
lations and COHERENT data are given in Fig. 1, where
we show as full lines the total ��2 = �(�2

OSC + �2
COH)
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In the presence of non-standard neutrino interactions (NSI), oscillation data are a↵ected by a
degeneracy which allows the solar mixing angle to be in the second octant (aka the dark side) and
implies a sign flip of the atmospheric mass-squared di↵erence. This leads to an ambiguity in the
determination of the ordering of neutrino masses, one of the main goals of the current and future
experimental neutrino program. We show that the recent observation of coherent neutrino–nucleus
scattering by the COHERENT experiment, in combination with global oscillation data, excludes
the NSI degeneracy at the 3.1� (3.6�) CL for NSI with up (down) quarks.

The standard three-flavour oscillation scenario is sup-
ported by a large amount of data from neutrino oscilla-
tion experiments. The determination of oscillation pa-
rameters (see, e.g., Ref. [1]) is very robust, and for a
broad range of new physics scenarios only small pertur-
bations of the standard oscillation picture are allowed
by data. There is, however, an exception to this state-
ment: in the presence of non-standard neutrino interac-
tions (NSI) [2–4] a degeneracy exists in oscillation data,
leading to a qualitative change of the lepton mixing pat-
tern. This was first observed in the context of solar neu-
trinos, where for suitable NSI the data can be explained
by a mixing angle ✓12 in the second octant, the so-called
LMA-Dark (LMA-D) [5] solution. This is in sharp con-
trast to the established standard MSW solution [2, 6],
which requires a mixing angle ✓12 in the first octant.

The origin of the LMA-D solution is a degeneracy in
oscillation probabilities due to a symmetry of the Hamil-
tonian describing neutrino evolution in the presence of
NSI [7–10]. This degeneracy involves not only the octant
of ✓12 but also a change in sign of the larger neutrino
mass-squared di↵erence, �m2

31, which is used to param-
eterize the type of neutrino mass ordering (normal versus
inverted). Hence, the LMA-D degeneracy makes it im-
possible to determine the neutrino mass ordering by oscil-
lation experiments [10], and therefore jeopardizes one of
the main goals of the upcoming neutrino oscillation pro-
gram. As discussed in Refs. [5, 10–12], non-oscillation
data (such as that from neutrino scattering experiments)
is needed to break this degeneracy.

Recently, coherent neutrino–nucleus scattering has
been observed for the first time by the COHERENT ex-
periment [13], using neutrinos produced at the Spallation
Neutron Source (SNS) in Oak Ridge National Labora-
tory. The observed interaction rate is in good agreement
with the Standard Model (SM) prediction and can be

used to constrain NSI. In this Letter we show that this
result excludes the LMA-D solution at 3.1� (3.6�) CL
for NSI with up (down) quarks when combined with os-
cillation data.

NSI formalism and the LMA-D degeneracy. We con-
sider the presence of neutral-current (NC) NSI in the
form of dimension-six four-fermion operators, following
the notation of Ref. [8]. Since we are interested in the
contribution of the NSI to the e↵ective potential of neu-
trinos in matter, we will only consider vector interactions
in the form

LNSI = �2
p
2GF ✏

f,V
↵� (⌫̄↵L�

µ⌫�L)(f̄�µf) , (1)

where, ↵,� = e, µ, ⌧ , and f denotes a SM fermion. The
parameter ✏f,V↵� parametrizes the strength of the new in-
teraction relative to the Fermi constant GF , and her-
miticity requires that ✏f,V↵� = (✏f,V�↵ )⇤. In gauge invari-
ant models of new physics at high energies, NSI parame-
ters are expected to be subject to tight constraints from
charged lepton observables [14, 15], leading to no visi-
ble e↵ect in oscillations. However, more recently it has
been argued that viable gauge models with light media-
tors (i.e., below the electro-weak scale) may lead to ob-
servable e↵ects in oscillations without entering in con-
flict with other bounds [16–18] (see also Ref. [19] for a
discussion). In particular, for light mediators, bounds
from high-energy neutrino scattering experiments such
as CHARM [20] and NuTeV [21] do not apply. In this
framework, prior to the COHERENT results, the only
direct bounds on NC-NSI with quarks arise from their
e↵ect on neutrino oscillations when propagating in mat-
ter (for bounds in the heavy mediator case see [11]). In
the following we will assume that the mediator responsi-
ble for the NSI has a mass larger than about 10 MeV, and
hence the contact interaction approximation adopted in
Eq. (1) applies for COHERENT.
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COHERENT constraints on

nonstandard neutrino interactions

Jiajun Liao and Danny Marfatia

Department of Physics and Astronomy, University of Hawaii-Manoa, Honolulu, HI 96822, USA

Abstract

Coherent elastic neutrino-nucleus scattering consistent with the standard model

has been observed by the COHERENT experiment. We study nonstandard neutrino

interactions using the detected spectrum. For the case in which the nonstandard inter-

actions (NSI) are induced by a mediator lighter than 50 MeV, we obtain constraints on

the coupling of the mediator. For a heavier mediator, we find that degeneracies between

the NSI parameters severely weaken the constraints. However, these degeneracies do

not a↵ect COHERENT constraints on the e↵ective NSI parameters for matter propa-

gation in the Earth.
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Figure 3: The 90% CL regions in the NSI parameter space allowed by COHERENT data.

The NSI parameters not shown in each graph are assumed to be zero.
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Coherent Neutrino Scattering: 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

Patton et al. 2013



Searches for new physics

Magnetic momentNSI Sterile neutrinos
From B. Kayser

Exploring Simplified Models of Neutrino NSI: Low-Energies vs. Long-Baselines

Ian M. Shoemaker1

1Department of Physics, The Pennsylvania State University, University Park, PA 16802, USA
(Dated: June 10, 2016)

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



Gallium/Reactor anomaly 

• Gallium calibration experiments check the 
capture cross section for two excited 
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)



Recent Daya Bay results

• Recent Daya Bay results show 
changes in the antineutrino flux and 
spectrum with the burn-up of the 
reactor fuel 

• Theoretical systematics in antineutrino 
spectrum to consider (Hayes et al., 2017, 
Giunti et al. 2017) 

• Future measurements of flux from 
reactors with different fuel 
compositions will help
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spectively, are incompatible at 2.6� confidence level.
The evolution of Daya Bay’s IBD yield pictured in Fig. 2

was also used to measure the individual IBD yields of 235U
and 239Pu. For each F239 bin a in Fig. 2, the measured IBD
yield can be described as

�a
f =

X

i

F a
i �i, (5)

where F a
i are the effective fission fractions for each isotope,

and �i is the IBD yield from that isotope. Measurements from
all bins can be summarized with the matrix equation

�f = F�, (6)

where �f is an eight-element vector of the measured IBD
yields, � is a vector containing the IBD yields of the four fis-
sion isotopes, and F is a 8⇥4 matrix containing fission frac-
tions for the data in each F239 bin. This matrix equation was
used to construct a �2 test statistic

�2 = (�f � F�)>V�1(�f � F�), (7)

which allows a scan over the full � parameter space. The
matrix V is a covariance matrix containing the previously dis-
cussed statistical, reactor, and detector uncertainties, and their
correlation between measurements �f .

FIG. 3. Combined measurement of 235U and 239Pu IBD yields per
fission �235 and �239. The red triangle indicates the best fit �235

and �239, while green contours indicate two-dimensional 1�, 2� and
3� allowed regions. Contours utilize theoretically predicted IBD
yields for the subdominant isotopes 241Pu and 238U as indicated in
the lower left panel. Predicted values and 1� allowed regions based
on the Huber-Mueller model are also shown in black. The top and
side panels show one-dimensional ��2 profiles for �235 and �239,
respectively.

In order to break the degeneracy from contributions of
the two minor fission isotopes 241Pu and 238U, weak con-
straints were applied to these isotopes’ IBD yields. This was

accomplished in Eq. 7 by adding terms (�i � �̂i)2/✏2i for
238U and 241Pu, where �̂i and ✏i are theoretically predicted
IBD yields and assigned uncertainties, which were treated as
fully uncorrelated. Values for �̂i were taken from Ref. [4]
for 238U (10.1⇥10�43 cm2/fission) and Ref. [3] for 241Pu (
6.05⇥10�43 cm2/fission). Values ✏i were set at 10% of the
model-predicted yield, significantly higher than the quoted
Huber-Mueller uncertainties, in order to reduce the potential
bias to the fit.

The IBD yields from 235U and 239Pu, �235 and
�239, were found to be (6.17 ± 0.17) and (4.27 ±
0.26) ⇥10�43 cm2/fission, respectively. Allowed regions and
one-dimensional ��2 profiles for �235 and �239 are shown in
Fig. 3. The measurement is currently limited in precision by
the AD-correlated uncertainty in Daya Bay’s detection effi-
ciency, and by the statistical uncertainty in the measurements
�f . The 10% uncertainties assigned to �238,241 provide a
subdominant contribution to the uncertainty in �235 and �239.
This �235 is 7.8% lower than the Huber-Mueller model value
of (6.69±0.15) ⇥10�43 cm2/fission, a difference significantly
larger than the 2.7% measurement uncertainty. A measured
�235 yield deficit has also been reported using global fits to an-
tineutrino data from reactors of varying fission fractions [28].
The measured �239 value is consistent with the predicted value
of (4.36±0.11) ⇥10�43 cm2/fission within the 6% uncertainty
of the measurement.

By applying additional constraints on �f in Eq. 7, these
�235 and �239 results were tested for consistency with hypo-
thetical �f values representing differing sources of the reactor
antineutrino anomaly. If the anomaly is produced solely via
incorrect predictions of 235U, the measured �235 should devi-
ate from its predicted value while �238,239,241 remain at their
predicted values; enforcement of this additional constraint in
Eq. 7 produced a best fit higher by ��2/NDF= 0.17/1 (two-
sided p-value 0.68). A similar test of 239Pu as the sole source
of the anomaly yielded a best-fit value higher by ��2/NDF =
10.0/1 (p-value 0.00016). Requiring all isotopes in Eq. 7 to
exhibit an equal fractional deficit with respect to prediction,
the best fit was found to be higher by ��2/NDF= 7.9/1
(p-value 0.0049). Thus, the hypothesis that 235U is primar-
ily responsible for the reactor antineutrino anomaly is favored
by the Daya Bay data, with the equal deficit and 239Pu-only
deficit hypotheses disfavored at the 2.8� and 3.2� confidence
levels, respectively.

To investigate changes in the antineutrino spectrum with
reactor fuel evolution, observed IBD spectra per fission, S,
were examined, where �f =

P
j Sj , the sum of IBD yields in

all prompt energy bins. For each F239 bin depicted in Fig. 4,
the measured Sj values were compared to the F239-averaged
IBD yield per fission value Sj . The ratio Sj/Sj is plotted
against F239 in Fig. 4 for four different Ep bins. The common
negative slope in Sj/Sj visible in all prompt energy ranges
indicates an overall reduction in reactor antineutrino flux with
increasing F239, as demonstrated in Fig. 2. In addition, the
trends in Sj/Sj with F239 in Fig. 4 differ for each energy bin,
indicating a change in the spectral shape with fuel evolution.
In particular, the content of higher-energy bins decreases more
rapidly than lower-energy bins as F239 increases.
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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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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. 3. Ratio R = Nevents
sterile /Nevents

SM for a detector threshold
Tthres = 100 eVee as a function of the baseline L, at the
TEXONO experiment. The quenching effect is considered
(neglected) in the thin (thick) lines. The vertical dotted line
indicates the TEXONO baseline.

probability. Figure 3 shows the corresponding numerical
result for various choices of the sterile neutrino param-
eters, assuming a 76Ge detector with mass 1 kg and an
energy threshold of T

thres

= 100 eV

ee

at the TEXONO
experiment. The quenching effect is taken into account,
while for comparison, the corresponding results obtained
by neglecting the quenching effect are also illustrated.

In our attempt to quantify the sensitivity of a given
CENNS experiment to sterile neutrinos, we define the
quantity

�2

=

✓

Nevents

SM

�Nevents

sterile

�Nevents

SM

◆

2

. (20)

We mention that, due to the smallness of ✓
13

, recently
measured at Daya Bay [31], for simplicity in our calcu-
lations we set sin

2

2✓
13

= 0. Moreover, we use the fact
that, within the framework of the (3+1) scheme, it holds

sin

2

2✓
↵↵

= 4|U
↵4

|2
�

1� |U
↵4

|2
�

, (21)
sin

2

2✓
↵�

= 4|U
↵4

|2|U
�4

|2 , (22)

where ↵,� = e, µ, ⌧, s. Focusing on the relevant short-
baseline (SBL) neutrino experiments, the above expres-
sions enter into the respective effective survival and tran-
sition probabilities, valid for neutrinos and antineutrinos

P
↵↵

= 1� sin

2

2✓
↵↵

sin

2

✓

�m2

41

L

4E

◆

,

P
↵�

= sin

2

2✓
↵�

sin

2

✓

�m2

41

L

4E

◆

.

(23)

In Fig. 4 we illustrate the 90% C.L. sensitivity contours
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FIG. 4. 90% C.L. sensitivity regions in the (|U↵4|2, �m2
41)

planes with ↵ = e (red labelling) and ↵ = µ (blue labelling)
assuming a light sterile neutrino in the (3+1) scheme, at the
TEXONO and COHERENT experiments respectively (for de-
tails see the text).

in the (|U
e4

|2, �m2

41

) plane for the TEXONO experi-
ment, obtained from a two-parameter �2 analysis as de-
scribed above and by taking into account the quenching
effect. The present calculations consider a 76Ge detector
with: 1 kg mass, 100 eV

ee

energy threshold and one year
of data collection time. For comparison, also shown is the
corresponding sensitivity region in the (|U

µ4

|2, �m2

41

)

plane for the case of the COHERENT experiment as-
suming its “current” setup (see below).

Our present results indicate clearly that a dedicated
experiment searching for CENNS has also satisfactory
capabilities to probe sterile neutrinos. For the case of
the TEXONO experiment, the lack of ⌫̄

e

disappearance
results in the sensitivity regions depicted in Fig. 5. The
results are illustrated for three different values of the 76Ge
target mass (1 kg, 10 kg, 100 kg), four possible energy
thresholds (1 eV

ee

, 10 eV

ee

, 100 eV

ee

, 400 eV

ee

) and one
year of data taking time. We note that, by assuming a
threshold as high as T

thres

= 400 eV

ee

, the results show
that TEXONO has no sensitivity to the sterile parame-
ters for the case of a 76Ge detector with 1 kg of mass.
One sees that large values of sin2 2✓

ee

would be ruled out
by the exclusion curves, in agreement with the results
of Refs. [10, 19]. In addition, as stated in Ref. [22], the
requirement of large |U

e1

|2 + |U
e2

|2 for solar neutrino os-
cillations, implies that values of |U

e4

|2 close to unity are
excluded. Therefore, for small sin2 2✓

ee

one has

sin

2

2✓
ee

' 4|U
e4

|2 . (24)

which satisfies the general expectation that the fourth
generation massive neutrino is mostly sterile.

At this point we turn our attention on the capability of
the COHERENT experiment [57] at the SNS, Oak Ridge,



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

• Sensitive to oscillation to 4th 
generation sterile neutrino
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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

Sterile neutrinos from Sun 

Palazzo 2012



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
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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.

RESEARCH ARTICLE

Macmillan Publishers Limited. All rights reserved©2014

Borexino collaboration, Nature 2014

AA51CH02-Haxton ARI 10 July 2013 12:8

Solar Neutrinos:
Status and Prospects
W.C. Haxton,1 R.G. Hamish Robertson,2
and Aldo M. Serenelli3
1Department of Physics, University of California, Berkeley, and Nuclear Science Division,
Lawrence Berkeley National Laboratory, Berkeley, California 94720-7300:
email: haxton@berkeley.edu
2Department of Physics, University of Washington, and Center for Experimental Nuclear
Physics and Astrophysics, Seattle, Washington 98195; email: rghr@u.washington.edu
3Instituto de Ciencias del Espacio (CSIC-IEEC), Facultad de Ciencias, 08193 Bellaterra,
Spain and Max Planck Institute for Astrophysics, Garching, D-85471, Germany;
email: aldos@ice.csic.es

Annu. Rev. Astron. Astrophys. 2013. 51:21–61

First published online as a Review in Advance on
June 27, 2013

The Annual Review of Astronomy and Astrophysics is
online at astro.annualreviews.org

This article’s doi:
10.1146/annurev-astro-081811-125539

Copyright c⃝ 2013 by Annual Reviews.
All rights reserved

Keywords
solar neutrinos, neutrino oscillations, solar models, helioseismology,
nuclear astrophysics, metal abundances

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.

21

A
nn

u.
 R

ev
. A

st
ro

n.
 A

st
ro

ph
ys

. 2
01

3.
51

:2
1-

61
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 T

ex
as

 A
&

M
 U

ni
ve

rs
ity

 - 
C

ol
le

ge
 S

ta
tio

n 
on

 0
2/

01
/1

7.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

59

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)

Borexino Collaboration, 2010

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
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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

• Assume the MSW solution and 
deduce the SSM 7Be flux, or  

• Assume the SSM 7Be flux, and 
deduce the survival probability  

• Good consistency with the high-Z 
SSM  

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

Borexino Collaboration, 2011

New Borexino results from global analysis 
(1707.09279)
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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-

ar
X

iv
:1

11
0.

32
30

v1
  [

he
p-

ex
]  

14
 O

ct
 2

01
1

1110.3230

G3 experiments at low threshold (~ 20 eV) would improve 
the sensitivity to the pep spectrum 
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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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9St. Petersburg Nuclear Physics Institute, 188350 Gatchina, Russia

10NRC Kurchatov Institute, 123182 Moscow, Russia
11Joint Institute for Nuclear Research, 141980 Dubna, Russia

12Laboratoire AstroParticule et Cosmologie, 75205 Paris cedex 13, France
13Physik Department, Technische Universität München, 85747 Garching, Germany

14Max-Planck-Institut für Kernphysik, 69117 Heidelberg, Germany
15M. Smoluchowski Institute of Physics, Jagiellonian University, 30059 Krakow, Poland

16Dipartimento di Chimica, Università e INFN, 06123 Perugia, Italy
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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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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



New direction in neutrino physics? 
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