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FIG. 1 Representative example of various neutrino sources across decades of energy. The electroweak cross-section for ⌫̄ee
� !

⌫̄ee
� scattering on free electrons as a function of neutrino energy (for a massless neutrino) is shown for comparison. The peak

at 1016 eV is due to the W
� resonance, which we will discuss in greater detail in Section VII.
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FIG. 2 Diagram of 2-body scattering between an incoming
muon neutrino with 4-momentum p⌫ and an electron at rest
with 4-momentum pe. See text for details.

while the Jacobian written in terms of the fraction of the
neutrino energy imparted to the outgoing lepton energy
(y) is given by:

dq
2

dy
= 2meE⌫ . (4)

Pending on what one is interested in studying, the dif-
ferential cross-sections can be recast to highlight a par-
ticular dependence or behavior.

B. Formalism: Matrix Elements

The full description of the interaction is encoded within
the matrix element. The Standard Model readily pro-
vides a prescription to describe neutrino interactions via
the leptonic charged current and neutral current in the
weak interaction Lagrangian. Within the framework of
the Standard Model, a variety of neutrino interactions are

Formaggio & Zeller 2012

Neutrino cross sections across all scales 



Low energy neutrino interactions
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Charged current capture of solar neutrinos in xenon dark matter detectors

Louis E. Strigari
Mitchell Institute for Fundamental Physics and Astronomy,

Department of Physics and Astronomy, Texas A&M University, College Station, TX 77845, USA

We calculate the charged-current capture rate of neutrinos on 131Xe in xenon dark matter detec-
tors. The estimated rate is approximately 0.1 event per ton per year. Though subdominant to the
neutrino-electron elastic scattering signal, the capture rate will be appreciable in larger-scale, next
generation xenon-based dark matter experiments. It can be more easily identified by extending to
larger electron recoil energies beyond the canonical ⇠ 1 � 10 keV electron recoil energy window.
This signal may also be di↵erentiated from the larger solar neutrino-electron elastic scattering rate
because of the associated x-rays produced from the Cs-131 decay, with a half-life of 9.7 days.

I. INTRODUCTION

Xenon liquid noble gases are crucial components to the
dark matter search program, establishing world-leading
limits on Weakly-Interacting Massive Particles (WIMPs)
over a mass range ⇠ 10 GeV - 1 TeV [1, 2]. Attaining
the present levels of sensitivity to WIMPs, and improv-
ing upon them in the future, requires an identification of
backgrounds in both nuclear recoil and electronic recoil
bands. In the nuclear recoil band, the backgrounds arise
from single-scatter neutrons from fission of isotopes in
the detector or from cosmic ray interactions. In the fu-
ture, the astrophysical background will arise from coher-
ent neutrino-nucleus scattering of solar and atmospheric
neutrinos [3] will constitute a background of nuclear re-
coils.

In the electron recoil band, radioactivities intrinsic to
Xenon constitute a background at the level of a few ppt.
In future Xenon experiments, Solar neutrinos elastically-
scattering o↵ of electrons will constitute a background in
the electron recoil band. In the WIMP search region of
2-10 keVee (keV electron equivalent), there is expected
to be ⇠ 17 events per ton per year in the electron recoil
band [4] . It is expected that an electron recoil rejection
e�ciency of ⇠ 2 ⇥ 10�4 results in 3.5 ⇥ 10�3 events per
ton per year [5].

To this point, backgrounds from solar neutrinos have
focused on the aforementioned coherent neutrino-nucleus
scattering and elastic neutrino-electron scattering chan-
nels. An additional channel to detect neutrinos, which
has not yet been discussed in the context of dark matter
searches, is charged current neutrino capture,

⌫e + (A,Z) ! (A,Z + 1) + e�. (1)

Radiochemical methods have been traditionally-invoked
to identify solar neutrinos via this reaction [6], which
does not involve tagging the outgoing electron. Proposals
have been put forth to identify the outgoing electron [7, 8]
though this method has yet to be experimentally realized.

In this paper we calculate the rate of pp solar neutrino
interactions from to the charged current capture reaction

⌫e +
131 Xe ! e� +131 Cs. (2)

We calculate the shape of the outgoing electron recoil
spectrum, and discuss the prospects for identifying it.
Though the total event rate from this reaction is much
lower than the rate due to elastic electron-neutrino scat-
tering, there is still an appreciable rate which must be
accounted for in background models for next generation
Xenon experiments [5]. We discuss the prospects for tag-
ging events from this reaction due to the spatial corre-
lation between the outgoing electron and the x-ray that
results from the decay of Cs-131 with a half-light of 9.7
days. We note that the detection of solar neutrinos us-
ing this reaction was first discussed in the context of ra-
diochemical methods [9]. If this signal is identified, it
would be the first real-time detection of solar neutrinos
via charged current capture.

II. CROSS SECTION AND CAPTURE RATE

To determine the capture rate from the cross section
and the solar neutrino flux we follow the long standard
formalism [10]. We consider a Xenon-based detector with
characteristics similar to that of current dark matter
experiments, and take the abundance of 131Xe as the
naturally-occurring value of ⇠ 21%.
Assuming ground state to ground state transitions, the

cross section for Eq. 2 can be determined from the log
ft-value, the spin quantum numbers, and the appropriate
Fermi function [10]. The log ft value for 131Xe is 5.53, and
the relevant spin and parity quantum numbers for the
ground states of the nuclei in the reaction Eq. 2 are 3/2+

for 131Xe and 5/2+ for 131Cs. For the Fermi function
we use the fit results from (REF VOGEL). The Q-value
for ground state transitions is 352 keV, and neglecting
the recoil energy of the nucleus the outgoing electron
energy is related to the incoming neutrino energy as Ee =
E⌫ �Q.
Ground state to ground state transitions can be in-

duced by pp solar neutrinos, which have an endpoint neu-
trino energy of 423 keV. Standard solar models (SSM)
strongly constrain the shape of the pp spectrum and the
flux normalization to be 6 ⇥ 1010 cm�2 s�1. Since the
predicted pp flux is strongly tied to the solar luminosity,
and there is weak dependence on uncertainty in the so-

⌫ + e ! ⌫ + e



Coherent elastic neutrino-nucleus scattering (CEvNS) 
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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

Detection 40+ years in making! 

 
www.sciencemag.org/cgi/content/full/science.aao0990/DC1 

 
 

 
 

Supplementary Materials for 
 

Observation of coherent elastic neutrino-nucleus scattering 

D. Akimov, J. B. Albert, P. An, C. Awe, P. S. Barbeau, B. Becker, V. Belov, A. Brown, 
A. Bolozdynya, B. Cabrera-Palmer, M. Cervantes, J. I. Collar,* R. J. Cooper, 

R. L. Cooper, C. Cuesta, D. J. Dean, J. A. Detwiler, A. Eberhardt, Y. Efremenko, 
S. R. Elliott, E. M. Erkela, L. Fabris, M. Febbraro, N. E. Fields, W. Fox, Z. Fu, 

A. Galindo-Uribarri, M. P. Green, M. Hai, M. R. Heath, S. Hedges, D. Hornback, 
T. W. Hossbach, E. B. Iverson, L. J. Kaufman, S. Ki, S. R. Klein, A. Khromov, 
A. Konovalov, M. Kremer, A. Kumpan, C. Leadbetter, L. Li, W. Lu, K. Mann, 

D. M. Markoff, K. Miller, H. Moreno, P. E. Mueller, J. Newby, J. L. Orrell, 
C. T. Overman, D. S. Parno, S. Penttila, G. Perumpilly, H. Ray, J. Raybern, D. Reyna, 
G. C. Rich, D. Rimal, D. Rudik, K. Scholberg, B. J. Scholz, G. Sinev, W. M. Snow, 

V. Sosnovtsev, A. Shakirov, S. Suchyta, B. Suh, R. Tayloe, R. T. Thornton, I. Tolstukhin, 
J. Vanderwerp, R. L. Varner, C. J. Virtue, Z. Wan, J. Yoo, C.-H. Yu, A. Zawada, 

J. Zettlemoyer, A. M. Zderic, COHERENT Collaboration 
 
 
*Corresponding author. Email: collar@uchicago.edu 

 
 

Published 3 August 2017 on Science First Release 
DOI: 10.1126/science.aao0990 

 
 

This PDF file includes: 
Supplementary Text 

Figs. S1 to S14 

References 

First Detection of Coherent Elastic Neutrino-Nucleus Scattering on Argon

D. Akimov,1, 2 J.B. Albert,3 P. An,4, 5 C. Awe,4, 5 P.S. Barbeau,4, 5 B. Becker,6 V. Belov,1, 2 M.A. Blackston,7

L. Blokland,6 A. Bolozdynya,2 B. Cabrera-Palmer,8 N. Chen,9 D. Chernyak,10 E. Conley,4 R.L. Cooper,11, 12

J. Daughhetee,6 M. del Valle Coello,3 J.A. Detwiler,9 M.R. Durand,9 Y. Efremenko,6, 7 S.R. Elliott,12 L. Fabris,7

M. Febbraro,7 W. Fox,3 A. Galindo-Uribarri,6, 7 M.P. Green,5, 7, 13 K.S. Hansen,9 M.R. Heath,7 S. Hedges,4, 5

M. Hughes,3 T. Johnson,4, 5 M. Kaemingk,11 L.J. Kaufman,3, ⇤ A. Khromov,2 A. Konovalov,1, 2 E. Kozlova,1, 2

A. Kumpan,2 L. Li,4, 5 J.T. Librande,9 J.M. Link,14 J. Liu,10 K. Mann,5, 7 D.M. Marko↵,5, 15 O. McGoldrick,9

H. Moreno,11 P.E. Mueller,7 J. Newby,7 D.S. Parno,16 S. Penttila,7 D. Pershey,4 D. Radford,7 R. Rapp,16

H. Ray,17 J. Raybern,4 O. Razuvaeva,1, 2 D. Reyna,8 G.C. Rich,18 D. Rudik,1, 2 J. Runge,4, 5 D.J. Salvat,3

K. Scholberg,4 A. Shakirov,2 G. Simakov,1, 2, 19 G. Sinev,4 W.M. Snow,3 V. Sosnovtsev,2 B. Suh,3 R. Tayloe,3

K. Tellez-Giron-Flores,14 R.T. Thornton,3, 12 I. Tolstukhin,3, † J. Vanderwerp,3 R.L. Varner,7 C.J. Virtue,20

G. Visser,3 C. Wiseman,9 T. Wongjirad,21 J. Yang,21 Y.-R. Yen,16 J. Yoo,22, 23 C.-H. Yu,7 and J. Zettlemoyer3

(COHERENT collaboration)
1Institute for Theoretical and Experimental Physics named by A.I. Alikhanov of

National Research Centre “Kurchatov Institute”, Moscow, 117218, Russian Federation
2National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow, 115409, Russian Federation

3Department of Physics, Indiana University, Bloomington, IN, 47405, USA
4Department of Physics, Duke University, Durham, NC 27708, USA
5Triangle Universities Nuclear Laboratory, Durham, NC 27708, USA

6Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996, USA
7Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
8Sandia National Laboratories, Livermore, CA 94550, USA

9Center for Experimental Nuclear Physics and Astrophysics & Department
of Physics, University of Washington, Seattle, WA 98195, USA

10Physics Department, University of South Dakota, Vermillion, SD 57069, USA
11Department of Physics, New Mexico State University, Las Cruces, NM 88003, USA

12Los Alamos National Laboratory, Los Alamos, NM, USA, 87545, USA
13Department of Physics, North Carolina State University, Raleigh, NC 27695, USA

14Center for Neutrino Physics, Virginia Tech, Blacksburg, VA 24061, USA
15Department of Mathematics and Physics, North Carolina Central University, Durham, NC 27707, USA

16Department of Physics, Carnegie Mellon University, Pittsburgh, PA 15213, USA
17Department of Physics, University of Florida, Gainesville, FL 32611, USA

18Enrico Fermi Institute and Kavli Institute for Cosmological Physics, University of Chicago, Chicago, IL 60637, USA
19Moscow Institute of Physics and Technology, Dolgoprudny, Moscow Region 141700, Russian Federation

20Department of Physics, Laurentian University, Sudbury, Ontario P3E 2C6, Canada
21Department of Physics and Astronomy, Tufts University, Medford, MA 02155, USA

22Department of Physics at Korea Advanced Institute of Science and Technology (KAIST), Daejeon, 34141, Republic of Korea
23Center for Axion and Precision Physics Research (CAPP) at

Institute for Basic Science (IBS), Daejeon, 34141, Republic of Korea
(Dated: August 13, 2020)

We report the first detection of coherent elastic neutrino-nucleus scattering (CEvNS) on argon
using the CENNS-10 liquid argon detector at the Oak Ridge National Laboratory Spallation Neutron
Source. Two independent analyses prefer CEvNS over the background-only null hypothesis with
greater than 3� significance. The measured cross section, averaged over the incident neutrino
flux, is (2.2 ± 0.7) ⇥10�39 cm2—consistent with the standard model prediction. This is the lightest
nucleus for which CEvNS has been observed, which allows us to verify the expected neutron-number
dependence of the cross section and to better constrain non-standard neutrino interactions.

Introduction — Coherent elastic neutrino-nucleus
scattering (CEvNS) [1, 2] occurs when a neutrino inter-
acts coherently with the total weak nuclear charge, nec-
essarily at low momentum transfer, leaving the ground
state nucleus to recoil elastically. It is the dominant in-
teraction for neutrinos of energy E⌫ . 100 MeV.

For a spin-zero nucleus of mass M , the standard model

(SM) expression for the di↵erential cross section is

d�

dT
=

G
2
FM

2⇡


2� 2T

E⌫
� MT

E2
⌫

�
Q

2
W

4
F

2(Q2). (1)

Here, GF is the Fermi coupling constant, E⌫ is the neu-
trino energy, T is the nuclear recoil energy, and F

�
Q

2
�

is the weak vector nuclear form factor. The weak nu-
clear charge is QW = N � (1 � 4 sin2 ✓W )Z, where ✓W

is the weak mixing angle, N(Z) is the neutron (proton)
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Neutrino signals at COHERENT 
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COHERENT : timing+Energy data

Timing data Energy data

COHERENT, 2018
𝜋𝜋+ → 𝜇𝜇+ + 𝜈𝜈𝜇𝜇Prompt:                     

𝜇𝜇+ → 𝑒𝑒+ + 𝜈𝜈𝜇𝜇 + 𝜈𝜈𝑒𝑒Delayed:                     

COHERENT AT THE SNS: 1 GeV proton beam hits a Hg target: produces pions

neutrino energy (MeV)
0 50 100 150 200 250 300

a.
u.

µν

µν

eν

gµ, and mediator mass MZ0 . To represent the uncertainty in the nuclear structure, we take

Rn as a parameter and use the Helm form factor model.

FIG. 1: Timing(left) distribution for the prompt and delayed components and energy(right) dis-

tribution as measured by COHERENT. The vertical axis in time distribution gives the probability

that an event is in a given time bin.

We define as L the likelihood function of the data given the model parameters. To form

the likelihood function, we assume that the sum of the observed nuclear recoil plus back-

ground counts, Nobs(t, E), at time t and energy E follows a Poisson model with parameter

�(t, E) = (1 + ↵)N(t, E, ✏) +Nbg(t, E), (5)

where N(t, E, ✏) is the number of neutrino-induced nuclear recoil events predicted from the

theory and Nbg(t, E) denotes the background count at time t and energy E. Note that

by definition Nbg (t, E), the true background count, is not observed; rather the observed

background count denoted byNobs,bg(t, E) is provided by the COHERENT collaboration. We

assume that given Nbg (t, E), Nobs,bg(t, E) follows a Poisson model with parameter Nbg (t, E).

Moreover, in the absence of any prior information about Nbg(t, E), we use a non-informative

prior on the latent parameter Nbg(t, E), so that ⇡(Nbg(t, E)) / 1 for Nbg(t, E) 2 [0,1).

In addition to the counts from the signal and the background components, Equation 5

involves the uncertainty parameter ↵ to account for the systematic uncertainty from flux,

form factor, QF and signal acceptance uncertainties. We assume the parameter to fol-

low normal distribution with zero mean and standard deviation �↵ = 0.28 [1]. Defining

~✓ = (ge, gµ,m,Rn) as the model parameters, the most general likelihood function for the

5
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Impact of COHERENT results
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FIG. 1: Neutrino nucleus scattering diagrams. Fig. 1(a) is for dark hypercharge and dark Z bosons and Fig. 1(b) is
for the Lµ � L⌧ model.

VI. RESULTS

In Fig. 2 we show the COHERENT and reactor reach on ✏B as a function of MZ0 using the couplings shown
in Eq.(7) and compare it to limits from fixed target, atomic parity violation experiments and the BaBar results.
The points where the curves plateau correspond to the energy scale of each experiment above which MZ0 dominates
over the momentum dependence. In the region allowed by the fixed target experiments, we find that current and
projected limits from CE⌫NS measurements provide stringent constraints (10�5 < ✏ < 10�2) in the mass range
1MeV . mZ0 . 10 GeV, almost as strong as existing limits from atomic parity violation. The Babar results provide
better constraints for mZ0 ⇠ 10 GeV. Below about 10 MeV, the future COHERENT constraints are comparable to
those from atomic parity violation and reactor experiments are projected to provide stronger limits thanks to the low
energies of reactor neutrinos.

In Fig. 3, we show the same constraints applied to ✏Z for the case of a dark Z boson, as given in Eq. (8). The
constraints are similar to the dark hypercharge case with two main di↵erences. First, the window where the CE⌫NS
constraints start competing with atomic parity violation lies outside the bounds of fixed target experiments. Second,
for high values of mZ0 the CE⌫NS limits become independent of the exposure and detector material. This e↵ect is
due to the nature of the Z 0 coupling as well as the high luminosity compared to the assumed systematic uncertainty.

In the dark Z 0 scenario the ratio of BSM to SM couplings to protons and neutrons are identical and equal to
0.27(✏Z/mZ0)2, which limits the distinguishing power of detectors with di↵erent proton and neutron content. Coupled
with the fact that the number of expected events is su�ciently large for the systematic uncertainty to dominate the
statistical uncertainty, this leads to the merger of limits from di↵erent detectors and exposures. Note that the same
cannot be said about the dark hypercharge scenario. In this case, the relative couplings to protons and neutrons are
�3.3(✏Z/mZ0)2 and 0.06(✏Z/mZ0)2 respectively which significantly enhances the reach when di↵erent detectors are
combined.

This can also be demonstrated using Eq. (14). After maximizing the expression with respect to the nuisance

parameter � and defining k ⌘
Npred

Nbg+Nexp
, we get:

�2 =
�

⇣P NpredNexp

Nbg+Nexp

⌘2
+

P N2
pred

Nbg+Nexp

P N2
exp

Nbg+Nexp
+ 1

�2

P (Npred�Nexp)
2

Nbg+Nexp

1
�2 +

P N2
pred

Nbg+Nexp

(15)

'

X N2
exp

Nbg +Nexp
�

P
kNexpP
kNpred

X
kNexp (16)

where in the second line we used the fact that 1/�2 is small compared to Nexp. As mentioned earlier, the Z 0 coupling
relative to the Z coupling is universal in the dark Z scenario which means that k is the same for all detectors and

Barranco et al. 2005, Scholberg 2005; Liao & Marfatia 2017; Lindner et al. 2017; Farzan 
et al. 2018; Abdullah et al. 2018, Brdar et al. 2018, Datta et al. 2019

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

Independent constraints from oscillation experiments
Heavy mediators parameterized with EFT 
Dark hypercharge gauge boson; Dark Z boson; Hidden Sector Fermions

XENON collaboration, PRL 126 (2021) 091301: 2012.02846 [hep-ex]

Measurement of the neutron distribution in the nucleus 
[Cadeddu, Dordei, Giunti, Li, Zhang, 2019; Aristizibal-Sierra, 
Liao, Marfatia, 2019; Hoferichter, Menendez, Schwenk 2020]

Non-standard interactions (NSI)

Nuclear structure 

https://arxiv.org/abs/2012.02846
https://inspirehep.net/authors/1061504


Flavor separation of CEvNS 
Figure 4. The ��2 curve for the CEvNS cross section
determined from the fit to data both with and with-
out systematic e↵ects. The standard-model prediction,
along with the 1 � error band from the form factor un-
certainty is given by the vertical grey band.

Figure 5. Contours for the flavored CEvNS cross sec-
tion. The best-fit parameters and the standard-model
prediction, along with ±1 � error bands from form-factor
uncertainty, are shown as pink markers.

eter space is a sensitive probe of BSM physics such
as neutrino-quark vector NSI which can a↵ect each
neutrino flavor di↵erently [14]. The flavored CEvNS
cross section result is uniquely possible using a flux
from a spallation sources with beam width less than
the muon half-life where flux of ⌫µ is separable from
the ⌫e flux in time.

The allowed contour in this parameter space
is shown in Fig. 5. This is consistent with
the standard-model cross sections, h�iµ = 197 ⇥
10�40 cm2 and h�ie = 172 ⇥ 10�40 cm2, which are
somewhat di↵erent values due to di↵erences in the

energy shape of the neutrino flux for each flavor.
The best-fit scales relative to the standard model
are 0.876 and 0.873 for h�iµ and h�ie, respectively.
Though the total significance of observing CEvNS is
very high, h�iµ and h�ie are found to be non-zero
only at 3.0 � and 1.4 �, respectively. This is much
lower than the total significance of observing CEvNS
because both cross sections are allowed to float – a
high h�ie can partially compensate for a low h�iµ
and vice versa.

We used this measurement to constrain heavy-
mediator, mV � Q, neutrino-quark NSI, commonly
parameterized as a matrix of "fij where i, j = e, µ, ⌧

and f = u, d, valid when Q2 is small compared to the
mediator mass. Existence of NSI could confuse on-
going e↵orts to measure the neutrino mixing matrix
parameters. Notably, it is possible to reverse the in-
ferred neutrino mass ordering from oscillation data
by choosing a suitable set of NSI parameters [15].
Also, NSI allow for additional CP -violating phases
which may bias constraints on �CP [16].

In Fig. 6, we show the constraint on "uee and "dee
with all other parameters fixed to 0 compared to
CHARM [47] constraints. This marks a significant
improvement over the previous COHERENT con-
straint from CEvNS on CsI[Na] [5] because of an im-
proved precision result and measuring the flavored
cross sections. There are also NSI constraints de-
termined from CEvNS data on Ar [6] and Xe [48],
though these limits are currently less precise and not
included here.

Fig. 6 also shows our sensitivity to "uee and "uµµ.
As before, all other NSI parameters are fixed at 0.
This combination is directly related to solar neu-
trino oscillation results. In the context of NSI, there
is a degeneracy in oscillation data between the large
mixing angle (LMA) and LMA-Dark solutions which
di↵er in the ✓12 octant and altering the interpreta-
tion of the neutrino mass ordering [49]. The shape
of the allowed parameter space again highlights the
power of the flavored CEvNS measurement as "u,Vee
and "u,Vµµ only a↵ect the CEvNS cross section for
⌫e- and ⌫µ-flavor neutrinos, respectively. If only the
total CEvNS cross section were considered, allowed
contours would form rings

5. CONCLUSION

We measured the CEvNS cross section using the
full dataset collected by the CsI[Na] scintillation
detector using a blinded analysis approach. With
doubled exposure and improved understanding of
systematic uncertainties, we have made the most
precise measurement of CEvNS to date, observing
CEvNS at 11.6 � and finding a flux-averaged cross

7
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The primary goal of COHERENT is detection
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  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
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Abstract. The CONNIE experiment uses fully depleted, high resistivity CCDs as particle
detectors in an attempt to measure for the first time the Coherent Neutrino-Nucleus Elastic
Scattering of antineutrinos from a nuclear reactor with silicon nuclei. This talk, given at the
XV Mexican Workshop on Particles and Fields (MWPF), discussed the potential of CONNIE
to perform this measurement, the installation progress at the Angra dos Reis nuclear power
plant, as well as the plans for future upgrades.

1. Introduction
The Coherent Elastic Neutrino-Nucleus Scattering (CE⌫NS), is a Standard Model (SM) process

where a neutrino, or antineutrino, interacts with a nucleus as a whole entity [1]. It arises from

the coherent enhancement of the interaction cross-section with the constituent nucleons, when

the 4-momentum transfer is small compared to the reciprocal of the nuclear size: |q2| < 1/R2
;

in the laboratory frame, this corresponds roughly to incident neutrino energies E⌫ < 50 MeV.

Its di↵erential cross-section, to lowest order in T/E⌫ , is [2]

d�

dT
(E⌫ , T ) =

G2
F

8⇡
[Z(4 sin

2 ✓W � 1) +N ]
2 M

✓
2�

MT

E2
⌫

◆
|f(q2)|2 , (1)
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Abstract. We present the potential sensitivity of a future recoil detector for a first
detection of the process of coherent elastic neutrino nucleus scattering (CE⌫NS). We
use the Chooz reactor complex in France as our luminous source of reactor neutrinos.
Leveraging the ability to cleanly separate the rate correlated with the reactor thermal
power against (uncorrelated) backgrounds, we show that a 10 kilogram cryogenic
bolometric array with 100 eV threshold should be able to extract a CE⌫NS signal
within one year of running.

Keywords: neutrino coherent scattering, reactor neutrinos.
Submitted to: J. Phys. G: Nucl. Part. Phys.
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Research program towards observation of

neutrino-nucleus coherent scattering
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Abstract. The article describes the research program towards an experiment to observe
coherent scattering between neutrinos and the nucleus at the power reactor. The motivations of
studying this process are surveyed. In particular, a threshold of 100-200 eV has been achieved
with an ultra-low-energy germanium detector prototype. This detection capability at low energy
can also be adapted for searches of Cold Dark Matter in the low-mass region as well as to enhance
the sensitivities in the study of neutrino magnetic moments.

Neutrino coherent scattering with the nucleus[1]

ν + N → ν + N (1)

is a fundamental neutrino interaction which has never been experimentally observed. The
Standard Model cross section for this process is given by:

(
dσ

dT
)cohSM =

G2
F

4π
mN[Z(1 − 4sin2θW) − N]2[1 −

mNTN

2E2
ν

] (2)

σtot =
G2

FE2
ν

4π
[Z(1 − 4sin2θW) − N]2 , (3)

where mN, N and Z are the mass, neutron number and atomic number of the nuclei, respectively,
Eν is the incident neutrino energy and TN is the measure-able recoil energy of the nucleus. This
formula is applicable for Eν < 50 MeV where the momentum transfer (Q2) is small such that
Q2R2 < 1, where R is the nuclear size. Although the cross-section is relatively large due to
the ∼N2 enhancement by coherence, the small kinetic energy from nuclear recoils poses severe
experimental challenges both to the detector sensitivity and to background control. Various
detector techniques have been considered[2] to meet these challenges.

Measurement of the coherent scattering cross-section would provide a sensitive test to the
Standard Model[3], probing the weak nuclear charge and radiative corrections due to possible
new physics above the weak scale. The coherent interaction plays important role in astrophysical
processes where the neutrino-electron scatterings are suppressed due to Fermi gas degeneracy.

Background Studies for the MINER Coherent Neutrino Scattering Reactor
Experiment
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Abstract

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

1. Introduction

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

Preprint submitted to Nuclear Instruments and Methods A September 8, 2016
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CEvNS upper limits at reactors 

5

Figure 3: Measured spectra during reactor ON and OFF
periods for one of the Conus detectors including weighted
di↵erences (bottom). The predicted pure antineutrino
spectrum is shown in red for a quenching parameter of 0.18
in case that the signal would be at our 90% C.L. limit.

predicted event rate has a strong k parameter depen-
dence, and it changes by more than one order of mag-
nitude within the relevant region.

With the current regions of interest no hint for a
CE⌫NS signal can be observed in the data yet. There-
fore, we extracted an upper limit (U.L.) on the ob-
served number of CE⌫NS events applying a likelihood
ratio test. In this test, the likelihood is scanned over
a range of s parameters and the hypothesis of a signal
is always compared to the null hypothesis of no signal.
By using the best fit of the other parameters, this scan
can be converted to a scan over the number of signal
counts. Employing toy MC simulations, we can deter-
mine the distribution of the test statistic and extract
a limit on the number of signal events as shown in Fig-
ure 4. The test statistic follows approximately a �2

distribution as expected from Wilks’ theorem. The re-
sulting 90% C.L. limit on the number of signal events
for a k parameter of 0.18 (close to the value of k deter-
mined in [40]) is 85 in the ROIs. This corresponds to
less than 0.34 events kg�1·d�1 during reactor ON pe-
riods. From the predictions of the SM and our reactor
model we would expect in total 11.6±0.8 events in the
ROIs at the same quenching factor, about a factor 7
below the experimental 90% C.L. limit. In Figure 4,
the upper limits on the number of signal events are
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Figure 4: The upper limit (90% C.L.) on the number of
CE⌫NS counts (blue curve) is shown as a function of the
quenching parameter. For comparison the predicted count
rate is plotted in red.

shown as a function of the quenching parameter k.
Comparing the upper limits with the expectation, k
values larger than 0.27 are disfavored by the Conus
data.

The reactor in Brokdorf will finish operation by
the end of 2021. With additional run periods, in
particular including the substantial additional reactor
OFF time after 2021 the statistical uncertainty will
shrink significantly. Moreover, further measures to-
ward a lower energy threshold and an improved signal-
to-background ratio should both help to boost our sen-
sitivity. The ability of Conus to detect a CE⌫NS sig-
nal after these upgrades and with additional data de-
pends strongly on the true value of the Ge quenching
parameter. This can be seen from the strong depen-
dence of the signal expectation on the k parameter as
illustrated in Figure 4. For a reliable sensitivity pro-
jection and an accurate signal prediction additional
precision measurements of the quenching in Ge crys-
tals at the relevant recoil energies and temperature
are mandatory.

We thank all the technical and administrative sta↵
who helped building the experiment, in particular
the MPIK workshops and Mirion Technologies (Can-
berra) in Lingolsheim. We express our gratitude
to the Preussen Elektra GmbH for great support
and for hosting the Conus experiment. We thank
Dr. S. Schoppmann (MPIK) for assistance on the anal-
ysis and Dr. M. Seidl (Preussen Elektra) for providing
simulation data on the fission rate evolution over a
reactor cycle. The Conus experiment is supported fi-
nancially by the Max Planck Society (MPG), T. Rink
by the German Research Foundation (DFG) through
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Abstract

We report the best limit on coherent elastic scattering of electron antineutrinos emitted from a nuclear
reactor o↵ germanium nuclei. The measurement was performed with the Conus detectors positioned at
17.1m from the 3.9GWth reactor core of the nuclear power plant in Brokdorf, Germany. The antineutrino
energies of less than 10MeV assure interactions in the fully coherent regime. The analyzed dataset includes
248.7 kg·d with the reactor turned on and background data of 58.8 kg·d with the reactor o↵. With a quenching
parameter of k = 0.18 for germanium, we determined an upper limit on the number of neutrino events of 85
in the region of interest at 90% confidence level. This new CONUS dataset disfavors quenching parameters
above k = 0.27, under the assumption of standard-model-like coherent scattering of the reactor antineutrinos.
Keywords: Nucleus-neutrino interactions, Semiconductors, Nuclear reactors

Coherent elastic scattering of neutrinos o↵ nuclei
(CE⌫NS) has been predicted on the basis of the stan-
dard model (SM) since 1974 [1]. Compared to other
neutrino interaction channels, CE⌫NS is appealing be-
cause of its larger cross section. It scales with the
squared number of neutrons in the target nucleus
and the squared neutrino energy. In principle, this
enhancement allows for the design and construction
of small-sized neutrino detectors. However, the co-
herence condition of the momentum transfer being
smaller than the inverse of the nuclear size, does not
hold for neutrino energies above a few tens of MeV.
Moreover, the observables are low energy nuclear re-
coils, which are suppressed with increasing atomic
number. Thus, coherent scattering eluded detection
for many decades. Only with the recently emerging
low energy threshold technologies [2, 3] has it become
approachable. The process of CE⌫NS was first ob-
served by the COHERENT Collaboration in 2017 us-
ing a CsI[Na] scintillator [4] followed by a detection
on argon [5]. For both measurements, the COHER-
ENT experiment utilized neutrinos produced via pion
decays at rest in the spallation neutron source of the

Oak Ridge National Laboratory. Instead, the Conus
experiment aims for a complementary observation of
CE⌫NS in the fully coherent regime with lower en-
ergetic neutrinos [6, 7] emitted by a nuclear reactor.
Worldwide, similar projects at nuclear reactors are
planned or ongoing [8, 9, 10, 11, 12, 13].

The study of CE⌫NS events provides a probe to
SM and beyond the standard model physics. For in-
stance, it gives direct access to the neutron form fac-
tor and thus nucleon density [14]. Beyond that, this
channel allows one to probe deviations of the expected
weak mixing angle at the MeV scale [15], the existence
of nonstandard neutrino-quark interactions [16], and
light new states [17], as well as electromagnetic prop-
erties such as a neutrino magnetic moment [15, 18] or
an e↵ective charge radius [19]. The high antineutrino
flux at reactor sites might allow one to investigate the
reactor antineutrino rate anomaly [20] via the CE⌫NS
channel. New insights on sterile neutrinos [21, 22] or
the origin of the anomalous features observed in reac-
tor antineutrino spectra [23] could be gained. The de-
velopment of compact neutrino-sensitive devices will
further enable the monitoring of the reactor thermal
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Figure 12. Upper limits on the coherent neutrino interaction rate at 95% confidence level. Ob-
served limit (blue) and expected limit (orange) in bins of measured energy, compared with the
standard model rate predictions, calculated with quenching factors from Sarkis [29] (green) and
Chavarria [28] (red).

as our previous one [16], it should be noted that the sensitivity of these new data is a factor
of 2 better. The expected limit from the new data would be larger than the standard model
rate by a factor of 34 (39) times for the Sarkis (Chavarria) quenching factor in the same
range. However, due to a positive fluctuation of the on-off rates the actual observed limit is
worse. The opposite happened in [16] where a lucky negative fluctuation of the difference
between reactor-on and off spectra allowed to set a limit of about 40 times the standard
model rate, while the expected limit for the previous data was around 65.

7 Conclusion

In summary, the CONNIE experiment operated in 2019 with a readout mode of hardware
binning of 5 in the vertical direction, which permits to decrease the readout noise and
achieve a detection threshold energy of 50 eV. The analysis of 2.2 kg-days of 2019 data
makes use of a number of new calibration tools and studies that improve the detector
performance and the understanding of backgrounds. As a result, the background rate at
low energies is reduced with respect to the previous analysis. The measured energy spectra
show no excess of reactor-on data in comparison to reactor-off, yielding an upper limit
at 95% confidence level for the neutrino interaction rate in the 50 � 180 eV energy range
of 551 counts/keV/kg/day (expected limit) and 1055 counts/keV/kg/day (observed limit).
The expected (observed) limit corresponds to 39 (75) times the standard model expectation
when using the Chavarria quenching factor, and 34 (66) times the expected rate with the
more recent Sarkis quenching factor.

The perspective to further lower the detection threshold can be achieved by employing
the recently developed skipper CCD [31] sensors, in which the readout stage is modified
to allow multiple non-destructive sampling of the same pixel. This decreases the noise

– 18 –
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Detection of neutrinos and dark matterWhat are the observables? 
The Aquarius Project: the subhalos of galactic halos 7

Figure 3. Projected dark matter density in our six different high-resolution halos at z = 0, at the ‘2’ resolution level. In each panel,
all particles within a cubic box of side length 2.5 × r50 centred on the halo are shown, and the circles mark the radius r50. The image
brightness is proportional to the logarithm of the squared dark matter density, and the colour hue encodes the local particle velocity
dispersion, with the same colour map as in Figure 2.

to make them feasible on today’s supercomputers. We have
carried out our most expensive calculation, the Aq-A-1 run,
on the Altix 4700 supercomputer of the Leibniz Computing
Center (LRZ) in Garching/Germany, using 1024 CPUs and
about 3 TB of main memory. The calculation took more than
3.5 million CPU hours to carry out about 101400 timesteps
that involved 6.72×1013 force calculations in total. We have
stored 128 simulation dumps for this calculation, amounting
to a data volume of about 45 TB. The other simulations of
the Aquarius Project were in part calculated on the LRZ
system, and in part on other supercomputers across Eu-
rope. These were the COSMA computer at Durham Univer-
sity/UK, the Bluegene/L system STELLA of the LOFAR
consortium in Groningen/Netherlands, and a Bluegene/P
system of the Max-Planck Computing Center in Garching.
For all these simulations we also stored at least 128 outputs,
but for Aq-A-2 and Aq-A-4 we kept 1024 dumps, and for
Aq-A-3 half this number. This provides exquisite time reso-
lution for studies of the detailed formation history of halos
and the evolution of their substructure. In the present study,
however, we focus on an analysis of the objects at z = 0.

2.4 A first view of the simulations

In Figures 2 and 3, we show images† of the dark matter
distribution in our 6 high resolution halos at redshift z = 0.
The brightness of each pixel is proportional to the logarithm
of the squared dark matter density projected along the line-
of-sight,

S(x, y) =

∫

ρ2(r) dz, (1)

while the colour hue encodes the mean dark matter velocity
dispersion, weighted as

σ(x, y) =
1

S(x, y)

∫

σloc(r) ρ2(r) dz. (2)

Here the local dark matter density ρ(r) and the local veloc-
ity dispersion σloc(r) of the particles are estimated with an
SPH kernel interpolation scheme based on 64 neighbours.
We use a two-dimensional colour-table (see Fig. 2) in which
the information about the local dark matter ‘temperature’ is

† Further images and videos of the formation process of the halos
are available at http://www.mpa-garching.mpg.de/aquarius

c⃝ 0000 RAS, MNRAS 000, 000–000

1) Indirect detection Standard model particles 
are produced in pair annihilation 

✦ Most closely connected to cosmology

2) Direct detection  
Dark matter scatters off nucleons in underground 
detectors

3) Direct Production  
Dark Matter produced in colliders during proton 
collisions

4) Astronomical methods  
Sensitive to e.g. self-interaction rate of dark matter, 
velocity at production

Aquarius simulation 
Springel et al. 2008
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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.

Borexino collaboration 2205.15975

Measurement of neutral current component of the 8B spectrum with CEvNS in a DM detector would directly measure 
the Solar metallicity  

New bound on NSI [Dutta, Liao, Strigari, Walker 2017] and Sterile neutrinos [Billard, LS, Figueroa-Feliciano 2014]



Flavor composition of solar neutrinos 

Nityasa Mishra & L. Strigari PRD 2023



Flavor-dependent corrections introduce a small day/night asymmetry in solar neutrino rate [Nityasa Mishra & L. Strigari PRD 2023]

\

Beyond tree level: 8B solar neutrinos

Radiative corrections to the CEvNS cross section induce small flavor dependences [Marciano & Sirlin 1980; Sehgal 1985; 
Tomalak et al. 2021] ; Charge radius contribution in CEvNS [Cadeddu et al. 2018; de Romeri et al. 2023]



Borexino 2017, 2022

Time variation of solar neutrino flux  

Super-Kamiokande 2005 

Figure 1. Time variation from DM with a mass of 6 GeV when combined with the signal from solar
neutrino induced nuclear recoils, summed over all recoil energies. Combining the DM and neutrino
signals gives a new time-varying cosine with a di↵erent phase and amplitude. A larger DM-nucleon
cross section � causes the phase of the combined signal to shift to later times and reduces the size of
the overall residual. The shaded regions indicate uncertainty due to systematics in the neutrino flux.

including the annual variation in the Earth-Sun distance it is given by [26],

�⌫(t, E⌫) =
R(E⌫)

4⇡r2(t)
⇡ R(E⌫)

4⇡r2
0


1 + 2✏cos

✓
2⇡(t� �⌫)

T⌫

◆�
, (2.1)

where R is the neutrino production rate in the Sun, t is the time from January 1st, r(t) is the
time-dependent distance between the Earth and Sun, r0 is the average distance, ✏ = 0.01671
is the orbital eccentricity, T⌫ is the period and �⌫ is the phase. The Earth is closest to the
Sun around January 4th (implying �⌫ = 3 days). Measurements from Borexino [26] for 7Be
neutrinos give a period of T⌫ = 1.01 ± 0.07 years and a phase of �⌫ = 11.0 ± 4.0 days and
observations of 8B neutrinos by Super-Kamiokande [27] are consistent with equation (2.1).
Hence the di↵erential neutrino rate per unit detector mass is

d2N⌫

dtdE
=

Z
dE⌫ �(E,E⌫)�⌫(t, E⌫), (2.2)

where E⌫ is the neutrino energy (as opposed to the nuclear recoil energy E) which we integrate
out and �(E,E⌫) is the neutrino-nucleus cross section [17–19]. In this work we consider only
the 8B neutrinos as a background to DM searches as they dominate for the energy ranges
relevant for a light-DM search.

In order to calculate the rate of DM recoil events, and their annual modulation, we need
to know the distribution of DM velocities in the rest-frame of the Earth. The DM rate is
expected to vary by a few percent with an approximately sinusoidal modulation due to the
changing direction between the Earth and the DM over the year [28]. The di↵erential rate
of Dark Matter interactions with nuclei takes the form of

d2NDM

dtdE
=

⇢DM

mNm

Z vesc

vmin(E)

d3v
d�

dE
vf(v + vE(t)), (2.3)

– 3 –

Dark matter modulation should be out of phase with solar neutrino modulation [Davis 2014]

Time variability should be observable in G3 Xenon detector for electron and nuclear recoils [Zhuang, Strigari, Jin, Sinha, 2023, 2024]

3

Sun

Earth

December

June

WIMP

wind 

FIG. 1: A simplified view of the WIMP velocities as seen from the Sun and Earth. Due to the
rotation of the Galactic Disk (containing the Sun) through the essentially non-rotating dark matter
halo, the solar system experiences an e↵ective “WIMP wind.” From the perspective of the Earth,
the wind changes throughout the year due to the Earth’s orbital motion: the wind is at maximum
speed around the beginning of June, when the Earth is moving fastest in the direction of the disk
rotation, and at a minimum speed around the beginning of December, when the Earth is moving
fastest in the direction opposite to the disk rotation. The Earth’s orbit is inclined at ⇠60� relative
to the plane of the Disk.

that is subsequently detected. In the mid 1980s, the development of ultra-pure germanium
detectors provided the first limits on WIMPs [15]. Since then, numerous collaborations
worldwide have been (or will be) searching for these particles, including ANAIS [16], ArDM
[17], CDEX/TEXONO [18], CDMS [19–22], CoGeNT [23–25], COUPP [26], CRESST [27],
DAMA/NaI [28], DAMA/LIBRA [29, 30], DEAP/CLEAN [31], DM-Ice [32], DRIFT [33, 34],
EDELWEISS [35–37], EURECA [38], KIMS [39], LUX [40], NAIAD [41], PandaX [42], PI-
CASSO [43, 44], ROSEBUD [45], SIMPLE [46], TEXONO [47], WArP [48], XENON10
[49–51], XENON100 [52, 53], XENON1T [54], XMASS [55], ZEPLIN [56, 57], and many
others.

The count rate in direct detection experiments experiences an annual modulation [14, 58]
due to the motion of the Earth around the Sun (see Figure 1). Because the relative velocity
of the detector with respect to the WIMPs depends on the time of year, the count rate
exhibits (in most cases) a sinusoidal dependence with time. For the simplest assumptions
about the dark matter distribution in the halo, the flux is maximal in June and minimal
in December. Annual modulation is a powerful signature for dark matter because most
background signals, e.g. from radioactivity in the surroundings, are not expected to exhibit
this kind of time dependence. The details concerning the recoil energy and modulation
spectra depend on the specifics of both the particle physics model and the distribution of
WIMPs in the Galaxy. We discuss these possibilities in this review.

For more than a decade, the DAMA experiment [29] has been claiming detection of an
annual modulation. The experiment, which consists of NaI crystals, is situated in the Gran
Sasso Tunnel under the Apennine Mountains near Rome. By now, the amount of data col-
lected is enormous and the statistical significance of the result is undeniable. The DAMA



Pandax collaboration, 2401.07045
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FIG. 4: Left: Regions which contain 90% of the events due to the specified source. The dashed (dotted) line shows the median
of the nuclear (electronic) recoil band. Right: Same as right panel, except now assuming an exposure of 0.2 kilotonne-years,
and zooming in on the vertical axis. Points represent simulated events from the indicated flux components.

TABLE I: List of detector configurations and their corresponding parameters modelled in NEST. Note that g2 is a derived
parameter calculated from more fundamental detector parameters, see [27] for the full detector files used for this analysis.

Configuration g1 (phd/�) g2 (phd/e) drift field (V/cm) electron lifetime (µs)

baseline 0.12 44 100 650

enhanced g1 0.3 44 100 650

enhanced g2 0.12 100 100 650

enhanced V 0.12 44 1000 650

enhanced e-lifetime 0.12 44 100 5000

all enhanced 0.3 100 1000 5000

C. Likelihood analysis

To evaluate the future potential for discovery and mea-
surement of the atmospheric neutrino flux, we perform
a binned likelihood analysis on representative (Asimov)
data sets [30], simulated with various detector exposures.
To generate these data sets, we first perform a Monte
Carlo simulation for each detector configuration, with 108

events for each source of neutrinos. To investigate the ef-
fect of retaining position information in our likelihood, we
obtained simulated distributions of events in two spaces:
{cS1, cS2} and {S1,S2,r,z}, where c in cS1 refers to the
S1 signal after correcting for position-dependent e↵ects
(as performed by NEST), and r and z refer to the radius
and depth of the event in the detector.

The distributions obtained for the ‘all enhanced’ detec-
tor configuration are shown in the left panel of Figure 4
at the 90% confidence level. The separation of signal and
background regions can be deceiving since the expected
rate for the solar components are orders of magnitude
greater than for the atmospheric rate. To visualize the
leakage of background events into the expected atmo-
spheric background region, we therefore show a sample
exposure of 0.2 kilotonne-years (kty) in the right panel

of Figure 4. This sample exposure highlights the futil-
ity of trying to define a background free region for an
atmospheric neutrino search and why we must rely on
statistical discrimination in the {cS1, cS2} plane.
The analysis is performed in a region-of-interest de-

fined by: 2  cS1  120 and 2  log10(cS2)  4.56.
Extending this range does not improve our results sta-
tistically, so this range is chosen to reduce the compu-
tational burden of the analysis by allowing us to focus
our simulation on the regions where our signal events are
expected. These regions are divided into NS1 = 120 and
NS2 = 120 bins, and the event positions are divided into
Nr = 3 and Nz = 5 bins. The Poisson likelihood function
is thus,

L(n|�(µ0)) =
NS1X

i=1

NS2X

j=1

NrX

k=1

NzX

l=1

Poisson(ni,j,k,l|�i,j,k,l(µ
0))

(4)
where Poisson(ni,j,k,l|�i,j,k,l(µ0)) is the Poisson probabil-
ity of observing ni,j,k,l events in the i, j, k, l bin, given an
expected (mean) number of events,

�i,j,k,l(µ
0) = bi,j,k,l + µ0si,j,k,l, (5)

for a given signal strength, µ0, expected background, b,



Next generation neutrino detection

Hyper-Kamiokande

DUNE

Xenon
G3

JUNO



Beyond tree level: 8B solar neutrinos

Brdar & Xu PLB 2024



Beyond tree level: 7Be solar neutrinos

Larger scale experiment similar to Borexino, e.g. JUNO, may be sensitive to non-unitarity in 3-flavor oscillations 
[K. Kelly, N. Mishra, M. Rai, LS 2024]



Low-energy atmospheric neutrinos 

Super-Kamiokande 
Collaboration 2016



Solar and geomagnetic effects 

Martucci et al. 2018

Time variation and geomagnetic effects depend on detector location [Zhuang, Strigari, Lang PRD 2021]

LNGS Kamioka SURF 



Low energy atmospheric neutrino fluxes 

Honda et al. 2015, Zhuang, LS, Lang PRD 2021

Newstead, Lang, LS PRD 2020



Solar and geomagnetic effects at DUNE and Hyper-Kamiokande 

• Over 11-year solar cycle, statistical significance for observing time modulation of atmospheric 
neutrinos is 4.8σ for DUNE and 2.0σ for HK. 

• Flux measurements at both DUNE and HK important for understanding systematics and oscillations in 
low-energy atmospheric neutrinos.

Kelly, Machado, Mishra, LS, Zhuang PRD2023
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FIG. 5. Left: The angular spectra of reactor neutrinos for He and F detectors in the SM. Right: The event yield per year in angular bins of size
of |Dqr|= 30�.

grangian we use is given by [11, 36, 47]

LS = n( fS + ig5 fS)nS+ Â
q=u,d

hq
S qqS+H.c. . (21)

In the lepton number violating case the neutrino coupling has
to be recast according to nTC ( fS+ ig5 fS)nS. As with the vec-
tor mediator, the scalar can be charged under a dark symme-
try. We do not consider axial or pseudoscalar quark couplings
since their contribution to the CEnNS cross section is small.

The quark-quark operators in Eqs. (20) and (21) induce the
following nucleus-nucleus couplings

Vector: CN
V = Z(2hu

V +hd
V )+N(hu

V +2hd
V ) ,

Scalar: CN
S = Z Â

q
hS

q
mn

mq
f n
Tq +N Â

q
hS

q
mp

mq
f p
Tq

, (22)

where mn,p are the neutron and proton masses respectively,
q is a quark label, and f n,p

Tq
refer to hadronic form factors ob-

tained in chiral perturbation theory using measurements of the
p-nucleon sigma term [48–50], with the most up-to-date val-
ues given by [49]

f p
Tu
= (20.8±1.5)⇥10�3 , f p

Td
= (41.1±2.8)⇥10�3 ,

f n
Tu = (18.9±1.4)⇥10�3 , f n

Td
= (45.1±2.7)⇥10�3 .

(23)

For vector interactions the contributions to the CEnNS cross
section are obtained from Eq. (3) by the substitution gV !
gV +xV [5, 36], where xV reads

xV =
CN

V FVp
2GF(2mNEr +m2

V )
, (24)

with FV = fV � i fA. The combination gV + xV leads to con-
structive or destructive interference depending on the relative
sign and size of the SM and NP contribution. Scalar interac-
tions do not interfere with the SM at leading order and their

contribution to the cross section, which has to be added to the
SM piece Eq. (3), is written as [11]

dsS

dEr
=

G2
F

2p
mNx2

S
mNEr

2E2
n

, (25)

with the new physics parameters encoded in

xS =
CN

S FS

GF(2mNEr +m2
S)

, (26)

where FS = fS � i fP.
The type of vector and scalar light mediator scenarios de-

scribed by the interactions in (20) and (21) are subject to a set
of constraints, which have been discussed at length, for exam-
ple, in Refs. [10, 11, 36, 47]. They can be classified into lab-
oratory bounds, and astrophysical and cosmological bounds.
In the first category most of the limits apply provided the me-
diators couple to charged leptons. In our case these couplings
are only present at the one-loop order and so can be safely
ignored. Other limits apply only on the neutrino-quark (nu-
cleon level) couplings, so they can be readily satisfied without
drastically diminishing the CEnNS signals. Bounds in the
second category can be tight but are subject to relatively large
uncertainties and can be circumvented through additional new
physics [51, 52] (an exception are limits from BBN, see dis-
cussion in Sec. VI B).

One of the most relevant bounds on the interactions in (20)
and (21) comes from COHERENT measurements. A recent
study, using a likelihood analysis that combines energy and
timing data, places bounds for mX = 1.0 MeV (X =V,S) [47].
The bounds are derived using a CsI target and can be rescaled
by Ai/ACs to convert them to the cases of He and F. The re-
sulting bounds are:

He : FVCN
V  2.2⇥10�8 , FSCN

S  1.5⇥10�8 , (27)

F : FVCN
V  1.1⇥10�7 , FSCN

S  7.3⇥10�8 . (28)

These values generate the maximum number of events con-
sistent with available data and will be used for the following
analysis.
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FIG. 3. Left: The angular spectra of SNS neutrinos for He and F detectors in the SM. The peaks occur at cosqr ' 0.56 for He and cosqr ' 0.51
for F, which translates into qr ' 56� and qr ' 59� respectively. Right: The event yield per year in angular bins of size of |Dqr| = 10�. The
total yield is roughly 2300 events for He and 11200 for F.

cleus, cosqr. In the laboratory frame they read

Er =
E2

n(1� cosq)
mN +En(1+ cosq)

,

Er =
2mNE2

n cos2 qr

(En +mN)2 �E2
n cos2 qr

. (17)

From these expressions one can see that the maximum recoil
energy is obtained at forward neutrino scattering (q = p) and
qr = 0, while for q = 0 and qr = p/2 the recoil energy van-
ishes. In practice, however, the maximum value for Er is de-
termined by the kinematics of the ingoing neutrinos, which for
the SNS is determined by En  mµ/2. For our reactor analy-
sis, we set En . Ere

n = 9MeV. This kinematic constraint can
be translated into an upper bound on qr by using the energy
conservation relation En = e with Eq. (13), resulting in

SNS : cosqr >
1

mµ

r
mNEr

2

✓
2+

mµ

mN

◆
, (18)

Reactor : cosqr >
1

Ere
n

r
mNEr

2

✓
1+

Ere
n

mN

◆
.

We can see that, for a fixed recoil energy, the heavier the tar-
get nucleus the smaller is the maximum recoil angle. For fixed
nuclide mass, larger values of recoil energy imply smaller re-
coil angles. Since (18) is a purely kinematic bound, it is valid
regardless of whether or not one assumes new physics contri-
butions.

Another constraint one could place stems from the condi-
tion d2R/dErdWr � 1, corresponding to the condition of the
DRS being measurable. Additionally, in contrast to the kine-
matic limit discussed above, this limit does depend on the
presence of new physics. If the new contribution enhances
(reduces) the DRS 3 a wider (narrower) cosqr region can be
measured.

3 Sizable reductions are possible only for a vector contribution (destructive

The limits are illustrated in Fig. 1 which shows the pos-
sible angular distributions for one-tonne helium (left graph)
and fluorine (right graph) directional detectors with SNS neu-
trinos. Note that we include qr ! �qr for illustration. The
measurable angular region is that within the dotted and solid
curves and can be extended further towards zero degrees by
increasing the exposure. One can see that He detectors have
access to larger angles than F detectors due to the lower mass
of the target. The dashed curves correspond to the angular dis-
tribution of nµ-induced events. It follows from the condition
En = e = (m2

p �m2
µ)/2/mp which translated into cosqr reads

cosqnµ
r =

2mp
m2

p �m2
µ

r
mNEr

2

 
1+

m2
p �m2

µ

2mpmN

!
. (19)

V. STANDARD MODEL SIGNATURES

A. SNS neutrinos

With the aid of Eq. (14) we can calculate the DRS as a func-
tion of nuclear recoil angle for different recoil energy values.
Fig. 2 shows slices of fixed Er of the DRS and contours in the
Er-cosqr plane for helium and fluorine. Note that we omit the
prompt neutrino contributions since they would manifest as a
d-function.

Notice that F leads to markedly higher event rates and al-
lows access to a much larger range of energies and angles due
to its mass. One small trade off is that He can lead to larger
scattering angles for the same recoil energy. This can be seen
by comparing the endpoints of the red curves of the same en-
ergy.

interference). Scalar interactions to a certain degree can destructively inter-
fere as well, but the amount of reduction is proportional to either left-right
neutrino mixing (in the case of Dirac couplings) or neutrino masses (in the
case of Majorana couplings).

Abdullah, Aristizabal-Sierra, Dutta, Strigari 
Phys.Rev.D 102 (2020) 1, 015009 2003.11510  

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

CEvNS with directional detectors

Light mediators alter the shape of angular distribution 

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

https://arxiv.org/abs/2003.11510


Neutrino energy reconstruction 

Lisotti et al, 2404.03690



CEvNS in the coming decade 

Phil Barbeau 



CEvNS in the coming decade 

Phil Barbeau 



Neutrino physics opportunities with dark matter detectors 

• 8B solar neutrinos likely to be the first 
astrophysical measurement of CEvNS

• Opportunities for atmospheric neutrinos 
at dark matter detectors  

• Flavor dependencies in CEvNS, and 
future precision measurements

• Opportunities with CEvNS and 
terrestrial detectors

• CEvNS experiments using decay in-
flight 


