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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 interactions across all energies 

~1-100 MeV



Coherent elastic neutrino-nucleus scattering (CEvNS) 

Neutral current interaction; Due to Standard Model 
couplings coherent enhancement due to neutrons 


Total scattering amplitude sum of that on constituent 
nucleons 


Small momentum transfer relative to target size implies 
coherent enhancement 


Low energy recoil distribution implies difficult to detect 

Brice et al, 1311.5958

neutrino neutrino



Complementarity in CEvNS

Reactors

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

Accelerators (COHERENT)

Astrophysical sources 
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FIG. 9. Projection of the maximum likelihood PDF from Analysis B on ttrig (left), reconstructed energy (center), and F 90

(right). The fit SS background has been subtracted to better show the CEvNS component. Bin-bin systematic errors were not
calculated in this analysis.

Figure 9 shows the projections of the likelihood fit for
analysis B.

CEvNS Cross Section N Dependence

With the result reported here, the COHERENT col-
laboration has measured the flux-weighted CEvNS cross
section with di↵erent nuclei. These results, along with
the SM prediction, are shown in Figure 10.
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FIG. 10. The measured CEvNS flux-weighted cross sec-
tion from this analysis together with the previous results for
CsI[Na] [34] and as expected in the SM as a function of neu-
tron number. Expectations for planned COHERENT target
nuclei are also computed. The form factor (FF) unity as-
sumption is compared to the Klein-Nystrand [53] value that
is used for this analysis with the green band representing a
±3% variation on the neutron radius.

Non-Standard (Model) Interactions

Results from CEvNS experiments directly constrain
non-standard interactions (NSI) between neutrinos and

quarks mediated by a new, heavy particle. The mediator
is assumed to be a vector. After unitarity constraints,
there are ten independent couplings allowed, ✏f,Vij , with
i, j = e, µ, ⌧ and f = u, d [16]. As an example, we look
at constraints on ✏

u,V
ee and ✏

d,V
ee , with all other couplings

assumed to be zero, because these two are least experi-
mentally constrained.
Constraints are determined by comparing the flux-

averaged cross section predicted in each NSI scenario to
COHERENT data on argon (this result) and on CsI [34].
Both constraints are shown in Fig. 6 and are consistent
with the SM prediction. The argon data disfavor the
slight suppression which is allowed by the CsI data. This
slight excess causes the allowed parameter space regions
to separate into two degenerate bands.
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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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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

COHERENT

neutrino energy (MeV)
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a.
u.

µν
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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



Scientific 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 

Tomalak, Machado, Pandey, Plestid 2021]

Radiative corrections

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


CEvNS at nuclear reactors 

0 2 4 6 8 10
Neutrino Energy (MeV)

10-4

10-3

10-2

10-1

100

A
nt

i-n
eu

tr
in

os
 p

er
 M

eV

The CONNIE experiment
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1Universidad Nacional Autónoma de México, Ciudad de México, México
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10Universität Zürich Physik Institut, Zurich, Switzerland
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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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Coherent Neutrino Scattering with Low

Temperature Bolometers at Chooz Reactor
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30 December 2016

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

H T Wong1,∗, H B Li1, S K Lin1, S T Lin1, D He2, J Li2, X Li2, Q
Yue2, Z Y Zhou3 and S K Kim4

1 Institute of Physics, Academia Sinica, Taipei 11529, Taiwan.
2 Department of Engineering Physics, Tsing Hua University, Beijing 100084, China.
3 Department of Nuclear Physics, Institute of Atomic Energy, Beijing 102413, China.
4 Department of Physics, Seoul National University, Seoul 151-742, Korea.

E-mail: htwong@phys.sinica.edu.tw (∗Corresponding Author)

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.
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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
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FIG. 2. The projected constraints on the sterile neutrino parameter space for a 100 kg CsI detector and source that generates
4⇥1023 protons on target per year with an energy of 1 GeV, after collecting data for a total of 3 years (left) or 10 years (right).
In each case, we have assumed that the detector was located at a distance of 20 meters from the source during the first half of
the exposure, and at a distance of 40 meters during the second half. These constraints are compared to the regions that could
potentially account for the LSND [1] and MiniBooNE [2] anomalies (at the 99% confidence level).

given as follows:

P↵!e,µ,⌧ = 1� 4|U↵4|2
✓
1�

X

�=e,µ,⌧

|U�4|2
◆
sin2

✓
�m2L

4E

◆
,

(5)

where �m2 ⌘ �m2
41 ⇡ �m2

42 ⇡ �m2
43. After appropri-

ate unit conversions, the argument of the sine function
can be rewritten as 1.27⇥ (�m2/eV2)(L/m)(MeV/E).

To estimate the sensitivity of a coherent scattering ex-
periment to a sterile neutrino, we calculate the number
of events predicted to be observed in four time bins, cor-
responding to 0-0.5, 0.5-1, 1-2 and 2-10 µs, defined such
that t = 0.5µs is at the center of the pion pulse. By
taking into account this timing information, we are able
to measure independently the flux of neutrinos that orig-
inate as ⌫µ, as well and those that originate as either ⌫e
or ⌫̄µ. We consider measurements made over two base-
lines (20 and 40 meters), using a target consisting of 100
kg of CsI, over a total observation time of either 3 or 10
years (half of the total time is assumed to be in each of
the 20 and 40 meter configurations). In each configura-
tion, we include in the event rate calculation a steady-
state background of 1.45 ⇥ 10�10 counts/kg/µs, which
can be precisely determined by measuring the o↵-pulse
event rate [22]. Although this is a factor of 10 lower than
the rate reported in Ref. [22], this degree of improve-
ment is achievable through the application of additional
shielding and well-understood techniques to reduce the

dominant internal radiocontaminations of CsI [33] (see
also Refs. [34–36]). We also include in our analysis an
overall systematic uncertainty of ±28% on the overall sig-
nal rate, corresponding to uncertainties associated with
the cross section, detector e�ciency, and overall neutrino
flux.

The main results of our analysis are shown in Figs. 2
and 3. In the first of these figures, we show the pro-
jected constraints on the sterile neutrino parameter space
from an experiment utilizing a 100 kg CsI detector and
source producing a luminosity of 4 ⇥ 1023 protons on
target per year with an energy of 1 GeV. We present
this result in terms of the e↵ective mixing parameter
sin2(2✓µe) ⌘ 4|Ue4|2|Uµ4|2. For simplicity, we have lim-
ited our discussion to the case of |U⌧4| = 0. In Fig. 3, we
show these constraints in the |Uµ4|2 vs |Ue4|2 plane, for
two choices of �m2. When these constraints are com-
pared to the regions favored by LSND and MiniBooNE,
we conclude that the search proposed here would be sen-
sitive to the vast majority of the sterile neutrino parame-
ter space that could potentially account for these anoma-
lies.

In these projections, we have considered measurements
taken over baselines of 20 and 40 meters. If the separa-
tion between these distances were increased (decreased),
the exclusion contours would shift downward (upward)
in �m2, as a consequence of the dependence on L and
�m2 in Eq. 5.

Sterile neutrinos: Anderson et al. 2012; Dutta et al. 2016; 
Blanco, Machado, Hooper 2019; Miranda et al. 2020 

LSND, Mini-Boone results may be interpreted as ~ eV sterile 
neutrinos

 Gallium, reactor data also may be interpreted as sterile neutrinos

 However, some data not consistent with this interpretation 
(MINOS/IceCube)

 COHERENT should be sensitive to sterile neutrinos with several 
years of data

Sterile neutrino

Weak mixing angle: Fernandez-Moroni et al. 2021
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Direct detection of weak-scale 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

c© 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

SNOWMASS 2013
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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.

3

supernova rate as a function of z, with neutrino energies
redshifted as Eν/(1+z). The Kaplinghat, Steigman, and
Walker (KSW) model pushed uncertainties in the direc-
tion of producing the largest reasonable DSNB flux [15].
In the relevant energy range, E = 10 − 30 MeV, other
models have nearly the same shape but differ mostly in
normalization; also, several uncertainties are minimized.
The supernova rate is reasonably known in the relevant
range z <

∼
1 (where it rises by ∼ 10 over the z = 0

rate) [15, 16]. Uncertainties on cosmological and neu-
trino oscillation parameters no longer play a significant
role [16], the latter especially if realistic neutrino tem-
peratures [17] are used. The DSNB detection cross sec-
tion [5] may be treated at lowest order at present.

In Fig. 1, we show a range of DSNB spectra. The up-
per edge of the band is set by the SK limit [14] (0.6 of
KSW), and the lower edge by modern models [16] (0.2 of
KSW). The background-limited SK search [14] will gain
the required factor of 3 in sensitivity in about 40 years.
In GADZOOKS!, this sensitivity would be available im-
mediately. Requiring neutron detection would dramat-
ically lower the backgrounds below 18 MeV, where the
spallation beta singles rate rises rapidly. As the thresh-
old is lowered, the atmospheric neutrino backgrounds fall
and the DSNB signal rises. We calculate that the atmo-
spheric [18] backgrounds can be reduced by ∼ 5 from the
measured rates [14] by rejecting events with a preced-
ing nuclear gamma [19] or without a following neutron.
Further rejection (not shown) is likely possible by re-
quiring a small position separation between prompt and
delayed events, since DSNB events produce much less en-
ergetic neutrons. The number of DSNB events expected
in GADZOOKS! is about 2 − 6 per year above 10 MeV.
Uncertainties smaller than the corresponding Poisson un-
certainty can be ignored.

Detection of the DSNB would be an extremely impor-
tant scientific milestone. It could be the first detection of
neutrinos from significant redshifts z <

∼
1, and the second

detection of supernova neutrinos. With the exception of
SN 1987A in the Large Magellanic Cloud, a close com-
panion of our Galaxy, neutrinos have never been detected
from farther than the Sun. The DSNB flux is propor-
tional to the rate of all core-collapse supernovae, includ-
ing optically dark “failed” supernovae that collapse to
black holes. The DSNB spectrum shape would also pro-
vide a crucial calibration for numerical supernova models,
since in relatively few years, the sample of neutrinos from
SN 1987A could be surpassed

Galactic Supernova.— Supernovae in our Galaxy
are expected about 3 times per century, and SK would
observe ∼ 104 events at a typical distance of 10 kpc. The
ability to cleanly identify the dominant ν̄e + p → e+ + n
events would be extremely important for studying the re-
maining reactions, notably νe +16 O → e− +16 F, which
is exquisitely sensitive to the νe temperature and hence
neutrino mixing [20]. Hundreds of νe events could be ob-
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FIG. 1: Spectra of low-energy ν̄e + p → e+ + n coincidence
events and the sub-Čerenkov muon background. We assume
full efficiencies, and include energy resolution and neutrino os-
cillations. Singles rates (not shown) are efficiently suppressed.

served, far more than in any other detector. The neutral-
current events on 16O that lead to gamma and/or neutron
emission would be much better identified, of key impor-
tance for measuring the νµ/ντ temperature [21]. Even in
the forward angular cone, inverse beta events dominate
neutrino-electron scattering events [22]. Isolating those
events would be very useful: it would help detect the neu-
tronization burst νe events; it would improve the pointing
to the supernova by a factor of about 2, down to about
2◦ [22]; and it would allow better spectral studies. Using
timing information alone, SK could immediately recog-
nize a supernova as genuine by the unique time structure
of the events: almost all events in pairs separated by
tens of microseconds, much shorter than the separation
between subsequent neutrino interactions. Neutron de-
tection would improve the ability to study bursts out to
very late times, or to detect faint bursts.

Other Physics.— The solar ν̄e flux is <
∼

1% of the
predicted νe flux [23]. Requiring a neutron coincidence
would greatly reduce backgrounds, and the sensitivity
would be better than about 0.01%; the weak directional
information [5] may allow even better sensitivity. For
atmospheric and accelerator neutrinos, the ability to de-
tect neutron captures delayed from the neutrino inter-
action would shed new light on the hadronic final state.
This would be useful for separating (especially sub-GeV)
neutrinos and antineutrinos (which preferentially eject
protons and neutrons, respectively) and for probing the
type of neutrino interaction. For accelerator neutrinos,
neutrino-neutron elastic scattering will be a significant
new neutral-current channel. For proton decay, neutron

Neutral current sensitivity to all neutrino flavor 
components 

Sensitivity to both Galactic supernova burst [Horiwitz 
et al. 2003; Lang et al. 2016] and diffuse supernova 
neutrino background (DSNB) [Strigari 2009]

Galactic SN burst: Lang, McCabe, Richard, 
Tamborra, Phys.Rev.D 94 (2016) 10, 103009 
1606.09243 

https://arxiv.org/abs/1606.09243


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

https://arxiv.org/abs/2012.02846


Next generation dark matter and neutrino detection

Figure 2: The evolution of dark matter direct detection experiments using the liquid xenon technology.

3 Proposed Work
Since the first results from the XENON10 detector more than a decade ago, the LXe-TPC

technology has been the leading technique in the hunt for dark matter. Successive programs
have refined and improved the TPC operation with significant R&D over the past fifteen years,
leading to a mature and robust design of multi-tonne scale detectors (Fig. 2). In this section we
describe the basic features of the design, and identify some areas that need further development
to be successful at the envisioned 100-tonne scale.

The basic work plan in support of the goals outlined in Sec. 1.1 can be broken down into a
few specific objectives: reduction of radon backgrounds, the scale-up of LXe handling and cryo-
genics, and enhancing signal collection with high voltage and optics. Together, these objectives
lead into operating a Demonstrator, completing simulations of the G3 detector, and produc-
ing a Technical Design Report. We outline preliminary deliverables and milestones in Table 1.
Research conducted by domestic and international partners will complement our proposed work.

3.1 Hardware Design
The baseline design of a LXe TPC, as executed in XENONnT and LZ, consists of a cylindrical

field cage made of PTFE reflectors on the side, several electrodes on top and bottom to provide
drift and extraction fields, and photomultiplier (PMT) arrays at top and bottom to detect signals
generated in the LXe target for position, energy reconstruction, and event type discrimination.
While the baseline design has remained essentially unchanged as the target mass has scaled up
from a few kilograms to several tonnes, each increase in size has required solving new technical
challenges. The move to a G3 experiment will be no di↵erent, and we have identified three
main areas as challenges at the G3 scale: radon reduction, liquid xenon handling, and signal
collection. The team will therefore investigate both scaled-up designs from current detectors
(XENONnT and LZ) as well as alternative designs for these focus areas. These hardware designs
will be tested and optimized in small tests at various institutions, and the most promising ones

A Generation-3 Xenon Detector 6/10
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FIG. 1. Multivariate fit results (an example obtained with the MC method) for the TFC-subtracted (left) and the TFC-tagged
(right) energy spectra, with residuals. The sum of the individual components from the fit (black lines) are superimposed on
the data (grey points).
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FIG. 2. An example of the multivariate fit showing the radial
(top) and the PS-LPR (bottom) distributions of the events
(black crosses).

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

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

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

12 =7.5⇥10�5± 0.2 eV2.

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

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

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

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

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

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

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

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

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

In summary, we have reported the results of the first
simultaneous measurement of the pp, 7Be, and pep com-
ponents of the solar neutrino spectrum providing a com-
prehensive investigation of the main pp chain in the Sun:
we achieved a 2.7% precision on the 7Be ⌫ flux and the
strongest evidence (higher than 5�) of the pep reaction.
Furthermore, by combining our new results on the 7Be
and pp ⌫ fluxes we obtain the first direct measurement
of the ratio R between the 3He-4He and the 3He-3He
reactions which is a critical probe of solar fusion.

The Borexino program is made possible by funding
from INFN (Italy), NSF (USA), BMBF, DFG, HGF,
and MPG (Germany), RFBR (Grants 16-02-01026 A,
15-02-02117 A, 16-29-13014 ofim, 17-02-00305 A) (Rus-
sia), and NCN (Grant No. UMO 2013/10/E/ST2/00180)
(Poland). We acknowledge the generous hospitality and
support of the Laboratory Nazionali del Gran Sasso
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FIG. 3: The di↵erential fluxes of atmospheric neutrinos that
are accessible by various experiments, normalized to unity.
The electron and muon-flavored fluxes are indicated with the
dashed curves, and the solid black curve is the total atmo-
spheric neutrino flux, summed over all flavors. The features
in the neutrino fluxes result from pion and muon decay at
rest [19]. Future dark matter experiments will access an atmo-
spheric neutrino energy range that is not accessible to Super-
K.

III. METHOD

A. Detector properties

Dual-phase noble time-projection chambers (TPCs)
have proven to be a robust and scalable detector design
for direct dark matter searches [20–22]. Detectors of this
design are sensitive to O(1 keV) nuclear recoils and pro-
vide 3D position reconstruction of events. The position
reconstruction allows for detector fiducialization, where
one takes advantage in particular of xenon detectors to
self-shield, to achieve very low background in the central
target volume. This is achieved through the detection
of both the scintillation photons and ionization electrons
that are produced by interactions in the detector bulk.
The prompt scintillation light signal, S1, is measured di-
rectly by an array of PMTs on the top and bottom of the
detector. The liberated electrons are drifted to the sur-
face of the liquid phase and extracted into the gas phase
where, through an avalanche process, they produce the
delayed scintillation signal, S2.

We model a future Generation-3 xenon detector as a
scaled-up version of the LZ detector, with dimensions
scaled to obtain a fiducial region of 100 tonnes. The de-
tector is modeled using the NESTv2 code which simulates
the detailed micro-physics of the quanta production, re-
combination and final signal detection for electronic and
nuclear recoil events in xenon [13]. We use a series of

di↵erent detector configurations to investigate the e↵ect
of the di↵erent detector parameters on the results of the
analysis. The values for the parameters are chosen be-
tween two values: a baseline value, where the parameter
is similar to that already achieved in XENON1T [23, 24],
and an enhanced value that we deem achievable based
on ongoing work in the community. A summary of these
configurations is given in Table I. In all configurations, we
take the double-photoelectron detection probability to be
22%, the number of PMTs to be 1200, and we require a
3-fold PMT coincidence for detection. Further details of
the detector parameters, including the PMT properties
and geometry, are taken from Refs. [25, 26]. All analysis
code, configuration files and results are publicly available
for download [27].

For comparison we also model a future Generation-3
argon detector. As argon detectors are able to achieve
excellent electronic/nuclear recoil discrimination, no de-
tailed detector simulation is required. We instead as-
sume perfect discrimination above nuclear recoil energies
of 25 keV, i.e. zero electronic recoil background in the re-
gion of interest. Proper modelling of the detector would
be able to account for the roll-o↵ of discrimination ability
at low energies, allowing one to lower the threshold at a
cost of e�ciency. However, since the atmospheric rate is
not strongly dependent on threshold, the small increase
in signal would only have a correspondingly small e↵ect
on the present analysis.

B. Background components

In this analysis we only include intrinsic backgrounds
to an atmospheric neutrino search in xenon, assuming
all other backgrounds are subdominant. This seems re-
alistic in light of the current state of the art, with only
mild extrapolation needed to a Generation-3 detector.
The irreducible background consist of: electronic recoils
from solar pp and 7Be neutrinos, nuclear recoils from so-
lar 8B and hep neutrinos, the di↵use supernova neutrino
background (dsnb), and the ⌫⌫�� decay of 136Xe. The
⌫⌫�� background could be suppressed through depletion
of 136Xe, as explored in [11]. Here however we assume no
depletion, as 136Xe is not the dominant background and
will likely be desirable for a 0⌫�� search.

In this work, we use calculations of the solar neutrino
electronic recoil rate from Ref. [28], which account for
a ⇠ 23% suppression of the rate due to atomic binding
e↵ects. Additionally, we account for a ⇠ 9% reduction
of the charge yield for L-shell electron recoils, as recently
observed in electron-capture calibrations of the XELDA
detector [29]. This has the e↵ect of widening the solar
neutrino electronic recoil band and thus slightly increases
the number of electronic recoil background events in the
nuclear recoil signal band.
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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,



Dark side of the Solar neutrino parameter space 

Oscillation data still allow for large NSI couplings and MSW LMA 
dark side solution [Miranda, Valle, Tortola, 2006]


Changes octant of solar angle and sign of mass ordering


Non-oscillation experiments (e.g. coherent scattering) required to 
lift existing degeneracy Coloma, Denton, Gonzalez-Garcia, Maltoni 2017; Denton, 

Farzan, Shoemaker 2018; Denton & Gehrlein 2020

de Salas et al. 2021



7

Helium

Fluorine

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.
103

104

105

106

cos�r

d
R
/d
�

r
[y

e
a
r-

1
sr

-
1
]

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

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
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FIG. 7. Left: The angular distributions in the SM (solid red), vector (solid blue) and scalar (dashed blue) for He (Top) and F (Bottom) detectors
using SNS neutrinos. Right: The corresponding event yield in angular bins of size 10�.

distribution although with a deficit instead of an excess, while
a 50 MeV mediator only leads to a rescaling of the SM spec-
trum. For F, at 30 MeV mediator mass the NP spectrum is
already a rescaling. As the energy threshold is increased, both
the discontinuity and the lower end of the distribution move
towards larger cosqr.

Since detectors sensitive to Er already exist and angular in-
formation could come at an expense of energy resolution, it
is useful to compare the angular spectrum with the associated
energy spectrum (Fig. 9). The vector induced deficit is more
dramatic than in the angular distribution and occurs at large
values of Er, which are accessible with current technology.
The scalar curve at high recoil energies coincides with that of
the SM. Finally, one can note that dips in the recoil spectra
are smeared out in nuclear angle space. For example, in he-
lium and for mV = 30MeV the recoil spectra exhibits a well
localized dip at about Er = 70keV. At the angular distribution
level, that sharp downward spike results in a way less pro-
nounced feature at cosqr ' 0.3.

It is insightful to use Fig. 9 in conjunction with Fig. 8
to understand the effect of detector thresholds on observables.
From Fig. 9 one can directly read off the recoil spectrum from
any energy threshold between 1 keV and 100 keV, and a higher

value necessarily leads to lower NP sensitivity. This can be
compared to one of the representative threshold values in Fig.
8 to see how the shape discrimination appears in the angle
domain.

The excess regions are more interesting to compare since
with larger signals backgrounds and systematic errors become
less challenging. Comparing the plots we can see a quali-
tatively unique feature in the lower cosqr distribution com-
pared to that of low Er: the three scenarios (SM, SM+Vector,
and SM+Scalar) lead to slopes that are negative, positive and
vanishing respectively. The discriminating region in the en-
ergy domain is roughly between 1 keV and 100 keV, while in
the angle domain it is between 85� and 60�. It is unclear at
this stage which choice would lead to stronger limits. For that
a likelihood analysis using various combinations of detector
resolutions is necessary.

One crucial difference is that increasing the detection
threshold, say, to 10 keV would eliminate a large portion of
the signal discrimination region, while the small cosqr region
would still be accessible. In other words, it could be beneficial
to trade a higher detection threshold with finer angular resolu-
tion at large angles. The ratios of events with NP to that in the

Grothaus, Fairbairn, Monroe, PRD 2014; O’Hare, Billard, Figueroa-Feliciano, Green, Strigari 2015  Mayet et al. Phys. Reports 2016

Directional dark matter and neutrino detection:

CEvNS with directional detectors
Standard Model BSM
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FIG. 1. A sketch of the nBDX-DRIFT detector.

of the track [18]. CS2 releases the electron near the gain el-
ement allowing for normal electron avalanche to occur at the
readout [18]. The addition of O2 to the gas mixture allows
for the distance between the recoil and the detector to be mea-
sured without a t0 (time of creation of the ionization) [19–21]
eliminating, with side-vetoes, prodigious backgrounds from
the edges of the fiducial volume. Because of the prevalence of
S in the gas and the Z

2 dependence for coherent, elastic, low-
energy scattering, [17] the recoils would be predominantly S
nuclei. With a theshold of 20 keV the S recoils would be
scattered within one degree of perpendicular to the beam line
due to extremely low-momentum transfer, scattering kinemat-
ics. The signature of these interactions, therefore, would be a
population of events with ionization parallel to the detector
readout planes.

Here we consider deploying a BDX-DRIFT detector in a
neutrino beam of a next generation neutrino facility, which
for definitiveness we take to be the LBNF beamline at Fer-
milab. As discussed below CEnNS will produce low-energy
nuclear recoils in the fiducial volume of a nBDX-DRIFT de-
tector. To optimize the detector for CEnNS detection various
gas mixtures and pressures are considered.

III. CEnNS IN nBDX-DRIFT

When the neutrino-nucleus exchanged momentum is small
enough (q. 200MeV) the individual nucleon amplitudes sum
up coherently, resulting in a coherent enhancement of the
neutrino-nucleus cross section [1]. So rather than scattering
off nucleons the neutrino scatters off the entire nucleus. This
constraint on q translates into an upper limit on the neutrino
energy En . 100MeV, which in turn “selects” the neutrino
sources capable of inducing CEnNS. At the laboratory level,
reactor neutrinos with En . 9MeV dominate the low energy
window, while stopped-pion sources with En < mµ/2 the in-

termediate energy window. Fig. 2 shows the different energy
domains at which CEnNS can be induced. At the astrophys-
ical level CEnNS can be instead induced by solar, supernova
and atmospheric neutrinos in the low, intermediate and “high”
energy windows, respectively.

Using laboratory-based sources, CEnNS has been mea-
sured by the COHERENT collaboration with CsI[Na] and
LAr detectors [2, 22]. And measurements using reactor neu-
trino sources are expected in the near-future [6, 8, 23]. The
high-energy window however has been rarely discussed and
experiments covering that window have been so far not con-
sidered. One of the reasons is probably related with the con-
ditions that should be minimally satisfied for an experiment to
cover that energy range: (i) The low-energy tail of the neutrino
spectrum should provide a sufficiently large neutrino flux, (ii)
the detector should be sensitive to small energy depositions
and (iii) backgrounds need to be sufficiently small to observe
the signal. The LBNF beamline combined with the nBDX-
DRIFT detector satisfy these three criteria, as we will now
demonstrate.

Accounting for the neutron and proton distributions inde-
pendently, i.e. assuming that their root-mean-square (rms)
radii are different hr2

n
i 6= hr2

p
i, the SM CEnNS differential

cross section reads [1, 24]

ds
dEr

=
mNG

2
F

2p

✓
2� ErmN

E2
n

◆
Q

2
W

, (1)

where the coherent weak charge quantifies the Z-nucleus vec-
tor coupling, namely

Q
2
W
=
⇥
Ng

n

V
FN(q)+Zg

p

V
FZ(q)

⇤2
. (2)

The proton and neutron charges are determined by the up and
down quark weak charges and read g

n

V
= �1/2 and g

p

V
=

1/2� 2sin2 qW . In the Born approximation the nuclear form
factors are obtained from the Fourier transform of the neutron
and proton density distributions. The properties of these dis-
tributions are captured by different parametrizations, which
define different form factors. For all our calculations we use
the one provided by the Helm model [25], apart from Section
IV B 2 where we will as well consider those given by the sym-
metrized Fermi distribution function and the Klein-Nystrand
approach [26, 27] (see that Section for details). Note that the
dependence that the signal has on the form factor choice is a
source for the signal uncertainty.

In almost all analyses hr2
n
i = hr2

p
i, and so the form factor

factorizes. That approximation is good enough unless one is
concerned about percent effects [28, 29], hr2

p
i values for Z up

to 96 are known at the part per thousand level through elastic
electron-nucleus scattering [30]. In that limit one can read-
ily see that the differential cross section is enhanced by the
number of neutrons (N2) of the target material involved, a
manifestation of the coherent sum of the individual nucleon
amplitudes. In what follows all our analyses will be done in
that limit, the exception being Sec. IV B 2.

The differential event rate (events/year/keV) follows from
a convolution of the CEnNS differential cross section and the
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FIG. 2. CEnNS total cross section as a function of incoming neutrino energy for reactor neutrinos, spallation neutron source (SNS) neutrinos
and the LBNF beamline. Cross sections are calculated for representative nuclides of the technologies used in each case: germanium (reactor),
cesium (SNS) and sulfur (LBNF). This graph shows the different energy domains at which a significant CEnNS signal can be induced.

neutrino spectral function properly normalized

dR

dEr

=Vdet r(P) NA

mmolar

Z
E

max
n

E
min
n

ds
dEr

dF
dEn

dEn . (3)

Here E
min
n =

p
mNEr/2. The first two factors define the de-

tector mass mdet = Vdet r(P), where r(P) corresponds to the
target material density which depends on detector pressure at
fixed room temperature, T = 293K. Assuming an ideal gas it
reads,

r = 5.5⇥10�5 ⇥
✓

mmolar

g/mol

◆✓
P

Torr

◆
kg
m3 . (4)

Pressure and recoil energy threshold are related and their de-
pendence varies with target material. For the isotopes consid-
ered here, assuming CS2 to be the dominant gas, we have:

E
th
r
(Nuci) = fi

✓
P

40 Torr

◆
keV , (5)

with fi = {2,7.5,13,20,69} for Nuci = {H,C,F,S,Pb} [19,
31]. For the neutrino spectrum (and normalization) we use
the DUNE near detector flux prediction for three different po-
sitions (on-axis and off-axis 9 m (0.5� off-axis) and 33 m (2.0�
off-axis)) [32]. Fig. 3 shows the corresponding fluxes (left
graph) along with the low energy region relevant for CEnNS
(right graph).

With these results we are now in a position to calculate
the CEnNS event yield for potential different target materi-
als (compounds): carbon disulfide, carbon tetrafluoride and
tetraethyllead as a function of pressure (threshold). We start
with carbon disulfide and assume the following detector con-
figuration/operation values: Vdet = 10m3 and seven-year data
taking. Results for smaller/larger detector volumes as well as
for smaller/larger operation times follow from an overall scal-
ing of the results presented here, provided the assumption of
a pointlike detector is kept.

Left graph in Fig. 4 shows the CEnNS event rate for CS2,
carbon and sulfur independently displayed. The result is ob-
tained by assuming the on-axis neutrino flux configuration.
One can see that up to 700 Torr the event rate is dominated by
the sulfur contribution, point at which carbon overtakes the
event rate with a somewhat degraded contribution. The indi-
vidual behavior of each contribution can be readily understood
as follows. At low recoil energies the event rate is rather flat
but pressure is low, thus the suppression of both contributions
in that region is due to low pressure. As pressure increases,
mdet increases, as do the carbon and sulfur event rates. There
is a pressure, however, for which the processes start losing
coherence and so the event rates start decreasing accordingly
(variations in pressure translate into variations in recoil en-
ergy threshold according to Eq. (5)). For sulfur it happens at
lower pressures than for carbon, as expected given that sulfur
is a heavier nucleus. For CS2 then it is clear that the opti-
mal pressure is set at about 400 Torr (exactly at 411 Torr),
a value that corresponds to E

th
r
' 77.1keV for carbon and to

E
th
r
= 205.5keV for sulfur, according to Eq. (5). In summary,

at the optimum pressure and corresponding threshold, for CS2
the number of CEnNS events for a 7-year 10 cubic-meter ex-
posure is 367.

Although rather energetic, it is clear that the LBNF beam-
line can induce CEnNS and that the process can be measured,
provided the detector is sensitive to low recoil energies. The
details of how CEnNS proceeds are as follows. The low-
energy tail of the neutrino spectrum (on-axis) extends down
to energies of order 50 MeV or so, as can be seen in the right
graph in Fig. 3. From that energy and up to those where co-
herence is lost, the neutrino flux will induce a sizable number
of CEnNS events. Taking the recoil energy at which F

2(Er)
decreases from 1 to 0.1 as the energy at which coherence is
lost (above those energies the nuclear form factor decreases
rapidly and enters a dip, regardless of the nuclei), En can be
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FIG. 7. Left graph: Weak mixing angle RGE evolution in the MS renormalization scheme as calculated in Ref. [66], along with a variety of
measurements at different renormalization scales: Atomic parity violation (APV) [59, 60], MINER [6, 43], CONNIE [8, 43] (slightly offset
horizontally for clarity), proton weak charge (QWeak(P)) from cesium transitions [64], electron weak charge (QWeak(e)) from Møller scattering
[61], parity violation in electron deep inelastic scattering (eDIS) [63], neutrino-nucleus scattering (NuTeV) [62] and collider measurements
(Tevatron, LEP and LHC. LEP and LHC results offset horizontally as indicated by the arrows) [65]. Results for the DUNE near detector using
elastic neutrino-electron scattering are displayed as well [44]. The result for nBDX-DRIFT follows from the chi-square analysis in the left
graph in Fig. 6 and the error bar has been reduced by a factor 2 to allow comparison with the other experiments. Right graph: Same as
left graph but for fixed-target CEnNS experiments, COHERENT CsI[Na] [2, 40] and LAr [22, 41]. This result shows that measurements at
nBDX-DRIFT can be more competitive that those obtained so far with COHERENT data, thus providing complementary information in the
nuclear recoil channel to DUNE near detector measurements using the electron channel instead.

FIG. 8. Left graph: CEnNS event yield as a function of pressure for carbon dioxide assuming a ten-cubic meter detector volume and 7-years
data taking. The calculation has been done assuming three different form factor parametrizations: Helm form factor, symmetrized Fermi form
factor and Klein-Nystrand form factor. The result shows that the smallest (largest) event yield is obtained from the Helm (Klein-Nystrand)
form factor. Right graph: Percentage uncertainty as a function of pressure calculated from the minimum and maximum event yields. As
pressure increases the difference increases as well as a result of increasing neutrino energy.

parametrization choice. For that aim we use—in addition to
the Helm form factor parametrization [25]—the Fourier trans-
form of the symmetrized Fermi distribution and the Klein-
Nystrand form factor [26, 27].

The Helm model assumes that the proton and neutron dis-
tributions are dictated by a convolution of a uniform density
of radius R0 and a Gaussian profile characterized by the fold-
ing width s, responsible for the surface thickness. The Helm

form factor then reads [25]

FH(q
2) = 3

j1(qR0)

qR0
e
�(qs)2/2 , (15)

where j1 is the spherical Bessel function of order one and R0,
the diffraction radius, is determined by the surface thickness
and the rms radius of the corresponding distribution, namely
[67]

R0 =

r
5
3
(hr2iH �3s2) . (16)

CEvNS with directional detectors

Aristizabal-Sierra, Dutta, Kim, Snowden-Ifft, Strigari, 2021: 2103.10857



Summary: CEvNS detections and future prospects 
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Two community SNOWMASS white papers: CEvNS Theory + Experiment (Strigari/Barbeau/Strauss); G3 dark matter detection (Rafael Lang et al.) 


