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Outline:

Direct (dark matter) detection experiments will soon observe solar neutrinos. This offers 
a unique possibility to use them to test new physics in the neutrino sector.

I will illustrate this with two examples:

- Exploring the parameter space of neutrino Non-Standard Interactions (NSI) in a 
complementary way to dedicated neutrino experiments

- Searching for sterile neutrinos in the MeV mass range and determining their mass

Amaral, Cerdeño, Cheek, Foldenauer, JHEP 07 (2023) 071 (2302.12846)
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What we do not see in this image:

66 billion (solar) neutrinos/cm2 s

20 fg of dark matter/cm2 s
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Dark Matter is a necessary and very abundant component in our Universe

We have observed its gravitational effects at different scales

Galaxies:

The rotation velocity is 
incompatible with the 
visible mass (stars and 
gas) and non-luminous 
matter is needed. 

Galaxy clusters

Their typical velocities and 
dynamics suggest that 
dark matter has weak 
interactions with 
ordinary matter and is not 
self-interacting.

Cosmological scales

CMB anisotropies together 
with BBN compatible with a 
new type of matter. 
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Dark Matter is a necessary and very abundant component in our Universe

We have observed its gravitational effects at different scales

Dark Energy

Dark Matter

Baryons

68.5%

26.6%

4.9%
A plausible hypothesis is that dark matter is a new 
type of (stable, neutral, weakly-interacting) particle
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Direct Detection Accelerators (LHC)

Astrophysics and Cosmo Indirect searches

Dark matter can be searched for in different ways

These explore complementary properties of dark matter particle models

(production )(dispersion)

(production) (annihilation or decay)

28/11/2023 Liverpool
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Direct dark matter detection often requires large underground experiments

Expected number of events 

Scattering cross section

Particle physics (dark matter model)

Nuclear Physics (form factors)

Materials Science, solid-state physics etc 
(describe the structure of the target in 
the detector)

Dark matter halo parameters

Local density and DM velocity distribution 
function

Uncertainties in the halo parameters

Directionality and time-dependence

Experimental parameters

Size, energy resolution, energy threshold

Backgrounds and signal identification
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Direct dark matter detection often requires large underground experiments

Expected number of events 
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The scattering cross section contains the details about the microphysics of the DM model
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These operators contribute to six types of response105

functions, as well as two types of interference. The spin-106

independent response is denoted M and is typically the107

strongest of the six functions since it is related to the108

number of nucleons in the target nucleus. The main con-109

tribution to this response comes from the standard spin-110

independent operator O1, but it also contains higher-111

order contributions from operators 5, 8, and 11. There112

are two spin-dependent responses, ⇥� and ⇥��, which cor-113

respond to projections of spin parallel and perpendicular114

to the momentum transfer. A linear combination of these115

two responses yields the standard spin-dependent opera-116

tor O4. Many of the other operators also appear in one117

of these two responses. The � response, a novel type of118

response introduced in the e⌅ective field theory, is related119

to the net angular momentum of an unpaired nucleon and120

contains contributions from operators 5 and 8. A second121

novel response is ⇤��, which is is sensitive to the product122

of angular momentum and spin. This response tends to123

favor heavier elements and is the dominant response for124

O3. The last response considered in the e⌅ective field125

theory, ⇤̃�, contains contributions from operators 3, 12,126

and 15. ⇤̃� is discussed less frequently in the literature127

since it is di⌃cult to find a model that produces this128

response, but we consider it here for completeness.129

The e⌅ective field theory also includes two operator-130

operator interference terms: ⇥�� andM⇤��. ⇥� interferes131

with � because responses which are dependent on veloc-132

ity are sensitive to properties such as angular momentum133

which depend on the motion of the nucleon within the nu-134

cleus. This interference term is particularly significant for135

germanium, which has large responses to both ⇥� and �.136

The ⇥�� response contains interference between O4 and137

O5, as well as between O8 and O9. In addition, since138

both M and ⇤�� are scalar responses, interference be-139

tween the two can be significant, especially for elements140

like xenon which have large responses to both. The M⇤��
141

response contains interference between operators O1 and142

O3, operators O11 and O12, and operators O11 and O15.143

The strength of an EFT interaction is governed by nu-144

merical coe⌃cients associated with each of the operators,145

one for each operator and isospin. These coe⌃cients are146

here labeled c�i with i indicating operator number and147

� = 0 or 1 indicating isoscalar (cp = cn) and isovector148

(cp = �cn), respectively. They are generalized versions149

of fn and fp and can take on any value, positive or neg-150

ative. The coe⌃cients appear as c�i c
� 0

j in the interaction,151

indicating that operators interfere at most pair-wise.152

This paper discusses the Fitzpatrick et al. e⌅ective field153

theory in the context of current and proposed direct de-154

tection experiments. We present exclusion limits on EFT155

operator coe⌃cients using the optimum interval method.156

We discuss the di⌅erences in energy spectra that arise for157

arbitrary EFT interactions and examine how this energy158

dependence may a⌅ect future experiments if WIMP can-159

didate events are observed. We also consider the vari-160

ation in interaction strength across the elements com-161

monly used as direct detection targets and discuss pos-162

sible ways of exploring interference using experimental163

results. Finally, we discuss the implications of this e⌅ec-164

tive field theory for the G2 direct detection experiments.165

EXCLUSION LIMITS ON A SET OF EFT166

OPERATORS167

The strength of the interaction in the EFT frame-168

work is governed by a set of 28 numerical coe⌃cients169

corresponding to the 14 operators, one for each isospin.170

Other work has attempted to find global fits in this many-171

dimensional EFT parameter space using combined data172

from many direct detection experiments [21]. However,173

since the parameter space is large and relatively uncon-174

strained by current experiments, we choose to calculate175

exclusion limits on the coe⌃cients for individual EFT176

operator for three di⌅erent target elements: germanium177

(SuperCDMS LT and CDMS-II), silicon (CDMS-II), and178

xenon (LUX). This is the first EFT experimental result179

that includes all three target elements that will be used180

in the G2 experiments. In addition, the optimum inter-181

val method provides a more accurate calculation of the182

limits since it includes information about the candidate183

event energies and energy-dependent detection e⌃ciency184

that is lost in likelihood methods that consider a single185
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Unsuccessful searches lead to upper constraints on the scattering cross-section

EXCL
UDED
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Future experiments will further explore the DM parameter space

Explored (excluded) region

28/11/2023 Liverpool
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Future experiments will further explore the DM parameter space

Explored (excluded) region

Increase the
target size

Reduce the 
experimental energy 
threshold

28/11/2023 Liverpool
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First experimental detection of CEvNS at the COHERENT experiment, on two complementary 
targets (CsI and Lar).

Coloma et al. (2017); Denton et al. (2018); Abdullah et al. (2018); Amaral et al. (2020)
Flores et al. (2020); Miranda et al. (2020); Shoemaker et al. (2021)

Coherent elastic neutrino-nucleus scattering (CEvNS)

The results are compatible with the SM prediction, leading to constraints on potential 
new physics.

28/11/2023 Liverpool

COHERENT Collab. 2017, 2021

MeV neutrinos have the equivalent length of ~fm and can scatter coherently with nuclei
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Signal at Spallation Source experiments

The neutrino flux contains three components: the continuous        and       and the 
monochromatic 
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Direct detection experiments are becoming so sensitive that they will son be able to detect 
solar and atmospheric neutrinos.

Rare Standard Model process recently measured in 
spallation source experiments

Irreducible background – neutrino fog/floor

(Inelastic) electron scattering

Usual electroweak process mediated by the Z and W
bosons

Coherent Elastic neutrino-Nucleus Scattering (CEvNS)

n
n

ER

n
n

e-

COHERENT Collab. 2017, 2021

O’Hare et al 2017

Neutrinos can be observed in direct detection experiments:

28/11/2023 Liverpool
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Direct detection experiments are becoming so sensitive that they will son be able to detect 
solar and atmospheric neutrinos.

Rare Standard Model process recently measured in 
spallation source experiments

Irreducible background – neutrino fog/floor

(Inelastic) electron scattering

Coherent Elastic neutrino-Nucleus Scattering (CEvNS)

COHERENT Collab. 2017, 2021

O’Hare et al 2017

Neutrinos can be observed in direct detection experiments:

28/11/2023 Liverpool

Usual electroweak process mediated by the Z and W
bosons
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FIG. 1. Spectra of solar neutrinos accessible to direct
detection experiments. In black are the pp and 8B
fluxes that will be seen respectively by electron and
nuclear recoils in second generation (G2) and future
experiments. CNO fluxes are in blue. The purple Be
and pep lines, as well as the subdominant hep flux are
not considered in this work. The bands at the top of
the figure illustrate the reach of electron recoils (light
shading) and nuclear recoils (dark shading) in future
experiments, based on the optimistic configurations
listed in Table I. A low-threshold experiment with a
light target nucleus may be able to probe the CNO
fluxes for the first time, provided that backgrounds are
low enough and nuclear recoils can be discriminated.

error from Borexino [19]. Such precision measure-
ments can also help distinguish between metal-
rich and metal-poor solar models, via the correla-
tion between neutrino production and the environ-
mental abundance of primordial heavy elements
[22–25].

The nuclear recoil event rates are sensitive to
the weak (or Weinberg) angle ✓W , which expresses
the ratio of the charged to neutral weak gauge
boson masses,

cos ✓W ⌘
mW

mZ
, (1)

and e↵ectively determines the ratio between the
couplings of the neutrino to the proton ver-
sus the neutron at low energies. The quantity
sin2✓W has been determined to very high accu-
racy at the electroweak scale, in high energy ex-
periments. Given LEP, PETRA and PEP mea-
surements [26, 27], the SM renormalization group
equations imply that this parameter should run
to sin2✓W = 0.2387 at low energies in the MS
scheme [28]. Thus far, the lowest-energy direct
probe of sin2✓W has been at scales of 2.4 MeV [29],
via atomic parity violation measurements in 133Cs

[30]. Given that the momentum exchange in co-
herent neutrino-nucleus scattering occurs at ener-
gies of a few MeV, and that electron recoils are
expected to probe the O(10 keV) range, a di-
rect measurement of sin2✓W in future DD exper-
iments would constitute the first measurement of
this quantity in the keV-MeV range.

Finally, precision measurements of solar neu-
trinos can help constrain new physics contribu-
tions, including a sterile component in the solar
flux [20], as well as the presence of new media-
tors, particularly if they are light (below the GeV
scale). These light mediators could have impor-
tant consequences in neutrino physics [31], in the
long standing proton radius discrepancy [32], and
in light DM scenarios [33]. Indeed, for su�ciently
light mediators, the scattering rate will grow as
1/q2 as one goes to lower energies, so the low mo-
mentum transfer of DD experiments makes them
ideal laboratories for such searches.

III. NEUTRINO SCATTERING IN DD
EXPERIMENTS

Solar neutrinos might leave a signal in DD ex-
periments, either through their coherent scatter-
ing with the target nuclei or through scattering
with the atomic electrons.

In general, the number of recoils per unit energy
can be written

dR

dER
=

✏

mT

Z
dE⌫

d�⌫

dE⌫

d�⌫

dER
, (2)

where ✏ is the exposure and mT is the mass of the
target electron or nucleus. If several isotopes are
present, a weighted average must be performed
over their respective abundances.

The SM neutrino-electron scattering cross sec-
tion is

d�⌫e

dER
=

G2
Fme

2⇡


(gv + ga)

2 + (3)

(gv � ga)
2

✓
1�

ER

E⌫

◆2

+ (g2a � g2v)
meER

E2
⌫

�
,

where GF is the Fermi constant, and

gv;µ,⌧ = 2 sin2 ✓W �
1

2
; ga;µ,⌧ = �

1

2
, (4)

for muon and tau neutrinos. In the case ⌫e +
e ! ⌫e + e, the interference between neutral and
charged current interaction leads to a significant
enhancement:

gv;e = 2 sin2 ✓W +
1

2
; ga;e = +

1

2
. (5)

The neutrino-nucleus cross section in the SM reads

d�⌫N

dER
=

G2
F

4⇡
Q2

vmN

✓
1�

mNER

2E2
⌫

◆
F 2(ER), (6)

3

Experiment ✏ (ton-year) Eth,n (keV) Eth,o (keV) Emax (keV) R(pp) R(8B) R(CNO)
G2-Ge 0.25 0.35 0.05 50 – [62 – 85] [0 – 3]
G2-Si 0.025 0.35 0.05 50 – [3 – 3] 0
G2-Xe 25 3.0 2.0 30 [2104 – 2167] [0 – 64] 0

Future-Xe 200 2.0 1.0 30 [17339 – 17846] [520 – 10094] 0
Future-Ar 150 2.0 1.0 30 [14232 – 14649] [6638 – 12354] 0
Future-Ne 10 0.15 0.1 30 [1141 – 1143] [898 – 910] [21 – 63]

TABLE I. Physical properties of idealized G2 (top 3 lines) and future experiments used in our forecasts, with the
expected total pp and boron-8 neutrino events, based on planned masses of similar experiments and an exposure
of 5 years. We give nominal and optimistic threshold energies and maxima for the energy windows based on
the energy beyond which backgrounds are expected to dominate. Our idealized G2 Ge and Si experiments are
similar to the SuperCDMS SNOLAB phase, while the G2 Xe experiment is similar to LZ projections. Future
experiments are similar to the planned DARWIN experiment, or an argon phase of a DARWIN-like experiment.

where F 2(ER) is the nuclear form factor, for which
we have taken the parametrisation given by Helm
[34].1 Qv parametrises the coherent interaction
with protons (Z) and neutrons (N = A � Z) in
the nucleus:

Qv = N � (1� 4 sin2✓W )Z. (7)

Current DD experiments excel at the discrimi-
nation of nuclear recoils from electron recoils. By
design, these detectors are engineered in such a
way that the nuclear recoil background induced by
either radioactive processes or cosmic-rays is ex-
tremely small. Thus, in our analysis we consider
the idealised situation in which nuclear recoils are
produced solely by coherent neutrino scattering.
This assumes that any nuclear recoil backgrounds
can be completely identified and eliminated and
that either no signal for dark matter has been
found or that a potential dark matter background
can be discriminated.

On the other hand, electron recoils from ra-
dioactive processes are copious, and would consti-
tute a very important background for the study
of neutrino-electron scattering. Future advances
in the design and construction of extremely ra-
diopure detectors will allow a significant reduction
of the noise levels. For example, current rates in
Xenon100 electron recoil band are of the order of
3⇥103 events ton�1 yr�1 keV�1 [36], but projected
xenon-based experiments such as DARWIN aim to
reduce this to O(10) events ton�1 yr�1 keV�1 [18]
for recoil energies below 100 keV. In our analysis
we will consider the idealized situation in which
the electron recoil background is negligible com-
pared to standard ⌫ � e scattering.

For concreteness, we have specified in Ta-
ble I several experiment types that are similar in
threshold, e�ciency and exposure specifications to
upcoming experiments. We do not restrict our-
selves to experiment-specific parameters such as

1
Since we are mainly probing recoil energy regimes that

are lower than typical DM searches, the uncertainty due

to the choice of form factor is minimised [35].

background spectrum and resolution since these
are di�cult to estimate and subject to significant
change. We thus include a second-generation ger-
manium and silicon experiment (inspired by Su-
perCDMS SNOLAB), a second-generation xenon
experiment (inspired by LZ), as well as future
DARWIN-like xenon and argon experiments. Fi-
nally, we include a neon-based experiment to illus-
trate the possibility of observing the 15O and 13N
neutrinos from the CNO cycle with future low-
mass TPCs. The very recent Ref. [37] contains
some discussion of the pep line; however, even
for the most optimistic configuration that we con-
sider, we would see at most 2 pep events, versus a
possible ⇠ 60 CNO neutrinos in the same energy
range.

Tab. I shows the parameters that we use for
our benchmark models, and the expected num-
ber of events from electron recoils of pp neutri-
nos, R(pp), and nuclear recoils from 8B and CNO
neutrinos (R(8B) and R(CNO), respectively). We
have specified an exposure similar to planned ex-
periments, as well as two sets of threshold ener-
gies that are respectively nominal and optimistic
projections of what could be achieved in such ex-
periments (Eth,n, Eth,o). Last, as a stand-in for
realistic e�ciency curves, we take the e�ciency in
each experiment to rise linearly from 50% at the
threshold, to 100% at 1 keV (for Ge, Si, Ne) or
5 keV (Xe, Ar).

IV. SOLAR AND STANDARD MODEL
PHYSICS

The various components of the standard solar
model (SSM) make use of very well-understood
physics, but depend on over 20 individual input
parameters. These include the solar age, luminos-
ity, radial opacity dependence, di↵usion rates, nu-
clear cross sections and the elemental abundances
at age zero.

Since the downward revision of photospheric el-
emental abundances a decade ago, some tension
has remained between predictions of the SSM and
independent observations using helioseismology.

4

Expected signal in a direct detection experiment

Coherent Elastic neutrino-Nucleus Scattering (CEvNS)

The Standard Model rate has no free parameters
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New physics can lead to extra contributions to CEvNS

- The neutrino floor rises
- It makes it possible to observe the new low-mass 

mediators
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Scalar-mediated models

FIG. 3. As in Fig. 2, but for a scalar mediator. For the constraints on our model, we consider three di↵erent
cases discussed in Sec IIA: one in which supernova constraints are neglected (dashed), one in which supernova
di↵raction constraints are included but bounds from the SN core EoS are ignored (dot-dashed) and one in which
all supernova constraints are included (dotted).

since the region of heavy mediators is more constrained from particle physics bounds, meaning that
the best prospects to constrain such models come from experiments with low energy thresholds such
as SuperCDMS SNOLAB.

IV. CONCLUSIONS

In this paper we have determined the contribution from new physics models to the coherent neutrino
scattering (CE⌫NS) floor, which is expected to be within the reach of next-generation DM direct
detection experiments. We have considered a collection of simplified models that include a new vector
or scalar mediator between the SM neutrino and the SM quarks and leptons. We have incorporated
the most recent constraints from various sources of experiments and astrophysical observations and
used them to determine the maximum reach of the neutrino floor in the parameter space of elastic
spin-independent DM scattering. In doing this, we have payed particular attention to the limits on new
physics that can be derived from the recent observation of CE⌫NS by the COHERENT collaboration.

We have observed that, in the case of vector mediators embedded in UV complete frameworks, the
CE⌫NS floor can be raised by approximately a factor of two for small DM masses (below 10 GeV, where
the main contribution is due to solar neutrinos) and by a factor of 1.3 for large DM masses (where
atmospheric neutrinos dominate). Experimental limits from neutrino and beam dump experiments are
the main obstacle that limits the height of the neutrino floor in these scenarios.

In the case of new scalar mediators, the neutrino floor can be raised by several orders of magnitude
in the region of low-mass DM (below 10 GeV), a feature that is definitely within the reach of upcoming
experiments such as SuperCDMS SNOLAB and NEWS-G. However, this spectacular enhancement is
subject to the re-examination of supernovae bounds, as new physics can induce changes in the equation
of state of the supernova core that must be carefully analysed. If these bounds turn out to be as strong
as suggested in Ref. [50], the maximum enhancement of the neutrino floor due to a light scalar mediator
would be quite small.

Our results indicate that the expected CE⌫NS background in the recent XENON1T results could
increase by an a factor of two or even more. More importantly, future claims by DM experiments in
the low-mass window must be carefully examined to discriminate neutrino and DM signals well above
the expected SM neutrino floor.

7

The neutrino floor can be orders of 
magnitude higher than in the SM

Boehm, Cerdeño, Machado, Olivares, Reid 2018

How high is the neutrino floor?

This big increase is due to the 
reevaluation of Supernovae 

constraints 

Cerdeño, Cermeño, Pérez, Reid 2021
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FIG. 1: Neutrino energy spectra which are backgrounds to di-
rect detection experiments: Solar, atmospheric, and the dif-
fuse supernovae background. The Solar neutrino fluxes are
normalized to the high metallicity SSM. The atmospheric neu-
trinos are split into electron, antielectron, muon and antimuon
neutrino components. The three DSNB spectra are labelled
by their temperature in MeV, see Sec.II C.

the inverse of the direction of the Sun1. As shown in
Ref. [16], both the Solar neutrino and WIMP event rates
have a ⇠ 5% annual modulation but they peak at times
that are separated by about 5 months, and consequently
timing information could help discriminate WIMPs from
neutrinos.

B. Atmospheric neutrinos

At higher nuclear recoil energies, greater than approxi-
mately 20 keV, the neutrino floor at high WIMP masses,
i.e., above 100 GeV, will mostly be induced by low-
energy atmospheric neutrinos (see [14, 17]). These will
limit the sensitivity of dark matter detectors without di-
rectional sensitivity to spin independent cross-sections
greater than approximately 10�48 cm2 [12, 14, 17].

The low energy flux of atmospheric neutrinos, less than
approximately 100 MeV, is di�cult to directly measure
and theoretically predict [22]. At these energies, the un-
certainty on the predicted atmospheric neutrino flux is
approximately 20% [23]. Due to a cuto↵ in the rigidity
of cosmic rays induced by the Earth’s geomagnetic field
at low energies, the atmospheric neutrino flux is larger
for detectors that are nearer to the poles [23].

1 We ignore the angular size of the Sun’s core on the sky which
would give a tiny angular spread in the incoming neutrino direc-
tions

Over all energies, the atmospheric neutrino flux peaks
near the horizon, at zenith angle cos ✓ ' 0. At high en-
ergies, the flux is very nearly symmetric about cos ✓ ' 0,
as at these energies the cosmic ray particles are more
energetic than the rigidity cuto↵. At low energies, the
flux becomes asymmetric, as the flux of downward-going
(cos ✓ = 1) neutrinos is lower than the flux of upward-
going neutrinos (cos ✓ = �1). For the analysis in this
paper, we consider the FLUKA results for the angular
dependence of the atmospheric neutrino rate [24]. As we
discuss below, we find that when this flux is convolved
with the angular dependence of the coherent neutrino-
nucleus cross-section, the angular dependence is washed
out and the recoil spectrum depends only weakly on di-
rection. There is also a seasonal variation in the neutrino
flux based on the atmospheric temperature which induces
an additional time modulation. However the exact time
dependence of this e↵ect at the latitude of our mock ex-
periment is not known and is likely too small to have a
large e↵ect on the observed limits. Hence for this study
we ignore both the angular and time dependence of the
atmospheric neutrino flux and model it as isotropic and
constant in time,

d3�

dE⌫d⌦⌫dt
=

1

4⇡�t

d�

dE⌫
. (2)

C. Di↵use supernova neutrinos

For WIMP masses between 10 and 30 GeV, the neu-
trino floor is likely induced by the sub-dominant dif-
fuse supernova neutrino background (DSNB), from all
supernova explosions in the history of the Universe. The
DSNB flux is a convolution of the core-collapse supernova
rate as a function of redshift with the neutrino spectrum
per supernova; for a recent review of the predicted DSNB
flux see Beacom [25]. The DSNB spectra have a similar
form to a Fermi-Dirac spectrum with temperatures in
the range 3-8 MeV. We use the following temperatures
for each neutrino flavour: T⌫e = 3 MeV, T⌫̄e = 5 MeV
and T⌫x = 8 MeV, where ⌫x represents the four remaining
neutrino flavours. Motivated by theoretical estimates we
take a systematic uncertainty on the DSNB flux of 50%.
The DSNB is believed to be isotropic and constant over
time, therefore its angular dependence can be expressed,
as with the atmospheric neutrinos, using Eq. (2).

III. NEUTRINO AND DARK MATTER RATE
CALCULATIONS

A. Coherent neutrino-nucleus elastic scattering

We only consider the neutrino background from coher-
ent neutrino-nucleus elastic scattering (CNS) as it pro-
duces nuclear recoils in the keV energy scale which cannot
be distinguished from a WIMP interaction. We neglect

8B

CNO

pp

Atmospheric

Supernova

Solar

Solar neutrinos
dominate at low energy – the leading 
contribution is the pp chain below 1 MeV

Diffuse supernova neutrino background
relevant around ~20-50 MeV. Yet undetected

Atmospheric
very energetic but with a much smaller rate

Neutrino flux
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Solar neutrinos
dominate at low energy – the leading 
contribution is the pp chain below 1 MeV

Produced as electron neutrinos, they 
oscillate into other flavours

Matter oscillation in solar medium dominates flavour composition 
reaching earth: at 10 MeV (8B) there is significant oscillation into 
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FIG. 1: Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric, and
di↵use supernovae [22–24]. Right: Neutrino background event rates for a germanium based detector. The black dashed line
corresponds to the sum of the neutrino induced nuclear recoil event rates. Also shown is the similarity between the event rate
from a 6 GeV/c2 WIMP with a SI cross section on the nucleon of 4.4⇥ 10�45 cm2 (black solid line) and the 8B neutrino event
rate.

neutrino-nucleus cross section with the neutrino flux as

dR⌫
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Emin
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dN

dE⌫

d�(E⌫ , Er)

dEr
dE⌫ (4)

where dN
dE⌫

corresponds to the neutrino flux. As it has
been shown in Ref. [17], the neutrino-nucleon elastic
interaction is theoretically well-understood within the
Standard Model, and leads to a coherence e↵ect imply-
ing a neutrino-nucleus cross section that approximately
scales as the atomic number (A) squared when the mo-
mentum transfer is below a few keV. At tree level, the
neutrino-nucleon elastic scattering is a neutral current
interaction that proceeds via the exchange of a Z boson.
The resulting di↵erential neutrino-nucleus cross section
as a function of the recoil energy and the neutrino en-
ergy is given by [18]:
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dEr
=

G
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!mN

✓
1� mNEr

2E2
⌫

◆
F

2
SI(Er) (5)

where mN is the nucleus mass, Gf is the Fermi coupling
constant and Q! = N � (1 � 4 sin2 ✓!)Z is the weak
nuclear hypercharge with N the number of neutrons, Z
the number of protons, and ✓! the weak mixing angle.
The presence of the form factors describes the loss of
coherence at higher momentum transfer and is assumed
to be the same as for the WIMP-nucleus SI scattering.
Interestingly, as the CNS interaction only proceeds
through a neutral current, it is equally sensitive to all
active neutrino flavors.

In Fig. 1 (left panel), we present all the neutrino fluxes
that will induce relevant backgrounds to dark matter
detection searches. The di↵erent neutrino sources con-
sidered in this study are the sun, which generates high
fluxes of low energy neutrinos following the pp-chain [19]

and the possible CNO cycle [20, 21], di↵use supernovae
(DSNB) [22] and the interaction of cosmic rays with the
atmosphere [23] which induces low fluxes of high energy
neutrinos. As a summary of the neutrino sources used
in the following, we present in Table II the di↵erent
properties of the relevant neutrino families such as: the
maximal neutrino energy, the maximum recoil energy for
a Ge target nucleus and the overall flux normalization
and uncertainty. In order to most directly compare to
the analysis of Ref. [10], we use the standard solar model
BS05(OP) and the predictions on the atmospheric and
the DSNB neutrino fluxes from [23] and [22] respectively.

The di↵erent neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that
the highest event rates are due to the solar neutrinos
and correspond to recoil energies below 6 keV. Indeed,
the 8B and hep neutrinos dominate the total neutrino
event rate for recoil energies between 0.1 and 8 keV
and above these energies, the dominant component is
the atmospheric neutrinos. Also shown, as a black solid
line, is the event rate from a 6 GeV/c2 WIMP with
a SI cross section on the nucleon of 4.4 ⇥ 10�45 cm2.
We can already notice that for this particular set of
parameters (m�,�

SI), the WIMP event rate is very
similar to the one induced by the 8B neutrinos. As
discussed in the next section, this similarity will lead
to a strongly reduced discrimination power between
the WIMP and the neutrino hypotheses and therefore
dramatically a↵ect the discovery potential of upcoming
direct detection experiments.

Note that in this study we do not consider neutrino-
electron scattering, even though it is predicted to pro-
vide a substantial signal in future dark matter detectors.

Ge• Solar neutrinos
dominate at low energy – the 
leading contribution is the pp 
chain below 1 MeV

• Atmospheric neutrinos
contribute at higher energies but 
at a much smaller rate 

• Diffuse Supernovae 
Background 
relevant around ~20-50 MeV

8B

pp

Atmospheric

Experimental response to CEvNS
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FIG. 1: Left: Relevant neutrino fluxes to the background of direct dark matter detection experiments: Solar, atmospheric, and
di↵use supernovae [22–24]. Right: Neutrino background event rates for a germanium based detector. The black dashed line
corresponds to the sum of the neutrino induced nuclear recoil event rates. Also shown is the similarity between the event rate
from a 6 GeV/c2 WIMP with a SI cross section on the nucleon of 4.4⇥ 10�45 cm2 (black solid line) and the 8B neutrino event
rate.
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corresponds to the neutrino flux. As it has
been shown in Ref. [17], the neutrino-nucleon elastic
interaction is theoretically well-understood within the
Standard Model, and leads to a coherence e↵ect imply-
ing a neutrino-nucleus cross section that approximately
scales as the atomic number (A) squared when the mo-
mentum transfer is below a few keV. At tree level, the
neutrino-nucleon elastic scattering is a neutral current
interaction that proceeds via the exchange of a Z boson.
The resulting di↵erential neutrino-nucleus cross section
as a function of the recoil energy and the neutrino en-
ergy is given by [18]:
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where mN is the nucleus mass, Gf is the Fermi coupling
constant and Q! = N � (1 � 4 sin2 ✓!)Z is the weak
nuclear hypercharge with N the number of neutrons, Z
the number of protons, and ✓! the weak mixing angle.
The presence of the form factors describes the loss of
coherence at higher momentum transfer and is assumed
to be the same as for the WIMP-nucleus SI scattering.
Interestingly, as the CNS interaction only proceeds
through a neutral current, it is equally sensitive to all
active neutrino flavors.

In Fig. 1 (left panel), we present all the neutrino fluxes
that will induce relevant backgrounds to dark matter
detection searches. The di↵erent neutrino sources con-
sidered in this study are the sun, which generates high
fluxes of low energy neutrinos following the pp-chain [19]

and the possible CNO cycle [20, 21], di↵use supernovae
(DSNB) [22] and the interaction of cosmic rays with the
atmosphere [23] which induces low fluxes of high energy
neutrinos. As a summary of the neutrino sources used
in the following, we present in Table II the di↵erent
properties of the relevant neutrino families such as: the
maximal neutrino energy, the maximum recoil energy for
a Ge target nucleus and the overall flux normalization
and uncertainty. In order to most directly compare to
the analysis of Ref. [10], we use the standard solar model
BS05(OP) and the predictions on the atmospheric and
the DSNB neutrino fluxes from [23] and [22] respectively.

The di↵erent neutrino event rates are shown in Fig. 1
(right panel) for a Ge target. We can first notice that
the highest event rates are due to the solar neutrinos
and correspond to recoil energies below 6 keV. Indeed,
the 8B and hep neutrinos dominate the total neutrino
event rate for recoil energies between 0.1 and 8 keV
and above these energies, the dominant component is
the atmospheric neutrinos. Also shown, as a black solid
line, is the event rate from a 6 GeV/c2 WIMP with
a SI cross section on the nucleon of 4.4 ⇥ 10�45 cm2.
We can already notice that for this particular set of
parameters (m�,�

SI), the WIMP event rate is very
similar to the one induced by the 8B neutrinos. As
discussed in the next section, this similarity will lead
to a strongly reduced discrimination power between
the WIMP and the neutrino hypotheses and therefore
dramatically a↵ect the discovery potential of upcoming
direct detection experiments.

Note that in this study we do not consider neutrino-
electron scattering, even though it is predicted to pro-
vide a substantial signal in future dark matter detectors.

Ge

m > 100 GeV
s ~ 10-47 cm2

m = 6 GeV
s = 4.4 x 10-45 cm2

• Solar neutrinos
dominate at low energy – the 
leading contribution is the pp 
chain below 1 MeV

• Atmospheric neutrinos
contribute at higher energies but 
at a much smaller rate 

• Diffuse Supernovae 
Background 
relevant around ~20-50 MeV

Experimental response to CEvNS
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Direct (DM) detectors can be excellent complementary test of new neutrino physics 

- Low energy threshold and excellent energy resolution

- Sensitive to both nuclear and electron recoils

- Sensitive to the three neutrino flavours

Two examples:

• Direct detection can already set constraints on the general neutrino non-standard
interaction (NSI) parameter space. Future direct detectors will complement information
from dedicated neutrino experiments 

• It can also help to reconstruct the sterile neutrino mass when combined with data from
spallation source experiments.

Amaral, Cerdeño, Cheek, Foldenauer 2023

Alonso, Amaral, Bariego, Cerdeño, de los Ríos 2023
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The new physics can be expressed in terms of an effective theory, which parametrises 
corrections wrt the SM in terms of neutrino Non-Standard Interactions (NSI)

Direct detection experiments are sensitive to electron recoils. Therefore we must use a three-
dimensional parameter space for each NSI
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New parametrisation including electron recoils

Effective theories: Non-standard Interactions
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Effective theories: Non-standard Interactions

Neutrinos scatter in the detector in any of the neutrino final states. We need to sum 
over all asymptotic final states

Amaral, Cerdeño, Cheek, Foldenauer 2023
Coloma, Maltoni, González García 2023

<latexit sha1_base64="tKYwho7fZR4HktpH3qrOz1/imOY="></latexit>

dR

ER
= NT

Z

Emin
⌫

d�⌫

E⌫
Tr


⇢
d⇣

ER

�
dE⌫ ,



28/11/2023 Liverpool 26

Implemented the full chain of propagation, scattering plus detector effects for NSI in solar 
neutrinos. Open-source Python package

SNuDD: Solar Neutrinos for Direct Detection
https://github.com/SNuDD/SNuDD
D. Amaral, A. Cheek, D. Cerdeño, P. Foldenauer

Neutrino propagation inside the Sun assumes adiabaticity 

https://github.com/SNuDD/SNuDD
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We determine the new expressions for the generalized “scattering cross section” in terms 
of the NSI parameters

NUCLEAR RECOILS

ELECTRON RECOILS
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NUCLEAR SCATTERING

Consider one NSI coupling at a time and 
compare sensitivity to global fit limits from

Coloma, Esteban, González-García, Maltoni 2020

Blind spots: 
accidental cancellation between proton and 
neutron contributions.

Future DD experiments will be able to 
improve existing constraints

SM-NSI interference terms in CEvNS cross section
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NUCLEAR SCATTERING

Consider one NSI coupling at a time and 
compare sensitivity to global fit limits from

Coloma, Esteban, González-García, Maltoni 2020
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neutron contributions.

Future DD experiments will be able to 
improve existing constraints

SM-NSI interference terms in CEvNS cross section
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NUCLEAR SCATTERING

Consider one NSI coupling at a time and 
compare sensitivity to global fit limits from

Coloma, Esteban, González-García, Maltoni 2020

Blind spots: 
accidental cancellation between proton and 
neutron contributions.

Future DD experiments will be able to 
improve existing constraints

SM-NSI interference terms in CEvNS cross section
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NUCLEAR + ELECTRON
SCATTERING

We show the results on the                  plane.

ER sensitivities drop off towards (pure 
proton), whereas NR sensitivities become 
maximal.

Direct detection experiments have excellent 
sensitivity to ER.

Future DARWIN can potentially improve by an 
order of magnitude over current electron NSI 
bounds

Direct detection experiments become crucial to 
constrain neutrino parameters. 

They will need to be included in global neutrino 
parameter fits.
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NUCLEAR + ELECTRON
SCATTERING

We show the results on the                  plane.

ER sensitivities drop off towards (pure 
proton), whereas NR sensitivities become 
maximal.

Direct detection experiments have excellent 
sensitivity to ER.

Future DARWIN can potentially improve by an 
order of magnitude over current electron NSI 
bounds

Direct detection experiments become crucial to 
constrain neutrino parameters. 

They will need to be included in global neutrino 
parameter fits.
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Z

INELASTIC SCATTERING INTO A STERILE NEUTRINO

Neutrinos can also undergo an “upscattering” into sterile states if the 
mass of the sterile neutrino is smaller than the incident neutrino energy 
(~10 MeV for Solar neutrinos; ~45 MeV for Spallation Source 
experiments)

Direct detection experiments can probe this process. Current detectors 
not enough to probe new parameter space but good potential for
future ones.

If there is a detection, how can we tell if the observed interaction is a
sterile neutrino or some sort of NSI? Can we measure the sterile 
neutrino mass?

Shoemaker, Tsai, Wyenberg 2007
Shoemaker, Wyenberg 2018

Pospelov 2011

Example: sterile baryonic neutrino
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Parameter space

Foguel et al. 2201.01788
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FIG. 1. Spectra of solar neutrinos accessible to direct
detection experiments. In black are the pp and 8B
fluxes that will be seen respectively by electron and
nuclear recoils in second generation (G2) and future
experiments. CNO fluxes are in blue. The purple Be
and pep lines, as well as the subdominant hep flux are
not considered in this work. The bands at the top of
the figure illustrate the reach of electron recoils (light
shading) and nuclear recoils (dark shading) in future
experiments, based on the optimistic configurations
listed in Table I. A low-threshold experiment with a
light target nucleus may be able to probe the CNO
fluxes for the first time, provided that backgrounds are
low enough and nuclear recoils can be discriminated.

error from Borexino [19]. Such precision measure-
ments can also help distinguish between metal-
rich and metal-poor solar models, via the correla-
tion between neutrino production and the environ-
mental abundance of primordial heavy elements
[22–25].

The nuclear recoil event rates are sensitive to
the weak (or Weinberg) angle ✓W , which expresses
the ratio of the charged to neutral weak gauge
boson masses,

cos ✓W ⌘
mW

mZ
, (1)

and e↵ectively determines the ratio between the
couplings of the neutrino to the proton ver-
sus the neutron at low energies. The quantity
sin2✓W has been determined to very high accu-
racy at the electroweak scale, in high energy ex-
periments. Given LEP, PETRA and PEP mea-
surements [26, 27], the SM renormalization group
equations imply that this parameter should run
to sin2✓W = 0.2387 at low energies in the MS
scheme [28]. Thus far, the lowest-energy direct
probe of sin2✓W has been at scales of 2.4 MeV [29],
via atomic parity violation measurements in 133Cs

[30]. Given that the momentum exchange in co-
herent neutrino-nucleus scattering occurs at ener-
gies of a few MeV, and that electron recoils are
expected to probe the O(10 keV) range, a di-
rect measurement of sin2✓W in future DD exper-
iments would constitute the first measurement of
this quantity in the keV-MeV range.

Finally, precision measurements of solar neu-
trinos can help constrain new physics contribu-
tions, including a sterile component in the solar
flux [20], as well as the presence of new media-
tors, particularly if they are light (below the GeV
scale). These light mediators could have impor-
tant consequences in neutrino physics [31], in the
long standing proton radius discrepancy [32], and
in light DM scenarios [33]. Indeed, for su�ciently
light mediators, the scattering rate will grow as
1/q2 as one goes to lower energies, so the low mo-
mentum transfer of DD experiments makes them
ideal laboratories for such searches.

III. NEUTRINO SCATTERING IN DD
EXPERIMENTS

Solar neutrinos might leave a signal in DD ex-
periments, either through their coherent scatter-
ing with the target nuclei or through scattering
with the atomic electrons.

In general, the number of recoils per unit energy
can be written
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Features in the recoil spectrum in spallation source experiments

The inelastic contribution 
leads to a distortion of the 
recoil spectrum.

Since the distortion 
depends on the sterile 
neutrino mass, it is useful to 
reconstruct this quantity if 
there is a detection.

This is more easily 
observable in the 
contribution from the 
monochromatic 
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We assume a future experiment 
at the European Spallation 
Source (ESS) facility.

Parameter reconstruction in spallation source experiments

The mixing (with the muon 
neutrino) can be determined, 
but the sterile neutrino mass 
is normally unbounded from 
below.

The mass can be reconstructed in a small range around 
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Features in the recoil spectrum in direct detection

The features are not that 
prominent as in spallation 
source experiments.

The sterile neutrino mass is 
more difficult to determine. 

The sterile neutrino mass is 
more difficult to determine. 
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The combination allows to 
reconstruct smaller sterile 
neutrino masses. 

Parameter reconstruction: combination DD+SS

It also leads to better exclusion 
limits if nothing is observed.

The sterile neutrino cannot be 
produced from Solar neutrinos 
if their mass is larger than ~12 
MeV.
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Regions where the sterile neutrino mass can be measured

Including future data from direct detection allows to extend the range in which the sterile 
neutrino mass can be reconstructed.

Spallation Source
Direct Detection
Combined

Spallation source experiments alone can measure the sterile neutrino mass down to ~15 MeV

It is also crucial to break the degeneracy between couplings to the muon and tau neutrinos.
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Conclusions

Direct (dark matter) detection experiments will soon detect solar neutrinos, thereby 
contributing to probing new physics in this sector  

Their low energy threshold and resolution, and, specially, the fact that they are sensitive to both 
electron and nuclear recoils will allow them to provide complementary information to that of 
dedicated neutrino detector and spallation source experiments.

Liquid noble gas detectors (Xe) will probe new areas of the parameter space of non-standard 
interactions, and their results will need to be included in neutrino global fits.

They might also make it possible to better reconstruct the sterile neutrino mass, improving 
the results from spallation source experiments.
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FIG. 1. Spectra of solar neutrinos accessible to direct
detection experiments. In black are the pp and 8B
fluxes that will be seen respectively by electron and
nuclear recoils in second generation (G2) and future
experiments. CNO fluxes are in blue. The purple Be
and pep lines, as well as the subdominant hep flux are
not considered in this work. The bands at the top of
the figure illustrate the reach of electron recoils (light
shading) and nuclear recoils (dark shading) in future
experiments, based on the optimistic configurations
listed in Table I. A low-threshold experiment with a
light target nucleus may be able to probe the CNO
fluxes for the first time, provided that backgrounds are
low enough and nuclear recoils can be discriminated.

error from Borexino [19]. Such precision measure-
ments can also help distinguish between metal-
rich and metal-poor solar models, via the correla-
tion between neutrino production and the environ-
mental abundance of primordial heavy elements
[22–25].

The nuclear recoil event rates are sensitive to
the weak (or Weinberg) angle ✓W , which expresses
the ratio of the charged to neutral weak gauge
boson masses,

cos ✓W ⌘
mW

mZ
, (1)

and e↵ectively determines the ratio between the
couplings of the neutrino to the proton ver-
sus the neutron at low energies. The quantity
sin2✓W has been determined to very high accu-
racy at the electroweak scale, in high energy ex-
periments. Given LEP, PETRA and PEP mea-
surements [26, 27], the SM renormalization group
equations imply that this parameter should run
to sin2✓W = 0.2387 at low energies in the MS
scheme [28]. Thus far, the lowest-energy direct
probe of sin2✓W has been at scales of 2.4 MeV [29],
via atomic parity violation measurements in 133Cs

[30]. Given that the momentum exchange in co-
herent neutrino-nucleus scattering occurs at ener-
gies of a few MeV, and that electron recoils are
expected to probe the O(10 keV) range, a di-
rect measurement of sin2✓W in future DD exper-
iments would constitute the first measurement of
this quantity in the keV-MeV range.

Finally, precision measurements of solar neu-
trinos can help constrain new physics contribu-
tions, including a sterile component in the solar
flux [20], as well as the presence of new media-
tors, particularly if they are light (below the GeV
scale). These light mediators could have impor-
tant consequences in neutrino physics [31], in the
long standing proton radius discrepancy [32], and
in light DM scenarios [33]. Indeed, for su�ciently
light mediators, the scattering rate will grow as
1/q2 as one goes to lower energies, so the low mo-
mentum transfer of DD experiments makes them
ideal laboratories for such searches.

III. NEUTRINO SCATTERING IN DD
EXPERIMENTS

Solar neutrinos might leave a signal in DD ex-
periments, either through their coherent scatter-
ing with the target nuclei or through scattering
with the atomic electrons.

In general, the number of recoils per unit energy
can be written
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FIG. 1. Spectra of solar neutrinos accessible to direct
detection experiments. In black are the pp and 8B
fluxes that will be seen respectively by electron and
nuclear recoils in second generation (G2) and future
experiments. CNO fluxes are in blue. The purple Be
and pep lines, as well as the subdominant hep flux are
not considered in this work. The bands at the top of
the figure illustrate the reach of electron recoils (light
shading) and nuclear recoils (dark shading) in future
experiments, based on the optimistic configurations
listed in Table I. A low-threshold experiment with a
light target nucleus may be able to probe the CNO
fluxes for the first time, provided that backgrounds are
low enough and nuclear recoils can be discriminated.

error from Borexino [19]. Such precision measure-
ments can also help distinguish between metal-
rich and metal-poor solar models, via the correla-
tion between neutrino production and the environ-
mental abundance of primordial heavy elements
[22–25].

The nuclear recoil event rates are sensitive to
the weak (or Weinberg) angle ✓W , which expresses
the ratio of the charged to neutral weak gauge
boson masses,

cos ✓W ⌘
mW

mZ
, (1)

and e↵ectively determines the ratio between the
couplings of the neutrino to the proton ver-
sus the neutron at low energies. The quantity
sin2✓W has been determined to very high accu-
racy at the electroweak scale, in high energy ex-
periments. Given LEP, PETRA and PEP mea-
surements [26, 27], the SM renormalization group
equations imply that this parameter should run
to sin2✓W = 0.2387 at low energies in the MS
scheme [28]. Thus far, the lowest-energy direct
probe of sin2✓W has been at scales of 2.4 MeV [29],
via atomic parity violation measurements in 133Cs

[30]. Given that the momentum exchange in co-
herent neutrino-nucleus scattering occurs at ener-
gies of a few MeV, and that electron recoils are
expected to probe the O(10 keV) range, a di-
rect measurement of sin2✓W in future DD exper-
iments would constitute the first measurement of
this quantity in the keV-MeV range.

Finally, precision measurements of solar neu-
trinos can help constrain new physics contribu-
tions, including a sterile component in the solar
flux [20], as well as the presence of new media-
tors, particularly if they are light (below the GeV
scale). These light mediators could have impor-
tant consequences in neutrino physics [31], in the
long standing proton radius discrepancy [32], and
in light DM scenarios [33]. Indeed, for su�ciently
light mediators, the scattering rate will grow as
1/q2 as one goes to lower energies, so the low mo-
mentum transfer of DD experiments makes them
ideal laboratories for such searches.

III. NEUTRINO SCATTERING IN DD
EXPERIMENTS

Solar neutrinos might leave a signal in DD ex-
periments, either through their coherent scatter-
ing with the target nuclei or through scattering
with the atomic electrons.

In general, the number of recoils per unit energy
can be written
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FIG. 1. Spectra of solar neutrinos accessible to direct
detection experiments. In black are the pp and 8B
fluxes that will be seen respectively by electron and
nuclear recoils in second generation (G2) and future
experiments. CNO fluxes are in blue. The purple Be
and pep lines, as well as the subdominant hep flux are
not considered in this work. The bands at the top of
the figure illustrate the reach of electron recoils (light
shading) and nuclear recoils (dark shading) in future
experiments, based on the optimistic configurations
listed in Table I. A low-threshold experiment with a
light target nucleus may be able to probe the CNO
fluxes for the first time, provided that backgrounds are
low enough and nuclear recoils can be discriminated.

error from Borexino [19]. Such precision measure-
ments can also help distinguish between metal-
rich and metal-poor solar models, via the correla-
tion between neutrino production and the environ-
mental abundance of primordial heavy elements
[22–25].

The nuclear recoil event rates are sensitive to
the weak (or Weinberg) angle ✓W , which expresses
the ratio of the charged to neutral weak gauge
boson masses,

cos ✓W ⌘
mW

mZ
, (1)

and e↵ectively determines the ratio between the
couplings of the neutrino to the proton ver-
sus the neutron at low energies. The quantity
sin2✓W has been determined to very high accu-
racy at the electroweak scale, in high energy ex-
periments. Given LEP, PETRA and PEP mea-
surements [26, 27], the SM renormalization group
equations imply that this parameter should run
to sin2✓W = 0.2387 at low energies in the MS
scheme [28]. Thus far, the lowest-energy direct
probe of sin2✓W has been at scales of 2.4 MeV [29],
via atomic parity violation measurements in 133Cs

[30]. Given that the momentum exchange in co-
herent neutrino-nucleus scattering occurs at ener-
gies of a few MeV, and that electron recoils are
expected to probe the O(10 keV) range, a di-
rect measurement of sin2✓W in future DD exper-
iments would constitute the first measurement of
this quantity in the keV-MeV range.

Finally, precision measurements of solar neu-
trinos can help constrain new physics contribu-
tions, including a sterile component in the solar
flux [20], as well as the presence of new media-
tors, particularly if they are light (below the GeV
scale). These light mediators could have impor-
tant consequences in neutrino physics [31], in the
long standing proton radius discrepancy [32], and
in light DM scenarios [33]. Indeed, for su�ciently
light mediators, the scattering rate will grow as
1/q2 as one goes to lower energies, so the low mo-
mentum transfer of DD experiments makes them
ideal laboratories for such searches.

III. NEUTRINO SCATTERING IN DD
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FIG. 1. Spectra of solar neutrinos accessible to direct
detection experiments. In black are the pp and 8B
fluxes that will be seen respectively by electron and
nuclear recoils in second generation (G2) and future
experiments. CNO fluxes are in blue. The purple Be
and pep lines, as well as the subdominant hep flux are
not considered in this work. The bands at the top of
the figure illustrate the reach of electron recoils (light
shading) and nuclear recoils (dark shading) in future
experiments, based on the optimistic configurations
listed in Table I. A low-threshold experiment with a
light target nucleus may be able to probe the CNO
fluxes for the first time, provided that backgrounds are
low enough and nuclear recoils can be discriminated.
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Effective theories: Non-standard Interactions

Neutrinos scatter in the detector in any of the neutrino final states. We need to sum 
over all asymptotic final states

Amaral, Cerdeño, Cheek, Foldenauer 2023
Coloma, Maltoni, González García 2023
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Some interesting cases
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