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We explore the prospect of constraining light mediators at the next generation direct detection dark
matter detectors through coherent elastic neutrino-nucleus scattering (CEνNS) and elastic neutrino-electron
scattering (EνES) measurements. Taking into account various details like the quenching factor corrections,
atomic binding effects, realistic backgrounds, detection efficiency, energy resolution, etc., we consider two
representative scenarios regarding detector specifications. For both scenarios, we obtain the model-
independent projected sensitivities for all possible Lorentz-invariant interactions, namely, scalar (S),
pseudoscalar (P), vector (V), axial vector (A), and tensor (T). For the case of vector interactions, we also
focus on two concrete examples: the well-known Uð1ÞB−L and Uð1ÞLμ−Lτ

gauge symmetries. For all

interaction channels X ¼ fS; P; V; A; Tg, our results imply that the upcoming dark matter detectors have
the potential to place competitive constraints, improved by about 1 order of magnitude compared to
existing ones from dedicated CEνNS experiments, XENON1T, beam dump experiments, and collider
probes.
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I. INTRODUCTION

Although the Standard Model (SM) provides a rather
successful description of electroweak and strong inter-
actions in nature, there is a list of shortcomings that points
to the need of new physics beyond the Standard Model
(BSM). Usually, it is assumed that the scale of such new
physics is larger than the electroweak symmetry breaking
scale and the new BSM particles are heavy. For example,
the existence of new neutral Z0 gauge bosons under an extra
gauge symmetry is a common feature of many theories
beyond the SM [1]. Extensive phenomenological studies at
colliders [2] have been performed, taking the Z0 bosons to
be heavier than electroweak scale.
However, there exist various motivated BSM extensions

where the new physics is desirable to be at the low scale.
Light new physics, for example, can account for the
explanation of existing anomalies, such as the longstanding
anomalous magnetic moment of muons [3–5]. Moreover,
concerning the dark sector, several dark matter models

require the presence of light mediators to account for dark
matter self-interaction [6,7] and/or the recent XENON1T
anomaly [8–10]. Finally, the Peccei-Quinn solutions of the
strong CP problem also imply the presence of a light
Nambu-Goldstone boson called an axion [11–13], while
neutrino mass models involving dynamical lepton number
breaking often lead to a light pseudoscalar boson called
Majoron (Majorana neutrinos) or Diracon (Dirac neutri-
nos) [14,15].
While the implications of light vector and scalar

mediators to the expected signal rates had already been
explored at direct detection dark matter experiments
[16,17], after the recent observation of coherent elastic
neutrino-nucleus scattering (CEνNS) by the COHERENT
experiment [18–20] there has been an intense interest for
novel mediator investigations [21–28]. In addition to
COHERENT, data-driven constraints also exist from
upper limits on CEνNS, placed by the recent CONNIE
[29] and CONUS [30] measurements. Phenomenological
studies focusing on various U0ð1Þ realizations, such as the
Lμ − Lτ and B − L gauge symmetries have been explored
using solar neutrinos [31–33], as well as using supernova
neutrinos taking also into account corrections from medium
effects [34]. It is interesting to note that the latter can induce
a reduction of the cross section due to Pauli blocking and
therefore lead to less severe constraints. Very recently, the
expected modification to the neutrino floor has been
illustrated in the presence of vector and scalar mediators
[35], while the complementarity of CEνNS and direct
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detection dark matter experiments was emphasized through
a data-driven analysis of the neutrino floor.
In addition to scalar and vector mediator scenarios, it is

possible to explore further Lorentz-invariant structures, such
as scalar (S), pseudoscalar (P), vector (V), axial vector (A),
or tensor (T) interactions in a model-independent way
through neutrino generalized interactions (NGIs).
Assuming heavy mediators, NGIs have been explored in
Ref. [36] using CEνNS data from COHERENT and in
Ref. [37] through elastic neutrino-electron scattering (EνES)
by analyzing the Borexino data. Reference [38] performed a
global NGI analysis in the light data from EνES experi-
ments, neutrino deep inelastic scattering, and single-photon
detection from electron-positron collisions, while Ref. [39]
pointed out the possibility of probing the Dirac or Majorana
neutrino nature through NGIs. Tensorial exotic interactions
have been explored in Ref. [40] using the TEXONO data, as
well as in Ref. [41] where their connection to neutrino
transition magnetic moments was emphasized. Finally,
constraints in the tensor parameter space were extracted
from the analysis of COHERENT data [42] and more
recently by the CONUS Collaboration [30].
The next generation direct detection dark matter experi-

ments with multiton mass scale and sub-keV capabilities
are expected to become sensitive to astrophysical neutrinos.
Indeed, the XENON1T Collaboration has already reported
first results in its effort to identify a potential CEνNS
population—induced by 8B neutrinos of the solar flux—in
the background data [43]. Motivated by the upcoming large
scale next generation direct detection dark matter experi-
ments, such as XENONnT [44], in this work we consider
the possibility of exploring neutrino backgrounds using
nuclear and electron recoils. In particular, we are interested
to explore the prospects of constraining general neutrino
interactions induced by novel mediators via CEνNS and
EνES measurements at a future direct detection dark matter
experiment. Unlike previous studies—especially for the
cases of pseudoscalar, axial vector, and tensor interaction
channels—we allow the exchanged mediator to be suffi-
ciently light. Therefore, for all possible interaction chan-
nels, the dependence on the mediator mass has been
considered explicitly in the cross sections. Our present
results indicate that future dark matter detectors will offer
competitive constraints in the mass-coupling parameter
space, being also complementary to collider probes
and DUNE.
The remainder of the paper has been organized as

follows. In Sec. II, we provide the necessary formalism
regarding CEνNS processes. We start with the discussion of
CEνNS within the SM and then discuss the new physics
contribution to it. In Sec. III, we discuss the case of EνES,
again starting with the SM discussion and ending with the
new physics contribution. Our main results are presented in
Sec. IV, where we first discuss the model-independent
constraints on various types of new physics scenarios. We

then, as examples, take a few specific models with light
mediators and further analyze our constraints, comparing
and contrasting them with constraints obtained from other
experimental probes. Our concluding remarks are summa-
rized in Sec. V.

II. COHERENT ELASTIC NEUTRINO-NUCLEUS
SCATTERING

In this section, we provide the basic formalism for the
description of the various CEνNS interaction channels
considered in the present work, within and beyond the
SM. A model-independent analysis is performed by con-
sidering all possible Lorentz-invariant interaction channels
in the low-energy regime. The latter can be conveniently
classified in terms of the Lorentz and parity transformations
of the mediator particle, i.e., whether the mediator trans-
forms as S, P, V, A, or T. One further advantage of such
parametrization is that interactions of any particle having a
mixed transformation (e.g., SM Z0 boson) can also be taken
into account simply as a combination of S, P, V, A, T
interactions.

A. CEνNS within the SM

Assuming SM interactions only, for low and intermedi-
ate neutrino energies ðEν ≪ MZ0Þ CEνNS is accurately
described in the context of an effective four-fermion Fermi
interaction Lagrangian [45]

LSM ¼ −2
ffiffiffi
2

p
GF

X
f¼u;d
α¼e;μ;τ

gf;Pα;α ½ν̄αγρLνα�½f̄γρPf�: ð1Þ

Here, P≡ fL;Rg stand for the chiral projection operators,
f ≡ fu; dg represents the first generation quark, and gf;Pα;α is
the P-handed coupling of the quark f to the SM Z0 boson.
The latter are expressed in terms of the weak mixing angle
ðsin2 θW ¼ 0.2387Þ, as

gu;Lα;α ¼ 1

2
−
2

3
sin2θW; gu;Rα;α ¼ −

2

3
sin2θW;

gd;Lα;α ¼ −
1

2
þ 1

3
sin2θW; gd;Rα;α ¼ 1

3
sin2θW: ð2Þ

At tree level,1 the SM differential CEνNS cross section with
respect to the nuclear recoil energy Enr is given as [47]

�
dσ
dEnr

�
νN

SM
¼ G2

FmN

π
ðQSM

V Þ2
�
1 −

mNEnr

2E2
ν

�
; ð3Þ

whereGF is the Fermi constant andmN is the nuclear mass,
while the SM vector weak charge QSM

V takes the form [48]

1Subdominant radiative corrections are discussed in Ref. [46].
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QSM
V ¼ ½gVpZ þ gVnN�FWðq2Þ: ð4Þ

Here, Z and N denote the number of protons and neutrons
in the nucleus, while the corresponding vector couplings
for protons ðgVpÞ and neutrons ðgVn Þ read [49]

gVp ¼ 2ðgu;Lα;α þ gu;Rα;α Þ þ ðgd;Lα;α þ gd;Rα;α Þ ¼ 1=2 − 2sin2θW;

gVn ¼ ðgu;Lα;α þ gu;Rα;α Þ þ 2ðgd;Lα;α þ gd;Rα;α Þ ¼ −1=2: ð5Þ

It is noteworthy that Eq. (3) is valid for sufficiently low
momentum transfer in order to satisfy the coherency
condition q ≤ 1=RA [48], with RA being the nuclear radius
and q2 ¼ 2mNEnr denoting the magnitude of three-
momentum transfer. Moreover, to account for the finite
nuclear spatial distribution, nuclear physics corrections are
incorporated in Eq. (4) through the weak nuclear form
factor FWðq2Þ. In our present study, we adopt the Helm
parametrization, given as [50]

FWðq2Þ ¼
3j1ðqR0Þ

qR0

e½−1
2
ðqsÞ2�; ð6Þ

where j1ðxÞ is the first-order spherical Bessel function,
while the diffraction radius is given by R2

0 ¼ 5
3
R2 − 5s2,

with the nuclear radius and surface thickness taken
to be R ¼ 1.23A1=3 fm and s ¼ 0.9 fm, respectively, with
A ¼ N þ Z being the atomic mass number.

B. CEνNS contribution from light novel mediators

NGIs constitute a useful model-independent probe that
can accommodate several attractive BSM scenarios. By
restricting ourselves to low-energy neutral-current inter-
actions (below the electroweak symmetry breaking scale),
in this work we consider general new physics interactions
arising from the Lagrangian [36,51]

LNGI ¼
GFffiffiffi
2

p
X

X¼S;P;V;A;T
f¼u;d
α¼e;μ;τ

Cf;P
α;α ½ν̄αΓXLνα�½f̄ΓXPf�: ð7Þ

Therefore, in what follows, all possible Lorentz-invariant
structures are taken into account, i.e., ΓX ¼ f1; iγ5; γμ;
γμγ5; σμνg (with σμν ¼ i

2
½γμ; γν�Þ, corresponding to X ¼

fS; P; V; A; Tg interactions, respectively. The dimension-
less coefficients Cf;P

α;α measure the relative strength of the
new physics interaction X and are of the order of
ð ffiffiffi

2
p

=GFÞðg2X=ðq2 þm2
XÞÞ with mX and gX being the mass

of the exchanged light mediator and the corresponding
coupling, respectively. Throughout this work, we define the
coupling gX ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffigνXgfX

p ; f ¼ fu; dg for CEνNS and f ¼ e
for EνES.
We proceed by relying on previous analyses [52,53] that,

in the limit of vanishing momentum transfer, argued that

the nucleonic matrix element of the quark current is
proportional to that of the corresponding nucleon current
hNfjq̄ΓXqjNii≡ FXðqÞhNfjN̄ΓXNjNii, where FXðqÞ is
the form factor calculated within the framework of non-
perturbative low-energy QCD. The individual interactions
and their contribution to the CEνNS differential cross
section are listed in Table I. For the different interactions
X, the relevant effective charges QX entering the respective
cross sections are given by [16,40,53,54]

Qs ¼ gνS

�
Z
X
q

gqS
mp

mq
fpq þ N

X
q

gqS
mn

mq
fnq

�
FWðq2Þ;

QP ¼ gνP

�
Z
X
q

gqP
mp

mq
hpq þ N

X
q

gqP
mn

mq
hnq

�
FWðq2Þ;

QV ¼ gνV ½ð2guV þ gdVÞZ þ ðguV þ 2gdVÞN�FWðq2Þ;

QA ¼ gνA

�
ZSp

X
q

gqAΔ
p
q þ NSn

X
q

gqAΔn
q

�
FWðq2Þ;

QT ¼ gνT

�
Z
X
q

gqTδ
p
q þ N

X
q

gqTδnq

�
FWðq2Þ: ð8Þ

In the latter expressions, the hadronic structure parameters
for the scalar case (S) are fpu ¼ 0.0208, fnu ¼ 0.0189,
fpd ¼ 0.0411, and fnd ¼ 0.0451 [55], for the pseudoscalar
case (P) are hpu ¼ hnu ¼ 1.65 and hpd ¼ hnd ¼ 0.375 [56],
and for the tensor case (T) are δpu ¼ δnd ¼ 0.54 and δpd ¼
δnu ¼ −0.23 [55]. Finally, for the case of axial vector (A)
interactions, the hadronic parameters read Δp

u ¼ Δn
u ¼

0.842 and Δp
d ¼ Δn

d ¼ −0.427 [57], while the spin expect-
ation values ðSp and Sn) are nuclear model and isotope
dependent. In the present study, we consider the following
spin expectation values for protons ð129Xe∶Sp¼0.010;
131Xe∶Sp¼−0.009Þ and neutrons ð129Xe∶Sn¼0.329;
131Xe∶Sn¼−0.272Þ, extracted from shell model nuclear
structure calculations in Ref. [58].2

A few comments are in order. First, from Table I it
becomes evident that for the case of S, P, A, T interactions
there is an absence of interference with the SM CEνNS
cross section, in contrast to the vector mediator case where
the new physics contribution yields interference terms. For
the sake of clarity we should stress that, in principle, the
axial vector interaction adds incoherently to the SM
CEνNS cross section, however, the SM axial contribution
is significantly suppressed with respect to the vector one
and therefore neglected (see Ref. [42]). Moreover, as
discussed in Ref. [36], the existence of axial quark terms
in the interaction Lagrangian (7) will lead to pseudoscalar-
scalar neutrino-quark couplings, the study of which will be

2Even-even xenon isotopes with 0þ ground state do not
contribute to axial vector interactions because of angular mo-
mentum conservation.
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relaxed as it goes well beyond the scope of our work.
Finally, the P and A terms are spin-dependent and therefore
suppressed with respect to S, V, T terms.3 For the latter
issue, we will rely on the assumption that the new physics
interaction is controlled by the strength of the neutrino
coupling.
Focusing on light vector mediators only, in this work we

will consider three different models, determined by the
charges of leptons Q0

l and quarks Q
0
q under the extra gauge

symmetry Uð1Þ0 [61]. First, we consider a generic model
where the new vector mediator V couples universally to all
SM fermions, such that Q0

l ¼ Q0
q ¼ 1, corresponding to an

effective vector charge in Eq. (8) with gqV ¼ gνV . Second,
we focus on the UB−L extension of the SM, in which the
anomaly cancellation conditions Q0

l ¼ −1 and Q0
q ¼ 1=3

imply an effective vector charge with gqV ¼ −gνV=3.
Finally, we consider the gauged ULμ−Lτ

symmetry, where
the new vector mediator boson couples directly only to
muons and tauons with the absence of tree-level couplings
to quarks. In this model, contributions to CEνNS are
possible at the one-loop level, leading to an “effective”
kinetic mixing between the new mediator and the SM
photon [62], and the corresponding cross section
reads [28,63]

�
dσ
dEnr

�
νN

Lμ−Lτ

¼
�
1�

αemgνVgqV logðm
2
τ

m2
μ
ÞZFWðq2Þ

3
ffiffiffi
2

p
πGFQSM

V ðq2 þm2
VÞ

�2

×

�
dσ
dEnr

�
νN

SM
; ð9Þ

where αem is the fine structure constant, while mμ and mτ

denote the muon and tau masses, respectively,4 and the

plus (minus) sign accounts for νμ-nucleus (ντ-nucleus)
scattering.

III. ELASTIC NEUTRINO-ELECTRON
SCATTERING

Proceeding in an analogous way as in the case of
CEνNS, in this section we discuss the formalism describing
EνES within and beyond the SM.

A. EνES through SM interaction channel

EνES is a well-understood weak flavored process
where (anti)neutrinos of flavor α ¼ fe; μ; τg interact with
electrons via elastic scattering at low and intermediate
energies, receiving contributions from both neutral and
charged currents for α ¼ e, and neutral current only for
α ¼ fμ; τg. Within the framework of the SM, the
Lagrangian density corresponding to the process

νe
ð−Þ þ e− → νe

ð−Þ þ e−, reads5 [65]

LSMðνe
ð−Þ þ e− → νe

ð−Þ þ e−Þ

¼ −
GFffiffiffi
2

p f½ν̄eγρð1 − γ5Þe�½ēγρð1 − γ5Þνe�

þ ½ν̄eγρð1 − γ5Þνe�½ēγρðgV − gAγ5Þe�g; ð10Þ
while at the tree level the corresponding differential cross
section with respect to the electron recoil energy Eer, is
given as [66]
�
dσνα
dEer

�
νe

SM
¼ G2

Fme

2π
½ðgV þ gAÞ2 þ ðgV − gAÞ2

�
1 −

Eer

Eν

�
2

− ðg2V − g2AÞ
meEer

E2
ν

�
: ð11Þ

In Eq. (11), gV and gA are vector and axial vector couplings,
respectively, and take the form

TABLE I. Novel interactions X ¼ fS; P; V; A; Tg and corresponding differential CEνNS cross sections considered in the present
work. Because of interference, the V interaction is the only case that includes the SM contribution, while the S, P, A, T cases acquire
contributions from new physics only, as shown in the cross sections (see the text for more details).

Mediator LX Cross section

Scalar ½ðgνSν̄RνL þ H:c:Þ þP
q¼fu;dg gqSq̄q�Sþ 1

2
m2

SS
2 m2

NEnrQ2
S

4πE2
νðq2þm2

SÞ2

Pseudoscalar ½ðgνPν̄Rγ5νL þ H:c:Þ − i
P

q¼fu;dg gqPq̄γ5q�Pþ 1
2
m2

PP
2 mNE2

nrQ2
P

8πE2
νðq2þm2

PÞ2

Vector ½gνV ν̄LγμνL þP
q¼fu;dg gqVq̄γμq�Vμ þ 1

2
m2

VV
μVμ ð1þ QVffiffi

2
p

GFQSM
V ðq2þm2

V Þ
Þ2½ dσ

dEnr
�νN
SM

Axial vector ½gνAν̄Lγμγ5νL −
P

q¼fu;dg gqAq̄γμγ5q�Aμ þ 1
2
m2

AA
μAμ

mNQ2
Að2E2

νþmNEnrÞ
4πE2

νðq2þm2
AÞ2

Tensor ½gνT ν̄RσρδνL −
P

q¼fu;dg gqTq̄σρδq�Tρδ þ 1
2
m2

TT
ρδTρδ

mNQ2
T ð4E2

ν−mNEnrÞ
2πE2

νðq2þm2
T Þ2

3In Ref. [16] the P contribution to CEνNS was reported to be
vanishing based on the fact that the corresponding nucleon matrix
element is vanishing [59,60].

4For a study focusing on models with an extra UB−2Lα−Lβ
and

UB−3Lα
gauge symmetry, see Ref. [64].

5For the case of νμ;τ–e− EνES, the Lagrangian involves only
neutral-current terms.
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gV ¼ −
1

2
þ 2 sin2 θW þ δαe; gA ¼ −

1

2
þ δαe; ð12Þ

where the δαe term is the Kronecker delta, which becomes
nonzero only for νe–e− interactions. For the case of
antineutrino scattering, the EνES cross section is given
by Eq. (11) with the substitution gA → −gA.

B. EνES through light novel mediators

Similar to the CEνNS case, here also we consider all
possible EνES contributions arising from the Lorentz-
invariant forms X ¼ fS; P; V; A; Tg. For light vector and
axial vector novel mediators, the total differential cross
sections can be achieved by replacing gV and gA from the
SM cross section as [67,68]

g0V=A ¼ gV=A þ gνV=A · geV=A
4

ffiffiffi
2

p
GFð2meEer þm2

V=AÞ
: ð13Þ

It is interesting to notice that in the UB−L gauge extension
the cross section is also given by Eq. (13) since
Q0

l ¼ Q0
ν ¼ −1, while in the universal case it holds that

Q0
l ¼ Q0

ν ¼ 1, hence both cases leading to gνV=A ¼ geV=A
in Eq. (13). On the other hand, under ULμ−Lτ

symmetry, the
new light vector mediator contributes at one-loop level for
σνμ−e and σντ−e only, while σνe−e is vanishing.

6 The relevant
couplings read [62]

g0V ¼ gV � αem
3

ffiffiffi
2

p
πGF

log

�
m2

τ

m2
μ

�
gνV · geV

ð2meEer þm2
VÞ

; ð14Þ

where, unlike the CEνNS case, the plus (minus) sign
corresponds to σντ−e ðσνμ−eÞ scattering. The remaining S,
P, and T cross section contributions add incoherently to the
SM cross section and have been previously written as
[10,69]

�
dσνα
dEer

�
νe

S
¼

�
g2νS · g

2
eS

4πð2meEer þm2
SÞ2

�
m2

eEer

E2
ν

; ð15Þ

�
dσνα
dEer

�
νe

P
¼

�
g2νP · g2eP

8πð2meEer þm2
PÞ2

�
meE2

er

E2
ν

; ð16Þ

�
dσνα
dEer

�
νe

T
¼ me · g2νT · g2eT

2πð2meEer þm2
TÞ2

·

�
1þ 2

�
1 −

Eer

Eν

�
þ
�
1 −

Eer

Eν

�
2

−
meEer

E2
ν

�
:

ð17Þ

IV. RESULTS

A. CEνNS and EνES events at direct detection dark
matter detectors

In our analysis, we consider astrophysical neutrinos
coming from the Sun [70], the atmosphere [71], and diffuse
supernovae (DSN) [72]. In our calculations, we have
neglected the neutrino contributions coming from Earth,
known as geoneutrinos, as their induced events are
expected to be overshadowed by several orders of magni-
tude with respect to solar neutrinos [73–75]. For the
normalization of the different neutrino fluxes, we use the
recommended conventions reported in Ref. [76], which are
listed in Table II.
For the interaction channel X, the differential event rate

of CEνNS at a given detector follows from the convolution
of the differential cross section with the neutrino energy
distribution dΦ=dEν, as

7 [48]

�
dR
dEnr

�
νN

X
¼ trunNtargetAðEnrÞ

X
i

Z
Emax
ν

Emin
ν

dEν
dΦiðEνÞ
dEν

×

�
dσ
dEnr

ðEν; EnrÞ
�
νN

X
; ð18Þ

where AðEnrÞ is the detection efficiency, trun denotes the
exposure time, and Ntarget represents the number of target
nuclei. In the latter expression, the index i runs over all the
neutrino sources with energy distribution dΦi=dEν and
Emax
ν denotes the maximum neutrino energy of the ith

source (see Table II). Finally, the minimum neutrino energy
Emin
ν required to generate a nuclear recoil with energy Enr is

trivially obtained from the kinematics of the process and
reads

TABLE II. Neutrino end point energy and flux normalization
for the different astrophysical neutrino sources. The flux nor-
malizations are taken from Ref. [76].

Component Emax
ν (MeV) Flux (cm−2 s−1)

pp 0.42341 5.98 × 1010

pep 1.44 1.44 × 108

7BeHigh 0.8613 4.35 × 109

7BeLow 0.3843 4.84 × 108

8B 16.36 5.25 × 106

hep 18.784 7.98 × 103

13N 1.199 2.78 × 108

15O 1.732 2.05 × 108

17F 1.74 5.29 × 106

Atm. 981.75 10.5
DSN 91.201 86

6Nonzero couplings contribute to σνe−e at two-loop level
through Z0 − V mixing, which are neglected in this work.

7An ideal detector with perfect efficiency and resolution power
is assumed.
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Emin
ν ¼ 1

2

�
Enr þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
nr þ 2mNEnr

q �
≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mNEnr

2

r
: ð19Þ

In our analysis, we also consider corrections from
detector-specific quantities. In particular, for the ionization
xenon detectors considered here, a significant amount of
nuclear recoil energy Enr is lost into heat and other
dissipative energies, so that the actual energy measured
by the detector is an electron equivalent energy Eer [77].
In our calculation, this effect is taken into account
through the quenching factor QfðEnrÞ, calculated on
the basis of theoretical predictions within Lindhard
theory [78]

Eer

Enr
¼ QfðEnrÞ ¼

kgðγÞ
1þ kgðγÞ ; ð20Þ

where gðγÞ ¼ 3γ0.15 þ 0.7γ0.6 þ γ, with γ ¼ 11.5 ·
Z−7

3EnrðkeVnrÞ and k ¼ 0.133 · Z
2
3A−1

2. Let us stress that,
for the case of germanium, low-energy corrections to
the quenching factor can been accounted for through
the adiabatic correction of Lindhard theory, introduced
in Ref. [79].8 After incorporating the quenching factor
corrections, the number of events in the jth bin is written as

½Rj�νNX ¼
Z

Ejþ1
er

Ej
er

dEer

�
dR
dEnr

�
νN

X

1

Qf

�
1 −

Eer

Qf

dQf

dEer

�
: ð21Þ

At this point, we turn our attention to EνES. For the
case of solar neutrinos, the differential number of events
takes into account the effect of neutrino oscillations in
propagation and is given according to the expression [81]

�
dR
dEer

�
νe

X
¼ trunNtargetAðEerÞ

X
i¼solar

Z
Emax
ν

Emin
ν

dEν
dΦνe

i ðEνÞ
dEν

×

�
Pee

�
dσνe
dEer

�
νe

X
þ Pef

�
dσνf
dEer

�
νe

X

�
; ð22Þ

with f ¼ μ, τ and the minimum neutrino energy being

Emin
ν ¼ 1

2

�
Eer þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
er þ 2meEer

q �
: ð23Þ

Since the EνES cross section is not flavor blind as the
CEνNS one, Eq. (22) incorporates neutrino oscillations
by weighting the flavored cross section with the corre-
sponding oscillation probability. For our purposes, it is
sufficient to consider the averaged oscillation probability
PeeðEνÞ in the two-flavor approximation, which we take
from [82]. Notice that in the second term of Eq. (22) the
oscillation factors read Peμ ≡ ð1 − PeeÞ cos2 θ23 and
Peτ ≡ ð1 − PeeÞ sin2 θ23 for incoming νμ and ντ neutrinos,
respectively.9 Let us note that, for the case of atmospheric
and DSN neutrinos, oscillation effects are neglected.
This is a reasonable approximation given the fact that
the expected EνES event rates from atmospheric and
DSN neutrinos are suppressed by several orders of
magnitude compared to the dominant solar ones (see
the discussion below). Therefore, in our statistical analy-
sis this approximation is not expected to have any
quantitative effect. The differential number of EνES
events relevant to atmospheric and DSN neutrinos is
then calculated as

�
dR
dEer

�
νe

X
¼ trunNtargetAðEerÞ

X
i¼atm;DSN

Z
Emax
ν

Emin
ν

dEν
dΦνα

i ðEνÞ
dEν

�
dσνα
dEer

�
νe

X
; να ¼ fνe; ν̄e; νμ;τ; ν̄μ;τg: ð24Þ

Up to this point, for all EνES interaction channels within
and beyond the SM, our discussion applies to the case
where neutrinos scatter off free electrons. However, the
target electrons are not free, but rather bounded inside the
atom. Therefore, in order to perform realistic simulations of
the expected number of events at a given detector, atomic
binding effects should be also considered. To account

for binding effects in our analysis, the free EνES cross
section ðdσνα=dEerÞfree defined in Eqs. (11)–(17) is
weighted by a series of step functions introduced in
Ref. [84] as follows:

�
dσνα
dEer

�
νe

X
¼ 1

Z

XZ
i¼1

ΘðEer − BiÞ
��

dσνα
dEer

�
νe

X

�
free

: ð25Þ

Here, ΘðxÞ is the Heaviside step function, while the
quantity

P
Z
i¼1ΘðEer − BiÞ quantifies the number of elec-

trons that can be ionized by the recoil energy Eer, and Bi
represents the binding energy of the ith electron in the
atom. The single-particle atomic level binding energy of
electrons in a 131Xe atom is given in Table III [84].

9The value of the atmospheric mixing angle (θ23) is taken from
the best fit of the 2020 Valencia global fit [83].

8Because of the lack of data for the xenon isotope we are
interested in this work, we have verified that our results remain
unaffected even when considering �1σ deviations from the
adiabatic parameter corresponding to germanium (see Table I
of Ref. [79]). Improved quenching factors at sub-keVenergies are
comprehensively discussed in Ref. [80].
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Assuming typical benchmark values g2X ¼ 10−4 and
mX ¼ 1 GeV, differential and integrated CEνNS (EνES)
event rates above threshold for a xenon target (assuming
average isotopic abundance) are shown in the left (right)
panel of Fig. 1 as functions of the recoil energy for
all possible interactions X. It is interesting to notice that,
in general, the CEνNS number of events are expected
to exceed the EνES rate by several orders of magnitude.
However, for a realistic next generation experiment

operating with typical threshold energies, i.e., Eer >
0.1 keVee, this is not strictly true. First, for Eer >
0.1 keVee it becomes evident that CEνNS-induced events
will be dominated by 8B neutrinos, while the EνES ones
will be dominated by pp neutrinos. Then, from a closer
inspection of the graphs it can be deduced that CEνNS and
EνES are expected to generate a comparable number of
events (at least) within the SM. This can be understood as
follows. Although the CEνNS cross section scales with

FIG. 1. Differential (a) and integrated (b) event spectra expected at a xenon target for CEνNS and EνES processes as a function of the
recoil energy (threshold recoil energy) measured in keVee units. The contributions from the different new physics interactions X are
calculated assuming the benchmark values g2X ¼ 10−4 and mX ¼ 1 GeV (for details, see the text).
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∼N2 as a consequence of the coherency in neutrino-
nucleus scattering, the EνES-induced number of events is
enhanced by an overall multiplicative factor Z coming due
to the number of electron targets, while the remaining
difference, which is of the order of an overall factor ∼N, is
compensated by the relative difference of 8B and pp flux
normalization. Before closing this discussion, let us note
the impact of nuclear (atomic) effects in the CEνNS
(EνES) rates. In particular, as can be seen from
the CEνNS spectral rates, the various dips occurring
for Eer > 25 keVee are due to the minima of the nuclear
form factor (see Fig. 3 of Ref. [85]), while the slight
suppression of the EνES rates occurring for recoil energies
below ∼35 keVee reflects the atomic binding effects (see
Table III).

B. Sensitivity on S, P, V, A, T interactions

At this point, we are interested to explore the projected
sensitivities on the (mX, gX) parameter space at a typical
next generation experiment looking for direct detection of
dark matter. For estimating the projected sensitivities of the
next generation experiments to the various new interaction
channels X ¼ fS; P; V; A; Tg, we perform a spectral fit in
terms of the χ2 function [86]

χ2ðξ; mX; gXÞ ¼ 2
Xnbins
i¼1

�
Ri
predðξ; mX; gXÞ − Ri

exp

þ Ri
exp ln

�
Ri
exp

Ri
predðξ; mX; gXÞ

��
þ
�

ξ

σsys

�
2

;

ð26Þ
where ξ denotes a nuisance parameter to account for the
various systematic uncertainties. The expected number of
events in the ith bin is defined as Ri

exp ¼ Ri
SM þ Ri

bg, with
Ri
bg being the number of background events, while the

predicted number of events in the presence of the inter-
action X is Ri

pred ¼ ð1þ ξÞ½Ri
XþSMðmX; gXÞ þ Ri

bg�. At this
point, we should stress that, in our EνES-based statistical
analysis, the atmospheric and DSN fluxes are safely
neglected. Indeed, this is a reasonable approximation given
the expected SM event rates depicted in the right panel of

Fig. 1. In the present work, we will consider two repre-
sentative case studies accounting for different detector-
specific quantities, namely, an “optimistic” and a “realistic”
scenario. The two scenarios differ in the details of the
detector properties and effects that are taken into account.
One of our aims is to compare and contrast the results
obtained from an ideal vs realistic detector. The details of
the two scenarios are as described below.

(i) Optimistic scenario: A xenon detector with a 1 ton ·
yr exposure is assumed. This is, however, a
conservative choice that exceeds slightly the
0.65 ton · yr achieved by XENON1T [87] and by
a factor 20 less than the exposure goal of 20 ton · yr
at XENONnT [44]. We stick to the latter choice to
avoid potential overestimation of our projected
sensitivities, since for this scenario the detector
efficiency and energy resolution are not taken into
consideration. For both CEνNS and EνES analyses,
we consider a flat background taken to be 10% of the
SM events, as well as a systematic uncertainty
σsys ¼ 10%. For our spectral fit we consider 100
log-spaced bins in the range ð0.1; 100Þ keVee for the
case of CEνNS and in the range ð0.1; 104Þ keVee for
the case of EνES. Let us clarify that our optimistic
scenario assumes a threshold as low as 0.1 keVee
and a perfect efficiency, which is motivated by the
“S2-only” analysis done in Ref. [88]. For the case of
EνES we have also checked that our projected
sensitivities remain the same if a narrower recoil
window ð0.1; 100Þ keVee is chosen.

(ii) Realistic scenario: This scenario will also serve
as reference point to highlight and contrast the
results expected from an ideal and a realistic
detector. We consider the planned 20 ton · yr ex-
posure foreseen at XENONnT, and we incorporate
realistic backgrounds, efficiency, and resolution
effects. In particular, for our CEνNS analysis we
consider the neutron background10 from Ref. [44]
and the efficiency from Ref. [89]. For our EνES
analysis, the background model B0 (appropriately
scaled to account for the 20 ton · yr exposure) and
the detection efficiency, are both taken from
Ref. [87]. Moreover, our theoretical EνES event
rates are eventually smeared11 by taking into
account the energy resolution power of XENON1T,
that is, σðEÞ ¼ a ·

ffiffiffiffi
E

p þ b · E, with E being the

TABLE III. Single-particle (SP) energies for the xenon atom
derived from Hartree-Fock calculations in Ref. [84].

State SP (eV) State SP (eV) State SP (eV) State SP (eV)
1s1

2
34759.3 3p3

2
1024.8 4p3

2
708.1 5p1

2
13.4

2s1
2

5509.8 3p1
2

961.2 4p1
2

162.8 5p3
2

12.0
2p3

2
5161.5 3d5

2
708.1 4d5

2
73.8

2p1
2

4835.6 3d3
2

694.9 4d3
2

71.7
3s1

2
1170.5 4s1

2
229.4 5s1

2
27.5

10For this particular case, due to lack of information we do
not assign any uncertainty on the neutron background, i.e.,
our predicted number of events in this case reads
Ri
pred ¼ ð1þ ξÞ½Ri

XþSMðmX; gXÞ� þ Ri
bg. We have checked, how-

ever, that our result remains essentially unaltered if a background
uncertainty as high as 10% is assumed.

11This requires another integration of Eq. (22) over the true
recoil energy Eer taking the resolution function to be a normal-
ized Gaussian, see Ref. [90].
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reconstructed recoil energy, a ¼ 0.310
ffiffiffiffiffiffiffiffiffiffiffiffi
keVee

p
, and

b ¼ 0.0037 keVee [87]. We consider 17 linearly
spaced bins in the range ð4; 52Þ keVnr for our
CEνNS analysis and 30 linearly spaced bins in
the range ð0; 30Þ keVee for our EνES analysis
[44]. Finally, a 10% systematic uncertainty is as-
signed for CEνNS as in the optimistic scenario,
while for the case of EνES a 3% systematic
uncertainty is taken to account for the detection
uncertainty of XENON1T.

The resulting projected sensitivities in the (mX, gX)
parameter space are illustrated at 90% C.L. in the left
and right panels of Fig. 2, respectively, while upper (lower)
panels correspond to the optimistic (realistic) scenario. As
can be seen, in a future CEνNS (EνES) measurement
among the different interaction channels the scalar (tensor)
interaction will be constrained with maximum sensitivity,
while for both CEνNS and EνES the pseudoscalar inter-
action will be the least constrained. A direct comparison of
CEνNS and EνES sensitivities leads to the conclusion that

FIG. 2. Projected sensitivities for the various X ¼ fS; P; V; A; Tg interactions for CEνNS (left) and EνES (right). The results are
presented at 90% C.L. Graphs correspond to the (a) optimistic and (b) realistic scenarios.
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future EνES measurements will be a more powerful probe
for the investigation of novel light mediators.
At this point it is interesting to compare our projected

sensitivities with existing constraints in the literature. First,
by focusing on the universal light vector mediator scenario,
in the left panel of Fig. 3 we compare our present results at
90% C.L. with existing constraints from the combined
analysis of COHERENT CsIþ Ar data [63], the recent
CONNIE [29] and CONUS [30] data, and the Borexino

analysis of Ref. [91], as well as the anomalous magnetic
moment of the muon reported in Ref. [4]. Also shown are
the corresponding 90% C.L. constraints coming from the
XENON1T excess using EνES calculated in this work. Our
optimistic scenario coincides with the XENON1T setup,
hence the improvement on our EνES-based constraints is
driven by the factor ∼20 larger exposure considered in the
present analysis, while the shape difference is due to the
XENON1T excess data (SM expectation) considered as

FIG. 3. Projected sensitivity at 90% C.L. in the parameter space ðmV; gVÞ for the universal vector mediator model (left) and in ðmS; gSÞ
for a scalar mediator model (right). Graphs correspond to the (a) optimistic and (b) realistic scenarios. A comparison is given with
existing constraints from dedicated CEνNS experiments and XENON1T (see the text).

MAJUMDAR, PAPOULIAS, and SRIVASTAVA PHYS. REV. D 106, 013001 (2022)

013001-10



Rexp for the XENON1T (optimistic scenario) analysis. The
Borexino limits of Ref. [91] extend to larger mediator
masses compared to our present results, since the analysis
has been performed considering a larger recoil energy
window, covering also CNO and 8B neutrinos. By compar-
ing the upper and lower graphs, we conclude that con-
straints from dedicated CEνNS experiments will be
overridden by the future CEνNS measurements at direct
detection dark matter detectors, given that the threshold and
detection efficiencies will improve and the backgrounds
will become even better understood. Finally, it becomes
evident that the EνES channel dominates over CEνNS in
the low mass region for mV ≤ 2 MeV.
Similar conclusions are drawn for the case of a

scalar mediator, as shown in the right panel of Fig. 3.
Available results can be found from CEνNS analyses
in Refs. [29,30,63] and from the interpretation of
XENON1T excess performed in this work (see also
Refs. [8,9]). Regarding the cases of S, V, A interactions
for both CEνNS and EνES channels, as well as for the
case of P using EνES only, results corresponding to the
optimistic case can be found in Ref. [16]. Let us note,
however, that in the latter work the sensitivities were
obtained by assuming different experimental configura-
tions, as well as by neglecting quenching and atomic
effects for CEνNS and EνES, respectively. Regarding
the cases of P and T interactions, preliminary results
have been presented in Ref. [54] by analyzing the
COHERENT data. Again, the future sensitivities dis-
cussed here are about 1 order of magnitude more
stringent than other studies. Finally, to the best of our
knowledge, studies corresponding to our realistic case
have not been done for any kind of model-dependent
or -independent light mediator.
We finally turn our attention to the vector mediator

interactions predicted within the UB−L and ULμ−Lτ
gauge

extensions. Before proceeding with the discussion of our
statistical analysis, let us provide some clarifications
regarding the calculation of the number of CEνNS and
EνES events within the Lμ − Lτ model. Since the νe − e−

coupling is vanishing, we neglect the first term in
Eq. (22) and therefore a large portion of the solar
neutrino flux will not contribute to the expected EνES
rates. Likewise, in our CEνNS-based analysis we con-
sider only the oscillated νμ;τ fluxes of solar neutrinos,
while from the atmospheric neutrino flux we consider
only the relevant νμ and ν̄μ components. For atmospheric
neutrinos with sub-GeV neutrinos, matter-oscillation
effects are negligible [92]. Following the procedure
of Ref. [81], one sees that the oscillated fluxes reaching
the detector are Φνe

atm ≈ Φ̃νe
atm, Φνμ

atm ≈ 2=3Φ̃νμ
atm, and

Φντ
atm ≈ 1=3Φ̃νμ

atm, where Φ̃να
atm denotes the unoscillated

flux reported in Ref. [71]. We have verified that our
results remain unaffected when atmospheric neutrino
oscillations are explicitly taken into account. Finally,

regarding the DSN neutrino flux we assume that roughly

Φνμþν̄μ
DSN ≈Φντþν̄τ

DSN .
Left and right panels of Fig. 4 illustrate the projected

sensitivity at 90% C.L. for the studied B − L and Lμ − Lτ

model, respectively. The results are shown for both CEνNS
and EνES at a future dark matter direct detection experi-
ment with the same general conclusions as discussed
previously. Moreover, as expected, the exclusion curves
corresponding to the B − L model are more stringent. In
order to compare with other experimental probes, existing
limits placed by dielectron resonances at ATLAS [93] and
electron beam dump fixed target experiments [94,95], as
well as dark photon searches at BABAR [96,97], KLOE
[98], CMS [99], and LHCb [100],12 are superimposed.
Further constraints from the EνES experiments TEXONO,
GEMMA, BOREXINO, LSND, and CHARM II can be
found in Ref. [101]. Also shown are constraints derived
from the analysis of the COHERENT data [63] and the
XENON1T excess [9]. For the Lμ − Lτ case, limits are
available from recent analyses of Borexino data [32,102]
and from 4μ searches at BABAR [103], CMS [104], and
ATLAS [105,106], as well as recasted limits from LHCb
[100]. We furthermore show the corresponding sensitivity
from the analysis of XENON1T excess performed in this
work, by following the procedure of Ref. [8]. As can be
seen, our projected sensitivities for CEνNS dominate in
mass range 0.1 ≤ mV ≤ 1 GeV, being complementary to
BABAR and fixed target experiments. In the same vein, our
projected sensitivities obtained using EνES are comple-
mentary to fixed target experiments and particularly rel-
evant for mV ≤ 1 MeV.
Before closing, we should stress that astrophysics and

cosmology might place severe bounds to scalar and vector
interactions [23]. Those follow mostly from cosmological
limits on the sum of neutrino masses, Supernova/stellar-
cooling arguments, and sterile neutrino trapping as detailed
in Refs. [9,26] (see also Ref. [107]). Given the large
astrophysical uncertainties, such constraints should be
considered as order of magnitude estimations, while pos-
sible mechanisms to evade them are explained in Ref. [26].
Finally, it should be noted that upcoming experiments also
have the potential to probe light mediator particles.
However, our results provide about an order of magnitude
more constrained bounds than those predicted for other
future experiments, such as neutrino trident interactions at
DUNE [62], model-dependent constraints for DARWIN
[33], and constraints extracted frommissing energy searches
at NA64μ [33] (for expected limits from future beam
dump experiments, such as SHiP and FASER2, see
Ref. [107]).

12BABAR, KLOE, CMS, and LHCb limits, recasted to the
B − L case, are obtained using the DARKCAST software package.
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V. CONCLUSIONS

The new era of direct dark matter experiments with
multiton mass scale and sub-keV operation threshold
makes them favorable facilities with promising prospects
for detecting astrophysical neutrino backgrounds to
dark matter. Prompted by the latter, we estimated the
projected sensitivities to general Lorentz-invariant
X ¼ fS; P; V; A; Tg interactions through CEνNS- and
EνES-induced signals. With respect to light vector medi-
ators, our study also considered the case of well-known

UB−L and ULμ−Lτ
anomaly-free models. To maximize the

reliability of event rate simulations, important corrections
from detector-specific quantities were taken into account,
such as the quenching factor and atomic binding effects
for the case of CEνNS and EνES, respectively. Our
statistical analysis was performed under the assumption
of two benchmark scenarios, which allowed us to compare
the maximum potential of a future direct dark matter
detection experiment with the expected sensitivities when
current detector specifications are explicitly accounted for.

FIG. 4. Projected exclusion curves at 90% C.L. obtained in the present work using CEνNS and EνES for the B − L (left) and Lμ − Lτ

(right) model. Graphs correspond to the (a) optimistic and (b) realistic scenarios. A comparison with relevant experimental constraints is
also given (see the text).
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In the optimistic scenario, we assumed a rather low
detection threshold of 0.1 keVee, which would corre-
spond to an ionization-only analysis with a 100%
detection efficiency. In our goal to make our analysis
as quantitative as possible, in the realistic scenario the
effects of finite detection efficiency, nonflat back-
grounds, and energy resolutions have been incorporated.
We furthermore considered an exposure between 1 and
20 ton · yr; which is readily achievable by the current
and future xenon detector technologies. Our present
results imply that future CEνNS or EνES measurements
at a direct detection dark matter experiment will not
only become sensitive to neutrinos coming (mainly)
from the Sun, but will also offer competitive constraints
to existing ones from dedicated CEνNS and EνES
experiments, if backgrounds are under control and
sub-keV thresholds become possible. We have further-
more illustrated that the expected sensitivities will
cover a large part of the parameter space, previously
unexplored from collider probes and beam dump

experiments, improving upon the existing bounds by
about 1 order of magnitude.
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