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1 Introduction

Neutrinos are currently the least understood among all particles in the Standard Model
(SM). Contrary to the SM predictions, they are massive and mix with each other as
suggested by the discovery of neutrino oscillations in propagation [1]. Unambiguously,
this phenomenon stands out as the clearest evidence of neutrino physics beyond the SM,
prompting intense efforts to underpin the ultimate origin of neutrino mass generation [2].
On the theoretical side, massive neutrinos are predicted in a wide class of theoretical
models beyond the SM, ranging from simple scalar or fermionic extensions to extended
gauge symmetries and Grand Unified Theories (GUT), see e.g. ref. [3]. Another common
feature in such models is the existence of new intermediate gauge bosons that lead to
modifications of the electroweak gauge structure [4, 5]. Models with extra U(1) symmetry
are motivated SM extensions, accommodating dark matter and massive neutrinos [6, 7].
Heavy vector bosons [8] have been extensively searched for in the light of LHC data [9, 10].
They often lead to charged lepton flavor violating processes [11, 12] as well as they induce
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novel neutrino interactions [13, 14]. New physics interactions involving massive neutrinos
and new mediators may lead to significant alterations in astrophysical phenomena such as
the evolution and cooling mechanism of massive stars [15] as well as in a modification of
the recorded signal at highly sensitive terrestrial experiments [16, 17]. Here we focus on
the latter case. In particular we are interested to explore the attainable sensitivities of the
Deep Underground Neutrino Detector (DUNE) [18, 19] on various new physics scenarios
using elastic neutrino electron scattering (EνES) events expected to be measured at the
Near Detector (ND) facility.

The Liquid Argon detector i.e. the main component of the 75 ton DUNE-ND will be
exposed to the world’s most intense beam of high-energy νe, ν̄e, νµ, ν̄µ produced by the
Long Baseline Neutrino Facility (LBNF) [20] at Fermilab. It has been recently pointed out
that EνES measurements will be a valuable tool for the determination of the neutrino flux
at the GeV scale [21]. For the DUNE setup in particular, through EνES measurements the
flux normalization uncertainty can be reduced down to 2%, while the flux shape uncertainty
can be reduced significantly [22]. Moreover, the anticipated large exposure combined with
the significantly improved background rejection capabilities, makes the ND complex to be a
favorable facility for probing several physics opportunities [23]. This unique experimental
setup has motivated a plethora of studies which considered various attractive physics
scenarios within and beyond the SM. For instance, ref. [24] explored the possibility to
determine the weak mixing angle away from the Z0-pole and found that a 2% precision is
possible. Massive neutrinos imply that non-trivial electromagnetic neutrino interactions are
possible and various such aspects were examined in refs. [25–27]. Moreover, the existence
of novel vector-type bosons was analyzed in a series of recent works in the framework of
different promising scenarios in which the new particles are contributing to EνES [28–31] or
produced via meson decays before in turn they decay to SM particles, see e.g. refs. [32–34].
Finally, interesting scenarios leading to sub-GeV dark matter production via dark photon
decays were explored in refs. [35, 36], while a proposal for axion-like particles searches at
the DUNE-ND was given in ref. [37].

In this work, we first focus on the most general exotic neutrino interactions contributing
to EνES and examine their impact in the detectable signal at the DUNE-ND. In particular,
we analyze the new physics effects that may occur in the presence of novel mediators
predicted in the framework of neutrino generalized interactions (NGI) [38, 39]. Thus, all
possible Lorentz invariant interactions are taken into account in a model independent
way [40]. Contrary to ref. [41] which focused on NGIs with heavy mediators, here we
consider light mediators which allows us to explore the explicit dependence of the mediator
mass for the given NGI in question. Let us also note that while numerous studies analyzed
light mediators of vector-type previously (see e.g. refs. [28, 29, 31]), in this work the axial-
vector, scalar, pseudoscalar and tensor NGI contributions are examined for the first time.
We then proceed our analysis by considering motivated scenarios leading to vector-type
NGIs such as the U(1)B−L and U(1)Lµ−Lτ gauge symmetries, as recently done in ref. [30].
Going one step further, the left-right (LR) symmetric model [42, 43] as well as the different
realizations of the string-inspired E6 symmetry [44] are taken into consideration for the
first time in the present work. For all the aforementioned cases we obtain the projected
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sensitivities of the DUNE-ND by paying special attention in performing realistic simulations
of the detected signal taking into account systematic effects as well as realistic backgrounds.
We furthermore compare our extracted sensitivities with existing ones stemming from
available experimental data from EνES (TEXONO [45]) and coherent elastic neutrino
nucleus scattering — often called CEνNS— (COHERENT [46–48] and Dresden-II [49])
measurements as well as from solar neutrino experiments (Borexino [50]), direct dark matter
detection experiments (XENONnT [51] and LZ [52]) and high-energy colliders.

The remainder of the paper has been organized as follows. First, in section 2 we describe
the new physics scenarios considered in the present work and define the respective EνES
cross sections within and beyond the SM. Then, in section 3 we describe our main procedure
for simulating the EνES-induced signal at the DUNE-ND as well as our strategy for the
extraction of sensitivities. Whenever necessary we also discuss the additional experiments
taken into account. Next, in section 4 we discuss the results obtained in the present study,
while in section 5 we summarize our main conclusions. Additional details are given in
the appendix.

2 Theoretical framework

We now proceed by introducing the various EνES interactions channels explored in the
present work, for which the corresponding cross sections are given and the relevant model
parameters are defined. After a brief description of the well-known SM case our discussion
will be mainly focused on the new physics contributions to EνES predicted in the framework
of NGIs with light mediators. We then turn our attention to the implications of the heavy
vector mediators predicted in the framework of unification models such as the E6 and
left-right symmetry.

2.1 EνES through SM interaction channel

Within the context of the SM, EνES is a well-understood weak interaction process with a
tree-level differential cross section given by [40][

dσνα
dTe

]
SM

=G2
Fme

2π [(gV + gA)2 + (gV − gA)2
(

1− Te
Eν

)2
− (g2

V − g2
A)meTe

E2
ν

] , (2.1)

where GF is the Fermi constant, Eν is the incoming neutrino energy, while me and Te
denote the electron mass and recoil energy, respectively. Here, gV and gA denote the
flavor-dependent vector and axial-vector couplings

gV = −1
2 + 2 sin2 θW + δαe, gA = −1

2 + δαe , (2.2)

with θW being the weak mixing angle for which we adopt the PDG value sin2 θW = 0.23857
as obtained in the MS renormalization scheme [53]. It is important to note that νe-e−

interactions receive contributions from both neutral-current and charged-current interactions,
while νµ,τ -e− interact via the neutral-current only. The Kronecker delta δae in the definition
of gV accounts for this fact. For the case of antineutrino scattering, the corresponding cross
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section is given by eq. (2.1) with the substitution gA → −gA. Finally let us stress that
for the few GeV neutrino energy accessible at DUNE, radiative corrections [54] amount to
only few per mille corrections and hence they can be safely ignored, thus leaving the weak
mixing angle as the only source of theoretical uncertainty.

2.2 EνES through light novel mediators

Neutrino nonstandard interactions (NSI) has become the subject of extensive research
using both low- [55] and high-energy [56] neutrino scattering as well as direct dark matter
detection [57] and oscillation [58] data (for motivations, UV complete models and several
applications of NSI see e.g. [59]). While NSIs usually assume the existence of a new
vector (or axial-vector) type mediator, the NGI framework1 considered in the present work
accommodates a wider class of interactions below the electroweak symmetry breaking scale
that arise from the Lagrangian [39, 61]

LNGI = GF√
2

∑
X=S,P,V,A,T
α=e,µ,τ

Cf,Pα,α

[
ν̄αΓXLνα

] [
f̄ΓXPf

]
. (2.3)

In the above Lagrangian, ΓX = {1, iγ5, γµ, γµγ5, σµν} (with σµν = i
2 [γµ, γν ]) which enables

a phenomenological study of all possible Lorentz-invariant structures corresponding to
X = {S, P, V,A, T} interactions in a model-independent way. NGIs lead to corrections in
both CEνNS (for f = {u, d}) [38, 62–64] and EνES (for f = e) [65–67] cross sections. Here
we focus on the latter. The dimensionless coefficients quantify the strength of the interaction
X with respect to the Fermi constant through the relation Cf,Pα,α = (

√
2/GF )(g2

X/(q2 +m2
X)),

while mX and gX denote the mass and coupling of the respective mediator. Since through
EνES or CEνNS measurements only products of couplings gνXgfX can be probed, for later
convenience in our DUNE-based analysis we take the coupling to be gX = √gνXgeX .

For sufficiently light vector and axial-vector mediators, the corresponding differential
cross sections are taken from the SM one given in eq. (2.1) and the replacement [29, 68]

g′V/A = gV/A +
gνV/A · geV/A√

2GF (2meTe +m2
V/A)

. (2.4)

At this point, it should be stressed that the aforementioned general vector NGIs are not
particularly interesting since they do not follow from anomaly-cancellation. We are thus
motivated to emphasize their connection to well-known anomaly-free models such as those
arising in the framework of extra U(1)B−L or U(1)Lµ−Lτ gauge symmetries. Interestingly
in the former case, the differential cross section is identical to the general vector NGI one
described above, see e.g. the discussion of refs. [66, 69]. In the latter case instead, EνES
contributions arise from the kinetic mixing induced at the one loop-level as described in
ref. [70]. Then, the corresponding vector coupling can be expressed in the form [28]

g′V = gV ±
αem

3
√

2πGF
log

(
m2
τ

m2
µ

)
gνV · geV

(2meTe +m2
V )

, (2.5)

1The complete operator basis that includes also couplings to gluons and photons with all possible
operators up to dimension 7 has been presented in the context of Effective Field Theory in ref. [60].
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where the plus (minus) sign accounts for ντ (νµ) scattering off electrons, while for νe only
SM interactions are allowed. Finally, the scalar, pseudoscalar and tensor cross sections can
be cast in the form [71–73]

[
dσνα
dTe

]
S

=
[

g2
νS · g2

eS

4π(2meTe +m2
S)2

]
m2
eTe
E2
ν

(
1 + Te

2me

)
, (2.6)

[
dσνα
dTe

]
P

=
[

g2
νP · g2

eP

8π(2meTe +m2
P )2

]
meT

2
e

E2
ν

, (2.7)

[
dσνα
dTe

]
T

= me · g2
νT · g2

eT

π(2meTe +m2
T )2 ·

[
1 + 2

(
1− Te

Eν

)
+
(

1− Te
Eν

)2
− meTe

E2
ν

]
. (2.8)

We should finally stress that, unlike the X = V,A cases, for X = S, P, T there is absence
of interference with the SM cross section. Note also that for the ∼GeV recoil energies
involved at DUNE-ND, it holds that 1� Te

2me and therefore the scalar and pseudoscalar
cross sections become identical. This will become evident in our main results below.2

2.3 Left-right symmetry

A heavy neutral vector boson, Z ′, occurs in models based in the SU(2))L⊗SU(2)R⊗U(1)B−L
gauge group [75].3 As explained in ref. [13] LR symmetric models are particularly appealing
because of their ability to incorporate parity violation alongside gauge symmetry breaking,
rather than requiring manual intervention as in the SM. Within the context of LR symmetry
the corresponding EνES differential cross sections are obtained from eq. (2.1) through the
substitutions gL → fLR

L and gR → fLR
R [76]

fLRL =AgL + BgR ,
fLRR =AgR + BgL ,

(2.9)

and the definitions

A = 1 + sin4 θW
1− 2 sin2 θW

γ , B = sin2 θW
(
1− sin2 θW

)
1− 2 sin2 θW

γ , (2.10)

where γ = (MZ0/MZ′)2 (Z0 is the SM vector boson). Note, that the left- and right-handed
SM couplings gL and gR are related to the vector and axial-vector couplings defined in
eq. (2.2) according to

gL = gV + gA
2 , gR = gV − gA

2 . (2.11)

2For the case of low-energy scattering experiments such as XENONnT, LZ, TEXONO and COHERENT
where the recoil energies involved are of the few keV order, it holds that 1� Te

2me and the second term is
usually dropped in the literature [64, 67, 74].

3A charged gauge boson arises as well, however it is not relevant for the neutral-current interactions we
are interested in the present work.
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T3
√

40Yχ
√

24Yψ

Q

(
1/2
−1/2

)
−1 1

uc 0 −1 1
ec 0 −1 1
dc 0 3 1

l

(
1/2
−1/2

)
3 1

Table 1. Quantum numbers for the light particles in the 27 of E6 [4].

2.4 E6 models

Turning our attention to GUTs, we are intended to explore potential signatures — detectable
at the DUNE-ND via EνES measurements — that could arise from the new interactions
predicted in the presence of the primordial E6 gauge symmetry. Being a rank-6 group, E6
yields two novel neutral gauge bosons associated to the two new hypercharges, namely χ
and ψ, which follow from the respective extra U(1) symmetries present in E6/SO(10) and
in SO(10)/SU(5), see e.g. ref. [75]. The corresponding quantum numbers for Yχ and Yψ
are listed in table 1. As explained in ref. [5], in the low-energy regime E6 yields a single
U(1) symmetry that is written as a combination of U(1)χ and U(1)ψ symmetries. Then, a
one-parameter family of models is defined with hypercharge

Yβ = Yχ cosβ + Yψ sin β , (2.12)

where Q = T 3 + Y represents the charge operator. The modifications to the SM EνES
couplings that follow from the low-energy effective Lagrangian have been previously writ-
ten as [76]

fL = gL + εL ,

fR = gR + εR ,
(2.13)

where the new E6-induced contributions take the form

εL =2γ sin2 θW

(
3cβ
2
√

6
+ sβ

3

√
5
8

)2

,

εR =2γ sin2 θW

(
cβ

2
√

6
− sβ

3

√
5
8

)(
3cβ
2
√

6
+ sβ

3

√
5
8

)
,

(2.14)

while γ is defined as previously and the abbreviations cβ = cosβ, sβ = sin β have been used.
While any value of cosβ is allowed, here we will focus on the three most notable E6 models
i.e., the (χ, ψ, η) model with cosβ = (1, 0,

√
3/8) [4]. Notice that for cosβ = −

√
5/32 a full

cancellation occurs and EνES is not sensitive to E6 models for this particular case.
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3 Statistical analysis

3.1 Simulation of EνES signal at the DUNE-ND

Neglecting acceptance and resolution effects (see the discussion below) the expected event
rates with respect to the electron recoil energy at DUNE-ND can be evaluated from
the expression [

dN

dTe

]
λ

= trunNeNPOT
∑
α

∫ Emax
ν

Emin
ν

dEν
dΦνα(Eν)
dEν

[
dσνα
dTe

]
λ
, (3.1)

where trun and Ne stand for the total running period of the experiment and the number of
electron targets at the 75 ton 40Ar DUNE-ND, while dΦνα (Eν)

dEν
is the corresponding incoming

neutrino flux for the different flavors να taken from [77]. Here NPOT = 1.1× 2021 denotes
the number of protons on target (POT) per year assuming a 120GeV proton beam [18].
From the plot it becomes evident that the expected scalar and pseudoscalar signals are in-
distinguishable (see the discussion in subsection 2.2). The lower integration limit is trivially
obtained from the kinematics of the process and reads Emin

ν =
(
Te +

√
T 2
e + 2meTe

)
/2,

while the upper limit corresponds to the endpoint of the incoming neutrino energy distribu-
tion. Finally, λ accounts for SM interactions as well as the various new physics interactions
predicted within the context of NGI, or E6 and LR symmetries. Following ref. [24], we
consider a recoil energy threshold T th

e = 50MeV and restrict our analysis in the range
T th
e ≤ Te ≤ Tmax

e with Tmax
e = 20GeV. For the various On-Axis and Off-Axis locations,

example spectra as a function of the total electron energy Ee = Te + me are shown in
figures 1 and 2 which correspond to the neutrino and antineutrino modes, respectively. For
the sake of comparison between the different NGIs X = {S, P, V,A, T}, the differential
event rates are presented as normalized distributions in order to make evident the various
spectral shapes. Moreover, the upper (lower) panels are plotted assuming a small (large)
mediator mass of mX = 10 MeV (mX = 1 GeV) from where a significant dependence on
the mediator mass is found.

As recently pointed out in ref. [35], the main backgrounds coming from charged-current
quasielastic (CCQE) neutrino scattering on LArTPC and π0 missidentification can be
vetoed by a cut on Eeθ

2
e [21, 22], where θe denotes the scattering angle. Therefore, in

what follows we choose to express the EνES signal in terms of the quantity Eeθ2
e . From

the kinematics of the process one has 1 − cos θe = me
1−y
Ee

, where y = Te/Eν denotes the
inelasticity which takes values in the range T th

e /Eν ≤ y ≤ 1. Since EνES is forward peaked,
the electron recoil energy can be expressed in terms of Eeθ2

e as Te = Eν
(
1− Eeθ2

e
2me

)
with

Eeθ
2
e < 2me being an upper limit imposed by the kinematics of the process. Therefore, for

the DUNE-ND it is more convenient to evaluate the expected neutrino signal in Eeθ2
e space

through the expression[
dN

dEeθ2
e

]
λ

= trunNeNPOT
∑
α

∫ Emax
ν

Emin
ν

dEν
dΦνα(Eν)
dEν

[
dσνα
dEeθ2

e

]
λ

, (3.2)

where
dσνα
dEeθ2

e

= Eν
2me

dσνα
dTe

∣∣∣
Te=Eν

(
1−Eeθ

2
e

2me

) . (3.3)
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Figure 1. Normalized differential event rates of the different interactions X = S, P, V,A, T for the
On-Axis and the various Off-Axis locations, assuming the neutrino-mode operation of DUNE. The
upper panel (a) illustrates the case of small mediator mass mX = 10MeV while the lower panel the
case of large mediator mass mX = 1GeV.
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Figure 2. Same as figure 1 but for the antineutrino mode.
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We have verified that the effect of energy resolution σEe/Ee = 10%/
√
Ee/GeV considered

in refs. [24, 25] is negligible, in agreement with ref. [30], thus in our analysis only the effect
of angular resolution will be considered. On the other hand, regarding the scattering angle
taking a usual Gaussian function can overestimate the smearing of the angular resolution,
since the azimuthal angle is important when applying the smearing. For this reason,
the finite angular resolution of DUNE-ND is taken into account by following closely the
procedure of ref. [25]. Taking the neutrino beam to be in the ẑ direction and letting the
true scattering angle to be θte, the true electron momentum vector is simply written as
p̂te = (sin θte x̂, 0, cos θte ẑ). The latter is related to the reconstructed momentum vector
through the relation [24]

p̂reco
e = Rŷ(θt)Rẑ(φ2)Rŷ(θ1)Rŷ(−θte)p̂te , (3.4)

where Rî(α) denotes the rotation matrix about the axis î through the angle α, while the
reconstructed angle θreco

e is given by θreco
e = cos−1(ẑ · p̂reco

e ). The rotations are performed
in order to have control on the smearing. In particular, Rŷ(−θte) rotates the electron
momentum in the z-axis. The next two rotations are performed to apply the smearing, first
around the y-axis to modify the polar angle, and the second around the z-axis to modify
the azimuth. The final rotation is performed to undo the first rotation.

We calculate the reconstructed event spectrum based on the following procedure. First,
we choose randomly the electron recoil Te and initial neutrino Eν energies in a given bin of
(Eν , Te) from which we determine the values of the electron energy Ee and the true polar
angle theta θte. Then, we calculate the true (Eeθ2

e)t EνES event spectrum that corresponds
to the given (Eν , Te) bin using Monte Carlo integration. For each bin, we furthermore
evaluate the reconstructed electron momentum by performing the rotations given in eq. (3.4)
as follows: for each θte, we choose a new angle θ1 from a Gaussian distribution with σθ being
the angular resolution, while a new angle φ2 is randomly chosen from a uniform distribution
within [0, 2π]. Then, we obtain the reconstructed angle θreco

e from which we construct the
(Eeθ2

e)reco event spectrum in the given (Eν , Te) bin. We finally repeat the procedure for the
other bins and sum up the individual event spectra.

Assuming purely SM interactions, the expected event spectra at DUNE-ND correspond-
ing to the different On-Axis and Off-Axis locations are depicted as a function of the true
(Eeθ2

e)t (blue) and reconstructed (Eeθ2
e)reco (red) in figure 3. The calculation assumes 1

yr in neutrino mode (solid lines) and 1 yr in antineutrino mode (dashed lines), while for
each mode the detector is assumed to be located half time On-Axis with the rest time
shared between the various Off-Axis locations. As can be seen from the plot, the effect of
angular smearing is rather significant allowing the calculated event spectra to extend far
beyond the physical cutoff Eeθ2

e < 2me, as expected when resolution effects are ignored.4

From the calculated spectra, it can be deduced that the expected signal will be dominated
by the On-Axis induced-events which amounts to 82% (81%) of the total signal for the
case of neutrino (antineutrino) mode. Unless otherwise mentioned, in the remainder of the
paper the present calculations will always assume reconstruction only for the case of the

4We have verified that our calculated event spectra are in excellent agreement with ref. [24].
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Figure 3. Expected event spectra in the SM assuming 1 yr (neutrino) + 1 yr (antineutrino) mode
at the DUNE-ND. Blue (red) spectra assume perfect (σθ = 1o) angular resolution, while solid
(dashed) spectra correspond to neutrino (antineutrino) mode.
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Figure 5. Expected event spectra at the different On-Axis and Off-Axis DUNE-ND locations in
terms of Eeθ2

e for the different interactions X = S, P, V,A, T assuming 1 yr in neutrino mode and
angular resolution with σθ = 1o. The NGI spectra are calculated for the benchmark parameters
gX = 5.7 · 10−5 and mX = 10MeV.

scattering angle, while the superscript “reco” is dropped for convenience. For completeness,
we also show the expected EνES event rates projected in the reconstructed scattering angle
and reconstructed electron energy space in the left and right panel of figure 4, respectively.
We find that most of the electrons will scatter within a forward cone with angle 10–20
mrad with respect to the incident neutrino beam, while their angular distribution will not
extend beyond 150 mrad. Regarding the electron energy distribution, most of the scattered
electron population will have Ee ≤ 5GeV, while for energy Ee ≥ 10GeV the expected EνES
signal is practically zero. A comparison of the Eeθ2

e , θe and Ee distributions between the
different locations is given in the appendix A.

Turning to beyond the SM scenarios, in figure 5 we illustrate the expected NGI event
spectra, calculated for the benchmark parameters gX = 5.7 · 10−5 and mX = 10MeV. The
pure SM spectra are superimposed for comparison. It is also interesting to notice the effect
of destructive interference for the case of the axial interaction. If present, NGIs may induce
spectral features which makes them particularly interesting. For instance, the shapes of the
scalar and pseudoscalar spectra are characteristically different compared to those of the rest
interactions, as shown in the left and right panels of figure 6 assuming gX = 4.5 · 10−4 and
mX = 150 keV. Interestingly — and unlike the previous case — for the latter benchmark
point a constructive (destructive) interference is found for the vector (axial vector) case.

3.2 Sensitivity analysis at DUNE-ND

Having developed the necessary machinery for accurately simulating the expected event
spectra we proceed by performing a sensitivity analysis of the physics scenarios in question
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Figure 6. Expected On-Axis event spectra in terms of Eeθ2
e for the different interactions X =

S, P, V,A, T assuming 3.5 yr (neutrino) + 3.5 yr (antineutrino) mode at the DUNE-ND. The left
(right) panel shows the results assuming perfect (σθ = 1o) angular resolution.

with the goal to explore the attainable sensitivities at DUNE-ND. To this purpose, we rely
on the following χ2 function fitting simultaneously On-Axis and Off-Axis spectra and using
shape and normalization information

χ2 = 2
∑
k=ν/ν̄

∑
j=loc

20∑
i=1

[
N ijk

exp −N
ijk
obs +N ijk

obs log N
ijk
obs

N ijk
exp

]
+
(
α1
σα1

)2
+
(
α2
σα2

)2
, (3.5)

where the index i runs over the reconstructed Eeθ2
e bins for which we consider 20 evenly

spaced values in the range [0, 10 me], while j runs over the different On-Axis and Off-
Axis locations of the ND i.e. {0, 6, 12, 18, 24, 30} m, and finally k accounts for neutrino
and antineutrino mode. Here, the expected number of events are taken to be Nexp =
NSM · (1 + α1) + Nbkg · (1 + α2) with the background events being the sum of CCQE
and missidentified π0 events as Nbkg = NmissID

π0 + NCCQE. For the observed events we
consider the sum of SM and new physics EνES events namely Nnew that we add to the
background events. Note, that Nnew = NSM + NX(gX ,mX) for X = S, P, T since there
is no interference between the interaction X and the SM, while for X = V,A, due to
interference with the SM one has Nnew = NX(gX ,mX), i.e the SM contribution is included
in NX . Similarly, for the case of E6 one has Nnew = NE6(mZ′ , cosβ) while for left-right
symmetry Nnew = NLR(mZ′). We furthermore consider two nuisance parameters α1 and α2
with σα1 = 5% and σα2 = 10% to account for the normalization uncertainties of the DUNE
neutrino flux and background, respectively.

At this point we wish to devote a separate paragraph in order to discuss our current
assumptions regarding the background event rates. Since we have not available background
events corresponding to the various Off-Axis locations we simply rescale the On-Axis
background rates by the exposure time, achieving a conservative estimate. While this
approximation neglects the shape of the background events corresponding to Off-Axis
locations, we however expect this to have a rather negligible impact on our sensitivities for
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the following reasons. First because our sensitivities are dominated by the On-Axis events,
and second because we expect that shape uncertainties are indirectly accounted for in the
rather large background normalization uncertainty.

3.3 Other experiments

3.3.1 COHERENT
The COHERENT collaboration has measured CEνNS events on a 14.57 kg CsI [46, 47]
detector and on a 24 kg liquid argon (LAr) [48] detector, both located at the Spallation
Neutron Source (SNS). At the SNS muon neutrinos are produced from pion decay at rest
(π-DAR) π+ → µ+ + νµ which are prompt with the beam, while delayed νe and ν̄µ are
generated from the subsequent muon decay µ+ → e+ + νe + ν̄µ. We employ the Michel
spectrum which adequately describes the neutrino distributions [78]. We simulate the event
spectra for the CsI5 and LAr COHERENT detectors taking into account the detector
specifications, systematic uncertainties and backgrounds6 and we express our reconstructed
signal using the time and energy binning reported by the corresponding data release (see
refs. [47, 48]). In particular, for the CsI measurement we consider 11 time bins in the range
[0, 6] µs and 9 energy bins expressed in photoelectrons (PE) in the range [0, 60] PE. Similarly
for the case of LAr we consider 10 time bins in the range [0, 5] µs and 12 energy bins
expressed in units of electron equivalent energy in the range [0, 120] keVee. An as realistic
as possible sensitivity analysis is performed following the analysis strategy of ref. [63]. Let
us finally note that even though our results regarding COHERENT are mainly driven by
the CsI data, we nonetheless perform a combined analysis of CsI+LAr data.

3.3.2 Dresden-II
For the first time, a suggestive evidence of CEνNS was recently announced by the Dresden-II
Collaboration using reactor antineutrinos [49]. The experiment used a 3 kg germanium
detector exposed to reactor antineutrinos emitted from the Dresden-II boiling water reactor,
and collected data for an ON/OFF period corresponding to 96.4/25 days. Due to its
close proximity to the reactor core the experiment is dominated by epithermal neutron
backgrounds and electron capture peaks in 71Ge. During the beam ON period a very strong
preference over the background-only hypothesis was found in the data that is consistent
with a CEνNS-induced signal in the low-energy measured spectrum, while the data collected
during the beam OFF period are consistent with the null hypothesis. We consider the
antineutrino spectrum from ref. [79] taking into account all the relevant fissible isotopes, i.e.,
235U, 238U, 239Pu, 242Pu and 238U(n, γ) as well as the natural abundances of Ge, as done in
ref. [64]. To simulate the background, we reproduce the background model parametrized in
terms of seven free parameters as detailed in the supplemental material of ref. [49]. Our
simulated signal is then expressed in terms or reconstructed electron equivalent energy
using 130 bins evenly distributed over the range [0.2, 1.5] keVee. Finally, our statistical
analysis proceeds through a simultaneous fit of background model parameters and new
physics model parameters following ref. [64].

5For CsI, we consider the full data reported in 2021 [47].
6Namely, steady state backgrounds and beam related neutrons.
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3.3.3 TEXONO

In the present work we also consider existing data of measured EνES events reported
by the TEXONO collaboration [45]. The experiment observed EνES exploiting reactor
antineutrinos emerged from the Kuo-Sheng Nuclear reactor using a 187 kg CsI(Tl) detector.
Unlike the Dresden-II case, for the case od TEXONO we adop the reactor antineutrino
energy distribution from [80] for Eν > 2 MeV, while for Eν < 2 MeV we consider the
theoretical estimations from ref. [81] and we finally assume an overall normalization of
6.4× 1012 cm−2s−1. Our simulated signal is expressed in units of events/(kg · day ·MeV)
for which we consider 10 bins in the range [3, 8]MeV following ref. [45], while our statistical
analysis is based on the assumptions of ref. [82].

4 Results and discussion

We now turn to our statistical analysis, by first focusing on the NGI sensitivities. Figure 7
illustrates the excluded regions at 90% C.L. after 7 yrs of neutrino data collection at
DUNE-ND, for the various interactions X. We have verified that the sensitivity remains
essentially unchanged when a total running time of 5 yr (neutrino mode) + 5 yr (antineutrino
mode) is assumed. In the depicted contours, three regions can be identified depending
on the momentum transfer q =

√
2meTe: (i) mX � q corresponding to light mediators

giving a line parallel to the mX axis, (ii) mX ∼ q which gives the turning points and (iii)
mX � q which corresponds to the heavy mediator case giving the part which rises with
mX . Contrary to case (i), the existence of a heavy NGI mediator does not modify the shape
of the spectra, and corresponds to a NGI scenario with effective couplings. To highlight the
impact of angular resolution, the results are demonstrated for the case of ideal resolution
(dashed lines) as well as for σθ = 1o (solid lines), from where a slight reduction of the
sensitivity reach becomes evident. The depicted contours allow for a relative comparison of
the expected sensitivity on the various NGIs from where it can be deduced that the least
(most) constrained is the scalar/pseudoscalar (axial vector) case. This is due to the fact
that the scalar/pseudoscalar cross section is suppressed by a factor T 2

e /E
2
ν compared to the

leading terms of either vector, axial vector or tensor cross sections. As explained above, the
scalar and pseudoscalar sensitivities are practically identical. Furthermore, at low mediator
masses the interaction channels X = V, T have comparable sensitivity while the constraint
for X = A is exceeding that of X = T . To clarify this behavior, let us highlight that while
the tensor interaction cross section is larger by a factor 8 compared to the purely NGI
vector or axial vector ones, there is an improvement in the sensitivity of X = A, V cases
due to the existence of interference with the SM. Before we proceed — and in connection
to the background-related discussion made above — let us stress that we have furthermore
checked that increasing the background by a factor two has no visible impact on the results.

It is interesting to compare the attainable DUNE-ND sensitivities obtained in this
work with existing constraints coming from further experimental probes. As pointed out in
ref. [69], for the case of EνES the general vector case discussed up to now is identical to
the anomaly-free vector B − L scenario, thus in order to compare our present results we
choose the latter. Then, in figure 8 we show the limits for the case of vector B − L (left),
U(1)Lµ−Lτ (right) gauge symmetric models by superimposing existing limits from various
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Lµ − Lτ (right) interactions.

experimental probes. Specifically, we compare the DUNE-ND with low-energy neutrino
experiments such as those looking for CEνNS like COHERENT [47, 48] and solar neutrinos
e.g. Borexino [83]. The COHERENT (combined CsI+LAr data) sensitivities for the vector
B − L case are taken from the analysis of ref. [63],7 while for the Lµ − Lτ scenario the

7Let us note that ref. [63] obtained constraints for the general vector case, which here is recasted to
the B − L case as follows: for mV > 300 keV which corresponds to the CEνNS-induced region, the B − L
COHERENT limit is roughly obtained from the general vector case reported in [63] through the shift
gB−L ≈ 3gV , while for mV < 300 keV corresponding to the low-energy EνES-induced region it holds
gB−L = gV . Finally the narrow region corresponding to destructive interference (see the left panels of
figures 8 and 10 in ref. [63]) is irrelevant for the B − L case considered here.
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Figure 9. Comparison of the DUNE-ND sensitivity with existing constraints (see the text for
details). The results are presented at 90% C.L. for the case of scalar (top-left), pseudoscalar
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sensitivities are extracted in the present work following the analysis of the latter study.
Similarly, the XENONnT and LZ constraints for the vector B − L case are adapted from
ref. [67], while the Lµ − Lτ constraints are obtained for the first time in this work. Note,
that the vector bounds driven by EνES events taken from refs. [63, 67] are appropriately
adjusted according to gB−L → gB−L/

√
2 to be consistent with the cross section definition

used in the present work.8 Turning to solar neutrino analyses, for the vector B−L case the
constraints are taken from ref. [72] which performed a spectral analysis of Borexino Phase-II
data, while the Lµ − Lτ limits are taken from the analysis of refs. [84, 85]. We furthermore
show the corresponding limits obtained from high energy collider data, recasted to the vector
B − L and Lµ − Lτ cases using the Darkcast software package. Specifically, we illustrate
limits from electron beam-dump9 experiments [101, 102] as well as limits from ATLAS [103]

8Projected sensitivities from futuristic measurements at direct dark matter detection experiments are
reported in ref. [64].

9These include E141 [86, 87], E137 [88, 89], E774 [90], KEK [91], Orsay [89], U70/ν-CAL I [92, 93],
CHARM [94, 95], NOMAD [96], NA64 [97, 98], A1 [99] and APEX [100]. Note that for the Lµ−Lτ scenario
only E141, E137 and KEK limits are relevant.
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extracted from dielectron resonance measurements. Also shown are existing B − L limits
from BaBar [104, 105], CMS [106] and LHCb [107] Dark Photon analyses. Regarding
Lµ − Lτ , we include limits from BaBar [108], CMS [109], and ATLAS [110, 111] obtained
from 4µ searches and LHCb [107].10 Astrophysical limits from Big Bang Nucleosynthesis
(BBN) [112, 113], stellar cooling and SN 1987A [114] are also shown for comparison. Finally
the limits on (g − 2)µ are obtained based on the appendix B of ref. [115]. As a general
remark, it should be stressed that in all cases, DUNE-ND is expected to place competitive
constraints to those derived from low-energy solar, dark matter direct detection and CEνNS
experiments and complementary to high energy collider searches [116].

In figure 9 we show a comparison of the sensitivity contours for the remaining scalar
(top-left), pseudoscalar (top-right), tensor (bottom-left) and axial vector (bottom-right)
interactions. For the scalar case astrophysical limits coming from BBN and SN 1987
are relevant, while for the tensor and pseudoscalar cases existing limits are coming from
solar neutrinos (Borexino), direct dark matter detection (LZ and XENONnT) and CEνNS
experiments (COHERENT). For the axial vector case relevant limits come from beam-dump
experiments and collider searches which we reproduce from ref. [117] using Darkcast. Let
us finally note that for the pseudoscalar and axial vector cases CEνNS limits are not as
competitive since they are suppressed by nuclear spin, and hence not shown here.

A few comments are in order. The NGI cross section is enhanced significantly for
low Te, thus making the dark matter direct detection experiments favorable locations to
probe the parameter space with very low masses mX . Indeed, as can be seen from the
plots, LZ and XENONnT dominate the limits for low mediator masses because of their very
low-energy threshold detection capabilities. On the other hand, COHERENT dominates the
limits in the parameter space for mX > 10 MeV. However, it is important to clarify that
CEνNS-based limits such as those coming from COHERENT are extracted from nuclear
recoil measurements, and therefore they apply only under the assumption of universal
couplings between the mediators X = S, P, V,A, T and electrons geX or quarks gqX . Thus,
in the general case the DUNE-ND by exploiting the highly intense LBNF beam — which
peaks in the ballpark of few GeV neutrino energy — has the prospect to place the most
stringent limits for mX > 100 MeV up to few GeV. It is also interesting to notice that
for the special case of Lµ − Lτ symmetric model, DUNE-ND is expected to rule out the
COHERENT limits with significant complementarity to LZ, XENONnT and Borexino. This
is mainly because of the highly intense muon neutrino beams available at Fermilab. For
the scalar and pseudoscalar cases instead, the projected DUNE-ND sensitivities will not be
competitive to direct dark matter detection experiments, though they are complementary to
Borexino in the effective NGI case corresponding to region (iii). For tensor NGI, DUNE-ND
has the prospect to outperform COHERENT, XENONnT and LZ for mT larger than a few
MeV. Finally for the axial vector case, DUNE-ND is expected to dominate over all neutrino
scattering experiments offering also complementary constraints to existing ones from NA64
and collider measurements.

We are now turning our attention on exploring the sensitivity of DUNE-ND on LR
and the various E6 models. In this case, the phenomenological parameter of interest is

10These limits are obtained from A′ → µ+µ− and recasted to the Lµ − Lτ scenario.
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Figure 10. Upper-left: ∆χ2 profiles of the Z ′ mass in the LR Symmetric and E6 models assuming 3.5
yr (neutrino) + 3.5 yr (antineutrino) mode running time. Upper-right: comparison of the projected
DUNE-ND sensitivities with COHERENT, Dresden-II and TEXONO. Lower panel: contours at
90% C.L. in the cosβ-MZ′ space.

model Spallation Source Reactors LBNF Current Limit
COHERENT (CsI+LAr) Dresden-II TEXONO DUNE-ND [PDG 2022]

ψ – – 10 156 4560
η 237 172 54 404 3900
χ 310 225 85 526 4800
LR 165 129 155 217 1162

Table 2. Sensitivity of DUNE-ND, COHERENT, Dresden-II and TEXONO at 90% C.L. on the Z ′
mass (in units of GeV) obtained in the present work. For comparison, also shown are the current
limits set from collider searches at the LHC [53].
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the mediator mass entering through the parameter γ = (MZ0/MZ′)2. By performing a
χ2 analysis in the same spirit as previously, we obtain the sensitivity profiles depicted
in the left panel of figure 10. As can be seen the least (most) stringent constraints on
the mediator mass correspond to the ψ (χ) case of E6 symmetry. In the right panel of
figure 10 we demonstrate a comparison of the LR sensitivities between DUNE-ND and the
other neutrino scattering experiments explored in the present study such as COHERENT,
Dresden-II and TEXONO. We find that DUNE-ND will be able to place the most stringent
constraint on Z ′ mass. Let us also note that for the case of CEνNS the relevant expressions
for calculating the E6 and LR contributions are given in the appendix B.

In the lower panel of figure 10 we explore the full spectrum of E6 models by allowing
the value of cosβ to vary freely. The corresponding allowed areas extracted in the present
work by analyzing the COHERENT, Dresden-II and TEXONO data are superimposed for
comparison. Likewise the LR case, the projected DUNE-ND sensitivities are promising
to improve by a factor ∼ 2 compared to those of the latter experiments. As can be seen
there is a sharp sensitivity loss for cosβ = −

√
5/32 due to the cancellation involved in both

EνES and CEνNS cross sections as explained previously. Moreover, the COHERENT and
Dresden-II experiments have zero sensitivity on the ψ model since another cancellation
is involved in the CEνNS cross section for cosβ = 0 on the relevant couplings, see e.g.
eqs. (B.2), (B.6) in appendix B and ref. [118]. Hence, we conclude that DUNE-ND is not
only expected to improve over previous neutrino-based constraints but at the same time it is
clearly complementary to existing CEνNS measurements. Before closing, a summary of our
results regarding the DUNE-ND sensitivity on E6 and LR models along with a comparison
with the rest neutrino experiments analyzed in the present work is given in table 2.

Before closing we would like to emphasize the complementarity of our present results
with existing ones probed by collider searches at the LHC [53]. Specifically, we show how
neutrino data coming from EνES and CEνNS measurements can be utilized to explore
the Z ′ mass as an alternative research channel to the dilepton Z ′ decay explored at the
LHC. More importantly, we stress that collider searches are relevant in the high energy
window e.g. refs. [9, 10] provide limits for MZ′ > 250GeV, ref. [119] for MZ′ > 200GeV,
and ref. [120] for MZ′ > 100GeV, thus leaving the low-energy region unexplored which is
what our present analysis using neutrino data focuses on.

5 Conclusions

In this work we have simulated EνES-induced signals in the context of model-independent
NGIs that are expected to trigger the DUNE-ND. To this purpose, we performed Monte
Carlo simulations of the reconstructed signal in Eeθ2

e space taking into account detector-
specific effects such as angular resolution, systematic uncertainties and realistic backgrounds
on the analysis of On-Axis and Off-Axis spectra. For the first time, we have examined
the prospects of constraining light axial-vector, scalar, pseudoscalar and tensor mediators
at the ND complex using EνES events. Moreover, we considered particular models such
as those arising from U(1)B−L, U(1)Lµ−Lτ , LR and E6 gauge symmetries. We have
furthermore performed a comparison of the projected DUNE-ND sensitivities with additional
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experimental probes. In particular we considered the EνES data from the reactor neutrino
experiment TEXONO, CEνNS data from COHERENT and Dresden-II, solar neutrino data
from Borexino, low-energy data from direct dark matter detection experiments such as
XENONnT and LZ as well as high-energy collider data. In all cases we find that by exploiting
the intense LBNF neutrino beam in conjunction with the multi-ton Liquid Argon detector,
DUNE-ND has promising prospects to constrain a considerable part of the parameter space
in question, offering complementary results to low-energy neutrino and direct dark matter
detection experiments. We demonstrated that future DUNE-ND data will offer a powerful
tool for placing the most stringent constraints in the range mX > 100 MeV up to few GeV
regarding NGIs. Finally, regarding LR and E6 symmetric models, we showed that DUNE
and COHERENT are drastically improving previous limits on the vector boson mass MZ′

set by TEXONO in the low-energy regime, and we also highlighted their complementarity
to collider searches.
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A Normalized PDF event spectra at DUNE-ND

Figure 11 shows the reconstructed SM EνES signal events as a function of the electron
energy Ee (left), scattering angle θe (center) and Eeθ2 space (right), after 3.5 years of data
collection in neutrino mode. The results are presented for the various On-Axis and Off-Axis
locations, as done in figures 3 and 4. However, here they are illustrated as normalized PDFs
in order to appreciate the spectral shape differences among the various detector locations.
As expected, when projecting to Ee, the On-Axis (30 m) event spectra appear as having
the wider (narrower) distribution since the On-Axis neutrino energy distribution peaks
at higher energy. The opposite behavior is found in the scattering angle projected PDF
spectra. The latter is understood since the On-Axis event spectra are the most boosted
ones, and therefore they will be detected with smaller scattering angles. Finally the Eeθ2

e

projection appears as the combination of the Ee and θe distributions.

B Relevant expressions for CEνNS

The SM CEνNS cross section in terms of the nuclear recoil energy TA reads(
dσ

dTA

)
SM

= G2
FM

π
Q2
V

(
1− MTA

2E2
ν

)
, (B.1)
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Figure 11. Normalized PDFs for the event spectra in the SM assuming an exposure of 3.5 yr in
neutrino mode at the DUNE-ND. The results are projected in electron energy Ee (left), scattering
angle θe (center) and Eeθ2

e space (right).

with M being the nuclear mass, |~q| =
√

2MTA denotes the magnitude of the three-
momentum transfer and QV is the vector weak charge written as

QV =
[
2(gLu + gRu ) + (gLd + gRd )

]
ZFZ(|~q|2) +

[
(gLu + gRu ) + 2(gLd + gRd )

]
NFN (|~q|2) . (B.2)

Here, FZ(|~q|2) and FN (|~q|2) are the nuclear form factors for protons and neutrons, respec-
tively, while the vector weak charge QV is expressed in terms of the P -handed couplings
for the quark q = {u, d} as

gLu =
(1

2 −
2
3 sin2 θW

)
,

gLd =
(
−1

2 + 1
3 sin2 θW

)
,

gRu =
(
−2

3 sin2 θW

)
,

gRd =
(1

3 sin2 θW

)
.

(B.3)

In the context of LR symmetry, the SM couplings gPq are substituted by the corresponding
fPq as [121]

fLu = AgLu + BgRu ,
fLd = AgLd + BgRd ,
fRu = AgRu + BgLu ,
fRd = AgRd + BgLd ,

(B.4)

where the A and B parameters are defined as in eq. (2.10).
For the case of the E6 model, the SM CEνNS couplings are modified as follows

fLu = gLu + εLu ,

fLd = gLd + εLd ,

fRu = gRu + εRu ,

fRd = gRd + εRd ,

(B.5)
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where the new physics is encoded in the εPq couplings according to [76]

εLu = −4γ sin2 θW

(
cβ√
24
− sβ

3

√
5
8

)(
3cβ

2
√

24
+ sβ

6

√
5
8

)
,

εRd = −8γ sin2 θW

(
3cβ

2
√

24
+ sβ

6

√
5
8

)2

,

εLd = εLu = −εRu .

(B.6)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] P.F. de Salas et al., 2020 global reassessment of the neutrino oscillation picture, JHEP 02
(2021) 071 [arXiv:2006.11237] [INSPIRE].

[2] J. Schechter and J.W.F. Valle, Neutrino Masses in SU(2)×U(1) Theories, Phys. Rev. D 22
(1980) 2227 [INSPIRE].

[3] R.N. Mohapatra et al., Theory of neutrinos: A White paper, Rept. Prog. Phys. 70 (2007)
1757 [hep-ph/0510213] [INSPIRE].

[4] M.C. Gonzalez-Garcia and J.W.F. Valle, Updated constraints on a new neutral gauge boson,
Nucl. Phys. B 345 (1990) 312 [INSPIRE].

[5] M.C. Gonzalez-Garcia and J.W.F. Valle, Neutral current and LEP constraints on an extra E6
neutral gauge boson: A Global fit to electroweak parameters, Phys. Lett. B 259 (1991) 365
[INSPIRE].

[6] A. Das, N. Okada and D. Raut, Enhanced pair production of heavy Majorana neutrinos at the
LHC, Phys. Rev. D 97 (2018) 115023 [arXiv:1710.03377] [INSPIRE].

[7] A. Das, S. Gola, S. Mandal and N. Sinha, Two-component scalar and fermionic dark matter
candidates in a generic U(1)X model, Phys. Lett. B 829 (2022) 137117 [arXiv:2202.01443]
[INSPIRE].

[8] P. Langacker, The Physics of Heavy Z ′ Gauge Bosons, Rev. Mod. Phys. 81 (2009) 1199
[arXiv:0801.1345] [INSPIRE].

[9] ATLAS collaboration, Search for high-mass dilepton resonances using 139 fb−1 of pp
collision data collected at

√
s = 13TeV with the ATLAS detector, Phys. Lett. B 796 (2019)

68 [arXiv:1903.06248] [INSPIRE].

[10] CMS collaboration, Search for resonant and nonresonant new phenomena in high-mass
dilepton final states at

√
s = 13TeV, JHEP 07 (2021) 208 [arXiv:2103.02708] [INSPIRE].

[11] F.F. Deppisch, N. Desai and J.W.F. Valle, Is charged lepton flavor violation a high energy
phenomenon?, Phys. Rev. D 89 (2014) 051302 [arXiv:1308.6789] [INSPIRE].

[12] S.P. Das, F.F. Deppisch, O. Kittel and J.W.F. Valle, Heavy Neutrinos and Lepton Flavour
Violation in Left-Right Symmetric Models at the LHC, Phys. Rev. D 86 (2012) 055006
[arXiv:1206.0256] [INSPIRE].

– 23 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/JHEP02(2021)071
https://doi.org/10.1007/JHEP02(2021)071
https://arxiv.org/abs/2006.11237
https://inspirehep.net/literature/1802107
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.22.2227
https://inspirehep.net/literature/153987
https://doi.org/10.1088/0034-4885/70/11/R02
https://doi.org/10.1088/0034-4885/70/11/R02
https://arxiv.org/abs/hep-ph/0510213
https://inspirehep.net/literature/695268
https://doi.org/10.1016/0550-3213(90)90389-U
https://inspirehep.net/literature/295608
https://doi.org/10.1016/0370-2693(91)90842-E
https://inspirehep.net/literature/301061
https://doi.org/10.1103/PhysRevD.97.115023
https://arxiv.org/abs/1710.03377
https://inspirehep.net/literature/1629557
https://doi.org/10.1016/j.physletb.2022.137117
https://arxiv.org/abs/2202.01443
https://inspirehep.net/literature/2026814
https://doi.org/10.1103/RevModPhys.81.1199
https://arxiv.org/abs/0801.1345
https://inspirehep.net/literature/777086
https://doi.org/10.1016/j.physletb.2019.07.016
https://doi.org/10.1016/j.physletb.2019.07.016
https://arxiv.org/abs/1903.06248
https://inspirehep.net/literature/1725190
https://doi.org/10.1007/JHEP07(2021)208
https://arxiv.org/abs/2103.02708
https://inspirehep.net/literature/1849964
https://doi.org/10.1103/PhysRevD.89.051302
https://arxiv.org/abs/1308.6789
https://inspirehep.net/literature/1251902
https://doi.org/10.1103/PhysRevD.86.055006
https://arxiv.org/abs/1206.0256
https://inspirehep.net/literature/1116875


J
H
E
P
0
7
(
2
0
2
3
)
1
9
0

[13] O.G. Miranda, V. Semikoz and J.W.F. Valle, Neutrino electron scattering and electroweak
gauge structure: Tests, Phys. Rev. D 58 (1998) 013007 [hep-ph/9712215] [INSPIRE].

[14] E.A. Garces, O.G. Miranda, M.A. Tortola and J.W.F. Valle, Low-Energy Neutrino-Electron
Scattering as a Standard Model Probe: The Potential of LENA as Case Study, Phys. Rev. D
85 (2012) 073006 [arXiv:1112.3633] [INSPIRE].

[15] G.G. Raffelt, Stars as laboratories for fundamental physics: The astrophysics of neutrinos,
axions, and other weakly interacting particles, second edition, University of Chicago Press
(1996) [ISBN: 9780226702728] [INSPIRE].

[16] C. Giunti and C.W. Kim, Fundamentals of Neutrino Physics and Astrophysics, Oxford
University Press, [ISBN: 9780198508717] (2007) [INSPIRE].

[17] J.W.F. Valle and J.C. Romao, Neutrinos in high energy and astroparticle physics,
Wiley-VCH, Weinheim (2015) [INSPIRE].

[18] DUNE collaboration, Long-Baseline Neutrino Facility (LBNF) and Deep Underground
Neutrino Experiment (DUNE): Conceptual Design Report, Volume 1: The LBNF and DUNE
Projects, arXiv:1601.05471 [INSPIRE].

[19] DUNE collaboration, Snowmass Neutrino Frontier: DUNE Physics Summary,
arXiv:2203.06100 [INSPIRE].

[20] DUNE collaboration, Long-Baseline Neutrino Facility (LBNF) and Deep Underground
Neutrino Experiment (DUNE): Conceptual Design Report, Volume 3: Long-Baseline
Neutrino Facility for DUNE June 24, 2015, arXiv:1601.05823 [INSPIRE].

[21] MINERvA collaboration, Measurement of Neutrino Flux from Neutrino-Electron Elastic
Scattering, Phys. Rev. D 93 (2016) 112007 [arXiv:1512.07699] [INSPIRE].

[22] C.M. Marshall, K.S. McFarland and C. Wilkinson, Neutrino-electron elastic scattering for
flux determination at the DUNE oscillation experiment, Phys. Rev. D 101 (2020) 032002
[arXiv:1910.10996] [INSPIRE].

[23] DUNE collaboration, Prospects for beyond the Standard Model physics searches at the Deep
Underground Neutrino Experiment, Eur. Phys. J. C 81 (2021) 322 [arXiv:2008.12769]
[INSPIRE].

[24] A. de Gouvea, P.A.N. Machado, Y.F. Perez-Gonzalez and Z. Tabrizi, Measuring the Weak
Mixing Angle in the DUNE Near Detector Complex, Phys. Rev. Lett. 125 (2020) 051803
[arXiv:1912.06658] [INSPIRE].

[25] V. Mathur, I.M. Shoemaker and Z. Tabrizi, Using DUNE to shed light on the electromagnetic
properties of neutrinos, JHEP 10 (2022) 041 [arXiv:2111.14884] [INSPIRE].

[26] T. Schwetz, A. Zhou and J.-Y. Zhu, Constraining active-sterile neutrino transition magnetic
moments at DUNE near and far detectors, JHEP 21 (2020) 200 [arXiv:2105.09699]
[INSPIRE].

[27] M. Ovchynnikov, T. Schwetz and J.-Y. Zhu, Dipole portal and neutrinophilic scalars at
DUNE revisited: The importance of the high-energy neutrino tail, Phys. Rev. D 107 (2023)
055029 [arXiv:2210.13141] [INSPIRE].

[28] W. Altmannshofer et al., Neutrino Tridents at DUNE, Phys. Rev. D 100 (2019) 115029
[arXiv:1902.06765] [INSPIRE].

[29] P. Ballett et al., Z ′s in neutrino scattering at DUNE, Phys. Rev. D 100 (2019) 055012
[arXiv:1902.08579] [INSPIRE].

– 24 –

https://doi.org/10.1103/PhysRevD.58.013007
https://arxiv.org/abs/hep-ph/9712215
https://inspirehep.net/literature/451740
https://doi.org/10.1103/PhysRevD.85.073006
https://doi.org/10.1103/PhysRevD.85.073006
https://arxiv.org/abs/1112.3633
https://inspirehep.net/literature/1081530
https://inspirehep.net/literature/430034
https://inspirehep.net/literature/747694
https://inspirehep.net/literature/1347309
https://arxiv.org/abs/1601.05471
https://inspirehep.net/literature/1416470
https://arxiv.org/abs/2203.06100
https://inspirehep.net/literature/2050110
https://arxiv.org/abs/1601.05823
https://inspirehep.net/literature/1416650
https://doi.org/10.1103/PhysRevD.93.112007
https://arxiv.org/abs/1512.07699
https://inspirehep.net/literature/1411311
https://doi.org/10.1103/PhysRevD.101.032002
https://arxiv.org/abs/1910.10996
https://inspirehep.net/literature/1760721
https://doi.org/10.1140/epjc/s10052-021-09007-w
https://arxiv.org/abs/2008.12769
https://inspirehep.net/literature/1813816
https://doi.org/10.1103/PhysRevLett.125.051803
https://arxiv.org/abs/1912.06658
https://inspirehep.net/literature/1770941
https://doi.org/10.1007/JHEP10(2022)041
https://arxiv.org/abs/2111.14884
https://inspirehep.net/literature/1980722
https://doi.org/10.1007/JHEP07(2021)200
https://arxiv.org/abs/2105.09699
https://inspirehep.net/literature/1864419
https://doi.org/10.1103/PhysRevD.107.055029
https://doi.org/10.1103/PhysRevD.107.055029
https://arxiv.org/abs/2210.13141
https://inspirehep.net/literature/2169718
https://doi.org/10.1103/PhysRevD.100.115029
https://arxiv.org/abs/1902.06765
https://inspirehep.net/literature/1720838
https://doi.org/10.1103/PhysRevD.100.055012
https://arxiv.org/abs/1902.08579
https://inspirehep.net/literature/1721387


J
H
E
P
0
7
(
2
0
2
3
)
1
9
0

[30] K. Chakraborty, A. Das, S. Goswami and S. Roy, Constraining general U(1) interactions
from neutrino-electron scattering measurements at DUNE near detector, JHEP 04 (2022) 008
[arXiv:2111.08767] [INSPIRE].

[31] G. Chauhan, P.S.B. Dev and X.-J. Xu, Probing the νR-philic Z’ at DUNE near detectors,
Phys. Lett. B 841 (2023) 137907 [arXiv:2204.11876] [INSPIRE].

[32] J.M. Berryman et al., Searches for Decays of New Particles in the DUNE Multi-Purpose
Near Detector, JHEP 02 (2020) 174 [arXiv:1912.07622] [INSPIRE].

[33] P.S.B. Dev et al., Light, long-lived B − L gauge and Higgs bosons at the DUNE near detector,
JHEP 07 (2021) 166 [arXiv:2104.07681] [INSPIRE].

[34] F. Capozzi et al., Extending the reach of leptophilic boson searches at DUNE and MiniBooNE
with bremsstrahlung and resonant production, Phys. Rev. D 104 (2021) 115010
[arXiv:2108.03262] [INSPIRE].

[35] V. De Romeri, K.J. Kelly and P.A.N. Machado, DUNE-PRISM Sensitivity to Light Dark
Matter, Phys. Rev. D 100 (2019) 095010 [arXiv:1903.10505] [INSPIRE].

[36] M. Breitbach et al., Searching for physics beyond the Standard Model in an off-axis DUNE
near detector, JHEP 01 (2022) 048 [arXiv:2102.03383] [INSPIRE].

[37] V. Brdar et al., Probing new physics at DUNE operating in a beam-dump mode, Phys. Rev. D
107 (2023) 055043 [arXiv:2206.06380] [INSPIRE].

[38] D. Aristizabal Sierra, V. De Romeri and N. Rojas, COHERENT analysis of neutrino
generalized interactions, Phys. Rev. D 98 (2018) 075018 [arXiv:1806.07424] [INSPIRE].

[39] W. Rodejohann, X.-J. Xu and C.E. Yaguna, Distinguishing between Dirac and Majorana
neutrinos in the presence of general interactions, JHEP 05 (2017) 024 [arXiv:1702.05721]
[INSPIRE].

[40] B. Kayser, E. Fischbach, S.P. Rosen and H. Spivack, Charged and Neutral Current
Interference in νee Scattering, Phys. Rev. D 20 (1979) 87 [INSPIRE].

[41] I. Bischer and W. Rodejohann, General Neutrino Interactions at the DUNE Near Detector,
Phys. Rev. D 99 (2019) 036006 [arXiv:1810.02220] [INSPIRE].

[42] R.N. Mohapatra and G. Senjanovic, Neutrino Masses and Mixings in Gauge Models with
Spontaneous Parity Violation, Phys. Rev. D 23 (1981) 165 [INSPIRE].

[43] C. Hati et al., Towards gauge coupling unification in left-right symmetric
SU(3)c × SU(3)L × SU(3)R ×U(1)X theories, Phys. Rev. D 96 (2017) 015004
[arXiv:1703.09647] [INSPIRE].

[44] J.W.F. Valle, Gauge theories and the physics of neutrino mass, Prog. Part. Nucl. Phys. 26
(1991) 91 [INSPIRE].

[45] TEXONO collaboration, Measurement of ν̄e-electron Scattering Cross-Section with a CsI(Tl)
Scintillating Crystal Array at the Kuo-Sheng Nuclear Power Reactor, Phys. Rev. D 81 (2010)
072001 [arXiv:0911.1597] [INSPIRE].

[46] COHERENT collaboration, Observation of Coherent Elastic Neutrino-Nucleus Scattering,
Science 357 (2017) 1123 [arXiv:1708.01294] [INSPIRE].

[47] COHERENT collaboration, Measurement of the Coherent Elastic Neutrino-Nucleus
Scattering Cross Section on CsI by COHERENT, Phys. Rev. Lett. 129 (2022) 081801
[arXiv:2110.07730] [INSPIRE].

– 25 –

https://doi.org/10.1007/JHEP04(2022)008
https://arxiv.org/abs/2111.08767
https://inspirehep.net/literature/1970309
https://doi.org/10.1016/j.physletb.2023.137907
https://arxiv.org/abs/2204.11876
https://inspirehep.net/literature/2072421
https://doi.org/10.1007/JHEP02(2020)174
https://arxiv.org/abs/1912.07622
https://inspirehep.net/literature/1771355
https://doi.org/10.1007/JHEP07(2021)166
https://arxiv.org/abs/2104.07681
https://inspirehep.net/literature/1858881
https://doi.org/10.1103/PhysRevD.104.115010
https://arxiv.org/abs/2108.03262
https://inspirehep.net/literature/1901619
https://doi.org/10.1103/PhysRevD.100.095010
https://arxiv.org/abs/1903.10505
https://inspirehep.net/literature/1726749
https://doi.org/10.1007/JHEP01(2022)048
https://arxiv.org/abs/2102.03383
https://inspirehep.net/literature/1845342
https://doi.org/10.1103/PhysRevD.107.055043
https://doi.org/10.1103/PhysRevD.107.055043
https://arxiv.org/abs/2206.06380
https://inspirehep.net/literature/2095881
https://doi.org/10.1103/PhysRevD.98.075018
https://arxiv.org/abs/1806.07424
https://inspirehep.net/literature/1678635
https://doi.org/10.1007/JHEP05(2017)024
https://arxiv.org/abs/1702.05721
https://inspirehep.net/literature/1514250
https://doi.org/10.1103/PhysRevD.20.87
https://inspirehep.net/literature/7697
https://doi.org/10.1103/PhysRevD.99.036006
https://arxiv.org/abs/1810.02220
https://inspirehep.net/literature/1696957
https://doi.org/10.1103/PhysRevD.23.165
https://inspirehep.net/literature/154264
https://doi.org/10.1103/PhysRevD.96.015004
https://arxiv.org/abs/1703.09647
https://inspirehep.net/literature/1519855
https://doi.org/10.1016/0146-6410(91)90010-L
https://doi.org/10.1016/0146-6410(91)90010-L
https://inspirehep.net/literature/297673
https://doi.org/10.1103/PhysRevD.81.072001
https://doi.org/10.1103/PhysRevD.81.072001
https://arxiv.org/abs/0911.1597
https://inspirehep.net/literature/836428
https://doi.org/10.1126/science.aao0990
https://arxiv.org/abs/1708.01294
https://inspirehep.net/literature/1614476
https://doi.org/10.1103/PhysRevLett.129.081801
https://arxiv.org/abs/2110.07730
https://inspirehep.net/literature/1945677


J
H
E
P
0
7
(
2
0
2
3
)
1
9
0

[48] COHERENT collaboration, First Measurement of Coherent Elastic Neutrino-Nucleus
Scattering on Argon, Phys. Rev. Lett. 126 (2021) 012002 [arXiv:2003.10630] [INSPIRE].

[49] J. Colaresi et al., Measurement of Coherent Elastic Neutrino-Nucleus Scattering from Reactor
Antineutrinos, Phys. Rev. Lett. 129 (2022) 211802 [arXiv:2202.09672] [INSPIRE].

[50] Borexino collaboration, Limiting neutrino magnetic moments with Borexino Phase-II solar
neutrino data, Phys. Rev. D 96 (2017) 091103 [arXiv:1707.09355] [INSPIRE].

[51] XENON collaboration, Search for New Physics in Electronic Recoil Data from XENONnT,
Phys. Rev. Lett. 129 (2022) 161805 [arXiv:2207.11330] [INSPIRE].

[52] LZ collaboration, First Dark Matter Search Results from the LUX-ZEPLIN (LZ) Experiment,
arXiv:2207.03764 [INSPIRE].

[53] Particle Data Group collaboration, Review of Particle Physics, PTEP 2022 (2022)
083C01 [INSPIRE].

[54] O. Tomalak, P. Machado, V. Pandey and R. Plestid, Flavor-dependent radiative corrections
in coherent elastic neutrino-nucleus scattering, JHEP 02 (2021) 097 [arXiv:2011.05960]
[INSPIRE].

[55] O.G. Miranda and H. Nunokawa, Non standard neutrino interactions: current status and
future prospects, New J. Phys. 17 (2015) 095002 [arXiv:1505.06254] [INSPIRE].

[56] K.S. Babu, D. Gonçalves, S. Jana and P.A.N. Machado, Neutrino Non-Standard Interactions:
Complementarity Between LHC and Oscillation Experiments, Phys. Lett. B 815 (2021)
136131 [arXiv:2003.03383] [INSPIRE].

[57] D.W.P. Amaral, D. Cerdeno, A. Cheek and P. Foldenauer, A direct detection view of the
neutrino NSI landscape, arXiv:2302.12846 [INSPIRE].

[58] Y. Farzan and M. Tórtola, Neutrino oscillations and Non-Standard Interactions, Front. in
Phys. 6 (2018) 10 [arXiv:1710.09360] [INSPIRE].

[59] P.S. Bhupal Dev et al., Neutrino Non-Standard Interactions: A Status Report,
arXiv:1907.00991 [DOI:10.21468/SciPostPhysProc.2.001] [INSPIRE].

[60] W. Altmannshofer, M. Tammaro and J. Zupan, Non-standard neutrino interactions and low
energy experiments, JHEP 09 (2019) 083 [Erratum ibid. 11 (2021) 113] [arXiv:1812.02778]
[INSPIRE].

[61] S.P. Rosen, Analog of the Michel Parameter for Neutrino - Electron Scattering: A Test for
Majorana Neutrinos, Phys. Rev. Lett. 48 (1982) 842 [INSPIRE].

[62] M. Lindner, W. Rodejohann and X.-J. Xu, Coherent Neutrino-Nucleus Scattering and new
Neutrino Interactions, JHEP 03 (2017) 097 [arXiv:1612.04150] [INSPIRE].

[63] V. De Romeri et al., Physics implications of a combined analysis of COHERENT CsI and
LAr data, JHEP 04 (2023) 035 [arXiv:2211.11905] [INSPIRE].

[64] A. Majumdar, D.K. Papoulias, R. Srivastava and J.W.F. Valle, Physics implications of recent
Dresden-II reactor data, Phys. Rev. D 106 (2022) 093010 [arXiv:2208.13262] [INSPIRE].

[65] A.N. Khan, W. Rodejohann and X.-J. Xu, Borexino and general neutrino interactions, Phys.
Rev. D 101 (2020) 055047 [arXiv:1906.12102] [INSPIRE].

[66] A. Majumdar, D.K. Papoulias and R. Srivastava, Dark matter detectors as a novel probe for
light new physics, Phys. Rev. D 106 (2022) 013001 [arXiv:2112.03309] [INSPIRE].

– 26 –

https://doi.org/10.1103/PhysRevLett.126.012002
https://arxiv.org/abs/2003.10630
https://inspirehep.net/literature/1787880
https://doi.org/10.1103/PhysRevLett.129.211802
https://arxiv.org/abs/2202.09672
https://inspirehep.net/literature/2035575
https://doi.org/10.1103/PhysRevD.96.091103
https://arxiv.org/abs/1707.09355
https://inspirehep.net/literature/1613521
https://doi.org/10.1103/PhysRevLett.129.161805
https://arxiv.org/abs/2207.11330
https://inspirehep.net/literature/2122386
https://arxiv.org/abs/2207.03764
https://inspirehep.net/literature/2107834
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://inspirehep.net/literature/2106994
https://doi.org/10.1007/JHEP02(2021)097
https://arxiv.org/abs/2011.05960
https://inspirehep.net/literature/1829415
https://doi.org/10.1088/1367-2630/17/9/095002
https://arxiv.org/abs/1505.06254
https://inspirehep.net/literature/1372725
https://doi.org/10.1016/j.physletb.2021.136131
https://doi.org/10.1016/j.physletb.2021.136131
https://arxiv.org/abs/2003.03383
https://inspirehep.net/literature/1784453
https://arxiv.org/abs/2302.12846
https://inspirehep.net/literature/2636793
https://doi.org/10.3389/fphy.2018.00010
https://doi.org/10.3389/fphy.2018.00010
https://arxiv.org/abs/1710.09360
https://inspirehep.net/literature/1632454
https://arxiv.org/abs/1907.00991
https://doi.org/10.21468/SciPostPhysProc.2.001
https://inspirehep.net/literature/1742302
https://doi.org/10.1007/JHEP11(2021)113
https://arxiv.org/abs/1812.02778
https://inspirehep.net/literature/1707610
https://doi.org/10.1103/PhysRevLett.48.842
https://inspirehep.net/literature/11542
https://doi.org/10.1007/JHEP03(2017)097
https://arxiv.org/abs/1612.04150
https://inspirehep.net/literature/1503169
https://doi.org/10.1007/JHEP04(2023)035
https://arxiv.org/abs/2211.11905
https://inspirehep.net/literature/2513697
https://doi.org/10.1103/PhysRevD.106.093010
https://arxiv.org/abs/2208.13262
https://inspirehep.net/literature/2142603
https://doi.org/10.1103/PhysRevD.101.055047
https://doi.org/10.1103/PhysRevD.101.055047
https://arxiv.org/abs/1906.12102
https://inspirehep.net/literature/1742047
https://doi.org/10.1103/PhysRevD.106.013001
https://arxiv.org/abs/2112.03309
https://inspirehep.net/literature/1985659


J
H
E
P
0
7
(
2
0
2
3
)
1
9
0

[67] S.S.K. A. et al., Implications of first LZ and XENONnT results: A comparative study of
neutrino properties and light mediators, Phys. Lett. B 839 (2023) 137742
[arXiv:2208.06415] [INSPIRE].

[68] M. Lindner, F.S. Queiroz, W. Rodejohann and X.-J. Xu, Neutrino-electron scattering:
general constraints on Z ′ and dark photon models, JHEP 05 (2018) 098 [arXiv:1803.00060]
[INSPIRE].

[69] D. Aristizabal Sierra, V. De Romeri, L.J. Flores and D.K. Papoulias, Light vector mediators
facing XENON1T data, Phys. Lett. B 809 (2020) 135681 [arXiv:2006.12457] [INSPIRE].

[70] D.W.P. Amaral, D.G. Cerdeño, A. Cheek and P. Foldenauer, Confirming U(1)Lµ−Lτ as a
solution for (g − 2)µ with neutrinos, Eur. Phys. J. C 81 (2021) 861 [arXiv:2104.03297]
[INSPIRE].

[71] A.N. Khan, Can Nonstandard Neutrino Interactions explain the XENON1T spectral excess?,
Phys. Lett. B 809 (2020) 135782 [arXiv:2006.12887] [INSPIRE].

[72] P. Coloma et al., Constraining new physics with Borexino Phase-II spectral data, JHEP 07
(2022) 138 [Erratum ibid. 11 (2022) 138] [arXiv:2204.03011] [INSPIRE].

[73] J.M. Link and X.-J. Xu, Searching for BSM neutrino interactions in dark matter detectors,
JHEP 08 (2019) 004 [arXiv:1903.09891] [INSPIRE].

[74] D.G. Cerdeño et al., Physics from solar neutrinos in dark matter direct detection experiments,
JHEP 05 (2016) 118 [Erratum ibid. 09 (2016) 048] [arXiv:1604.01025] [INSPIRE].

[75] J. Erler and P. Langacker, Constraints on extended neutral gauge structures, Phys. Lett. B
456 (1999) 68 [hep-ph/9903476] [INSPIRE].

[76] J. Barranco, O.G. Miranda and T.I. Rashba, Low energy neutrino experiments sensitivity to
physics beyond the Standard Model, Phys. Rev. D 76 (2007) 073008 [hep-ph/0702175]
[INSPIRE].

[77] L. Fields, https://home.fnal.gov/~ljf26/DUNEFluxes/.

[78] W.C. Louis, Searches for muon-to-electron (anti) neutrino flavor change, Prog. Part. Nucl.
Phys. 63 (2009) 51 [INSPIRE].

[79] CONNIE collaboration, Search for light mediators in the low-energy data of the CONNIE
reactor neutrino experiment, JHEP 04 (2020) 054 [arXiv:1910.04951] [INSPIRE].

[80] G. Mention et al., The Reactor Antineutrino Anomaly, Phys. Rev. D 83 (2011) 073006
[arXiv:1101.2755] [INSPIRE].

[81] V.I. Kopeikin, L.A. Mikaelyan and V.V. Sinev, Spectrum of electronic reactor anti-neutrinos,
Phys. Atom. Nucl. 60 (1997) 172 [INSPIRE].

[82] O.G. Miranda et al., Low-energy probes of sterile neutrino transition magnetic moments,
JHEP 12 (2021) 191 [arXiv:2109.09545] [INSPIRE].

[83] Borexino collaboration, First Simultaneous Precision Spectroscopy of pp, 7Be, and pep
Solar Neutrinos with Borexino Phase-II, Phys. Rev. D 100 (2019) 082004
[arXiv:1707.09279] [INSPIRE].

[84] D.W.P. Amaral, D.G. Cerdeño, P. Foldenauer and E. Reid, Solar neutrino probes of the
muon anomalous magnetic moment in the gauged U(1)Lµ−Lτ , JHEP 12 (2020) 155
[arXiv:2006.11225] [INSPIRE].

– 27 –

https://doi.org/10.1016/j.physletb.2023.137742
https://arxiv.org/abs/2208.06415
https://inspirehep.net/literature/2135958
https://doi.org/10.1007/JHEP05(2018)098
https://arxiv.org/abs/1803.00060
https://inspirehep.net/literature/1658053
https://doi.org/10.1016/j.physletb.2020.135681
https://arxiv.org/abs/2006.12457
https://inspirehep.net/literature/1802391
https://doi.org/10.1140/epjc/s10052-021-09670-z
https://arxiv.org/abs/2104.03297
https://inspirehep.net/literature/1856600
https://doi.org/10.1016/j.physletb.2020.135782
https://arxiv.org/abs/2006.12887
https://inspirehep.net/literature/1802520
https://doi.org/10.1007/JHEP07(2022)138
https://doi.org/10.1007/JHEP07(2022)138
https://arxiv.org/abs/2204.03011
https://inspirehep.net/literature/2064298
https://doi.org/10.1007/JHEP08(2019)004
https://arxiv.org/abs/1903.09891
https://inspirehep.net/literature/1726486
https://doi.org/10.1007/JHEP09(2016)048
https://arxiv.org/abs/1604.01025
https://inspirehep.net/literature/1442365
https://doi.org/10.1016/S0370-2693(99)00457-8
https://doi.org/10.1016/S0370-2693(99)00457-8
https://arxiv.org/abs/hep-ph/9903476
https://inspirehep.net/literature/497309
https://doi.org/10.1103/PhysRevD.76.073008
https://arxiv.org/abs/hep-ph/0702175
https://inspirehep.net/literature/744791
https://home.fnal.gov/~ljf26/DUNEFluxes/
https://doi.org/10.1016/j.ppnp.2009.01.002
https://doi.org/10.1016/j.ppnp.2009.01.002
https://inspirehep.net/literature/825713
https://doi.org/10.1007/JHEP04(2020)054
https://arxiv.org/abs/1910.04951
https://inspirehep.net/literature/1758662
https://doi.org/10.1103/PhysRevD.83.073006
https://arxiv.org/abs/1101.2755
https://inspirehep.net/literature/884352
https://inspirehep.net/literature/457392
https://doi.org/10.1007/JHEP12(2021)191
https://arxiv.org/abs/2109.09545
https://inspirehep.net/literature/1924390
https://doi.org/10.1103/PhysRevD.100.082004
https://arxiv.org/abs/1707.09279
https://inspirehep.net/literature/1613496
https://doi.org/10.1007/JHEP12(2020)155
https://arxiv.org/abs/2006.11225
https://inspirehep.net/literature/1802133


J
H
E
P
0
7
(
2
0
2
3
)
1
9
0

[85] S. Gninenko and D. Gorbunov, Refining constraints from Borexino measurements on a light
Z’-boson coupled to Lµ − Lτ current, Phys. Lett. B 823 (2021) 136739 [arXiv:2007.16098]
[INSPIRE].

[86] E.M. Riordan et al., A Search for Short Lived Axions in an Electron Beam Dump
Experiment, Phys. Rev. Lett. 59 (1987) 755 [INSPIRE].

[87] J.D. Bjorken, R. Essig, P. Schuster and N. Toro, New Fixed-Target Experiments to Search for
Dark Gauge Forces, Phys. Rev. D 80 (2009) 075018 [arXiv:0906.0580] [INSPIRE].

[88] J.D. Bjorken et al., Search for Neutral Metastable Penetrating Particles Produced in the
SLAC Beam Dump, Phys. Rev. D 38 (1988) 3375 [INSPIRE].

[89] S. Andreas, C. Niebuhr and A. Ringwald, New Limits on Hidden Photons from Past Electron
Beam Dumps, Phys. Rev. D 86 (2012) 095019 [arXiv:1209.6083] [INSPIRE].

[90] A. Bross et al., A Search for Shortlived Particles Produced in an Electron Beam Dump, Phys.
Rev. Lett. 67 (1991) 2942 [INSPIRE].

[91] A. Konaka et al., Search for Neutral Particles in Electron Beam Dump Experiment, Phys.
Rev. Lett. 57 (1986) 659 [INSPIRE].

[92] J. Blümlein and J. Brunner, New Exclusion Limits for Dark Gauge Forces from Beam-Dump
Data, Phys. Lett. B 701 (2011) 155 [arXiv:1104.2747] [INSPIRE].

[93] J. Blümlein and J. Brunner, New Exclusion Limits on Dark Gauge Forces from Proton
Bremsstrahlung in Beam-Dump Data, Phys. Lett. B 731 (2014) 320 [arXiv:1311.3870]
[INSPIRE].

[94] CHARM collaboration, Search for Axion Like Particle Production in 400GeV
Proton-Copper Interactions, Phys. Lett. B 157 (1985) 458 [INSPIRE].

[95] S.N. Gninenko, Constraints on sub-GeV hidden sector gauge bosons from a search for heavy
neutrino decays, Phys. Lett. B 713 (2012) 244 [arXiv:1204.3583] [INSPIRE].

[96] NOMAD collaboration, Search for heavy neutrinos mixing with tau neutrinos, Phys. Lett. B
506 (2001) 27 [hep-ex/0101041] [INSPIRE].

[97] NA64 collaboration, Search for invisible decays of sub-GeV dark photons in missing-energy
events at the CERN SPS, Phys. Rev. Lett. 118 (2017) 011802 [arXiv:1610.02988] [INSPIRE].

[98] NA64 collaboration, Improved limits on a hypothetical X(16.7) boson and a dark photon
decaying into e+e− pairs, Phys. Rev. D 101 (2020) 071101 [arXiv:1912.11389] [INSPIRE].

[99] H. Merkel et al., Search at the Mainz Microtron for Light Massive Gauge Bosons Relevant for
the Muon g − 2 Anomaly, Phys. Rev. Lett. 112 (2014) 221802 [arXiv:1404.5502] [INSPIRE].

[100] APEX collaboration, Search for a New Gauge Boson in Electron-Nucleus Fixed-Target
Scattering by the APEX Experiment, Phys. Rev. Lett. 107 (2011) 191804 [arXiv:1108.2750]
[INSPIRE].

[101] R. Harnik, J. Kopp and P.A.N. Machado, Exploring nu Signals in Dark Matter Detectors,
JCAP 07 (2012) 026 [arXiv:1202.6073] [INSPIRE].

[102] P. Ilten, Y. Soreq, M. Williams and W. Xue, Serendipity in dark photon searches, JHEP 06
(2018) 004 [arXiv:1801.04847] [INSPIRE].

[103] ATLAS collaboration, Search for high-mass new phenomena in the dilepton final state using
proton-proton collisions at

√
s = 13TeV with the ATLAS detector, Phys. Lett. B 761 (2016)

372 [arXiv:1607.03669] [INSPIRE].

– 28 –

https://doi.org/10.1016/j.physletb.2021.136739
https://arxiv.org/abs/2007.16098
https://inspirehep.net/literature/1809706
https://doi.org/10.1103/PhysRevLett.59.755
https://inspirehep.net/literature/245798
https://doi.org/10.1103/PhysRevD.80.075018
https://arxiv.org/abs/0906.0580
https://inspirehep.net/literature/822131
https://doi.org/10.1103/PhysRevD.38.3375
https://inspirehep.net/literature/261598
https://doi.org/10.1103/PhysRevD.86.095019
https://arxiv.org/abs/1209.6083
https://inspirehep.net/literature/1188288
https://doi.org/10.1103/PhysRevLett.67.2942
https://doi.org/10.1103/PhysRevLett.67.2942
https://inspirehep.net/literature/280603
https://doi.org/10.1103/PhysRevLett.57.659
https://doi.org/10.1103/PhysRevLett.57.659
https://inspirehep.net/literature/229791
https://doi.org/10.1016/j.physletb.2011.05.046
https://arxiv.org/abs/1104.2747
https://inspirehep.net/literature/896219
https://doi.org/10.1016/j.physletb.2014.02.029
https://arxiv.org/abs/1311.3870
https://inspirehep.net/literature/1264642
https://doi.org/10.1016/0370-2693(85)90400-9
https://inspirehep.net/literature/214233
https://doi.org/10.1016/j.physletb.2012.06.002
https://arxiv.org/abs/1204.3583
https://inspirehep.net/literature/1111022
https://doi.org/10.1016/S0370-2693(01)00362-8
https://doi.org/10.1016/S0370-2693(01)00362-8
https://arxiv.org/abs/hep-ex/0101041
https://inspirehep.net/literature/552413
https://doi.org/10.1103/PhysRevLett.118.011802
https://arxiv.org/abs/1610.02988
https://inspirehep.net/literature/1490904
https://doi.org/10.1103/PhysRevD.101.071101
https://arxiv.org/abs/1912.11389
https://inspirehep.net/literature/1773005
https://doi.org/10.1103/PhysRevLett.112.221802
https://arxiv.org/abs/1404.5502
https://inspirehep.net/literature/1291550
https://doi.org/10.1103/PhysRevLett.107.191804
https://arxiv.org/abs/1108.2750
https://inspirehep.net/literature/923960
https://doi.org/10.1088/1475-7516/2012/07/026
https://arxiv.org/abs/1202.6073
https://inspirehep.net/literature/1090939
https://doi.org/10.1007/JHEP06(2018)004
https://doi.org/10.1007/JHEP06(2018)004
https://arxiv.org/abs/1801.04847
https://inspirehep.net/literature/1648160
https://doi.org/10.1016/j.physletb.2016.08.055
https://doi.org/10.1016/j.physletb.2016.08.055
https://arxiv.org/abs/1607.03669
https://inspirehep.net/literature/1475476


J
H
E
P
0
7
(
2
0
2
3
)
1
9
0

[104] BaBar collaboration, Search for a Dark Photon in e+e− Collisions at BaBar, Phys. Rev.
Lett. 113 (2014) 201801 [arXiv:1406.2980] [INSPIRE].

[105] BaBar collaboration, Search for Invisible Decays of a Dark Photon Produced in e+e−

Collisions at BaBar, Phys. Rev. Lett. 119 (2017) 131804 [arXiv:1702.03327] [INSPIRE].

[106] CMS collaboration, Search for a narrow resonance decaying to a pair of muons in
proton-proton collisions at 13TeV, CMS-PAS-EXO-19-018 (2019) [INSPIRE].

[107] LHCb collaboration, Search for A′ → µ+µ− Decays, Phys. Rev. Lett. 124 (2020) 041801
[arXiv:1910.06926] [INSPIRE].

[108] BaBar collaboration, Search for a muonic dark force at BABAR, Phys. Rev. D 94 (2016)
011102 [arXiv:1606.03501] [INSPIRE].

[109] CMS collaboration, Search for an Lµ − Lτ gauge boson using Z→ 4µ events in proton-proton
collisions at

√
s = 13TeV, Phys. Lett. B 792 (2019) 345 [arXiv:1808.03684] [INSPIRE].

[110] W. Altmannshofer, S. Gori, S. Profumo and F.S. Queiroz, Explaining dark matter and B
decay anomalies with an Lµ−Lτ model, JHEP 12 (2016) 106 [arXiv:1609.04026] [INSPIRE].

[111] ATLAS collaboration, Measurements of Four-Lepton Production at the Z Resonance in pp
Collisions at

√
s = 7 and 8TeV with ATLAS, Phys. Rev. Lett. 112 (2014) 231806

[arXiv:1403.5657] [INSPIRE].

[112] N. Blinov, K.J. Kelly, G.Z. Krnjaic and S.D. McDermott, Constraining the Self-Interacting
Neutrino Interpretation of the Hubble Tension, Phys. Rev. Lett. 123 (2019) 191102
[arXiv:1905.02727] [INSPIRE].

[113] A.M. Suliga and I. Tamborra, Astrophysical constraints on nonstandard coherent
neutrino-nucleus scattering, Phys. Rev. D 103 (2021) 083002 [arXiv:2010.14545] [INSPIRE].

[114] D. Croon, G. Elor, R.K. Leane and S.D. McDermott, Supernova Muons: New Constraints on
Z ′ Bosons, Axions and ALPs, JHEP 01 (2021) 107 [arXiv:2006.13942] [INSPIRE].

[115] M. Atzori Corona et al., Probing light mediators and (g − 2)µ through detection of coherent
elastic neutrino nucleus scattering at COHERENT, JHEP 05 (2022) 109
[arXiv:2202.11002] [INSPIRE].

[116] A. Das, P.S.B. Dev, Y. Hosotani and S. Mandal, Probing the minimal U(1)X model at future
electron-positron colliders via fermion pair-production channels, Phys. Rev. D 105 (2022)
115030 [arXiv:2104.10902] [INSPIRE].

[117] C. Baruch, P. Ilten, Y. Soreq and M. Williams, Axial vectors in DarkCast, JHEP 11 (2022)
124 [arXiv:2206.08563] [INSPIRE].

[118] O.G. Miranda, D.K. Papoulias, M. Tórtola and J.W.F. Valle, Probing new neutral gauge
bosons with CEνNS and neutrino-electron scattering, Phys. Rev. D 101 (2020) 073005
[arXiv:2002.01482] [INSPIRE].

[119] LEP et al. collaborations, A Combination of preliminary electroweak measurements and
constraints on the standard model, hep-ex/0312023 [INSPIRE].

[120] J. Kang and P. Langacker, Z ′ discovery limits for supersymmetric E6 models, Phys. Rev. D
71 (2005) 035014 [hep-ph/0412190] [INSPIRE].

[121] J. Polak and M. Zralek, Updated constraints on the neutral current parameters in left-right
symmetric model, Nucl. Phys. B 363 (1991) 385 [INSPIRE].

– 29 –

https://doi.org/10.1103/PhysRevLett.113.201801
https://doi.org/10.1103/PhysRevLett.113.201801
https://arxiv.org/abs/1406.2980
https://inspirehep.net/literature/1300153
https://doi.org/10.1103/PhysRevLett.119.131804
https://arxiv.org/abs/1702.03327
https://inspirehep.net/literature/1513134
http://cds.cern.ch/record/2684861
https://inspirehep.net/literature/1748026
https://doi.org/10.1103/PhysRevLett.124.041801
https://arxiv.org/abs/1910.06926
https://inspirehep.net/literature/1759302
https://doi.org/10.1103/PhysRevD.94.011102
https://doi.org/10.1103/PhysRevD.94.011102
https://arxiv.org/abs/1606.03501
https://inspirehep.net/literature/1469061
https://doi.org/10.1016/j.physletb.2019.01.072
https://arxiv.org/abs/1808.03684
https://inspirehep.net/literature/1686833
https://doi.org/10.1007/JHEP12(2016)106
https://arxiv.org/abs/1609.04026
https://inspirehep.net/literature/1486518
https://doi.org/10.1103/PhysRevLett.112.231806
https://arxiv.org/abs/1403.5657
https://inspirehep.net/literature/1286892
https://doi.org/10.1103/PhysRevLett.123.191102
https://arxiv.org/abs/1905.02727
https://inspirehep.net/literature/1733842
https://doi.org/10.1103/PhysRevD.103.083002
https://arxiv.org/abs/2010.14545
https://inspirehep.net/literature/1826617
https://doi.org/10.1007/JHEP01(2021)107
https://arxiv.org/abs/2006.13942
https://inspirehep.net/literature/1802845
https://doi.org/10.1007/JHEP05(2022)109
https://arxiv.org/abs/2202.11002
https://inspirehep.net/literature/2037025
https://doi.org/10.1103/PhysRevD.105.115030
https://doi.org/10.1103/PhysRevD.105.115030
https://arxiv.org/abs/2104.10902
https://inspirehep.net/literature/1859924
https://doi.org/10.1007/JHEP11(2022)124
https://doi.org/10.1007/JHEP11(2022)124
https://arxiv.org/abs/2206.08563
https://inspirehep.net/literature/2097581
https://doi.org/10.1103/PhysRevD.101.073005
https://arxiv.org/abs/2002.01482
https://inspirehep.net/literature/1778702
https://arxiv.org/abs/hep-ex/0312023
https://inspirehep.net/literature/634943
https://doi.org/10.1103/PhysRevD.71.035014
https://doi.org/10.1103/PhysRevD.71.035014
https://arxiv.org/abs/hep-ph/0412190
https://inspirehep.net/literature/667045
https://doi.org/10.1016/0550-3213(91)80026-I
https://inspirehep.net/literature/323214

	Introduction
	Theoretical framework
	EnuES through SM interaction channel
	EnuES through light novel mediators
	Left-right symmetry
	E(6) models

	Statistical analysis
	Simulation of EnuES signal at the DUNE-ND
	Sensitivity analysis at DUNE-ND
	Other experiments
	COHERENT
	Dresden-II
	TEXONO


	Results and discussion
	Conclusions
	Normalized PDF event spectra at DUNE-ND
	Relevant expressions for CEnuNS

