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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



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 (EvES) 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 ve, v, v,, v, produced by the
Long Baseline Neutrino Facility (LBNF) [20] at Fermilab. It has been recently pointed out
that EvES 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 EvES 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 Z%-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 EVES [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 EvES 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)p_z and U(1)r,—r, 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 Eg symmetry [44] are taken into consideration for the
first time in the present work. For all the aforementioned cases we obtain the projected



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 EvES (TEXONO [45]) and coherent elastic neutrino
nucleus scattering — often called CEvNS— (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 EvES
cross sections within and beyond the SM. Then, in section 3 we describe our main procedure
for simulating the EvES-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 EvES 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 EvES 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 Eg and
left-right symmetry.

2.1 EvES through SM interaction channel

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

!, (2.1)
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where G is the Fermi constant, £, is the incoming neutrino energy, while m. and T,
denote the electron mass and recoil energy, respectively. Here, gy and g4 denote the
flavor-dependent vector and axial-vector couplings

1 . 1
gv = _5 + 2Sln2 HW + 50467 gaA = _5 + 5016) (22)

with @y being the weak mixing angle for which we adopt the PDG value sin? 6y = 0.23857
as obtained in the MS renormalization scheme [53]. It is important to note that ve-e~
interactions receive contributions from both neutral-current and charged-current interactions,
while v, r-e” interact via the neutral-current only. The Kronecker delta d,. in the definition
of gy accounts for this fact. For the case of antineutrino scattering, the corresponding cross



section is given by eq. (2.1) with the substitution g4 — —g4. 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 EvVES 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 framework! considered in the present work
accommodates a wider class of interactions below the electroweak symmetry breaking scale
that arise from the Lagrangian [39, 61]

A = OF > off [DQFXLVQ} [frxpf} . (2.3)

V2 X=8,P,V,A,T
a=e,u,T

In the above Lagrangian, I'x = {1, 4y, Yu, Y475, 0w} (With o, = %[yu, v»]) 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 CEvNS (for f = {u,d}) [38, 62-64] and EvES (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 C1.L = (vV2/Gr) (g% /(¢* +m%)),
while mx and gx denote the mass and coupling of the respective mediator. Since through
EVES or CEvNS measurements only products of couplings g, xgrx can be probed, for later
convenience in our DUNE-based analysis we take the coupling to be gx = /g, xgex-

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|

Guv/A " GeV/A

F(zmeTe + m%//A)

Gv/a = gvja+ 735G : (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)p_r or U(1), 1, 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, EvES
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]

2
1 + Qem lo g guVv * geV ’ 25
W= E S oGy F\m2 ) @m /T, +m?) (2:3)

!The 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].



where the plus (minus) sign accounts for v, (v,) scattering off electrons, while for v, only
SM interactions are allowed. Finally, the scalar, pseudoscalar and tensor cross sections can
be cast in the form [71-73]

2 2 2
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We should finally stress that, unlike the X =V, A cases, for X = .5, 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 <« 2%6 and therefore the scalar and pseudoscalar
cross sections become identical. This will become evident in our main results below.?

2.3 Left-right symmetry

A heavy neutral vector boson, Z’, occurs in models based in the SU(2));, ®SU(2)p@U(1)p_1,
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 EvES differential cross sections are obtained from eq. (2.1) through the
substitutions g — fF® and gr — fER® [76]

£R :AgL + BQR ’

(2.9)
fE® =Agr + Byr

and the definitions

sin® Oy B sin? Oy (1 — sin? Oyy)

A=14 O, g ,
T 2sinZoy ) 1—2sin2 0y |

(2.10)

where v = (Myo/Mz)? (Z° is the SM vector boson). Note, that the left- and right-handed
SM couplings g7, and gr are related to the vector and axial-vector couplings defined in
eq. (2.2) according to
L:9v+gA7 nggv—gA.
2 2
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 > QTT: 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

(2.11)

are interested in the present work.
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Table 1. Quantum numbers for the light particles in the 27 of Eg [4].

2.4 FEg models

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

Yg =Y, cosf + Yysinf3, (2.12)

where Q = T2 + Y represents the charge operator. The modifications to the SM EvES
couplings that follow from the low-energy effective Lagrangian have been previously writ-

ten as [76]
= +er,
Jo=gL+eL (2.13)
frR=9RrR+¢€R,
where the new Fg-induced contributions take the form
3c s 5 2
. 8 8
er, =2vsin? Oy ( + \/>> )
2v/6 3 V8
V6 (2.14)

c s ) 3c S )
ep =2 s'n20 5_6\/> B+6\/> ,
R=2TE W(z\/638 26 3 Vs
while 7 is defined as previously and the abbreviations cg = cos 3, sg = sin 3 have been used.
While any value of cos 3 is allowed, here we will focus on the three most notable Eg models
i.e., the (x,%,n) model with cos 8 = (1,0, 1/3/8) [4]. Notice that for cos f = —4/5/32 a full
cancellation occurs and EvES is not sensitive to Eg models for this particular case.



3 Statistical analysis

3.1 Simulation of EvES 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

AN EPY4d,, (E,) [do,
= trunNe NV dE, —2 CH 3.1
[dTeL POT¥/ dE, [dTe L (3:1)

where t,,n and N, stand for the total running period of the experiment and the number of
electron targets at the 75 ton “°Ar DUNE-ND, while C@EQT(VE”) is the corresponding incoming
neutrino flux for the different flavors v, taken from [77]. Here Npor = 1.1 x 20%! denotes
the number of protons on target (POT) per year assuming a 120 GeV 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 E™" = (Te + \/m) /2,
while the upper limit corresponds to the endpoint of the incoming neutrino energy distribu-
tion. Finally, A accounts for SM interactions as well as the various new physics interactions
predicted within the context of NGI, or Eg and LR symmetries. Following ref. [24], we
consider a recoil energy threshold T = 50MeV and restrict our analysis in the range
TH < T, < T/ with T = 20 GeV. For the various On-Axis and Off-Axis locations,
example spectra as a function of the total electron energy F., = T, + m, 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 7° missidentification can be
vetoed by a cut on E.02 [21, 22], where 0, denotes the scattering angle. Therefore, in
what follows we choose to express the EVES signal in terms of the quantity E.6%. From
the kinematics of the process one has 1 — cosf, = melbf—ey, where y = T./E, denotes the
inelasticity which takes values in the range T\"/FE, <y < 1. Since EvES is forward peaked,
the electron recoil energy can be expressed in terms of E.0? as T, = E, (1 — %) with
E.0? < 2m, 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 E.6? space
through the expression

dN Epex dd, (E,) [ do,
T 090 = trunNeN dEV = = 5 3.2
where i b
JU v GV
i - : 3.3
dE0Z  2me dT. TE:EV(1—§;L9§) (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 = 10 MeV while the lower panel the
case of large mediator mass mx = 1GeV.
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We have verified that the effect of energy resolution op, /E. = 10%/+/E./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 Z direction and letting the
true scattering angle to be 6%, the true electron momentum vector is simply written as
p. = (sinf 2,0,cos6. 2). The latter is related to the reconstructed momentum vector
through the relation [24]

P = Ry(0¢) Rs(¢2) Ry (01) Ry (—0L)p% (3.4)

where R;(a) denotes the rotation matrix about the axis i through the angle «, while the

reconstructed angle §2°°° is given by 7°°° = cos™!(2 - pre

). The rotations are performed
in order to have control on the smearing. In particular, R;(—6%) 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 T, and initial neutrino F, energies in a given bin of
(Ey,Te) from which we determine the values of the electron energy E. and the true polar
angle theta 02. Then, we calculate the true (E.6%)! EvES event spectrum that corresponds
to the given (E,,T.) 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 0, we choose a new angle #; from a Gaussian distribution with oy being
the angular resolution, while a new angle ¢o is randomly chosen from a uniform distribution
within [0, 27]. Then, we obtain the reconstructed angle 6:°°° from which we construct the
(Ec0%)re® event spectrum in the given (E,,T.) 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
(E.02)! (blue) and reconstructed (E.6%)"° (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 E.0? < 2m., as expected when resolution effects are ignored.*
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

“We 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 (o9 = 1°) angular resolution, while solid
(dashed) spectra correspond to neutrino (antineutrino) mode.

og =17 op,/E. = 10%/+/ E./GeV

UL DL DL DL DL B B R —IIII|IIII|IIII|IIII|IIII|IIII'IIIIIIIII_

] Om ]

103 E| 103E 6111g

3 = 12m 3

] 18m ]

E 102 E 2 24m

£ ? { 10: 30m?

é ] é B ]
s ] £ 9
] = (5] =
100 10°E
101|||I|||I|||I|||I|||I|||I||||| 1071_

0 20 40 60 80 100 120 140 160 0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

6, [mrad] E. [GeV]
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left (right) panel illustrates the rates in terms of the reconstructed scattering angle (electron energy).
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Figure 5. Expected event spectra at the different On-Axis and Off-Axis DUNE-ND locations in
terms of E.0? for the different interactions X = S, P,V, A, T assuming 1 yr in neutrino mode and
angular resolution with oyp = 1°. The NGI spectra are calculated for the benchmark parameters
gx =5.7- 10~% and mx = 10 MeV.

scattering angle, while the superscript “reco” is dropped for convenience. For completeness,
we also show the expected EvES 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 E, < 5 GeV, while for energy E. > 10 GeV the expected EvES
signal is practically zero. A comparison of the ESHE, 0. and E, 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 - 107° and mx = 10 MeV. 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~* and
mx = 150keV. 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 E.02 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 (0 = 1°) angular resolution.

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

ik
— ijk z]lc zgk Né{,S a1 2 Qa9 2
=23 > Z Nb - NJE+ NfElog —obe | 4+ (Z1) 4 (Z2) 0 (3.5)
k=v/v j=loc i=1 Nexp Oay Oa

where the index i runs over the reconstructed FE.02 bins for which we consider 20 evenly
spaced values in the range [0,10 m.], 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 Neyp, =
Nsm - (1 4 a1) + Npkg - (1 + o) with the background events being the sum of CCQE
and missidentified 7° events as Npkg = NTrr%iSSID + Nccqe- For the observed events we
consider the sum of SM and new physics EVES events namely Nyew that we add to the
background events. Note, that Nyew = Nom + Nx(g9x,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 Npew = Nx(g9x,mx), i.e the SM contribution is included
in Nx. Similarly, for the case of Eg one has Nyew = Ng,(myz,cos ) while for left-right
symmetry Npew = Npr(myz/). We furthermore consider two nuisance parameters a; and g
with 04, = 5% and 04, = 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 CEvNS events on a 14.57 kg Csl [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
(m-DAR) 7" — p* + v, which are prompt with the beam, while delayed v, and 1, are
generated from the subsequent muon decay p* — et + v, + 1,. We employ the Michel
spectrum which adequately describes the neutrino distributions [78]. We simulate the event
spectra for the CsI° and LAr COHERENT detectors taking into account the detector
specifications, systematic uncertainties and backgrounds® 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 Csl measurement we consider 11 time bins in the range
[0, 6] us 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] us 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 Csl data, we nonetheless perform a combined analysis of CsI4+LAr data.

3.3.2 Dresden-II

For the first time, a suggestive evidence of CEvNS was recently announced by the Dresden-I1
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 "'Ge. During the beam ON period a very strong
preference over the background-only hypothesis was found in the data that is consistent
with a CEvNS-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, 239Py, 242Pu and 238U(n, ) 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] keVe. Finally, our statistical
analysis proceeds through a simultaneous fit of background model parameters and new
physics model parameters following ref. [64].

®For Csl, we consider the full data reported in 2021 [47].
SNamely, 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 EvES events reported
by the TEXONO collaboration [45]. The experiment observed EvES exploiting reactor
antineutrinos emerged from the Kuo-Sheng Nuclear reactor using a 187 kg CsI(T1) detector.
Unlike the Dresden-II case, for the case od TEXONO we adop the reactor antineutrino
energy distribution from [80] for E, > 2 MeV, while for E, < 2 MeV we consider the
theoretical estimations from ref. [81] and we finally assume an overall normalization of
6.4 x 1012 cm™2s7!. 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 ¢ = v/2m.T,: (i) mx < ¢ corresponding to light mediators
giving a line parallel to the mx axis, (ii) mx ~ ¢ which gives the turning points and (iii)
mx > q which corresponds to the heavy mediator case giving the part which rises with
my. 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 oy = 1° (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 T2/ E2 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 = VT 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 EVES 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)r, -, (right) gauge symmetric models by superimposing existing limits from various
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Figure 7. Upper-Left: sensitivity of DUNE-ND on the different interactions X = S, P,V, A, T
assuming the 3.5 yr (neutrino) + 3.5 yr (antineutrino) mode. The results are illustrated at 90%
C.L. for ideal (dashed curves) and oy = 1° resolution (solid curves). The scalar and pseudoscalar
contours are identical (see the text).

fixed target
—— DUNE-ND

Figure 8. 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 universal vector B — L (left) and
L, — L, (right) interactions.

experimental probes. Specifically, we compare the DUNE-ND with low-energy neutrino
experiments such as those looking for CEvNS 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],” while for the L, — L. scenario the

"Let us note that ref. [63] obtained constraints for the general vector case, which here is recasted to
the B — L case as follows: for my > 300 keV which corresponds to the CEvNS-induced region, the B — L
COHERENT limit is roughly obtained from the general vector case reported in [63] through the shift
gB—1 =~ 3gv, while for my < 300 keV corresponding to the low-energy EvES-induced region it holds
gB—1r = 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
(top-right), tensor (bottom-left) and axial vector (bottom-right) interactions.

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 L, — L, constraints are obtained for the first time in this work. Note,
that the vector bounds driven by EVES events taken from refs. [63, 67] are appropriately
adjusted according to gp_r — gp_r1,/v/2 to be consistent with the cross section definition
used in the present work.® 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 L, — L, 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 L, — L; cases using the Darkcast software package. Specifically, we illustrate
limits from electron beam-dump? 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/v-CAL T [92, 93],
CHARM [94, 95], NOMAD [96], NA64 [97, 98], A1 [99] and APEX [100]. Note that for the L, — L, 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
L, — Ly, we include limits from BaBar [108], CMS [109], and ATLAS [110, 111] obtained
from 4y searches and LHCb [107].19 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), 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 CEvNS
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 CEvNS
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 CEvNS 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 T., thus making the dark matter direct detection experiments favorable locations to
probe the parameter space with very low masses myx. 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 myxy > 10 MeV. However, it is important to clarify that
CEvNS-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 g.x or quarks g,x. 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 L, — L, 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 mp 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 EFg models. In this case, the phenomenological parameter of interest is

0T hese limits are obtained from A’ — p™ ™ and recasted to the L, — L, scenario.
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Figure 10. Upper-left: Ax? profiles of the Z’ mass in the LR Symmetric and Eg 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 cos 3-My: space.

model Spallation Source Reactors LBNF Current Limit
COHERENT (CsI4+LAr) | Dresden-II TEXONO | DUNE-ND [PDG 2022]

P - - 10 156 4560

n 237 172 54 404 3900

X 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 v = (Mo/Mz/)?. By performing a
x? 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 1 () case of Eg 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 CEvNS the relevant expressions
for calculating the Eg and LR contributions are given in the appendix B.

In the lower panel of figure 10 we explore the full spectrum of Eg models by allowing
the value of cos 8 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 cos 8 = —1/5/32 due to the cancellation involved in both
EvES and CEvNS cross sections as explained previously. Moreover, the COHERENT and
Dresden-II experiments have zero sensitivity on the ¢ model since another cancellation
is involved in the CEvNS cross section for cos 5 = 0 on the relevant couplings, see e.g.
egs. (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 CEvNS measurements. Before closing, a summary of our
results regarding the DUNE-ND sensitivity on Fg 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 EvES and CEvNS 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 > 250 GeV, ref. [119] for Mz > 200 GeV,
and ref. [120] for Mz > 100 GeV, 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 EvES-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 E.6? 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 EVES events. Moreover, we considered particular models such
as those arising from U(1)p_r, U(1)r,-1,, LR and Es 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 EvES data from the reactor neutrino
experiment TEXONO, CEvNS 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 Eg 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 EvES signal events as a function of the electron
energy E. (left), scattering angle 6, (center) and E.0? 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 E., 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 E. 62
projection appears as the combination of the F. and 6. distributions.

B Relevant expressions for CEvNS

The SM CEvNS cross section in terms of the nuclear recoil energy T4 reads

do GiM MTy
—) = 1-—= B.1
<dTA>SM @ v ( 262 ) ’ (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 F. (left), scattering
angle . (center) and E.0? space (right).

with M being the nuclear mass, |q| = /2MT,4 denotes the magnitude of the three-
momentum transfer and Qy is the vector weak charge written as

Qv = [2(gl +9iF) + (95 + 91| ZF(1dP) + [(al + 9l) + 2(9F + ¢i)| NEx(d*) . (B.2)

Here, Fz(|q]?) and Fx(|q|?) are the nuclear form factors for protons and neutrons, respec-

tively, while the vector weak charge Qy is expressed in terms of the P-handed couplings

for the quark ¢ = {u,d} as

In the context of LR symmetry, the SM couplings gf are substituted by the corresponding

JE as [121]

ff = Agl + Bgl
fi = Agi + Bg},
fF = Agit + Bgy;
£t = Aglf + Bgk

(B.4)

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

fé’:gi’—l—gi’,
fi=9d +ei
fl=gl+el,

fi =g +ef,

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

L . 9 s 8/3\/3 365 8,3\/3
=4 0 —— — /= —— 4+ =y /=
e T TR AW (m 3 8) (NﬂJr 6Vs)

2
3c sg |5 (B.6)
R ;2 8 B
= -8 O + \/7 7
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R
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