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We consider the possible production of a new MeV-scale fermion at the COHERENT experiment. The
new fermion, belonging to a dark sector, can be produced through the up-scattering process of neutrinos off
the nuclei and the electrons of the detector material, via the exchange of a light vector or scalar mediator.
We perform a detailed statistical analysis of the combined COHERENT CsI and LAr datasets and obtain
up-to-date constraints on the couplings and masses of the dark fermion and mediators. We finally briefly

comment about the stability of the dark fermion.
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I. INTRODUCTION

The neutrino physics picture, while not yet complete, is
continuously improving thanks to multiple experimental
efforts. On the one hand, there are oscillation experiments
[1,2] which aim at a precise determination of all neutrino
mixing parameters [3,4]. On the other hand, experiments
exploiting neutral current neutrino interactions have been
proven capable of providing valuable and complementary
information to this picture [5]. Among these, the recent
observation of coherent elastic neutrino-nucleus scattering
(CEvNS), about four decades after its first theoretical
prediction [6], has opened the window to a plethora of
physics opportunities [7,8]. The CEvNS process has been
observed by the COHERENT experiment using two differ-
ent detectors, one made out of cesium iodide (Csl) [9,10]
and the other of liquid argon (LAr) [11]. The COHERENT
experiment is one of the few that currently use neutrinos
from a z-DAR (pion decay-at-rest) source. In this particular
case, neutrinos are produced at the Spallation Neutron
Source (SNS). Other CEuvNS experiments exploiting
7-DAR neutrinos are the COHERENT CAPTAIN-
Mills (CCM) at the LANSCE Lujan Center [12] and the
planned European Spallation Source [13]. Several other
experiments currently underway also aim at observing the
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CEvNS process. They all rely on a different neutrino
source, namely nuclear reactors, and include facilities like
CONNIE [14], CONUS [15], vGEN [16], MINER [17],
RICOCHET [18], NUCLEUS [19], TEXONO [20],
vIOLETA [21], RED-100 [22], NEON [23], NEWS-G
[24], and the Scintillating Bubble Chamber (SBC) [25]. Let
us highlight a recent result reported by the Dresden-II
Collaboration, claiming a very strong preference for the
presence of a CEVNS component in their data using reactor
antineutrinos [26]. The low-energy tail of more energetic
neutrino sources can also be exploited to study CEvUNS.
This is the case, for instance, of the vBDX-DRIFT
Collaboration which aims at observing CEvNS induced
by decay-in-flight neutrinos produced at the Long Baseline
Neutrino Facility (LBNF), using a directional time projec-
tion chamber [27,28].

Measurements of CEUNS provide many opportunities
for precision tests of the Standard Model (SM) parameters
[29-36], but also for probing the existence of new physics,
for example in the form of new interactions [34,37-58],
nontrivial electromagnetic properties [59-67] or new states
[34,68—77]. Interestingly, new states with masses lying at
the MeV scale (dictated by kinematics arguments) can be
produced at accelerator-based facilities like COHERENT.
One example is the possible production of a heavy neutral
lepton due to the presence of active-sterile neutrino
transition magnetic moments, via up-scattering processes
[34,73,78]. In full generality, not only sterile neutrinos but
also other new particles belonging to a dark sector can be
within the reach of CEUNS experiments. In some cases,
they can constitute all or part of the dark matter (DM) of
the Universe. Indeed, sub-GeV DM particles, while too
light to be observed in many conventional DM detectors,
may be produced at accelerators [79-81]. Various searches
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for sub-GeV DM particles have been performed both at
COHERENT and at CCM [82-86], leveraging the charac-
teristic timing composition of 7-DAR sources which allow
to reduce systematic uncertainties [87,88]. Among low-
mass DM scenarios, a dark photon and a leptophobic portal
have been previously investigated [86,89-92].

In this paper, we go beyond the photon- or dark photon-
mediated production of new dark-sector particles, general-
izing the up-scattering process to new vector and scalar
mediators. At this scope, we build upon previous analyses
[69,74,75,93,94] and consider the possible production of a
new MeV-scale dark fermion (DF) at COHERENT. By
means of a detailed statistical analysis [34], we combine the
most recent CsI and LAr datasets and infer constraints on
the DF parameter space. Reference [69] already considered
the possible production of a new fermion at CEuvNS
experiments, assuming that it couples to neutrinos and
quarks via a singlet scalar. In [93] loop effects in the up-
scattering of neutrinos with CEvNS, also mediated by a
scalar particle, have been studied. Reference [94] also
studied the possible production of a DF at CEvNS experi-
ments, focusing on dimension-6 effective generalized
interactions, analyzing old Csl (2017) data and providing
sensitivities for a future LAr detector. We improve upon
these previous results by analyzing new COHERENT
datasets (CsI, 2021 [10] and LAr, 2020 [11]) and by
including timing information in the data analysis. We also
consider the possible production of the DF from the
neutrino-electron scattering (ES) on an atomic nucleus,
which in some parts of the parameter space drastically
enhances the expected signal at the CsI detector. Going one
step beyond Refs. [69,94] we further extend the analysis
addressing both (light) scalar and vector mediators. Notice
that the possible production of an exotic fermion from
neutrino-electron scattering experiments had been studied
in [75], focusing on effective operators. Reference [74]
instead considered loop effects on vector and axial-vector
contributions in the up-scattering process at COHERENT,
using the old CsI data. Finally, the effective operators
leading to the up-scattering interactions of interest here
have been investigated in the context of DM absorption at
direct detection experiments in [95,96]. In this work, we
recompute all the relevant cross sections and provide their
full expressions, to be able to explore the explicit depend-
ence of both CEvNS and ES cross sections on the mediator
and the DF masses. We conclude with a brief discussion
about the stability of the DF.

Our paper is organized as follows. In Sec. II we describe
how the dark fermion can be produced through up-
scattering, from the interaction of an incoming neutrino
with the nuclei or the atomic electrons of the detector. In
Sec. III we discuss the expected signal and provide details
of the statistical analysis. In Sec. IV we present our results,
in terms of exclusion regions in the dark fermion parameter
space. Finally, we summarize our results in Sec. V.

II. PRODUCTION OF A DARK FERMION
AT COHERENT

We consider the possible production of a DF y at
COHERENT, from the up-scattering of neutrinos produced
at the SNS on the nuclei of the detector:

v N — yN,

Uy =V

s Vs V- (1)

In the case of the COHERENT-CsI detector, ES events
are also important as they can mimic the CEvNS signal,
so we also consider the DF production from neutrinos
scattering off atomic electrons:

v.e” = ye”, Vg = Vs Uy, U, (2)
The relevant Feynman diagrams are depicted in Fig. 1.
In a simplified phenomenological scenario, we assume

that at energies below the electroweak scale the SM
Lagrangian is extended by

LY 2V, 71" (95, PL + 94, Pr)Va
+V, 5" F gy, Pu + 95, PR)f + He.,
7

[’]S)F 2 S)_((g)(LPL + g){RPR)I/a
+ SZf (97, PL + 97, Pr)f +Hec., (3)
f

thus encoding new neutrino-DF interactions mediated by
either a real scalar (S) or a vector (V,) mediator, also
coupling to the charged fermions of the first family, i.e.,
f =u,d, e”. The strength of the interaction is quantified
by the couplings g, and g,, for the vertex of y with the
mediator and the neutrino (we assume this coupling to
be identical for all neutrino flavors), and g, and g, for the
vertex of f and the mediator. The subscripts L and R in the
couplings denote their left- and right-handed components,
while P; and Pp are the left- and right-handed chiral
projectors, respectively. Given the nature of neutrinos in the
SM, we notice that g, = 0. While in the present work we
decide to remain agnostic of the origin of such interactions,

Va X Vg X

f ff

FIG. 1. Feynman diagrams for the v,f — yf process
(f = u,d, e”), mediated by a vector (on the left) or a scalar
(on the right) particle.
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we refer the reader to [56,94,97,98] for a discussion on
possible UV-completed models leading to such low-scale
interactions. Notice also that we consider the most general
case of light mediators, which can give rise to interesting
spectral features at CEUNS experiments like COHERENT.
As a consequence, a dependence on the mediator mass and
the momentum transfer will appear in the up-scattering
cross sections, from the propagator. We should mention
that several constraints may apply to such light-mediator
scenarios, including laboratory limits from fixed-target
and beam-dump experiments, rare decays and accelerator
data (see for instance [99,100]). Most of these constraints
require the new mediator to couple to charged leptons and
depend on the Lorentz structure of the coupling. Scalar
interactions are also constrained by neutrino masses, to
which they can contribute at the loop level. Moreover, light
new particles coupling to neutrinos and matter fields can
also affect the dynamics of stellar cooling and supernovae
[49,97] and big bang nucleosynthesis (BBN).

Given the Lagrangians in Eq. (3) and the diagrams
shown in Fig. 1, we can compute the relevant v, N — yN
cross sections for the vector (V) and scalar (S) mediators,
in terms of the nuclear recoil energy E,. Note that the
following expressions hold for both neutrinos and anti-
neutrinos’ and are therefore applicable to all components of
the SNS neutrino flux. The up-scattering cross section for
the vector case reads

do, n|V Om
Va E ,E _ F2 2 A2 4
( v nr) 477.'(1’}’1%/ + ZmNEm)z W(|q| ) 9v

% |:<2 _ mNzEnr _ 2Enr +E_r212r>
E; E, E;

2 2E, E
— m)(2 <1+ vo_ nr>:|’ (4)
2E; my My

where E,, is the incident neutrino energy, m,, is the mass of
the DF, my, is the vector mediator mass, m, is the nuclear
mass and A is the mass number. The vector coupling has
been defined as gy = /7, Gy (we refer to Appendix A for
more details). In the present work, nuclear-physics effects
are incorporated through the nuclear form factor Fy(|q|?),
for which we adopt the Klein-Nystrand parametrization,
defined as

dE nr [CEvNS

J1(|a|Rx)
lqIR4(1 + aglql?)’

Fy(lq?) =3 (5)

where j,(x) = sin(x)/x> — cos(x)/x is the spherical
Bessel function of order one, |q|=~\/2myE, repre-
sents the magnitude of the three-momentum transfer,

'We have checked that the squared amplitude is the same in
both cases, after applying the sum over spins.

R, = 1.23A'3 fm is the nuclear radius and a; = 0.7 fm
is the Yukawa potential range.
The scalar mediator cross section, on the other hand, is

given by

do, S

my ) 2
CF
87r(m§+2mNEm)2 sFwllal)

E myE m2
2 nr nr _){ ,
X( +mN>< E? +2153)
(6)

where myg is the scalar mediator mass and Cy is the scalar
coupling. It is defined as
) o

mny
2y !
q=u, d
where gs = ,/7,,gs,» Z is the number of protons of the
nucleus and N = A — Z is the number of neutrons, m,, and
m,, are the proton and neutron masses, respectively, and m,, is

(E,.Ey) =
dEnr CEvNS o

NZf

q= ud

the quark mass. Here, f (qu ) and f (T’;) indicate the quark-mass
contributions to the nucleon (proton and neutron) mass.

While observing that the determination of these values is still
uncertain [101,102], in the following we fix [102]

=002, £ =0018, (8)

7 =0038, £ =0.056. (9)
We have checked that using a different value [103] would
change the value of C% by afactor of ~30%, at most, however
the sensitivity on gy remains essentially unaffected.

Possible axial-vector and pseudoscalar contributions are
in general suppressed by the nuclear spin as detailed in
Ref. [43]. Let us also note that in the present analysis, the
left- and right-handed DF couplings are taken to be equal in
Eq. (3), thus axial-vector and pseudoscalar contributions
are vanishing (see Appendix A).

Next, we provide expressions for the production of a DF
via ES on an atomic nucleus .4 containing Z protons. Since
the electrons are bound in 4, for a given energy deposition
E., the relevant cross sections are expressed as the product
of the free ES cross section times the effective charge
Z4(Ey), as

do VA
dE.,

U By E) = 28 (Eu) —— 0V
ES vrert T e dr (m%/+2m Eer)2

[(2 mEer_ZEer+E§2r>
E, E

)2(2 1+2E Eer ,
2ED m, m,

(10)
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Y By B) = 2 (Eu) ——g e
g T8 (md + 2m E,)?

(o) Ga ) o
where m, is the electron mass. The effective charges
Z4.(E.,) for Cs and I isotopes are given in Appendix B.

A few comments are in order. First, let us note that in
the limit m, — O one recovers exactly the expressions for
CEvNS and ES with new light mediators (see for instance
[34,104,105]). Second, throughout the manuscript we will
assume that the new mediators couple equally to either u, d,
or e~. The hypothesis of universal couplings reduces the
degrees of freedom simplifying the analysis, thus allowing
us to express the results in terms of a single coupling,
namely gg or gy, and the corresponding mediator and DF
masses. While this model is anomalous, it can be made
anomaly-free by introducing new particles, which may also
belong to the dark sector [56]. Moreover, while the scalar
and vector DF cross sections can in principle involve
flavor-dependent terms, in the present work we restrict
to DF-production cross sections which are flavor-blind. It is
finally important to note that the DF mass is constrained
from above: m, < \/m(m, 4 m) — m, where m is the mass
of the fixed target (mys or m,) and m, is the muon mass.
This bound is dictated by kinematics and implies that the
process shown in Fig. 1 will not occur if m, is above that
limit. For the sake of completeness, let us conclude
mentioning that the SM CEuvNS and ES cross sections
are well-known results in the literature and can be found in,
e.g., Refs. [7,106]. In the SM expressions for both CEvNS
and ES, the V —A interference term appears with a
different sign for neutrino or antineutrino scattering.
However, in the case of CEUNS, the axial contributions
are tiny for the nuclei of interest in the present work and
hence neglected in our calculations.” Moreover, while in the
SM the CEvNS cross section is flavor-blind, the SM ES
cross section is different for v, — e~ compared to v, , — e~
scattering. The reason is that the former acquires contri-
butions from both charged- and neutral-currents, while for
the latter only neutral-currents are relevant. Before closing
our discussion let us clarify that there is no interference
between the vector/scalar CEvNS cross sections and the
SM one. The same holds for the ES contribution.

do VA
dE,,

III. DATA ANALYSIS

We now proceed to analyze the most recent COHERENT
datasets, from the CsI [10] and LAr [107] detectors. In each

’In the SM case, angular momentum conservation implies that
the axial-vector contribution to the CEvNS cross section vanishes
for even-even nuclei, while for the other cases the contribution is
tiny, especially for heavy nuclei [37].

case, we take into account energy and timing information as
well as all relevant systematic effects, as done in Ref. [34].
Moreover, in the Csl case, we also include possible
contributions from ES events [34,108,109], which turn
out to be relevant especially in the vector-mediated sce-
nario. In the analysis of the LAr dataset, the measurement
of the ratio of the integrated photomultiplier amplitude and
the total amplitude in the first 90 ns (Fyy) allows to
distinguish between CEvNS-induced nuclear recoils and
ES-induced electron recoils and therefore we do not include
the ES contribution.

For the COHERENT-CsI (COHERENT-LAr) analysis,
we assume a detector mass mg,, = 14.6(24) kg located at a
distance L = 19.3(27.5) m from the SNS source. For the
calculation of CELNS events, Ni*NS(N), we follow the
procedure described in Ref. [34]. The expected number of DF
or SM events, on a nuclear target V', per neutrino flavor, v,,
and in each nuclear recoil energy bin i is given by

i+1
nr

dEnr€E<Enr)

N inylrjs (N ) =N target /

nr

B
x/ AE, R (En. El)
E'

/ min
nr

B dN
x dE,—=(E,
er(E;r) Car, )

(E,. Eyv). (12)

X !
dEm” CEvNS

where Nyger = N aMder/ Migreer 8 the number of target
atoms in the detector, with N, being the Avogadro’s con-
stant and M, the molar mass of the detector material.

Index x accounts for the different interactions, namely
k={SM,S,V}. The three components of the differential
7-DAR neutrino flux produced at the SNS read

n’lz—n’l2

Pu _ _ 'z M
i () = (5, =" ) (promp)
dn;, 64E2 (3 E

“(B) =2 (2-E2)  (delayed
ag, B =1 (4 m,,> (delayed).
dn, 192E2 (1 E
—(E,)) = Llo——2 delayed), 13
G (E) =t (3= delaed). (13

(m, is the pion mass) and are normalized to n = rNpgr/
4xL?, where r denotes the number of neutrinos per flavor
produced for each proton on target (POT). For the CsI detector
r =0.0848 and Npor = 3.198 x 10?3, while for the LAr
detector r = 0.009 and Npor = 1.38 x 10?*. The integration
limits read
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2mr(Ep)* + myEy,
4mNEf1r

EP™(Ey) =

_|_

\/(sz(E;r)z + m)z(E;ur)z + 2mNE:1r(m; + 4m/2\/(E;1r)2 + 4m/\/m;2(E:1r)

4mNE§,r

~ mNEilr 1+ m)%
2 2myEL )’

, min 2mN(EL“”)2 - m)zf(ELnaX + myy) (;) ELnax\/4m/2\[(E£11ax)2 - 4mNm)2((ELnax +my) +m

4
4

Emax — my, E(mm _
v — 7 s Lenr —

Notice that when m,, — O the integration limits relevant to
the SM case are recovered. The remaining detector-specific
quantities, namely the energy resolution function R(E,,, Ey;)
relating the true nuclear recoil energy (Ej;,) with the recon-
structed one (E,) as well as the energy-dependent detector
efficiency e (E,,) are explained in detail in Appendix C.
We further include timing information in the analysis, by
distributing the predicted NSENS(A) in each time bin ;.

LVgy,K

We use the time distributions Py (f,ec) of v, = 1, 0.1,
given in [10,110], normalized to 6 ps. Finally, the predicted
event number, per observed nuclear recoil energy and time

bins i, j is given by

e
NSEKVNS (N) = Z /r/ dtrecpll/"a(trecv a6)€T(trec)
Vg=VeVy Uy ¥ frec

X NCEDNS (N)’

LV, K (15)
where €7 (1) is the time-dependent efficiency. Notice that
we include an additional nuisance parameter on the beam
timing, i.e. g [34] (for details, see the discussion below and
in Appendix C). Then, the total CEvNS event rate is simply
given by

NS_EL/NS — Z ZNSF;HNS (N)

k=SM.V N\

= 3 YN

k=SM,S N

(vector mediator),

NEPNS (scalar mediator),

(16)

where the inner sum runs over the Cs and I isotopes for the
case of CsI detector, while for the case of LAr the inner sum
is trivially dropped.

Similarly to the CEvNS case described above, the
expected number of DF (or SM) ES events, on an atomic
nucleus A, per neutrino flavor, v,, and in each electron
recoil energy bin i is given by

2mpr (EP™ + myy)

(14)

ES! Eq™
NFE(, (A) = Ntarget/i dEereE(Eer)L ) dEGR(Eer. Er)

/ min
er nr

s dN do, 4lx
x / dE, —2 (E,) —2A
e,y dE, dEG [gs

(Ey Eer).

(17)

The nuclear recoil energy and the corresponding electron-
equivalent energy are related via the quenching factor (QF)
(see Appendix C for details), while the integration limits
are given by Eq. (14) via the substitutions m, — m, and
E,, — E..> Then, the corresponding event rate per
observed electron recoil energy i and time bin j is given by

fee
NFJSK(-A) - [ dtreclpl]/"a (trec’ a6)€T(trec)
Va=Ve Wy Uy frec
X N3, «(A). (18)
Finally, the total ES event rate is simply given by
NP = Z Z NE3.(A)  (vector mediator),
k=SM.V A\’
NP = Z ZNUK (scalar mediator), (19)
k=SM.S N\

see the discussion below Eq. (16).
For the statistical analysis of COHERENT data we rely
on the following Poissonian least-squares function [34]

9 11 NeXP
:22 [ —N;*+N;"In (N‘hﬂ

(o)

k=0

2
XetlcEoNs+Es

The approximated expression given for EM"(E/.) in Eq. (14)
is only valid for CEvNS, not for ES.
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The predicted number of events, including CEvNS, DF and
background events, is defined as

NP = (14 ap + as)NGN (ay, a6, a7)
+ (1 +ag) NP (a6, a7) + (14 a )N (ag)
+(1+ az)N?}IN(%) +(1+ 03)N,$,'SB‘ (21)

These expressions involve several nuisances (a;)
together with their associated uncertainties (o;). In particu-
lar, 0y = 11% encodes efficiency and flux uncertainties;
o1 =25%, 65 = 35%, and o3 = 2.1% are related to the
backgrounds, beam related neutrons (BRN), neutrino
induced neutrons (NIN) and steady state background
(SSB), respectively. Finally, 65 = 3.8% is associated to
the QF. Notice that the number of events N{; CEWNS ' py BF, and
N ?js also include nuisance parameters: ay, Wthh enters the
nuclear form factor and thus affects only the CEuvNS
number of events,” with o4 = 5%; ag accommodates the
uncertainty in beam timing with no prior assigned, while a;
allows for deviations of the uncertainty in the CEuvNS
efficiency. We refer the reader to Ref. [34] for further
details about the statistical analysis.

For the COHERENT-LAr 42 analysis we instead con-
sider the following Gaussian least-squares function, based
on [34,56]

+ (Br)?. (22)

with the experimental uncertainty being o}, = Ny;* +

N;%SB /5, while the theoretical signal is calculated as

+ Foy_ G
N{ = (1+py+py A& + P1AGENs + B2 AGENs )N NS
E
+ (14 )NEE + (1+ B4+ s Apra +ﬁ5A§1§RN

tltig 1n trig pBRN
+ P6ApBrN +ﬁ6A BRN +ﬁ7ApBRN)Nij
+ (1 + pg)N{PRN, (23)

Here, the nuisance parameters f, 3, f4, and fg account
for the normalization uncertainties of CEvNS, SS, prompt
BRN (pBRN) and delayed BRN (dBRN) rates, with
{60, 03,064,053} = {0.13,0.0079,0.32, 1.0} [11]. Relevant
systematic effects affecting the shape uncertainties of the
CEvNS and pBRN rates are also taken into account
through the nuisance parameters S, f,, fs, P, and f;.
In particular, #; and f, account for the uncertainty on

“This is done by introducing the nuisance parameter a, in the
nuclear radius entering Eq. (5) such that R, = 1.23A'3(1 4 ay).

the CEvNS shape due to existing systematic uncertainties
on the +1o energy distributions of the Fgy, parameter

(Ag;f’iNS) and due to the mean time to trigger distribu-

tion (AéEuNS) respectively. On the other hand fs, fq,
and f; are introduced to quantify the pBRN shape
uncertainty due to the corresponding uncertainty on the

+1o energy distributions (APBRN) the £10 mean time to
i
trigger distributions (Ap;‘fRN) as well as the trigger width

distribution (Ap‘;‘ggRN). The latter five distributions are
defined as

af =, (24)

with 4 = {CEuNS, pBRN} and &; corresponding to the
different source uncertainties affecting the CEvNS or
PBRN shapes. In the definition of Eq. (24) the superscript
“CV” denotes the central values of the CEVNS or pBRN
distributions, available in the COHERENT-LAr data
release [107]. Before closing this discussion, let us note
that the f, component includes several uncertainties
accounting for the flux (10%), efficiency (3.6%), energy
calibration (0.8%), the calibration of the pulse-shape
discrimination parameter Foy (7.8%), QF (1%), and
nuclear form factor (2%) [11].

IV. RESULTS

In this section, we present the obtained constraints on
the DF parameter space from the combined analysis of
COHERENT data from the CslI [10] and LAr [11] detec-
tors. We start discussing the results for the vector-mediator
case and then we proceed to the scalar one. We further
compare our results with existing limits in the literature
(when applicable). We finally briefly comment about the
stability of the DF and a possible connection to the dark
matter.

A. Vector mediator

In the following, we refer to the Lagrangian given in
Eq. (3) and to the cross sections given in Egs. (4) and (10).
Thanks to the redefinition of the coupling gy = /9,, ;.
with f =u, d for CEvNS and f = e~ for ES, we can
express our results in terms of the relevant parameters,
namely the DF mass (m,), the mediator mass (my) and
the coupling (gy). This simplification is based on the
assumption that the vector mediator has universal couplings
to both quarks and electrons.

We start our analysis by fixing m, and letting the
mediator mass and the coupling vary. In Fig. 2 we choose
several fixed values of m, (m, =0.1, 10 and 50 MeV,
shown with darker to lighter shades) and plot the 90% C.L.

exclusion regions (assuming 2 d.o.f.) for the CslI (top-left)
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combined analysis (left) and a comparison between the different analyses for the most constraining case (right).

and LAr (top-right) COHERENT data. We also perform a
combined CsI + LAr data analysis (bottom-left) and we
finally compare the three results (Csl, LAr and the
combined CsI+ LAr) for the most constraining case,
corresponding to m, = 0.1 MeV (bottom-right). The most
notable difference among the two datasets is that CsI data
lead to a significantly improved sensitivity compared to the
LAr data in the low mass region, due to the inclusion of
the ES events in the analysis. However, only the m, =
0.1 MeV case seems to be sensitive to this effect. This is
due to the fact that the mass of the produced DF is bounded
from above. Indeed, as explained in Sec. II, there is an
upper limit on m, dictated by the kinematics of the up-
scattering process. In particular, for CEUNS on Cs or |
nuclei, m, <53 MeV, while for ES the bound is lower,
m, <7 MeV.

In the intermediate region, LAr is more sensitive
than Csl, whereas in the high mass region, Csl data
lead to more stringent constraints. In the limit of heavy

mediator masses,” i.e. my > |q|, or equivalently my >
100 MeV, the data start to lose sensitivity on gy, since the
cross section gets suppressed due to the presence of the
mediator mass in the denominator. On the contrary, when
my < |q| the cross section becomes independent of my,
and the exclusion contour reaches a plateau. We further find
that the m, = 50 MeV benchmark leads to a less stringent
constraint on gy in the low-mass region, compared to the
m, = 10 MeV one. This is due to the fact that the term
proportional to m, in the kinetic factor of the cross section
[see Eq. (4)] is subtracting the term on the left. Thus, a larger
coupling gy is required in order to produce a sizeable number
of events, comparable to the experimental one. On the
contrary, if m, decreases, then the coupling can also decrease
and the corresponding constraint is stronger. Finally, in the
limit m,, — 0, the light mediator case from [34] is recovered,

>This limit corresponds to the case of effective couplings eV =
V24%/(Gpm?,) explored in Ref. [75].
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barring a small factor due to the absence of interference terms
between the SM and the new physics interactions in the DF
scenario. We have furthermore checked that the limits
saturate for m, < 0.1 MeV, at low my.

Next, we perform the same analysis, but fixing the
mediator mass, my. Figure 3 shows the corresponding
result at 90% C.L. in the m, — gy plane for my = 0.1, 10,
100 and 500 MeV, depicted with darker to lighter shades. In
the Csl (top-left) panel, the impact of the ES events below
the bound of m, ~7 MeV is clearly visible. Notice how-
ever that the effect of the ES contribution only appears for
my = 0.1 MeV.° For higher my, values the ES cross section
given in Eq. (10) gets suppressed thus making its con-
tribution to the total number of events negligible. Let us
emphasize that, without ES, LAr data (top-right) provide
better sensitivity on the coupling than Csl. For this reason,

The case of my = 1.0 MeV was also computed, but it
overlaps the my = 0.1 MeV contour and it is not shown in
the plot.
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90% C.L. (2 d.o.f.) exclusion regions in the m, — gy plane, for the vector-mediator case. Different fixed values of m, are

the combination of both datasets (bottom row) produces a
stronger constraint. Notice also the kinematic limit which is
again clearly visible in the figure, m, ~ 53 MeV for every
possible value of my,.

In the last set of analyses we set m,, proportional to my
and we let both the coupling and the mediator mass vary
freely. In Fig. 4 we plot the 90% C.L. bounds on gy versus
the mediator mass, for m, = 0.1,0.5, 1, 5, 10my, from dark
to light contours. The main difference with respect to the
previous figures is that the different contours are not shifted
vertically but horizontally. Take, for example, the case with
m, = 10my. When my =5 MeV, m,, is close to its upper
bound and for values higher than that, the up-scattering
production of the DF is kinematically forbidden, hence
only the SM CEvNS remains. If we focus now on the
contour for m, = 0.5 MeV, the upper bound on m, is
achieved at higher values of my, hence it is more
constraining.

Finally, Fig. 5 depicts the same data as Fig. 4, except that
it is plotted with respect to the DF mass. The upper bound
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FIG.4. 90% C.L. (2 d.o.f.) exclusion regions in the m, — gy plane, for the vector-mediator case. Different values of m, proportional to

my are considered.

of m, ~ 53 MeV is the same for every contour line. In the
Csl panel (top-left) the ES contribution is shifted to the
left when m,, gets smaller with respect to my. The reason is
that when the ES contribution is allowed (m, <7 MeV),
the mediator mass is large and the cross section gets
suppressed.

B. Scalar mediator

Similarly to the vector-mediator discussion, in this
subsection we refer to the Lagrangian given in Eq. (3)
and to the cross sections given in Eqgs. (6) and (11). Thanks
to the redefinition of the coupling g5 = ,/g,, gy, With
f =u, d for CEvNS and f = e~ for ES, we can express
our results in terms of the relevant parameters, namely the
DF mass (m, ), the mediator mass (mg) and one coupling
(gs). In analogy to the vector-mediator case described
above, this simplification is based on the assumption that
the scalar mediator has universal couplings to both quarks
and electrons.

In Figs. 6-9 we present the 90% C.L. (2 d.o.f.) exclusion
regions for the same benchmarks described in the previous
subsection. Because of the similarities in the general
interpretation of the two results, we refer the reader to
the vector mediator discussion in Sec. IV A, while here we
will only comment about the main differences between
scalar and vector scenarios.

The first relevant variation is that the ES contribution—
affecting the Csl data analysis—is negligible in the scalar-
mediator case. Notice, for instance, that in the corresponding
constraints obtained in Figs. 2 and 3, the ES contribution led
to a “bump” in the exclusion regions at m,, <7 MeV, that is
now absent. This is due to the different expressions for the
ES cross sections given in Egs. (10) and (11). The scalar
cross section is suppressed by a factor m,E,,/E2 compared
to the leading terms of the vector case. Indeed, in the ES
cross section for the vector mediator there is a constant term
that is always present regardless of the values of the masses
or the energies appearing in the kinematic terms. Without the
ES contribution, the inferred bounds on the coupling gg
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saturate already at m, < 10 MeV in Fig. 6 and at mg <
10 MeV in Fig. 7.

At last, let us comment about how our results compare to
those of Ref. [69]. The bounds obtained in that reference
rely on some assumptions, for instance F3, = 1. Taking
into account differences in the definition of the relevant
coupling (¥, vs gs), we notice that our results are in general
comparable: while we include a more recent dataset with
more statistics, we also perform a more sophisticated
statistical analysis.

C. Comparison to other constraints

In this subsection we discuss the limits obtained in this
work in comparison with other existing bounds in the
literature. In principle, limits from other experiments
should be carefully recast in terms of the up-scattering
scenario that we considered. However we recall here that
our exclusion contours saturate for m, < 0.1 MeV, and
eventually coincide with the limits expected for m, — 0.
Given these considerations, we can compare to existing

& LAr
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1075 - my =50my o
= — my=10my 7
: — mK=05 my :
» — iy =01my ~
—6 pvvld el el

102 102 10! 10° 10t 107
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105 7 my = 0.1my =
E + Csl 3
B * LAr ]
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my [MeV]

90% C.L. (2 d.o.f.) exclusion regions in the m,, — gy plane, for the vector-mediator case. Different values of m,, proportional to

constraints on CEvNS or neutrino ES with light vector
mediators. In Fig. 10 we hence show, as for comparison,
our result from the combined analysis together with limits
from other experimental searches on light mediators (vector
on the left and scalar on the right). We display limits from
other CEvNS experiments, in particular CONNIE [111],
CONUS [15] and Dresden-II [33], from collider experi-
ments [56], like LHCb [112] and BABAR [113], from rare
meson decays at NA48 [114], from Borexino solar neutrino
data [115] and from the analyses [116] of multi-ton DM
experiments (XENONnT [117] and LZ [118]). Let us
finally comment that limits from deep inelastic scattering
(CHARM-II), from reactor neutrinos (TEXONO) and from
solar neutrinos (BOREXINO) have been set on effective
interactions leading to the up-scattering production of a
DF [75]. While a direct comparison with these results is not
possible as we are considering light mediators, we can
notice that COHERENT can explore DF masses above the
reach of TEXONO and BOREXINO, and a bit below
CHARM-II. To conclude, we see that the limits here
obtained using COHERENT data improve upon existing
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FIG. 6. 90% C.L. (2 d.o.f.) exclusion regions for the scalar-mediator case, in the mg — gs plane. Different fixed values of m, are

considered.

ones for mediators with masses in the range 70 MeV <
my < 110 MeV and myg 2 40 MeV.

D. The dark fermion as the dark matter

The DF produced through neutrino up-scattering at
COHERENT, belonging to a dark sector, could also constitute
part or the totality of the DM observed in the Universe. The
evaluation of the cosmic abundance of y will depend on all
possible production mechanisms. In this respect, in addition
to those induced by the interactions in Eq. (3), new ones could
arise in UV-completions of our phenomenological model.
While arigorous discussion about the viability of y as the DM
would require a dedicated analysis and it is therefore beyond
the scope of this work, in the following, we will make few
considerations about its stability, focusing on the vector-
mediator scenario. Similar considerations can also be made
for the scalar-mediator case. We refer the reader to
Refs. [69,75,93,119] for further discussions.

First of all we can note that, given the interactions
allowed by the Lagrangian in Eq. (3), there are only two

possibilities for y to decay, at tree-level. If m,, > my, y can
decay into y — Vu,. If instead m, < my, the three-body

decay y — v,ff is allowed, via an off-shell mediator.
Given the interactions in Eq. (3) and the y mass range
accessible at COHERENT, eventually only the channel
¥ = vgete™ is kinematically allowed. In principle, the tree-
level decay y — v,u40; could also be allowed, depending
on the nature of the interactions given in Eq. (3). However,
if the new mediator V couples only to charged fermions
(e.g. in a dark-photon scenario, see for example Ref. [120]),
the tree-level decay into three neutrinos is forbidden. We
assume this possibility and we hence estimate the tree-level
decay widths as following

i m2 m2 m2
r@—ﬂw@:3gm11—;§ 1+—%-2—2],

X my ny,

(25)

gy
Ty - veet) = 6877

myd (. my. ),

where I(ml, my, u,) reads
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1= AP = xipppn) X}
I(m,, my, E/ dx L 1
(meme ) = J o O o  — P (T =)

X {6(1 + 2up) = x1 [15 + A(1 = X1, o, o)
4+ 24p, +3xF = 12x,(1 + )]}, (26)

Here pp =m2/m2 and A(x,y,z) = x* + y* + 2% — 2xy —
2xz — 2yz is the Kéillén function. Equation (25) is valid in
both the heavy- and light-mediator regimes. Let us com-
ment that to compare with other results in the literature, for
instance [120—122], where the heavy-mediator approxima-
tion is assumed (1my >> m, ), one may use 21 (m,,, my, y,) =
[1,(0, \/iz., \/12) + 21,(0, \/li3. \/ii2)]/m,. The kinemati-
cal functions I; and I, are defined, e.g., in Ref. [123].
From these expressions, we can notice that for m, < 2m,

no tree-level decays are kinematically allowed. Radiative
decays such as y — vy, y — vyyy or y — vwv could be, on
the other hand, open. These decays have been computed
assuming effective operators in [96]. Based on the previous
decay rates, we estimate the lifetime of y and compare it
to the age of the Universe. We find that when assuming a
very light mediator (my ~ 1 keV) and values of couplings
testable at COHERENT, the tree-level decays given in
Eq. (25) are efficient enough to make y decay before
t ~ 1 sec, independently of its mass. In this case, y could
not be the DM, but also would not affect the BBN as it
would decay at earlier epochs. When the mediator is heavy
(my 2 1 MeV), y would still decay faster than the age of
the Universe, in the region of parameters where the decay
channels in Eq. (25) are kinematically allowed. Finally,
should the mediator be heavy (my = 1 MeV) and the DF
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light enough (m, <1 MeV) then the tree-level decays
would not be kinematically accessible. Estimations of
radiative decays [93,95,96] also indicate that they would
not be very efficient thus making y a long-lived particle and
possibly a viable DM candidate. Of course in all cases, very
small couplings would always allow y stability, but would
definitely be outside the reach of COHERENT. As already
mentioned, in a UV-completed model the possible presence
of additional interactions beyond those considered in
Eq. (3) could be relevant for the production of y as the
DM in the early Universe. We notice that small couplings of
the order of those probed by COHERENT already indicate
a possible nonthermal production, e.g. via the freeze-in
mechanism. We conclude by mentioning that, even if
stable, light (sub-)MeV DM could affect the predictions
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90% C.L. (2 d.o.f.) exclusion regions for the scalar mediator case, in the mg — gg plane. Different values of m,, proportional to

for the BBN, thus requiring a careful evaluation of all
cosmological constraints.

Finally, going back to the region of parameter space
where the DF is unstable, one can investigate whether it
decays fast enough to give rise to novel signatures inside
the COHERENT detector. Based on the COHERENT
sensitivity reach demonstrated e.g. in Fig. 4, we find that
x can decay inside the detector only when m, > my i.e., via
the y — Vv, mode. However, if my, is also larger than twice
the electron mass, V can subsequently decay into a e"e™
pair via

2 2 2
va-+gw+)=]§;mv(1+2:§> -4 @)
|4 \4
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and possibly lead to a detectable electronic recoil signal
within the COHERENT detector.

V. CONCLUSIONS

In this paper we have investigated the possible produc-
tion of a dark fermion y at the COHERENT experiment,
through neutrinos up-scattering off both the nuclei and the
atomic electrons of the detector. We have performed a
detailed statistical analysis of two COHERENT datasets:
the most recent one, obtained with the CsI detector (2021)
and the LAr one (2020). With the idea of going beyond up-
scattering through the dipole operator previously studied in
the literature, we have focused on two possible mediators: a
light vector and a light scalar. We have provided the
relevant cross sections for the processes v — yN and
ve — ye, for both vector and scalar mediators.

We have obtained 90% C.L. exclusion regions on the
relevant coupling and mediator/dark fermion mass param-
eter space. Our results show that including the ES in the CsI
analysis improves the bounds on the couplings only in the
vector-mediator case. In the scalar-mediator scenario the
ES events turn out not to be relevant, nevertheless the most
recent Csl data still allow to improve the sensitivity on the
couplings, compared to LAr data. Furthermore, in com-
parison with other experiments and under the assumption
of a very light dark fermion, our combined analysis
improves the existing bounds for mediators with masses
in the range 70 MeV <my <110 MeV and mg 2 40.
Future data from COHERENT will allow to further probe
the possible up-scattering production of a dark fermion.

We have finally briefly discussed the possibility for y to
comprise the dark matter of the Universe. We have found
that, when assuming a very light mediator, given the
masses and couplings accessible at COHERENT, the dark
fermion would not be stable enough to be the dark matter.
In other regions of the parameter space, the dark fermion
could be stable however a careful discussion of its role as
the cosmological dark matter would require a dedicated
analysis.

ACKNOWLEDGMENTS

We thank Sergio Pastor for reading this manuscript and
for discussions. This work has been partially supported by
the Spanish Grant No. PID2020-113775 GB-100 (MCIN/
AEI/10.13039/501100011033) and CIPROM/2021/054
(Generalitat Valenciana). V. D. R. acknowledges financial
support by the CIDEXG/2022/20 grant (project
“D’AMAGAT”) funded by Generalitat Valenciana. P. M. C.
is supported by the grant No. CIACIF/2021/281 also
funded by Generalitat Valenciana. D. K. P. was supported
by the Hellenic Foundation for Research and Innovation

(H.F.R.1.) under the “3rd Call for H.F.R.1. Research
Projects to support Post-Doctoral Researchers” (Project
Number: 7036).

APPENDIX A: DETAILS OF THE CROSS
SECTION CALCULATION

In this appendix we provide the necessary steps for
obtaining the up-scattering cross section formulas given in
Egs. (4) and (6). To this purpose, starting from the quark-
level Lagrangians in Eq. (3) we need to follow two steps:
first we translate the quark-level cross sections to the
nucleon level and then from nucleons to the nucleus (see
below for details).

1. Vector mediator

For the process v,(p1)f(p2) = x(p3)f(p4), the corre-
sponding tree-level amplitude at the quark level is

X {ir(pa54)r" (97, PL + 91 PR) U (P2, 52)

ny,my
+—=
my

r(passa)l(gr, — 97)PL

+ (97, = 97, )Prlus(p2.52) 1}, (A1)
where the Dirac equation pu(p,s) = mu(p,s) has been
used together with the fact that only left-handed neutrinos
and right-handed antineutrinos exist within the SM, thus
Pru,(py,s;) = 0. The amplitude has been rewritten in this
way to highlight the explicit cancellation of axial terms,
under the assumption of chirality-blind couplings. Indeed,
in order to simplify the calculations, in what follows the
left- and right-handed components of the charged-fermion
couplings are assumed to be equal, i.e., g;, = gr, = gy-
In addition, quark universal couplings are assumed,
9u = 9ga = gy Finally we also work under the approxima-
tion of massless neutrinos, i.e., m, — 0. With this in mind,
the amplitude given in Eq. (A1) is simplified considerably
and eventually reads

. i _
lMV = —291149f'[ux(p3, S3)J/uPL”u(P1,Sl)]
r—my

X ity (Pas sa)r*us(pa, 1)) (A2)
Notice that only the vector component survives, while the
axial and pseudoscalar components vanish.

Next, we go from quarks to nucleons. This is achieved by
computing the quark-operator matrix elements between
nucleon states following the procedure usually adopted for
DM direct detection searches and described in [101,102].
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For a vector-type interaction, we make the following
change

(n) =

(mﬁpyﬂup + Cf un}/ﬂun)?

gritpytus — ng(cf
f=ud

(A3)

where the coefficients for the proton and neutron are
ct(,p) = c((jn) =2, cEim = cE,") =1.

In order to compute the scattering amplitude for the
whole nucleus, an additional step is required. Let Z be
the number of protons inside the nucleus and N = A - Z
the number of neutrons, with A being the mass number,
then one should proceed by changing

gf(up},ﬂup + ﬁny”un) - gf(ZFW,, + NFWn)ITtN’]/”MN,
(A4)

where F W, and Fy, are the nuclear form factors for protons
and neutrons, respectively. Finally, we assume that both
form factors are equal,” F w, = Fw, = Fy, we apply the
transformations described above and perform the quark
summation to obtain

le— 39;“ fFW(|q|) [t (P3,S3)}’ﬂPLuu<P1,Sl)}

x [“N(P4»S4)}’””N(P2»S2)]- (A5)

We define the vector coupling gy = , /g,, Gy to reduce the
number of parameters by one. At this point, one has just to
perform the spin summation, rewrite the four-momenta in
the lab frame and compute the cross section as a function of
the nuclear recoil energy to obtain Eq. (4).

Once we have computed the CEuNS cross section,
obtaining the ES one is fairly simple. Since quarks and
electrons are fermions, their quantum fields have the
same structure, hence we can start with Eq. (A2) and take
S = e7. Quark universality of g, is extended to fermion
universality, which now includes electrons, i.e., g; = g, =
gu = g4- The cross section obtained with this amplitude
corresponds to a neutrino up-scattering off a single and
isolated electron. However, we need to take into account
that electrons are bound inside the atomic nucleus. To
obtain Eq. (10), it is required to weigh the free ES cross
section with the effective charge, Z4;, corresponding to an
energy deposition E,,. The effective charges for the Cs and
I isotopes are given in Appendix B.

"This is an accurate assumption for the typical momentum
transfer involved at COHERENT.

2. Scalar mediator

The procedure followed to obtain the DF-production
cross section through a scalar interaction is very similar to
the one described above for the case of a vector mediator.

For the process v,(p1)f(p2) = x(p3)f(ps), the corre-
sponding tree-level amplitude is

i
t—m}

X [iy(par54)(gr, PL + gp, Pr)Us(P2.52)].

iMS = [Ijl){(pg,,S3)gZLPLMy(p],S1)}

(A6)

Like before, we assume that the left- and right-handed
components of the couplings are the same, and also that
fermion universality is satisfied. Next, we go from quarks
to nucleons by computing the relevant quark current in
nucleons. For a scalar-type interaction, it proves convenient
to perform the following modification [101,102]

my, .(n)-
gritguy = fzu:dgf< fo ipp + mffo unun>, (A7)

where m,, is the proton mass, m,, is the neutron mass, my is
the quark mass and f (Tpf ) and f %) express the quark-mass

contributions to the nucleon mass. The chosen values are
given in Eq. (8).

In the last step, we translate from the nucleon to the
nuclear level in the same way as done for the vector
interaction [see Eq. (A4)]. After performing the quark
summation, we obtain

iMg = CZFW(|‘1| )[_;((P3,S3)PL%(P1’ 51)]

X [”N(Pm $4)Upr (P25 52)], (A8)

where C% is the scalar coupling found in Eq. (7). We have
defined g5 = /g,, gy to reduce the number of free param-
eters. Given this amplitude one can compute the differential
cross section in Eq. (6). To obtain the ES one, we start from
the amplitude in Eq. (A6) and repeat the procedure
explained previously for the case of a vector mediator.
The result is given in Eq. (11).

APPENDIX B: EFFECTIVE ELECTRON
CHARGE FOR CS AND I

In this appendix we provide the effective electron charge
for Cs and I (see Table I).
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TABLE L. Effective electron charge for Cs and I as a function of
the energy deposition E., [124].
Zi E (keV)
55 E.. > 3599
53 571 < E, £3599
51 536 < E, <571
49 501 < E, £5.36
45 1.21 < E, £5.01
43 1.07 < E,, £ 1.21
41 1.00 < E,, £ 1.07
37 0.74 < E,, £1.00
33 073 < E, <0.74
27 023 <E, <073
25 0.17 < E,;, <£0.23
23 0.16 < E,, £0.17
19 E. <0.16
ZL E.. (keV)
53 E. > 33.17
51 5.19 < E, £33.17
49 4.86 < E,;, <5.19
47 4.56 < E,, <4.86
43 1.07 < E,, <4.56
41 093 < E, <1.07
39 0.88 < E,, <0.93
35 0.63 < E,, <0.88
31 0.62 < E., <0.63
25 0.19 < E, £0.62
23 0.124 < E, £0.19
21 0.123 < E,, <0.124
17 E. <0.123

APPENDIX C: DETECTOR-SPECIFIC
QUANTITIES FOR CsI AND LAr

We convert the true nuclear recoil energy into
electron equivalent energy E. through the QF. For the
Csl detector this is done in terms of the light yield
LY = 13.35 PE/keV,,, with PE =LY x E_, where PE
denotes the number of photoelectrons while the electron-
equivalent energy E., is obtained from the scintillation curve,
as B, = x,El, + x, B2 4+ x3ER + x,E% (x; = 0.0554628,

X, = 4.30681,x3 = —111.707, x, = 840.384) [10]. For the
LAr detector the QF is given by QF(E},) = 0.246 + 7.8 x
1074 E}, (keVy,) [11].

The energy-dependent efficiency for the Csl detector is
given by

o a
1 + e~blx—0)

where x =PE+a; and a = 1.32045, b = 0.285979,
¢ = 10.8646, d = —0.333322 [10]. Following Ref. [34]
we account for the 1o uncertainty on the efficiency curve
through the parameter a;, see Eq. (21), which is allowed to
float freely between [—1,+1] x PE. For the LAr detector
there is no analytical efficiency function and we utilize
the data provided in Ref. [107] without introducing any
nuisance parameter.

The time-dependent efficiency at the Csl detector is
given by [10]

eg(x) +d, (C1)

1, if fee <

€T(trec) = { e_k(trec_t/)

with 7/ = 0.52 ps and k = 0.0494/ps. In this case we allow
for a +250 ns variation of the timing distribution by
introducing the nuisance parameter ag, with no prior
assigned. For the LAr detector it holds e (#,.) = 1.

Finally, the resolution function R(E,,, E};) for the CsI
detector is given by

if tee =1 (€2)

a(l +b))1+t
R(Ey. By) = R0 b emetios (o

where x is the reconstructed recoil energy expressed in PE
units i.e. PE(E,,), while a and b instead depend on the true
quenched energy deposition: a = 0.0749/E..(E,;), b =
9.56 x E..(E;;) [10]. For the LAr detector instead, the
resolution function is approximated by a normalized
Gaussian with resolution power [107]

GEer _ 0.58 (C4)

Eef V Eer (kevee) '
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