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Leptoquarks are theorized particles of either scalar or vector nature that couple simultaneously to quarks
and leptons. Motivated by recent measurements of coherent elastic neutrino-nucleus scattering, we consider
the impact of scalar leptoquarks coupling to neutrinos on a few complementary processes, from low energy
to colliders. In particular, we set competitive constraints on the typical mass and coupling of scalar
leptoquarks by analyzing recent COHERENT data. We compare these constraints with bounds from atomic
parity violation experiments, deep inelastic neutrino-nucleon scattering and collider data. Our results
highlight a strong complementarity between different facilities and demonstrate the power of coherent
elastic neutrino-nucleus scattering experiments to probe leptoquark masses in the sub-TeV range. Finally,
we also present prospects for improving current bounds with future upgrades of the COHERENT detectors
and the planned European Spallation Source.
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I. INTRODUCTION

Leptoquarks (LQs) are hypothetical particles that carry
both lepton and baryon numbers, and can arise in many
extensions of the Standard Model (SM) unifying matter
[1–4] with the unique property of connecting leptons and
quarks. This peculiar property could induce rapid proton
decay. However, as they arise in many grand unified
theories (GUTs), their mass is expected to be close to
the GUT scale preventing this process from happening [5].
On the other hand, there are models where the operator that
gives rise to proton decay, the diquark operator (qqlq), is
suppressed or even forbidden by a symmetry, allowing LQs
to have low masses [6–10]. LQ properties and signatures
have been extensively studied in the literature. We refer the
reader to [11] for a comprehensive review on the LQ
phenomenology at precision experiments and colliders.
Moreover, LQs coupling to third-generation fermions have
received much attention lately as likely candidates to
account for flavor anomalies, see for instance [12–30].
At present, LQ models have been studied through a

variety of processes involving different ranges of energy.

Depending on certain assumptions, different observables
can test particular regions of masses and coupling strengths
in the parameter space. On the one hand, atomic parity
violation (APV) in cesium nuclei has allowed to test the
effects of LQs at low energy. Particle colliders, on the other
hand, like LEP and LHC, have allowed to probe LQs in
relatively large energy ranges through processes like Drell-
Yan, as well as through single- and double-pair production.
Another important test of LQ interactions are electroweak
precision observables. The presence of LQs could induce
effects on the self-energy of the Z and W bosons con-
strained by the oblique parameters, S, T and U. However,
such corrections mostly depend on the difference of masses
between states [11]. Since we are interested in LQ
multiplets with degenerate states, we will not take these
constraints into account in our study. A more complete
investigation of the LQ parameter space, focusing on the
intermediate energy region, is now possible thanks to the
recent observation of coherent elastic neutrino-nucleus
scattering (CEνNS). In this work, we provide a general
overview of the constraints that can be obtained for LQ
properties from different processes, at different energy
ranges, and under certain specific assumptions. Our main
motivation is to investigate LQ signatures at low-energy
facilities devoted to the study of CEνNS [31]. Unless
explicitly stated, in the rest of this manuscript we will
mainly focus on LQs coupling to the first and second
generation of leptons.
The first observation of CEνNS was achieved by the

COHERENT Collaboration in 2017 using a cesium iodide
(CsI) detector [32], about forty years after its theoretical
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prediction [33]. More recently, the COHERENT Colla-
boration observed CEνNS using a liquid argon (LAr)
detector [34] and, in 2021, they released a more extended
CsI dataset [35] with improved statistical analysis.
Complementary to COHERENT, which uses neutrinos
from a π-DAR (pion decay-at-rest) source, further
CEνNSmeasurements are soon expected by other facilities,
either exploiting neutrinos from nuclear reactors [36–48],
from π-DARs [49,50] or decay-in-flight neutrinos pro-
duced at the Long Baseline Neutrino Facility [51,52]. As a
consequence, current and upcoming CEνNS results pro-
vide plenty of opportunities for both testing the SM
parameters [43,53–60] and searching for new physics
(see for instance [58,61–103]). Among a variety of appli-
cations, CEνNS data can be used to probe LQs connecting
neutrinos to quarks. Assuming effective interactions,
model-independent constraints on neutrino nonstandard
interactions (NSI) can be recast into bounds on masses
and couplings of heavy LQs as shown in [69,104]. CEνNS
limits on first-generation LQs have also been obtained in
[105] under the assumption of a SM effective field theory.
Finally, bounds on scalar LQs have been obtained in [100]
using COHERENT CsI (2017) and LAr (2020) data. Here
we investigate the impact of scalar LQs on current CEνNS
data from the COHERENT experiment. In particular, we
perform a combined analysis of the most recent CsI (2021)
and LAr (2020) datasets, and we include timing informa-
tion in the data analysis. We improve upon previous results
in the literature [69,104,105] by considering an explicit
dependence on the LQ mass (and not assuming an effective
interaction), and upon [100] by improving the statistical
analysis in several ways; a newer CsI dataset, and the
inclusion of timing information together with all relevant
systematic effects. In addition, we further provide sensi-
tivities for planned upgrades of the CsI and LAr
COHERENT detectors [106,107] and for a future proposal
at the European Spallation Source (ESS) [50].
Complementary to the CEνNS analysis, but still focusing

on the low-energy sector, additional information on first-
generation LQs can be extracted from APV [108,109]
experiments using cesium atoms [110,111]. APV can be
originated as a manifestation of the weak interaction either
by the exchange of a Z-boson between electrons and
nucleus or by P-violating internuclear forces. APV limits
on LQs have been obtained previously in the literature
[11,105,112–114] parametrizing the LQ effects by means
of an effective Lagrangian. We reevaluate APV constraints
on first-generation LQs by estimating their effect on the
weak nuclear charge of cesium, taking into account an
explicit dependence on the LQ mass and coupling.
Moving to the heavier energy range, we recast con-

straints from neutrino scattering off nuclei, namely those
from the NuTeV experiment [115]. This deep inelastic
neutrino-nucleon scattering cross section has been mea-
sured with high accuracy by NuTeV, providing a test on the
coupling of muon neutrinos to quarks. LQs can

significantly modify the SM coupling and hence the
neutrino-nucleon cross section. We then make use of the
NSI framework to translate the results of Ref. [116], that
obtained constraints on the NSI coefficients from NuTeV
data, into LQ masses and couplings. Finally, in order to test
the heavy mass and large energy regimes, we consider data
from colliders. In particular we study how HERA [117–
119], an electron-proton collider, LEP [120–124], an elec-
tron-positron collider, SPS [125], and Tevatron [126–129],
both proton-antiproton colliders, and LHC [130–135], a
proton-proton collider, can shed some light on first- and
second-generation LQs through their imprints on different
processes. We recast bounds from HERA [119], SPS [125],
Tevatron [129], and LEP [120–123], while we compute
LHC constraints [130,134,135] usingMonte Carlo tools in
order to obtain the most up-to-date limits from their
searches. We finally mention that during the completion
of this work a study on LQs has been presented in
Ref. [136]. Their analysis focuses on LQ interactions with
third-generation leptons and second-generation quarks,
and on their testability using neutrino telescopes, com-
pared to other constraints including colliders. Their study
complements the results presented here.
This paper is organized as follows. In Sec. II we

introduce the general LQ picture, particularly focusing
on scalar LQs that couple to the first and second generation
of leptons and to the first generation of quarks, which are
hence accessible at CEνNS experiments. In Sec. III we
briefly describe the CEνNS process, the associated LQ
effects, and the COHERENT experiment. In the same
section, we also detail our statistical analysis, that allows
us to set stringent constraints on LQ properties. We then
describe in Sec. IV the effect of scalar LQs on other low-
energy observables like APV, deep inelastic neutrino-
nucleon scattering, and collider processes. We provide a
summary of all results and current constraints in Sec. V.
Next, we go back to CEνNS and present in Sec. VI the
expected sensitivities at future upgrades of COHERENT
and at the ESS. Finally, we summarize and present our
conclusions in Sec. VII.

II. LEPTOQUARK FORMALISM

As their name suggests, LQs are particles than can
simultaneously couple to a lepton and a quark and, in
general, they can be of either scalar or vector nature. These
two properties allow us to add different terms to the SM
Lagrangian that couple LQs with the SM fields while
preserving the gauge structure of the SM. A list of all
possible ways by which LQs can give rise to a lepton-quark
interaction is long and has been studied, for instance, in
Ref. [11]. However, since we are interested in signatures at
CEνNS experiments, we will mainly focus on those
interactions that can connect neutrinos and quarks.
Respecting the SM symmetries, these interactions are
possible through either a scalar or a vector LQ as long
as they do not allow proton decays at tree level. Starting
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from the completely general LQ list given in [11], we
extract all the relevant operators involving neutrinos and we
summarize them in Table I, indicating in each case the LQ
quantum numbers under the SM gauge group. For each
scenario, we follow the notation of [11] and we denote the
SM lepton and quark doublets by L andQ, respectively. We
now briefly discuss the associated Lagrangian for each of
the different scenarios. As seen from Table I, there are four
possible scalar LQs giving rise to operators relevant for
CEνNS (our main topic of interest); one SUð2ÞL singlet,
two doublets, and one triplet. For simplicity, we will
assume that LQs only interact with first-generation quarks
and first- and second-generation leptons:

(i) Leptoquark singlet S1 ¼ ð3̄; 1; 1=3Þ.
Since this is a singlet under SUð2ÞL, there is only

one component under this symmetry, precisely
denoted by S1, which carries a charge Q ¼ −1=3.
Then, the corresponding Lagrangian that adds to the
SM reads,

L ⊂ λijQ̄c
i iτ2LjS1 þ H:c: → L

⊂ ðλ1jūcPLlj − λ1jd̄cPLνjÞS−1=31 þ H:c:; ð1Þ
where λij is in general a complex matrix, τ2 is the
indicated Pauli matrix, and i, j ¼ 1, 2, 3 are flavor
indices. The right-hand side of the previous equation
results from expanding the doublet terms in the
Lagrangian. PL denotes the left-handed chirality
operator and we just keep the λ1j (i ¼ 1) term to
explicitly remark that we are interested in LQs
coupling only to first-generation quarks, with
u1 ¼ u and d1 ¼ d. To illustrate how such an inter-
action in Eq. (1) can contribute to a neutral-current
process asCEνNS,we can see how thematrix element
depends on the fermionic spinors involving neutrino
reactions,

MS1
CEνNS ∼ ðd̄PLνkÞðνjPRdÞ

¼ 1

2
ðd̄γμPRdÞðν̄jγμPLνkÞ: ð2Þ

Notice that to get the right-hand side of the previous
equation we have performed a Fierz transformation

(see Appendix A), giving the desired neutral current
shape for the interaction. An important feature arising
from Eq. (2) is that, when interacting with neutrinos,
the scalar LQ S1 couples only to down quarks.

(ii) Leptoquark doublet R2 ¼ ð3; 2; 7=6Þ.
Being a doublet under SUð2ÞL, in this case

there are two LQ components, which we denote
R2 ¼ ðR5=3

2 ; R2=3
2 ÞT , where the superscript indicates

the corresponding electric charge Q. From Table I,
we see that R2 couples only to u-type quarks. Then,
the relevant Lagrangian for neutrino interactions is
given by

L ⊂ λijūiRT
2 iτ2Lj þ H:c: → L

⊂ λ1jðūPLljR
5=3
2 − ūPLνjR

2=3
2 Þ þ H:c:; ð3Þ

where, again, λij is a complex matrix, and the right-
hand side is obtained by expanding the different
doublets. Assuming a degeneracy in the associated
masses of the two states, the matrix element involved
in neutrino interactions with matter is proportional to

MR2

CEνNS ∼ ðūPLνkÞðνjPRuÞ

¼ 1

2
ðūγμPRuÞðν̄jγμPLνkÞ; ð4Þ

where we have Fierz-transformed again the operator
in order to get the expression on the right side of the
equation.

(iii) Leptoquark doublet R̃2 ¼ ð3; 2; 1=6Þ.
As in the previous case, here we have a

doublet under SUð2ÞL, with components denoted
by R̃2 ¼ ðR̃2=3

2 ; R̃−1=3
2 ÞT. Then, this LQ can only

couple to d-type quarks, and the relevant Lagrangian
for neutrino interactions reads,

L ⊂ λijd̄iR̃T
2 iτ2Lj þ H:c: → L

⊂ λ1jðd̄PLljR̃
2=3
2 − d̄PLνjR̃

−1=3
2 Þ þ H:c: ð5Þ

Again we assume a degeneracy in mass between
both states of the multiplet, so the matrix element
reads,

TABLE I. Relevant LQ operators connecting neutrinos and quarks. Left/right column shows the possible operators
when LQs are scalars/vectors. The numbers between parenthesis denote the quantum numbers under SUð3Þc,
SUð2ÞL, and Uð1ÞY , respectively.

Scalar Vector

LQ Operator (SUð3Þc, SUð2ÞL, Uð1ÞY ) LQ Operator (SUð3Þc, SUð2ÞL, Uð1ÞY )
S1 QLS1 ð3̄; 1; 1=3Þ U1 QγμU1;μL ð3; 1; 2=3Þ
R2 uRLR2 ð3; 2; 7=6Þ V2 dRγμV2;μL ð3̄; 2; 5=6Þ
R̃2 dRLR̃2 ð3; 2; 1=6Þ Ṽ2 uRγμU1;μL ð3̄; 2;−1=6Þ
S3 QLS3 ð3̄; 3; 1=3Þ U3 QγμṼ1;μL ð3; 3; 2=3Þ
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MR̃2

CEνNS ∼ ðd̄PLνkÞðνjPRdÞ

¼ 1

2
ðd̄γμPRdÞðν̄jγμPLνkÞ: ð6Þ

By comparing with Eq. (2), we can see that the
relevant matrix element has the same structure as S1,
and R̃2 couples only to down quarks.

(iv) Leptoquark triplet S3 ¼ ð3̄; 3; 1=3Þ.
To finish our scalar LQ list, we now have a triplet

under SUð2ÞL, whose components are denoted as
S3¼ðS2=33 ;S−1=33 ;S−4=33 Þ. Then, being τ ¼ ðτ1; τ2; τ3Þ
the standard Pauli matrices, the associated Lagran-
gian involving neutrino interactions and respecting
the SM symmetries reads,

L ⊂ λijQ̄c
i iτ2ðτ · S3Þ†Lj þ H:c: → L

⊂ λ1jð
ffiffiffi
2

p
ūcPLνjS

2=3�
3 − ūcPLljS

−1=3
3 Þ

− λ1jðd̄cPLνjS
−1=3�
3 þ

ffiffiffi
2

p
d̄cPLlS

−4=3�
3 Þ þ H:c:

ð7Þ
As in the previous cases we can see that the matrix
element reads,

MS3
CEνNS ∼ 2ðūPLνkÞðνjPRuÞ þ ðd̄PLνkÞðνjPRdÞ

¼ ðūγμPRuÞðν̄jγμPLνkÞ

þ 1

2
ðd̄γμPRdÞðν̄jγμPLνkÞ: ð8Þ

Interestingly, among all cases presented till now,
only S3 couples to both up- and down-type quarks.
However, the strength of the corresponding coupling
is not the same as there is a difference of a factor 1=2
between them. As we will see, this will result in an
enhancement of the CEνNS cross section associated
with the contribution of this type of LQ.

Notice that in Table I we have also listed operators
involving vector-type LQs. In principle, these operators can
also be studied, giving their corresponding contribution to
the CEνNS cross section. However, if we perform a Fierz
transformation the contribution turns out to have the same
shape as the scalar cases listed above. To illustrate this we
can take, for instance, the operator associated to the LQ
denoted as U1. Then, if we apply a Fierz transformation to
the matrix element of neutrino interactions we have

MU1

CEνNS ∼ ðūγμνkÞðνjγμuÞ ¼ ðūγμuÞðν̄jγμνkÞ; ð9Þ

that is the same Lorentz structure as R2 with a factor 1=2 of
difference. Given this similarity among Lorentz structures,
in the following we will focus only on scalar LQs.
In the rest of the paper we will focus on scalar LQ

interactions between first-generation quarks and first- and
second-generation leptons. Hence, the matrix structure of

the parameters λij appearing in the Lagrangians of the
different LQs considered here can be written as

λij ¼

0
B@

g g 0

0 0 0

0 0 0

1
CA; ð10Þ

where g is the strength of the interaction and we assume it
to be the same for both lepton flavors. During the rest of
this manuscript, we will consider this flavor structure and
we will assume same strength of the coupling for the
different LQ models under study.

III. CURRENT CEνNS DATA: COHERENT

In this section, we investigate the potential of CEνNS to
study LQs and we obtain constraints from COHERENT
data in the parameter space of LQ masses and couplings.
Within the SM, the CEνNS differential cross section, in
terms of the nuclear recoil energy Enr, is given by [33]

dσνlN
dEnr

����
CEνNS

¼ G2
FmN

π
FWðjqj2ÞðQSM

W Þ2
�
1 −

mNEnr

2E2
ν

�
;

ð11Þ

where GF is the Fermi constant, Eν denotes the incoming
neutrino energy, l indicates the neutrino flavor, and mN
refers to the nuclear mass. Notice that at tree level, the
CEνNS cross section is flavor independent, with small
radiative corrections that are not relevant for present
experimental sensitivities [137]. The SM weak charge
QSM

W is defined as

QSM
W ¼ gpVZ þ gnVN; ð12Þ

where gp;nV are the proton and neutron couplings, gpV ¼
1=2ð1 − 4 sin2 θWÞ and gnV ¼ −1=2. The weak charge is the
term which eventually encodes the typical N2 dependence
of the CEνNS cross section, and which gives rise to
the relevant enhancement with respect to other neutrino
processes. Notice that the proton contribution carries the
dependence on the weak mixing angle, being this contri-
bution subdominant due to an accidental cancellation
generated by the SM value of the weak mixing angle
at low energy.1

Nuclear-physics effects are encoded in the nuclear form
factor FWðjqj2Þ appearing in Eq. (11). We adopt the Klein-
Nystrand parametrization, which reads,

1We take sin2 θW ¼ 0.23857ð5Þ [138], from the renormaliza-
tion group equation extrapolation in the MS renormalization
scheme.
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FWðjqj2Þ ¼ 3
J1ðjqjRAÞ

jqjRAð1þ a2kjqj2Þ
; ð13Þ

where J1 is the spherical Bessel function of order one,
jqj ≈ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2mNEnr
p

stands for the three-momentum transfer,
RA ¼ 1.23A1=3 fm is the nuclear radius and ak ¼ 0.7 fm is
the Yukawa potential range.
The weak charge term may be modified in the presence

of new physics. In the specific case of the LQ scenarios of
interest in this paper, we will compute the CEνNS events
based on Eq. (11) by changing

ðQSM
W Þ2 → ðQLQ

i Þ2 ¼ ðQSM
W þQii;LQÞ2 þ

X
i≠j

Q2
ij;LQ; ð14Þ

where the first and second indices in Qij;LQ denote
quark and lepton family, respectively, and LQ ¼
S1; R2; R̃2; S3 stands for the LQ type. For simplicity,
we assume that LQs couple with the same strength to
electrons and muons, and to u and d quarks, with vanishing
coupling to τ neutrinos and to the second- and third-
generation quark families. Then, we denote g2 ≡ λ1iλ1j
ði; j ¼ e; μÞ and for the different models studied in Sec. II
we have

Qij;S1 ¼
g2

4
ffiffiffi
2

p
GF

ZFZðq2Þ þ 2NFNðq2Þ
q2 þm2

S1

; ð15Þ

Qij;R2
¼ g2

4
ffiffiffi
2

p
GF

2ZFZðq2Þ þ NFNðq2Þ
q2 þm2

R2

; ð16Þ

Qij;R̃2
¼ g2

4
ffiffiffi
2

p
GF

ZFZðq2Þ þ 2NFNðq2Þ
q2 þm2

R̃2

; ð17Þ

Qij;S3 ¼
g2

4
ffiffiffi
2

p
GF

5ZFZðq2Þ þ 4NFNðq2Þ
q2 þm2

S3

; ð18Þ

being mLQ the corresponding LQ mass. As it is clear from
Eqs. (15) and (17), the impact of S1 and R̃2 on CEνNS is
expected to be exactly the same. For the last case (S3), we
have assumed that the two LQs arising from the SUð2ÞL
triplet have the same mass. In that case, one of the states
couples to the u-type quarks, while the other one couples to
the down quarks. However, given the parametrization used
for the Lagrangian in Eq. (8), they do not couple with the
same strength.
To set constraints on the LQ scenarios using CEνNS

data, we rely on the most recent measurements of the
COHERENT experiment, which were performed by using
CsI [35] and LAr [139] detectors, whose specifications are
summarized in the first two lines of Table II. We perform a
thorough analysis by including both energy and timing
information together with all relevant systematic effects, for

each detector, following Ref. [58].2 The neutrino flux at
COHERENT comes in three components, from π-DARs
produced at the Spallation Neutron Source (SNS),

dNνμ

dEν
ðEνÞ ¼ ηδ

�
Eν −

m2
π −m2

μ

2mπ

�
;

dNν̄μ

dEν
ðEνÞ ¼ η

64E2
ν

m3
μ

�
3

4
−
Eν

mμ

�
;

dNνe

dEν
ðEνÞ ¼ η

192E2
ν

m3
μ

�
1

2
−
Eν

mμ

�
; ð19Þ

where mμ, mπ denote the muon and pion masses, while
η ¼ rNPOT=4πL2 is a normalization factor which depends
on the number of neutrinos per flavor (r) produced for each
proton on target (POT). We assume r ¼ 0.0848ð0.009Þ and
NPOT ¼ 3.198ð1.38Þ × 1023 for the CsI (LAr) detector.
Notice that the three different neutrino flux components
come with different timing, the νμ being prompt and the
other two components delayed.
Next, we proceed to evaluate the expected number of

events. We assume a detector mass mdet ¼ 14.6ð24Þ kg
located at a distance L ¼ 19.3ð27.5Þ m from the SNS
source, for the CsI (LAr) detector. The expected number of
events, on a nuclear targetN , per neutrino flavor, νl, and in
each nuclear recoil energy bin i can be written as [58,101]

Ni;νlðN Þ ¼Ntarget

Z
Eiþ1
nr

Ei
nr

dEnrϵEðEnrÞ

×
Z

E0max
nr

E0min
nr

dE0
nrRðEnr;E0

nrÞ

×
Z

Emax
ν

Emin
ν ðE0

nrÞ
dEν

dNνl

dEν
ðEνÞ

dσνlN
dE0

nr

����
CEνNS

ðEν;E0
nrÞ;

ð20Þ

TABLE II. Details of the CEνNS experiments considered in
this paper.

Detector
Mass
(kg)

Baseline
(m)

Threshold
(keVnr) NPOT

COH-CsI 14.6 19.3 4.2 1.38 × 1023

COH-LAr 24 27.5 20 1.38 × 1023

COH-CsI-700 700 19.3 1.4 5.18 × 1023

COH-LAr-750 750 29 20 5.18 × 1023

ESS-Si 1 20 0.16 2.8 × 1023

ESS-Xe 20 20 0.9 2.8 × 1023

2In this work, we do not include neutrino-electron (ES)
scattering events given that in the SM the ES cross section is
subdominant with respect to CEνNS and no new contributions
appear due to the LQ exchange in the interaction.
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where Ntarget ¼ NAmdet=Mtarget is the number of target
atoms in the detector, with Mtarget the molar mass of the
detector material, and NA the Avogadro’s constant.
Kinematically, the integration limits in Eq. (20) are found
to be Emin

ν ðE0
nrÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mNEnr=2

p
and E0max

nr ¼ 2ðEmax
ν Þ2=mN ,

with Emax
ν the maximum incoming neutrino energy, which

for SNS neutrinos is ≈52.8 MeV. Finally, the energy
resolution function RðEnr; E0

nrÞ appearing in Eq. (20)
associates the true nuclear recoil energy (E0

nr) with the
reconstructed one (Enr) and the ϵEðEnrÞ is the energy-
dependent detector efficiency. We refer the reader to
Refs. [35,58,101] for more details.
In order to take into account the neutrino-flux timing

information in our analysis, we distribute the predicted
NCEνNS

i;νl
ðN Þ in each time bin j. At this scope, we rely on the

time distributions Pνl
T ðtrecÞ provided in [35,140], and we

normalize them to 6 μs [58,101]. The predicted event
number, per observed nuclear recoil energy and time bins
i, j is finally obtained as

NijðN Þ ¼
X

νl¼νe;νμ;ν̄μ

Z
tjþ1
rec

tjrec

dtrecP
νl
T ðtrec;α6ÞϵTðtrecÞNi;νlðN Þ;

ð21Þ

where ϵTðtrecÞ is the time-dependent efficiency [35,58,101].
(We include an additional nuisance parameter on the beam
timing, α6, see [58,101].)
To proceed with the statistical analysis of the

COHERENT CsI dataset we consider a Poissonian least-
squares function [58,101], expressed as

χ2CsI ¼ 2
X9
i¼1

X11
j¼1

�
Nth

ij − Nexp
ij þ Nexp

ij ln
�
Nexp

ij

Nth
ij

��

þ
X5
k¼0

�
αk
σk

�
2

: ð22Þ

The predicted number of events, which includes both SM
and LQ CEνNS events, as well as backgrounds, depends on
several nuisance parameters (αi) and reads,

Nth
ij ¼ ð1þ α0ÞNijðα4; α6; α7Þ þ ð1þ α1ÞNBRN

ij ðα6Þ
þ ð1þ α2ÞNNIN

ij ðα6Þ þ ð1þ α3ÞNSSB
ij :

The nuisances come together with their associated
uncertainties σi [58,101]: σ0 ¼ 11% (efficiency and flux
uncertainties), σ1 ¼ 25% [beam related neutrons (BRN)],
σ2 ¼ 35% [neutrino induced neutrons (NIN)] and
σ3 ¼ 2.1% [steady state background (SSB)], σ5 ¼ 3.8%
(QF). The predicted number of events Nth

ij also depends on
three nuisance parameters; α4, which enters the nuclear
form factor through the nuclear radius in Eq. (13) via

RA ¼ 1.23A1=3ð1þ α4Þ, with σ4 ¼ 5%, α6 which accounts
for the uncertainty in beam timing with no prior assigned,
and α7 which allows for deviations of the uncertainty in the
CEνNS efficiency.
For the statistical analysis of the COHERENT-LAr

dataset we instead adopt the following Gaussian least-
squares approach based on [58,80,101]

χ2LAr ¼
X12
i¼1

X10
j¼1

�
Nth

ij − Nexp
ij

σij

�2

þ
X

k¼0;3;4;8

�
βk
σk

�
2

þ
X

k¼1;2;5;6;7

ðβkÞ2: ð23Þ

Here, the theoretical number of events is defined as

Nth
ij ¼ ð1þ β0 þ β1Δ

F90þ
CEνNS þ β1Δ

F90−
CEνNS þ β2Δ

ttrig
CEνNSÞNij

þ ð1þ β4 þ β5Δ
Eþ
pBRN þ β5Δ

E−
pBRN þ β6Δ

tþtrig
pBRN

þ β6Δ
t−trig
pBRN þ β7Δ

twtrig
pBRNÞNpBRN

ij þ ð1þ β8ÞNdBRN
ij

þ ð1þ β3ÞNSSB
ij ; ð24Þ

and the experimental uncertainty is σ2ij ¼ Nexp
ij þ NSSB

ij =5.
The expected number of events depend on several

nuisance parameters, dubbed β0, β3, β4, and β8,
which account for the normalization uncertainties of
CEνNS, SS, prompt BRN (pBRN) and delayed BRN
(dBRN) background rates respectively, with uncertainties
fσ0; σ3; σ4; σ8g ¼ f0.13; 0.0079; 0.32; 1.0g [34]. Let us
notice that β0 encodes multiple uncertainties, namely the
flux (10%), efficiency (3.6%), energy calibration (0.8%),
the calibration of the pulse-shape discrimination parameter
F90 (7.8%), QF (1%), and nuclear form factor (2%) [34].
The additional nuisance parameters β1, β2, β5, β6, and β7
account for systematic effects affecting the shape uncer-
tainties of the CEνNS and pBRN rates, namely the
uncertainty on the CEνNS shape due to existing systema-
tic uncertainties on the �1σ energy distributions of the
F90 parameter (ΔF90�

CEνNS), due to the mean time to trigger

distribution (Δttrig
CEνNS) or the pBRN shape uncertainty due

to the corresponding uncertainty on the �1σ energy,

time, and trigger width distributions (ΔE�
pBRN, Δ

t�trig
pBRN, and

Δ
twtrig
pBRN). These distributions are defined as departures

from the central value (CV) ones [139] according to

Δξλ
λ ¼ N

λ;ξλ
ij −Nλ;CV

ij

Nλ;CV
ij

, with λ ¼ fCEνNS; pBRNg and ξλ refer-

ring to the different source uncertainties affecting the
CEνNS or pBRN shapes.

IV. OTHER CONSTRAINTS

In this section we proceed to discuss further current
constraints on the LQ scenarios presented in Sec. II.
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Following an increasing energy scale, we will start with
APV, then proceed with deep inelastic neutrino-nucleon
scattering, and finally move to collider searches.

A. Atomic parity violation

One very accurate determination of the weak mixing
angle currently available in the low-energy regime comes
from APV—or parity nonconservation—experiments on
cesium atoms [110,111,141]. It has been shown [55,60,142]
that such a measurement can provide complementary infor-
mation toCEνNS, also regarding nuclear physics parameters
besides the weak mixing angle. Moreover, stringent APV
bounds on LQ coupling to first-generation fermions have
been obtained in the literature under the assumption of
effective four-fermion interactions and that only one con-
tribution (from u or d quarks) is present at a given time
[11,114,143,144]. Here we want to exploit the low-energy
measurement of the weak charge QW of 133Cs from APV
experiments to constrain the LQ scenarios proposed in
Sec. II, including model S3 which simultaneously encodes
couplings to both u and d quarks, and taking into account the
explicit dependence on the LQ mass. In this subsection, we
hence derive APV constraints on LQ through their effect on
the weak charge. Including radiative corrections in the
minimal subtraction (MS) scheme, the APV weak charge
in the SM reads [55,142,145,146],

QAPV
W ð13378 CsÞjSM ¼ −2½ZðgepAV þ 0.00005Þ

þ NðgenAV þ 0.00006Þ�
�
1 −

α

2π

�
; ð25Þ

where the couplings of electrons to nucleons are gepAV ¼
2geuAV þ gedAV ¼ −0.0357 and genAV ¼ geuAV þ 2gedAV ¼ −0.495,
α is the fine-structure constant and Z ¼ 55, N ¼ 78 for
cesium. The theoretical expected value is therefore
QAPV

W jSM ¼ −73.3� 0.01 [55,142]. As anticipated, the
presence of LQs will affect the value of the weak charge
as follows:

QAPV
W ð13378 CsÞjLQ ¼ ðQAPV

W jSM þQee;LQðg;mLQÞÞ: ð26Þ
The LQ charge Qee;LQ encodes the dependence on the

free parameters g and mLQ, and on the momentum transfer,
which for APV is jqj2 ≃ ð2.4 MeVÞ2. The experimental
value of QW for cesium is extracted by measuring the ratio
of the parity violating amplitude EPNC to the Stark vector
transition polarizability, and by calculating theoretically
EPNC as a function of QW [146]. Taking into account small
uncertainties associated with the atomic wave function
calculations, most recent computations of the parity non-
conserving amplitude combined with the measurements
[110,111] lead to [146],

QAPV
W ð13378 CsÞjexp ¼ −72.82� ð0.26Þexp � ð0.33Þth: ð27Þ

We evaluate the APV bound on the LQ scenarios by
minimizing the following least-square function:

χ2APV ¼
�
QAPV

W ð13378 CsÞjLQ −QAPV
W ð13378 CsÞjexp

σAPV

�2

; ð28Þ

where σAPV ¼ 0.42 is the total (experimentalþ theoretical)
uncertainty.

B. Deep-inelastic neutrino-nucleon scattering

The neutrino scattering off nuclei is a very accurate
process by which the nature of the weak currents can be
tested. Usually, neutrino scattering experiments make use
of neutrino beams originating directly from colliders. This
is the case for the NuTeVexperiment that benefits from the
sign-selected quadrupole train (SSQT) beamline at the
Fermilab Tevatron collider to obtain well-controlled muon
neutrino beams and test the neutrino-nucleon cross section
with iron targets. NuTeV measured the deep inelastic
neutrino-nucleon scattering cross section with high accu-
racy [115], improving upon its predecessors CDHS [147]
and CHARM [148]. Provided the target of neutrino experi-
ments is isoscalar, contributions to the cross section from
neutral and charged currents can be written as [116]

Rν ¼ σðνμN → νμXÞ
σðνμN → μ−XÞ ¼ ðgLμ Þ2 þ rðgRμ Þ2;

Rν̄ ¼ σðν̄μN → ν̄μXÞ
σðν̄μN → μþXÞ ¼ ðgLμ Þ2 þ

1

r
ðgRμ Þ2; ð29Þ

where the coupling constants are ðgL;Rμ Þ2 ¼ ðguðL;RÞμ Þ2 þ
ðgdðL;RÞμ Þ2 and r is defined as [116]

r ¼ σðν̄μ → NÞ
σðνμN → μ−XÞ : ð30Þ

By measuring these ratios one can measure the coupling of
neutrinos to quarks. In the presence of new physics, these
ratios will show a deviation from the SM predictions. One
relevant example is the case of neutrino NSI. In order to
parametrize the presence of new physics giving rise to NSI,
one can define the low-energy effective Lagrangian as [65]

−Leff
NSI ¼

X
αβ

εfPαβ 2
ffiffiffi
2

p
GFðν̄αγμLνβÞðf̄γμPfÞ; ð31Þ

where P ¼ L, R are the chiral projectors and εfPαβ are the
coefficients that parametrize the NSI, where α, β run over
the different neutrino flavors, and f are the charged
fermions of the SM. Still focusing on NuTeV, we can
relate the NSI coefficients to the couplings ðgL;Rμ Þ in the
following way [116]:
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ðg̃Lμ Þ2 ¼ ðguLμ þ εuLμμ Þ2 þ ðgdLμ þ εdLμμ Þ2;
ðg̃Rμ Þ2 ¼ ðguRμ þ εuRμμ Þ2 þ ðgdRμ þ εdRμμ Þ2; ð32Þ

where we set α ¼ β ¼ μ.
The introduction of LQs may alter the interaction

between neutrinos and quarks, since they couple directly
to them, for this reason the presence of LQs may induce
nonzero NSI coefficients. For instance, in the case of S1, for
large masses we can integrate out the LQ degrees of
freedom, thus obtaining

LS1
eff ⊂

λ1jλ1k
m2

S1

ðd̄PLνkÞðνjPRdÞ ¼
g2

2m2
S1

ðd̄γμPRdÞðν̄jγμPLνkÞ;

ð33Þ

where we have performed a Fierz transformation to get the
right-hand side of the equation. Analogously, for the other
LQ scenarios we have

LR2

eff ⊂
λ1jλ1k
m2

R2

ðūPLνkÞðνjPRuÞ¼
g2

2m2
R2

ðūγμPRuÞðν̄jγμPLνkÞ;

ð34Þ

LR̃2

eff ⊂
λ1jλ1k
m2

R̃2

ðd̄PLνkÞðνjPRdÞ¼
g2

2m2
R̃2

ðd̄γμPRdÞðν̄jγμPLνkÞ;

ð35Þ

LS3
eff ⊂

λ1jλ1k
m2

S3

½2ðūPLνkÞðν̄jPRuÞ þ ðd̄PLνkÞðν̄jPRdÞ�

¼ g2

2m2
S3

½2ðūγμPRuÞðν̄jγμPLνkÞ

þ ðd̄γμPRdÞðν̄jγμPLνkÞ�: ð36Þ

Then, we can compare Eq. (31) with Eqs. (33)–(36) to
obtain the relations between NSI coefficients and LQ
parameters [69,104,113],

S1∶ εdVμμ ¼
ffiffiffi
2

p
g2

4GFm2
S1

R2∶ εuVμμ ¼
ffiffiffi
2

p
g2

4GFm2
R2

; ð37Þ

S3∶ εdVμμ ¼
ffiffiffi
2

p
g2

2GFm2
S3

; εuVμμ ¼
ffiffiffi
2

p
g2

4GFm2
S3

: ð38Þ

It is important to note that given the Lagrangian of R̃2, the
coefficient for this state is the same as the one for S1.
NuTeV data have been studied in Ref. [116] where a

detailed analysis was done to translate the experimental
measurements into the NSI parameter space. We have
recast their results to obtain limits on the LQ mass-coupling
plane through the NSI coefficients. It is important to note

that due to the fact that the NSI parametrization is given in
terms of an effective interaction, NuTeV bounds apply
for LQ masses larger than 10 GeV, where the effective
theory holds.

C. Collider data

As LQs couple to both quarks and leptons, they are very
likely to be produced in lepton or hadron colliders.
Furthermore, given the nature of their couplings, LQs may
give rise to a very interesting set of signatures [11,149].
Depending on the collider nature, the production of LQsmay
differ and also the signatures obtained at the detectors. Since
we focus onLQ interactionswith neutrinos, it is reasonable to
expect that they will also interact with charged leptons. This
interaction could be mediated by the same LQ state, as it
happens for S1, by the other charged state from the LQ
multiplet, as forR2 and R̃2, or eventually by both at the same
time, as it occurs in the S3 scenario. Given that we are
considering the different states from the multiplets to be
mass-degenerate, we will translate the bounds on the masses
to the state that couples to neutrinos. Moreover, since the
couplings are the same before decomposing the multiplets,
limits on the LQ couplings apply to all states. In this
subsection we will focus on different kind of colliders
regarding the nature of their collisions. First, we will recast
data from HERA (an e−p collider), LEP (eþe−), and both
SPS and Tevatron (pp̄). Then, wewill compute bounds from
the LHC proton-proton collider.
HERA was an electron-proton collider that operated at

center-of mass energies up to 320 GeV in the regime of
deep inelastic scattering. In this regime, a better under-
standing of the nature of the proton was reached. However,
other results were obtained using the deep inelastic scatter-
ing of electrons and protons. For example, at those energies
LQs can contribute to the total electron-jet cross section in
both s and t channel, as we can see in the first two diagrams
of Fig. 1. It is important to notice that LQs are only
resonantly produced in ep colliders. For that reason, the
experiments H1 and ZEUS performed searches for LQs in
electron plus jet final states [117–119]. To set limits in the
mass-coupling plane, we recast the bounds from Ref. [119].
This search focused on the production of LQs of first
generation leading to an electron and a jet signature at the
ZEUS experiment with a luminosity of 498 pb−1. Using
this search, the ZEUS Collaboration could set constraints
on the LQ production in the 150 GeV to 1 TeV mass range.
To recast these results we have taken into account the
coupling structure of the models presented in Sec. II and
weighted the data with the corresponding branching ratios.
In electron-positron colliders it is also possible to

measure the presence of LQs. As we can see in the last
two diagrams of Fig. 1, LQs can contribute through t and u
channels to the total dijet cross section. The L3 and OPAL
experiments from LEP performed searches in the dijet
cross section looking for new physics [122,124]. We have
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recasted the search of OPAL [122] that looked for con-
straints on new physics in the dijet cross section. This
search can be translated into limits on LQ masses from 100
to 400 GeV. We have weighted their data according to the
characteristics of our models in order to recast the search.
Furthermore, experiments at LEP have also looked for LQs
produced in decays of an on shell Z boson [120,121]. Since
no positive results were found, this can be translated into a
lower limit of mLQ > 45 GeV. Finally, OPAL at LEP has
also searched for charged long-lived LQ production [123].
In order to recast this search we have to verify the range of
validity where the LQs are long-lived. The decay length of
a long-lived particle is given by L ¼ γβcτ, where γβ is the
boost factor and τ is the proper lifetime of that particle. For
scalar LQs, assuming that the decay products have smaller
masses than the initial particle, we find

Γ ∼
g2

16π
mLQ; ð39Þ

where g is the LQ coupling and mLQ is its mass. As the
proper lifetime of a particle is given by τ ¼ ℏ=Γ we can
then obtain an expression for g where the long-lived regime
starts (assuming that a long-lived particle can be identified
when it has a decay length of 0.1 cm [150])

g2 < γβ
10−12 GeV

mLQ
: ð40Þ

Using the information provided in [123] to compute the γ
and β factors for different masses and center-of-mass
energies, this gives us a range of validity for the long-
lived LQ search of g < 2.0 × 10−7.
On the other hand, proton-antiproton colliders have also

been used to look for LQ signals. In particular, the UA2
experiment at SPS has performed a search for double
production of LQs that decay into a charged lepton plus jet
or into a neutrino plus jet [125]. Double LQ production in a
proton-antiproton collider does not depend on the specific
LQ scenario, however the identification of the different LQ
decays relies on the different branching ratios of the
produced LQ, and hence from the model under scrutiny.
We have recast the results from [125] according to our
specific benchmark models, obtaining a mass limit of
mLQ < 50 GeV. Other LQ searches have been done at
Tevatron, where double pair production is the leading

production mechanism that allows to constrain the LQ mass.
Both CDF and DO, experiments at Tevatron have performed
such a search [125–129] for different luminosities, being the
production of LQs independent of the LQ coupling, as in the
case of the UA2 bounds. However, the limits derived by the
CDF and D0 Collaborations are dependent on the branching
ratios. We have recast such limits into our scenarios and we
have found that for our branching ratios these bounds are less
powerful than the one obtained by UA2 [125]. In the case of
Ref. [129] the experimental results do not show the results
for the specific branching ratios typical of the benchmark
points considered in our study (i.e., BR≲ 25% for each
channel). However, we have decided to take as a reference the
limits of themost similar case (BR ¼ 50%), even if in this case
the resulting exclusion region is overestimated. Taking
all that into account, we have found a window in tension
with Tevatron data [129] that lies in the mass range of
150 < mLQ < 260 GeV.
Finally, LQs can also be produced in multiple ways at the

LHC. For this reason there are different searches from
ATLAS and CMS that look for LQs taking into account
their multiple production channels and decays. One of these
searches is the double production of LQs. Being LQs color
triplets, they can be created in the LHC in events initiated
by gluons and quarks. Figure 2 shows all the diagrams that
contribute to the LQ double production. As we can see, the
first four diagrams are initiated by the strong coupling, so
they scale as α2s , which is independent on the LQ coupling.
The last diagram is the only one that depends on the
LQ coupling, g4. Because of this, we expect this kind of
searches to be independent of LQ couplings when their
value is small, and the limits will only display their
dependence on g when they reach values of Oð1Þ [149].
For that reason, this search can exclude LQ masses
independently of the LQ coupling. ATLAS and CMS have
performed several searches for double production of LQs in
multiple final states, mainly the presence of two quarks and
the combination of charged and neutral leptons, qqll,
qqlν, and qqνν, where, depending on the LQ generation,
signals may vary into different flavors of leptons.
Nonetheless, given the purposes of our work, we are only
interested in those searches that contain first- and second-
generation leptons in the final state [130–132]. In order to
set limits from LQ double production we have recast the
search from Ref. [130] using the recommendations of
Refs. [149,151]. To simulate the LQ double production

FIG. 1. Relevant LQ diagrams in ep and ee colliders. The first two diagrams correspond to the LQ contribution to electron jet
production in HERA while the last two represent the LQ contributions to the dijet production in LEP.
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we have made use of MadGraph5_aMC@NLO-v3.5.0 [152,153]
using the codes and recommendations fromRefs. [154–156].
We have then compared the production cross sections
weighted by their corresponding branching fractions with
those from Ref. [130] to obtain the limits. Finally, it is
important to note that even if the limits from LQ pair
production are independent of the LQ coupling, g, when
this is small (g ≪ 1), there is an actual limit to the constraints
on this coupling. This is given by the fact that the LQs could
be long-lived due to the smallness of the coupling. Hence
we can use the same procedure as we used above, following
Eq. (40), in order to infer an estimate of the reliability
of the double production bounds. Using this method we
obtain that this search is valid for values of the coupling
g > Oð10−6–10−7Þ.
Another imprint of LQs at LHC is through dilepton

production. As LQs couple to both quarks and leptons they
can contribute to the Drell-Yan cross section as it is shown
in the first diagram of Fig. 3. The LQ appears in the
t-channel of a process initiated by a pair of quarks giving as
a final result two leptons. The presence of LQs in this
process can interferewith theSMprocessesmediated by γ=Z.
ATLAS and CMS experiments have performed several
searches studying the dilepton cross section [133,134]. As
we can see from the first diagram in Fig. 3, this process is
coupling dependent, contrary to what we had for the double
production mechanism. To understand how strong these
limits are, we simulate the LQ cross section using
MadGraph5_aMC@NLO-v3.5.0 [152,153] and again, using the
codes from [154–156] we compare it against data from
Ref. [134]. Concerning this last step, we follow the pre-
scriptions of Ref. [149] to obtain the cross section with the
cuts from the search and compare the results against actual
data. Another important channel to consider in hadron
colliders is the single LQ production. LQs can be produced
together with a lepton in processes initiated by a quark and
a gluon, as it is shown in the last two diagrams of Fig. 3.

Once the LQ is produced it will subsequently decay into a
quark and a lepton, leading to different final states containing
either one jet and two charged leptons, or one jet, one charged
lepton and missing transverse energy, or simply one jet and
missing energy. Several searches from ATLAS and CMS
have been looking for these signals; we choose to recast the
CMS search for energetic jets and missing transverse energy
[135] at a center-of-mass energy of

ffiffiffi
s

p ¼ 13 TeV and a
luminosity of L ¼ 101 fb−1 since it proves directly the
coupling of LQ to neutrinos. These limits are also computed
using MadGraph5_aMC@NLO-v3.5.0 [152,153], benefiting from
the codes of [154–156] and compared with the data obtained
from Ref. [135].

V. RESULTS

In this section, we summarize the results for the con-
straints obtained with all different processes discussed in
the previous section, each covering a different range of
validity in the LQ parameter space (mLQ; g). Notice that, for
all our computations, we have assumed the same coupling
constant g for all leptons except for taus, for which we
assume a vanishing coupling. The main results for each LQ
scenario, in terms of the LQ mass mLQ and coupling g, are
shown in the different panels of Fig. 4, where we show the
90% C.L. exclusion limits from each case. The top-left
panel in the figure shows the constraints obtained for the
scalar scenario listed as S1 in Table I. From the figure, we
can distinguish the different mass ranges that each experi-
ment is able to test, and hence, we can infer the com-
plementarity between different observables and facilities
to constrain a wide region of parameter space. Colored
regions in the figure indicate new results computed in this
work, while gray-shaded regions correspond to previous
limits found in the literature, including those from NuTeV
[115] and colliders such as ZEUS at HERA [119], OPAL at
LEP [121,122], and UA2 at SPS [125], which we have
recast for the LQ scenarios of our interest.

FIG. 2. Diagrams contributing to LQ double production at the LHC.

FIG. 3. Diagrams contributing to Drell-Yan production and single LQ production. The first diagram corresponds to the LQ
contribution to Drell-Yan while the last ones are the responsible for LQ single production.
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Starting from low-energy observables, APV upper limits
obtained from Eq. (28) are indicated as magenta contours,3

while COHERENT excluded regions [see Eqs. (22) and
(23)] are shown as different shades of blue. Dark blue
indicates the limits from the COHERENT-LAr (2020)
detector alone, light blue stands for the COHERENT-CsI
dataset (2021), and cyan is used for their combined
analysis. We can notice that, when considered individually,
the excluded region for COHERENT-LAr is not continu-
ous, as it contains a tiny allowed band. This degeneracy is a
consequence of a destructive interference between the SM
and the LQ contributions to the CEνNS cross section,
resulting in a combination of nonzero parameters that can
mimic the SM solution. Although not visible, the situation
is similar for the COHERENT-CsI analysis. However,
when combining the results from the two detectors, the
degeneracy is lifted, resulting in an excluded cyan region
which is now continuous. We refer the reader to

Appendix B for a detailed discussion on the origin and
effects of this interference. Moreover, when comparing to
previous results that use the older CsI dataset [100], we can
see that new data allow to constrain slightly lower cou-
plings and their combination with the LAr result allows to
remove the SM degeneracy, as just discussed.
Still referring to the top-left panel in the figure, and

moving to the heavy mass (and energy) regime, the yellow
region in the figure corresponds to LHC constraints that
have been obtained including channels like single produc-
tion, double production and Drell-Yan (see discussion in
Sec. IV C). Regarding LHC constraints, it is worth men-
tioning that, within their validity range, double pair
production limits are mass independent for g≲ 3 × 10−1.
This is shown as a vertical yellow band that extends for LQ
masses in the range 400 GeV≲mLQ ≲ 1400 GeV. On the
other hand, we further show as gray-shaded regions those
excluded by LEP, UA2, HERA, Tevatron and NuTeV,
which we recast from pre-existing analyses (see Secs. IV B
and IV C). In general, these bounds apply to heavy LQ
masses, and some of them have been obtained under

FIG. 4. 90% C.L. excluded regions, in the (mLQ; g) plane, on different LQ scenarios, S1, R2, R̃2, and S3. Colored contours and filled
areas denote new upper bounds obtained in this work: APV (magenta line); CEνNS data from the COHERENT-CsI (2021) [35] and
COHERENT-LAr (2020) [34] datasets (different shades of blue); single production, double production and Drell-Yan processes at LHC
(yellow region). For comparison, we also show previously obtained limits in the literature and recast them here into the LQ scenarios
under scrutiny (gray-shaded regions): NuTeV [116], ZEUS at HERA [119], UA2 at SPS [125], CDF and D0 at Tevatron [129], and
OPAL at LEP [121,122]. See main text for more details.

3We do not color fill them not to overcrowd the figures.
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effective-theory assumptions, except for the LEP search,
which probes LQs from an on shell Z boson decay, and can
be extended to very low masses. For the displayed mass
range, we see that LQ searches in Z decays from LEP are
able to constrain masses below mLQ ≲ 40–45 GeV, this
result being overtaken by the double production of LQ at
UA2, which excludes masses up to mLQ ≲ 50 GeV. Let us
remark that the LQ double production channel is actually
independent on the LQ coupling. However, the LEP and
UA2 bounds that we derived here depend upon the flavor
structure of their couplings and therefore upon their
branching ratios, being these searches less sensitive to
smaller branching fractions. As we work under the
assumption that LQs couple to both the first and second
lepton families scenarios, the best limit we get from LEP
and UA2 double production searches is mLQ ≲ 50 while
leaving heavier masses unconstrained. As a result, we see
that COHERENT data lead to the most stringent constraints
in one small region in the parameter space that goes from
mLQ ∼ 50 GeV and up to mLQ ∼ 100–150 GeV. In this
small window, we see that COHERENT clearly overtakes
former bounds from NuTeV, APV, and LEP. For masses
greater than mLQ ≳ 100–150 GeV, LEP, HERA, and
Tevatron become the most stringent bounds, being the
latter two the most powerful constraints in terms of the LQ
coupling due to its nature as an ep collider that can produce
on-shell LQ for the case of HERA, and due to the double
LQ production in Tevatron. As mentioned before, it is
important to note that the bounds imposed by Tevatron
searches are overestimated due to different assumptions
on the branching ratios, and the actual limits would lie
within the area set by HERA. However, the strength of the
bounds weakens for masses aroundmLQ ∼ 400 GeV. From
this LQ mass and on, LHC constraints dominate thanks to
the double pair production, which leads to coupling-
independent bounds on the LQ mass. As anticipated in
Sec. IV C, while covering the whole g parameter space in
these panels, the LHC-excluded yellow band is expected to
extend down to ∼10−6–10−7 due to LQs lifetime consid-
erations. The small region at g ∼ 0.8 bounded at mLQ ∼
2 TeV comes from Drell-Yan processes. All in all, we can
safely conclude that for mLQ ≲ 0.1 TeV the dominant
exclusion process is CEνNS, thus complementing the
strong collider bounds which instead dominate above
0.1 TeV. It is important to note that existing long-lived
charged particles searches, such as [123] by LEP, constrain
the LQ parameter space for couplings below g≲ 10−7;
however, these constraints lie outside the parameter range
shown in these plots.
The top-right and lower panels in Fig. 4 show the

corresponding results for other LQ scenarios: R2 (top
right), R̃2, (bottom left) and S3 (bottom right). Overall,
we see a similar behavior for all cases, being CEνNS the
dominant channel to constrain LQ masses in one small
window that goes from 50 GeV≲mLQ ≲ 150 GeV for

the S3 scenario, and for two small windows that go
from 50 GeV≲mLQ ≲ 150 GeV and 300 GeV≲mLQ ≲
400 GeV in the case of R2 and R̃2. Above these mass
ranges, LHC data have a major ability in setting constraints
on the LQ coupling g. When comparing the different
panels, notice that the most stringent CEνNS constraint
is found for S3. This was expected from the modified weak
charge defined in Eq. (18), where we see that the CEνNS
cross section in this case is effectively enhanced with a
factor ð4NÞ2 for fixedmLQ and g. On the other hand, for R2

the CEνNS constraint is less robust because of a factor 2Z
in the cross section given in Eq. (16) which, given the
different relative sign between gpV and gnV , results into a
smaller cross section, and hence a lower number of events
expected in the statistical analysis. Another interesting
feature is that, when coupling to neutrinos, scenarios S1
and R̃2 are indistinguishable for CEνNS (see Sec. II), and in
consequence, the excluded blue-shaded regions in the two
left panels are the same. However, this is not the case
for collider observables since, when coupling to charged
leptons, S1 couples only to up quarks while R̃2 couples only
to down quarks. Then, because of the ratio between up and
down quarks within the proton, this results in different
excluded yellow regions in the top and bottom left panels
of Fig. 4.

VI. FUTURE SENSITIVITIES

After having analyzed the current picture of LQ con-
straints in the parameter space (mLQ; g), we now turn our
attention to sensitivities that can be reached at future
CEνNS experiments. We consider upcoming upgrades
of both the CsI and LAr detectors planned by the
COHERENT Collaboration, as well as two of the different
detectors from a proposal at the ESS discussed in [50]. We
discuss these prospects in the following.

A. CEνNS data (COH-CsI-700 and COH-LAr-750)

The intense experimental program of the COHERENT
Collaboration envisages, among others, upgrades of current
detectors, namely a 700-kg cryogenic CsI scintillator
and a tonne-scale LAr time-projection chamber detector
[106,107]. Moreover, planned up-scales of the SNS proton
beam foresee anupgradeof the proton energyEp ¼ 0.984 →
1.3 GeV and of the beam power P ¼ 1.4 → 2 MW. By
assuming a data-taking time of 5000 hr per year, this leads to
NPOT ¼ 5.18 × 1023 (for three years) [60,106,107], and to a
predicted number of neutrinos per flavor produced for each
POT r ¼ 0.0848 → 0.13 [157]. We estimate the future
sensitivities for the COH-LAr-750 and COH-CsI-700
updates of the COHERENT detectors, assuming the tech-
nical upgrades summarized inTable II, and a detectormass of
750 kg and 700 kg, respectively. We perform a statistical
analysis in energy and time following that done for current
data and previously detailed in Sec. III. In the case of
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COH-CsI-700 we take into account the expected improve-
ment in energy sensitivity, by considering a threshold of
1.4 keVnr [60,107] while keeping the shape of the energy
efficiency unaltered. Pragmatically, we add in the statistical
analysis an extra bin in energy, from 1–4 PE. Concerning
backgrounds, keeping in mind that the COHERENT
Collaboration anticipates that the cryogenic technology will
allow to reduce them (in particular to remove the Cherenkov
radiation background), we choose to be conservative and
rescale the current BRN, NIN, and SSB backgrounds to the
new detector’s mass. Moreover, again assuming a conser-
vative approach, we fix the numbers of background events in
the first, new energy bin ([1–4] photoelectrons) to be exactly
the same as in the second one ([4–8] photoelectrons).
The expected sensitivities for these two future

COHERENT detectors are shown in Fig. 5, where we
give the results for the S1 scenario. The left and right
panels in the figure correspond to the COH-CsI-700 and

COH-LAr-750 upgrades, respectively. The region within
the colored blue lines in each panel indicates the expected
excluded values for masses and coupling constants.
Similarly to what already observed for current (individual)
sensitivites in Fig. 4, we see the presence of an allowed
band within each of the excluded regions, which corre-
sponds to combinations of LQ masses and parameters
that allow for a destructive interference with the SM (see
Appendix B). The gray-shaded regions in each panel
indicate current constraints as obtained in Fig. 4 and that
include colliders, APV, and current COHERENT data, as
discussed in Sec. III. Regarding CEνNS current bounds
shown in Fig. 5, we show in each case only the constraint
obtained assuming the corresponding detector and not the
(more stringent) combined CsIþ LAr result. In such a way
we allow for an easier comparison that indicates how much
future upgrades are expected to improve upon current
detectors.

FIG. 5. Expected 90% C.L. sensitivities, in the (mLQ; g) plane, obtained for the COH-CsI-700 (left panel) and COH-LAr-750 (right)
detectors and assuming model S1. These bounds apply also to model R̃2. The gray-shaded regions refer to current limits previously
presented in Fig. 4. In the case of current CEνNS bounds, only the constraint obtained with the corresponding target is shown. See text
for more details.

FIG. 6. Expected 90% C.L. sensitivities, in the (mLQ; g) plane, obtained for the COH-CsI-700 (left panel) and COH-LAr-750 (right)
detectors and assuming model R2. The gray-shaded regions refer to current limits previously presented in Fig. 4. In the case of current
CEνNS bounds, only the constraint obtained with the corresponding target is shown. See text for more details.
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The corresponding results for scenarios R2 and S3 are
shown in Figs. 6 and 7, respectively, showing a similar
qualitative behavior to S1. (We recall that model R̃2 is
equivalent to S1 from the CEνNS point of view.) Overall,
we notice that a future LAr detector is expected to enhance
current constraints of up to around 50% when compared to
the constraints obtained through its (current) predecessor,
while CsI will be able to improve by almost one order of
magnitude in some regions of the parameter space.

B. CEνNS data (ESS)

In addition to the COHERENT program, there are other
collaborations aiming at performing new CEνNS measure-
ments. Here we consider the particular case of the ESS, a
facility that will be located at Lund, Sweden, and that at full
power will become the most intense neutron beam source in
theworld. The physics potential of theESSwithin the context
of particle physics is summarized inRef. [158]. Furthermore,
a proposal of measuring CEνNS at the ESS was presented in
Ref. [50], and different analyses have explored its sensitivity
to new physics, particularly within the context of NSI
[50,159] and electromagnetic properties of neutrinos [50].
Here we explore the sensitivity of the ESS to scalar LQ

models by analyzing two of the proposed detection tech-
nologies [50], namely silicon and xenon, characterized by
having a very different ratio of protons to neutrons. In
contrast to CsI and LAr, for these detectors we compute
the expected number of events simply through Eq. (20), by
separating the data in nuclear recoil energy bins as done
in [159].
Being a spallation source, the total neutrino flux at the

ESS will also have the contributions from prompt and
delayed neutrinos as given in Eq. (19). At full capacity, this
facility will operate at a beam energy of 2 GeVand a beam
power of 5 MW, resulting on an NPOT of 2.8 × 1023 per
calendar year of operations (≈5000 hours), with a number
of released neutrinos per flavor of r ¼ 0.3. We assume

these values for our analysis. As a result, the ESS will
provide larger statistics when compared to current mea-
surements at the SNS, the upshot being a smaller-beam
frequency pulse that disfavors background discrimination
in particular from SSB, expected to be the dominant
contribution among all backgrounds. Regarding detectors’
characteristics, the considered mass, baseline, and thresh-
old for Xe and Si are given in Table II. In addition, we
follow the procedure proposed in Ref. [50] and for the
analysis we consider a Gaussian smearing distribution with
a resolution σ ¼ σ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TThEnr

p
, with σ0 ¼ 0.40ð0.60Þ for Xe

(Si), TTh being the energy threshold.
Given the absence, at present, of timing information for

this proposal, to infer LQ sensitivities for this experiment,
we minimize the following Poissionan χ2 function

χ2ESS ¼ 2
X
i¼1

�
Nth

i − Nexp
i þ Nexp

i ln

�
Nexp

i

Nth
i

��

þ
�
α

σα

�
2

þ
�
β

σβ

�
2

; ð41Þ

where the index i runs over the recoil energy bins. The
predicted number of events in this case is given by

Nth
i ¼ ð1þ αÞNCEνNS

i þ ð1þ βÞNSSB
i ; ð42Þ

where NCEνNS
i stands for the expected number of CEνNS

events as a function of the LQ model parameters under
study, and Nbckg

i is the number of background events. As
discussed above, the large pulse shape at the ESS makes it
more difficult to discriminate background events from SSB
contributions. Being this the dominant background com-
ponent, we model it as expected counts per keV per
kilogram per day (ckkd), as also done in Ref. [50], where
it is assumed a value of 10 ckkd (1 ckkd) for Xe (Si). Going
back to Eq. (41),Nexp

i is the experimental number of events,
which we assume as the SM prediction. To perform the

FIG. 7. Expected 90% C.L. sensitivities, in the (mLQ; g) plane, obtained for the COH-CsI-700 (left panel) and COH-LAr-750 (right)
detectors and assuming model S3. The gray-shaded regions refer to current limits previously presented in Fig. 4. In the case of current
CEνNS bounds, only the constraint obtained with the corresponding target is shown. See text for more details.
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analysis, the χ2 function in Eq. (41) is minimized with
respect to the nuisance parameters α and β, which are
associated to the predicted CEνNS and background events,
respectively, each with its corresponding uncertainty taken
as σα ¼ 10% and σβ ¼ 1% [50].
The expected sensitivities for the described ESS detectors,

at 90% C.L., are shown in Fig. 8 for all LQ models. Colored
lines in the figure represent the exclusion regions for Si (red)
and Xe (yellow). Notice again the presence of an allowed
bandwithin the region, whose position andwidth depend not
only on the specific LQ scenario considered, but also on the
ratio of protons to neutrons of the target material (see
AppendixB). The gray-shaded regions correspond to current
excluded limits from colliders, DIS, APV, and the CEνNS
boundsobtainedby the combinationofCOHERENTCsI and
LAr detectors. Given the larger nuclear mass, we see that, for
all models, better sensitivies are expected for Xe when
compared to Si, getting a better improvement for the S1
and S3 cases when compared to current bounds.

VII. CONCLUSIONS

In this work we have explored the potential of CEνNS
in probing scalar leptoquarks. We have considered four

different models, each of them giving rise to a different
contribution to the weak charge. First we have analyzed
current COHERENT data, from the CsI (2021) and the LAr
(2020) detectors. By means of a detailed statistical analysis,
which took into account timing information and all exper-
imental uncertainties, we obtained stringent constraints on
theLQmass and couplings.We further obtained upper limits
on the LQ parameter space from atomic parity violation
experiments, which turned out to be comparable (although
slightly less stringent) to COHERENT bounds. Next, we
have obtained bounds on the same LQ models from LHC
data, considering different processes and production mech-
anisms: single production, double production and Drell-
Yan. These strong collider bounds lead to an exclusion
region in the mass range 0.4≲mLQ ≲ 1.5 TeV, indepen-
dent of the LQ coupling. To complete the picture on the LQ
parameter space we have also recast bounds from NuTeV
and older colliders (HERA, SPS, LEP, and Tevatron).
Among them, UA2 at SPS and OPAL at LEP set strong
constraints on mLQ ≲ 50 GeV, while HERA and Tevatron
disfavor a thin region around 0.2 TeV. However, we have
identified two regions in parameter space where CEνNS
data may improve upon existing constraints and provide
a complementary probe, at 50 GeV≲mLQ ≲ 150 GeV

FIG. 8. Expected 90% C.L. sensitivities, in the (mLQ; g) plane, obtained for the Si (red contour) and Xe (yellow) detectors at the ESS,
assuming different LQ models. The gray-shaded regions refer to current limits previously presented in Fig. 4. In the case of current
CEνNS bounds, we show the combined COHERENT CsIþ LAr result. See text for more details.
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and 300 GeV≲mLQ ≲ 400 GeV, depending on the LQ
scenario.
Additionally, we have computed sensitivities at future

upgrades of the COHERENT CsI and LAr detectors, and at
the European Spallation Source. We have found that these
future facilities, thanks to their larger exposures and
exquisitely low thresholds, will allow to improve upon
current bounds by up to a factor of 3 at mLQ ∼ 100 GeV.
Let us mention that we analyzed CEνNS data using π −
DAR neutrinos motivated by current available measure-
ments, however there is a vast array of experiments using
reactor neutrinos [36–48] that can also provide valuable
information on LQ scenarios and are therefore worth
studying in a future work.
As a last remark, it is important to note that the presentRun

3 of LHCwill soon allow to explore the LQ parameter space
involving largemasses.With increasing luminosity, searches
like double pair production will be able to set coupling-
independent limits on LQ masses that lie in the TeV range.
Furthermore, single LQ production and Drell-Yan will be
able to cover even higher masses, imposing constraints on
couplings of the order ofOð10−1Þ. In addition, there are new
searches in the literature that are specific for LQ signatures
and that are not yet exploited by the experiments. One
example is the single-lepton channel initiated using the
lepton content in the proton [160]. This search is more
sensitive than others listed before, in particular being more
powerful thanDrell-Yanup toLQmassesmLQ ∼ 4 TeV, so it
could be decisive in the search for high mass LQs.
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APPENDIX A: FIERZ TRANSFORMATIONS

Starting from a scalar interaction, we can apply a Fierz
transformation to obtain the four-fermion operator [161],

ðāPLbÞðc̄PRdÞ ¼ −
1

2
ðāγμPRdÞðc̄γμPLbÞ; ðA1Þ

that reads as a vector interaction.
For the case of a vector interaction, if we apply a Fierz

transformation we obtain

ðāγμPL;RbÞðc̄γμPL;RdÞ ¼ ðāγμPL;RdÞðc̄γμPL;RbÞ; ðA2Þ

that is the same as we had for the scalar interaction after the
Fierz transformation. For this reason scalar and vector LQs
would give rise to the same results in terms of the CEνNS
cross section.

APPENDIX B: INTERFERENCE
WITH THE SM IN CEνNS

Regardless of the LQ scenario under study, we have seen
that its impact on the CEνNS cross section results on a shift
of the SM weak charge, ending up with

Q2
i;LQ ¼ ðQSM

W þQii;LQÞ2 þ
X
j≠i

Q2
ij;LQ: ðB1Þ

This shift gives rise to an interesting feature through which,
within the excluded regions obtained for the different
analyses, there is always an allowed band for each detector.
This can be seen, for instance, from the color contours in
Figs. 5–8. This particular behavior can be easily explained
for the scenarios studied in this work where we assume
Qii;LQ ¼ Qij;LQ, leading in general to

Qii;LQ ¼ Qij;LQ ¼ g2

4
ffiffiffi
2

p
GF

C1Z þ C2N
q2 þm2

LQ
; ðB2Þ

with C1 and C2 ∈N. The shape of the weak charge in
Eq. (B2) allows for different pairs of g and mLQ to
reproduce the SM cross section, and hence the SM
prediction for the number of events, giving as a result a
degeneracy in the parameter space, which corresponds to
an allowed band. For instance, in the case of the future
sensitivities studied in Sec. VI, if we want to reproduce the
SM number of events (for which Δχ2 is minimum), under
the assumption in Eq. (B2), we need

ðQSM
W þQii;LQÞ2 þQ2

ii;LQ ¼ ðQSM
W Þ2; ðB3Þ

which can be satisfied when Qii;LQ ¼ −QSM
W or, in other

words, when the parameters g and mLQ are such that

g2 ¼ 4
ffiffiffi
2

p
GFðgpVZ þ gnVNÞð2mNEnr þm2

LQÞ
C1Z þ C2N

: ðB4Þ

Notice that for mLQ ≫ 2mNEnr the needed value of g2 is
energy-independent and we have

g2 ≈
4

ffiffiffi
2

p
GFðgpVZ þ gnVNÞm2

LQ

C1Z þ C2N
: ðB5Þ

For SNS and ESS neutrinos, the condition m2
LQ ≫ 2mNEnr

can be easily satisfied with a relatively large LQ mass,
mLQ. For instance, let us consider the S1 LQ scenario,
for which C1 ¼ 1 and C2 ¼ 2. Then, regardless of the
target material, for a mass of mLQ ¼ 100 GeV, we have
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2mNEmax
nr =m2

LQ ≈ 1 × 10−6 and Eq. (B5) safely applies.
Then, in this case it is possible to find a solution in
the parameter space that reproduces the SM solution and
the χ2 reaches a minimum, as we can see in the two panels
of Fig. 9, where we show the Δχ2 profile as a function
of g for mLQ ¼ 100 GeV. The profiles are shown for the
COH-LAr-750 and COH-CsI-700 detectors in the left

panel, and for ESS-Si and ESS-Xe in the right panel.
These results are consistent with the allowed bands observed
in Figs. 5 and 8 atmLQ ¼ 100 GeV. The situation would be
different for low LQ masses, when the terms 2mNEnr and
m2

LQ are comparable and Eq. (B5) does not hold. However,
we are not interested in such low masses given the LEP and
UA2 constraints shown in Fig. 4.
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