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In this study, we calculate the sensitivity reach on the vector leptoquark (LQ) U1 at the experiments
proposed in the Forward Physics Facility (FPF), including FASERν, FASERν2, FLArE (10 tons), and
FLArE (100 tons) using the neutrino-nucleon scattering (νN → νN0 and νN → lN0). We cover a wide mass
range of 10−3 GeV ≤ MLQ ≤ 104 GeV. The new result shows that the FLArE (100 tons) offers the best
sensitivity to the LQ model. The sensitivity curves for all the experiments follow a similar pattern with
weakened sensitivities with the increment of the LQ mass. We combine the sensitivities obtained from the
neutral- and charged-current interactions of the neutrinos.
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I. INTRODUCTION

Hunting for new physics beyond the standard model (SM)
is one of the major goals at various experiments in high-
energy and intensity frontiers. While the high-energy frontier
has not found anything other than the discovery of the Higgs
boson, the precision frontier, on the other hand, seemed to
show some surprising results on a number of B meson
decays, and the muon anomalous magnetic dipole moment,
although more data are needed to confirm.
The discrepancies existed between the SM predictions

and the experimental results for the flavor-changing neutral
current rare decays of B mesons in b → slþl−, in
particular, the lepton-flavor universality violation in
B → K transition observed by LHCb, expressed in terms
of RK and RK� :

RK ¼BRðB→Kμþμ−Þ
BRðB→Keþe−Þ ; RK� ¼

BRðB→K�μþμ−Þ
BRðB→K�eþe−Þ : ð1Þ

1 Nevertheless, the anomalies have faded away in the most
recent measurements [3], which showed consistency with
the SM predictions:

RK ¼
�
0.994þ0.090

−0.082ðstatÞþ0.029
−0.027ðsystÞ low − q2;

0.949þ0.042
−0.041ðstatÞþ0.036

−0.035ðsystÞ central − q2;
ð4Þ

RK� ¼
�
0.927þ0.042

−0.041ðstatÞþ0.022
−0.022ðsystÞ low − q2;

1.027þ0.072
−0.068ðstatÞþ0.027

−0.026ðsystÞ central − q2:
ð5Þ

Another set of observables related to the short-distance
process b → clν are [4]
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1The discrepancies between the SM predictions and the experimental results for the flavor-changing neutral current rare decays of B
mesons in b → slþl− were as large as 3σ with the measurements [1,2]

RK ¼ 0.846þ0.042þ0.013
−0.039−0.012 ; for 1.1 GeV2 < q2 < 6 GeV2; ð2Þ

RK� ¼
�
0.66þ0.11

−0.07 � 0.03 0.045 GeV2 < q2 < 1.1 GeV2;

0.69þ0.11
−0.07 � 0.05 1.1 GeV2 <q2 < 6.0 GeV2:

ð3Þ
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RD ¼ BRðB → DτνÞ
BRðB → DlνÞ ¼ 0.340� 0.027� 0.013;

RD� ¼ BRðB → D�τνÞ
BRðB → D�lνÞ ¼ 0.295� 0.011� 0.008; ð6Þ

which still showed discrepancies from the SM.
Another long-standing experimental anomaly is the

muon anomalous moment (also known as g − 2). The most
recent muon g − 2 measurement was performed by the
E989 experiment at Fermilab, which reported the new
result [5],

Δaμ ¼ ð25.1� 5.9Þ × 10−10; ð7Þ

which deviates at the level of 4.2σ from the known SM
predictions before the recent lattice results. The recent
lattice results [6,7] made substantial improvements in
hadronic contributions to g − 2 such that the deviation
of the experimental result only stands at about the
1 − 2σ level.
Leptoquark (LQ) models were suggested to explain

some or all of the above anomalies. Especially, it was
shown in Refs. [8–10] that the isosinglet vector LQ U1 can
explain both RK;K� and RD;D� , and in Ref. [11] that the
isodoublet vector LQ V2 provides a viable solution to
RK;K� , RD;D� , and muon g − 2. On the other hand, other LQ
models can only explain one or some of the anomalies,
unless with more than 1 leptoquark. In this work, we do not
concern ourselves with the second- and third-generation
quark couplings, nor do we assume any flavor symmetries.
We only consider the first-generation quark couplings as
they are more relevant in neutrino-nucleon scattering. Our
results will not reflect any constraints on the second or
third-generation couplings.
Such LQs have been searched at the LHC with strong

limits on the LQ mass via leptoquark pair production. The
mass limits depend on the decay channels of the LQs.
Nevertheless, such decays often make use of the decay into
a quark and a charged lepton. When the LQ decays into a
quark plus a neutrino, the limits are much weakened.
In this work, we investigate the effects of LQs via

neutrino-nucleon scattering at the FASERν, and the future
FASER2ν and FLArE experiments. The ultimate plan is to
have a Forward Physics Facility (FPF) [12], which can
house a number of such experiments. FASERν is indeed
running and taking data [13,14]. Such experiments use the
energetic neutrinos produced by the decays of mesons (e.g.,
pions, kaons) from the interaction point of the ATLAS
experiment. The most distinct feature is that the energy
range can be as high as TeV, which provides an unprec-
edented energy scale of studying neutrino-nucleon and
neutrino-electron scattering.
We focus on the isosinglet vector LQ U1, though the

results can be easily adapted to the isodoublet vector LQ
V2. An interesting feature of the LQ is that it can enhance

both the charged- and neutral-current interactions, so it can
give better sensitivities than the Z0 interactions, which only
enhance the neutral-current interactions [15]. We calculate
both the charged- and neutral-current scattering via the LQ
and obtain the sensitivities that one can obtain at FASERν,
FASER2ν, and FLArE.
The organization is as follows. In the next section, we

describe the interactions of the LQ that are relevant to our
study. In Sec. III, we present the numerical results and the
sensitivity reach at various FPF experiments.
Note that we are exploring very light leptoquarks with

small couplings to quarks and leptons. Nevertheless, the
relevant couplings in our study are those of LQ with the
first-generation quarks (u and d) in the νN scattering, while
those explaining the B anomalies concern mostly the third
and second generations. Thus, we do not restrict the LQ
couplings to those obtained in B anomalies.

II. THEORETICAL SETUP

A. Leptoquark model

Leptoquarks are predicted in many grand unified theo-
ries, which couple to both quarks and leptons. It was shown
in Ref. [10] that the singlet vector leptoquarkUð1Þ with the
SM quantum numbers (3, 1, 2=3) can explain both RK;K�

and RD;D� anomalies. The Yukawa interactions for U1 can
be written as [16–18]

LU1
¼ gUffiffiffi

2
p

h
Uμ

1ðβijL q̄iLγμljL þ βijR d̄
i
Rγμl

j
RÞ þ H:c:

i
; ð8Þ

where qL, lL, dR, lR denote the quark doublet, lepton
doublet, down-type quark singlet, and lepton singlet,
respectively. Here i and j denote the generation indices,
and βijL=R allow for generation mixing, and gU is the overall
coupling strength.
We used the vector leptoquark models fromRefs. [16–18],

which can be accessed from the FeynRules model database
([19]). We choose β2j and β3j (for j ¼ 1, 2, 3) to be zero,
such that the flavor-changing neutral currents among the
first, the second, and the third-generation quarks are
avoided. Also, only the first-generation-quark couplings
β1j are relevant to our study. Such choices may give rise to
lepton-flavor changing processes, e.g., τ → μ decays, but,
however, we expect them to be negligible, as no second- or
third-generation quarks are involved.
Note that although we use the leptoquark U1 in our

study, the cases with other leptoquarks would give results
with similar orders of magnitude on the sensitivity reach.
Unlike scalar leptoquarks, vector leptoquarks must have
some extra degrees of freedom due to the UV sensitivity
of the loop [20], where an example of UV completion
was given.
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B. Neutrino-nucleon scattering via leptoquarks

In neutrino experiments, the leptoquark U1 can partici-
pate in the neutral- and charged-current scattering between
the incoming neutrino and the quark from protons or
neutrons (nucleons) of the detector materials:
(1) Neutral current (NC): νi þ N → νj þ N0.
(2) Charged current (CC): νi þ N → lj þ N0.
The contributing Feynman diagrams for the neutrino-

quark scattering processes are shown in Fig. 1. The
amplitude for the NC scattering shown in Fig. 1 is given
by, in the limit of heavy LQ mass,

iMNC ¼ i
g2U

2M2
U1

β1iL β
1j
L ðuLγμνiLÞðνjLγμuLÞ

¼ −i
g2U

2M2
U1

β1iL β
1j
L ðuLγμuLÞðνjLγμνiLÞ; ð9Þ

where the second line explicitly shows the NC scattering,
which is obtained by the Fierz transformation. On the other
hand, the CC scattering for νiLdL=R → uLeL=R can proceed
via the left- and right-handed couplings, of which the
amplitude is given by, in the limit of heavy LQ mass,

iMCC ¼ i
g2U

2M2
U1

β1iL ðuLγμνiLÞðβ1jL ejLγμdL þ β1jR ejRγμdRÞ

¼ i
g2U

2M2
U1

β1iL ½−β1jL ðuLγμdLÞðejLγμνiLÞ

þ 2β1jR ðuLdRÞðejRνiLÞ�; ð10Þ

where the CC scattering is demonstrated explicitly in the
second line, which is obtained by the Fierz transformation.
Since we consider fixed-target scattering between neu-

trinos/antineutrinos and nucleon (detector), we neglect the
effect of gluon-leptoquark interaction, and also the inter-
action between the leptoquark and photon or neutral Z
boson. Note that neutrinos will not scatter with electrons

via the LQ U1, but, on the other hand, antineutrinos do
scatter with electrons via the LQ U1. This can be distin-
guished from the neutrino-nucleon scattering by the recoil
nucleus.
The proposed FPF is set to be placed at several hundred

meters from the ATLAS interaction point, shielded by
concrete and rock [21]. This FPF will house a number of
experiments that will explore processes of the SM, as well
as look for any physics beyond the Standard Model
(BSM) [15,22–49]. Such experiments are necessitated due
to the high energy collisions at the High-Luminosity Large
Hadron Collider (HL LHC), which generates a large number
of particles along the beam collision axis, beyond the scope
of current LHC experiments.
A plethora of hadrons, such as pions, kaons, and more,

are known to be produced along the beam direction. As
these hadrons decay during the flight, they produce
neutrinos of all three flavors at very high energies up to
a few TeV. Studies have revealed that muon neutrinos are
primarily created from charged-pion decays; electron
neutrinos arise from hyperon, kaon, and D-meson decays;
and tau neutrinos stem from Ds meson decays. These
neutrinos have an average energy ranging from 600 GeV to
1 TeV, comprising a wide energy range for each of the three
neutrino flavors.
The following neutrino detectors are either operational or

proposed for the far forward region of the LHC:
(1) FASERν: A targeted mass located at the front of the

FASER main detector in a narrow trench (illustrated
in Fig. 2 of Ref. [50]), that is made from 1.2 tons of
tungsten with the size of 25 cm × 30 cm × 1.1 m.

(2) FASERν2: a detector, which is designed as a much
large successor to FASERν, has a total volume of
tungsten target of 50 cm × 50 cm × 8 m, so the total
mass is 20 tons. A full description of the detectors
and their requirements can be found in Ref. [12].

(3) FLArE: a proposed liquid argon time projection
chamber (LArTPC) with an active volume of 10 tons
(FLArE-10) to 100 tons (FLArE-100).

FIG. 1. Contributing Feynman diagrams between the neutrino and the first-generation quark/antiquark through a vector-leptoquark
exchange. The diagrams for antineutrinos and d=d̄ particles can be similarly written down.
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To estimate the number of events that occur inside these
detectors, we calculate the scattering cross sections of
neutrinos/antineutrinos with the nucleus of the detector
materials. At nucleon level, the cross section is related to
the neutrino/antineutrino parton cross section as

σνN ¼
X
i

Z
1

0

dx2fðx2; Q2Þσνqi ; ð11Þ

where fðx2; Q2Þ is the parton distribution function (PDF) of
qi inside the proton or neutron. This PDF depends on the
momentum fraction x2 and the factorization scale Q2,

which we have chosen Q2 ¼ mZ. We use the datasets
from the LHAPDF library in Ref. [51].
We show the SMNC and CC cross sections for neutrinos

and antineutrinos in each detector’s material in Fig. 2. In
general, the neutrino gives a larger cross section than the
antineutrino, and the CC cross section is larger than the NC
one. Note that the CC tau-neutrino and tau-anti-neutrino
have lower cross sections than corresponding ones of
electron and muon, because of a higher threshold to
produce a tau lepton. The effects of leptoquark interactions
are shown for NC and CC scattering in Figs. 3 and 4,
respectively, for various leptoquark masses 10–1000 GeV.
Here we have set gU and β1jL=R ¼ 1.

FIG. 2. The SM cross sections per neutrino energy for the scattering of (anti)neutrinos with tungsten (left panel) and with argon (right
panel). Neutrino and antineutrino are separately shown. NC and CC for ðe; μÞ and τ are shown.

FIG. 3. Neutral-current (NC) scattering cross sections per neutrino energy versus the neutrino energy for both tungsten and argon
targets. We show the results for the SM and for various leptoquark masses, and set all the couplings gU ¼ β1j ¼ 1.
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To calculate the CC and NC cross sections for each
process, we use the U1 leptoquark model file, which is a
modified version of Refs. [16–18], and input it to FeynRules

to generate a model file for use in MadGraph5_aMC@NLO

(Refs. [52,53]). To match the results from Ref. [50], we
used the same NNPDF3.1NNLO PDF (Ref. [54]).
A discussion on the background coming from neutrino-

electron or antineutrino-electron scattering is in order
here. We found that the leptoquark exchange is not
possible in the neutrino-electron scattering, while it is
possible to participate in antineutrino-electron scattering

ν̄e− → ūd via the t-channel LQ exchange (Fig. 5).
Nevertheless, the nucleus remains intact in this case.
We can make use of the recoiled nucleus to distinguish
the signal from this background. However, the hadronic
part in the CC ν-nucleon scattereing may not be fully
identified with 100% efficiency. Therefore, whether this
reducible background can be completely removed
depends on the experimental setup and resolution. We
take into account this background uncertainty by includ-
ing it into the systematic uncertainty in the estimation of
sensitivities.

FIG. 4. Charged current (CC) scattering cross sections per neutrino energy. All the details are similar to Fig. 3.
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Besides cross sections, we have to take into account
the neutrino and antineutrino fluxes to calculate the
number of events. These fluxes are measured and dis-
tinguishable for each (anti)neutrino flavor in FASERν,
FASERν2, and FLArE detectors. We used the fluxes
calculated in Ref. [50] for FASERν, and the simulated
fluxes for FASERν2, FLArE 10 and 100 tons from
Ref. [12]. The uncertainties in the incoming (anti)neu-
trino fluxes were studied in Ref. [55]. The electron-
neutrino flux has less than 10% uncertainty up to 0.8 TeV,
while the dominated muon neutrino flux has less than
10% uncertainty up to 1 TeV, and the tau-neutrino flux
has less than 10% uncertainty up to 0.3–0.4 TeV. Overall,
the uncertainties are within a factor of 2. Such uncer-
tainties will propagate to the event rate predictions of
order a few percent up to 20%, so we can include them in
the systematic uncertainties. We take into account the
uncertainties due to the hadronic efficiencies and
the incoming neutrino flux by including them into the
systematic uncertainties of order 10% of the SM pre-
dictions [12], which we expect to go down with more
intensive studies.

III. SENSITIVITY ON THE VECTOR
LEPTOQUARK U1

Using the neutrino fluxes [12,50] and the cross sections
calculated for both the SM and the leptoquark model, we
show the total number of events for various FPF detectors in
Fig. 6. Oncewe obtain the predicted number of eventsNBSM
for the leptoquark model as a function of the coupling, and
that for the SM NSM, we estimate the sensitivity reach in the
parameter space (gU or gU × β1j vs MLQ) of the model.
Here we have taken the statistical error to be

ffiffiffiffiffiffiffiffiffiffiffi
NBSM

p
and the

systematic uncertainty to be σ ¼ 10% of the normalization
of the SM predictions. For all three generations of neutrinos,
we defined the measure of χ2 as a function of the coupling
gBSM ¼ gU or gU × β1j and a nuisance parameter α as
follows Ref. [56]:

χ2ðgBSM; αÞ ¼ min
α

�½Nνe
BSM − ð1þ αÞNνe

SM�2
Nνe

BSM

þ ½Nνμ
BSM − ð1þ αÞNνμ

SM�2
N

νμ
BSM

þ ½Nντ
BSM − ð1þ αÞNντ

SM�2
Nντ

BSM
þ
�
α

σ

�
2
�
; ð12Þ

where NBSM ¼ NLQ þ NInt þ NSM and the minimization
is over the nuisance parameter α. Here NLQ is the number
of events that only comes from leptoquark contribution,
while NInt is the interference term between the leptoquark
and the SM. We have treated the systematic uncertainties
the same for each neutrino flavor and used only one
nuisance parameter α. For the following analysis results,
we choose χ2 ¼ 3.84 for the 95% confidence level (CL)
sensitivity reach.
In the NC scattering, we cannot distinguish the neutrino

flavor, and the leptoquark couplings β1jL=R allow lepton-
flavor changing, so we include all three flavors of neutrino
in the final state. On the other hand, we can identify the

FIG. 5. Feynman diagrams for the neutrino-electron in tung-
sten/argon detectors, as the SM background for our process.

FIG. 6. Number of events for the FPF detectors versus the leptoquark mass. We set all the couplings gU ¼ β1j ¼ 1.0. Here the solid
lines are for the leptoquark while the dashed lines are for the SM.
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outgoing charged leptons in the final state in the CC
scattering. Since we know the flavor of the incoming
neutrino fluxes, we consider only the lepton-flavor-con-
serving processes. Thus, we can actually obtain the
sensitivity β1j for each j neutrino generation.
The sensitivities obtained using the CC scattering for

each neutrino flavor are shown in Fig. 7. Comparing the
sensitivity of each coupling gU × β1j, we can see the
coupling for muon (second generation) has the best
sensitivity at the FPF detectors since the muon (anti)
neutrino flux is the largest, while the sensitivity for the
tau (anti)neutrino is the least as the tau neutrino flux is the
smallest. In Fig. 7, we can also see that FLArE (100 tons)
has the best sensitivity, followed by FASERν2, FLArE
(10 tons), and FASERν. Next, we include the lepton-flavor-
changing processes by including all leptons or antileptons
in the CC final state. These lepton-flavor-changing con-
tributions increase the number of signal events. For
simplicity we take all β1jL=R equal to 1. Thus, we obtain
the sensitivities on gU.
For NC scattering we include all (anti)neutrino flavors in

the final state, and thus we can obtain the sensitivities on

gU. We show the results for FASERν, FASERν2, and
FLArE in Fig. 8. It is clear that FLArE (100 t) has the best
sensitivity, followed by FASERν2, FLArE (10 t), and
FASERν. Comparing the left (CC) and right (NC) results
in Fig. 8, the sensitivities obtained using CC scattering are
slightly better than those using NC scattering. This is
because we have summed over all charged leptons in CC
and all neutrino flavors in NC, and the CC suffers from the
massive tau lepton in the phase space. Thus, the sensitiv-
ities using CC are only slightly better than those using NC.
The sensitivity curves are also marginally better than that of
the gU × β12 curves shown in the middle panel of Fig. 7,
since the muon (anti)neutrino and flux dominates over that
of electron and tau neutrinos in the FPF detectors.
Finally, we can combine the number of signal events for

both CC and NC scattering. The sensitivity curves for the
overall coupling gU are shown in Fig. 9. It clearly shows the
improvement from the individual NC or CC result.
The sensitivity can reach down to 4 × 10−5 for the

current FASERν in the sub-GeV leptoquark mass range.
In the electroweak leptoquark mass range, the sensitivity
lies in between 10−3 and 10−1. For other proposed

FIG. 7. 95% CL sensitivity curves on gU × β1j, with j ¼ 1 (left), j ¼ 2 (middle), and j ¼ 3 (right) for the CC scattering. We do not
include the lepton-flavor-changing processes in our calculations, i.e., only νi þ N → li þ N0 are considered.

FIG. 8. 95% CL sensitivity curves on gU for CC, νi þ N → lj þ N0 (left panel); and NC, νi þ N → νj þ N0 (right panel).
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detectors, the sensitivity can go down by 1 to 2 orders of
magnitude. We can also compare the sensitivity of each
FPF detector: FLArE 100 tons is the best, the next is the
FASERν2, and then FLArE 10 tons.
In Figure 10, we compare our results to those in the

literature, especially in the LQ mass range from 500 GeV to
2.5 TeV (in linear scale to match the mass region in [57,58]).
In the left subfigure, the corresponding coupling ruled out
by IceCube [59–62] is above 0.6–1.0 for the first-generation
quark-lepton coupling in the 0.5–1 TeV mass range, while
the bound from low-energy experiments [63] can go down
to 0.2–0.8 for the 500–2500 GeV mass range. The LHC-
13 TeV put a stringent limit for the LQ mass around
1600 GeV due to pair production, which is independent of

the Yukawa couplings as long as they are not extremely
small as the current search is based on prompt decays of the
leptoquarks [64,65]. However, for LQ above 1.6 TeV the
first-generation coupling is only excluded in the region
above 0.7. In the right subfigure for the overall coupling, we
show the lower mass limits of the leptoquark from both
ATLAS [66] and CMS [67], and their projections for
leptoquark-pair production, which exclude LQ masses
below 1 TeV. We also included the bound from τ-pair
production from [66] and its projection. For higher LQ
masses around 2 TeV, the limits for each individual coupling
can be pushed down to around 0.1, even smaller than the
results from a recent study on SMEFT operators from the
high-pT tail in [68].
We overlay our results for FPF detectors in Fig. 10. For

FASERν, the sensitivity can reach down to ∼0.01 or
MU1

¼ 500 GeV to ∼0.1 for MU1
¼ 2500 GeV. Other

FPF detectors, as we showed before, can achieve better
sensitivities than FASERν. Such FPF experiments can
probe the currently allowed regions and improve the
constraints on the vector leptoquark model.
The sensitivity curves from FASERν are already better

than those excluded regions by 1–2 orders of magnitude.
Furthermore, the other FPF detectors can further improve
the sensitivity by another 1–2 orders of magnitude in the
TeV leptoquark mass range. In addition, the experiments
proposed in FPF can probe a broad mass range of the
leptoquark; especially, the FPF detectors are able to probe
the region with small couplings in the sub-GeV leptoquark
mass range, which is a challenge for the conventional
hadron colliders.

FIG. 10. Comparing the sensitivity reach from the FPF detectors with other constraints in the TeV regime. Left: excluded regions for
the gU × β11 from IceCube [59–62], LHC 13 TeV [69,70], and from low-energy experiments [63]. Right: bounds on the overall coupling
gU from ATLAS [66], CMS [67] for both LQ-pair and τ-pair [66] production, and the projection for High Luminosity LHC.

FIG. 9. 95% CL sensitivity curves on gU when combining both
CC and NC events.
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IV. CONCLUSIONS

The proposed Forward Physics Facility offers an array of
experiments, which can take advantage of the unique
neutrino beam in the energy range of a few hundred
GeV to TeV to explore the physics beyond the SM. We
have investigated the sensitivity reach on the leptoquark
model at a number of experiments, including FASERν,
FASERν2, FLArE(10 tons), and FLArE(100 tons). We
compared the advantage of the FPF experiments in a wide
mass range of the LQ mass to determine the flavor
dependence of the couplings between the neutrinos and
this LQ.
We have covered a wide mass range of LQ mass

10−3 GeV ≤ MLQ ≤ 104 GeV in our study. Among all
the proposed FPF experiments, FLArE(100 tons) has the
best sensitivity to the LQ model, whereas FASERν has the
least. The sensitivity curves for all the experiments follow a

similar pattern, in which the sensitivity is weakened with
the increment of the LQ mass. The unique feature of the LQ
is that it contributes to both NC and CC-like neutrino-
nucleon scattering at the FPF. We obtained the final
sensitivities for the LQ couplings by combining both the
CC and NC events.
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