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Discovering dark matter at the LHC through its nuclear scattering
in far-forward emulsion and liquid argon detectors
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The LHC may produce light, weakly interacting particles that decay to dark matter, creating an intense
and highly collimated beam of dark matter particles in the far-forward direction. We investigate the
prospects for detecting this dark matter in two far-forward detectors proposed for a future forward
physics facility: FASERν2, a 10-ton emulsion detector, and FLArE, a 10- to 100-ton LArTPC. We focus
here on nuclear scattering, including elastic scattering, resonant pion production, and deep inelastic
scattering, and devise cuts that efficiently remove the neutrino-induced background. In the invisibly
decaying dark photon scenario, DM-nuclear scattering probes new parameter space for dark matter
masses 5 MeV≲mχ ≲ 500 MeV. When combined with the DM-electron scattering studied previously,
FASERν2 and FLArE will be able to discover dark matter in a large swath of the cosmologically favored
parameter space with MeV ≲mχ ≲ GeV.

DOI: 10.1103/PhysRevD.104.035036

I. INTRODUCTION

A primary goal of high-energy colliders is to produce
dark matter (DM) particles. If DM is heavy with a mass
near the weak scale, its signature is missing transverse
energy, which has been studied in detail for decades. If
DM is light, however, such searches are typically inef-
fective (as are conventional direct detection searches), and
alternative search strategies, experiments, and facilities
are needed.
In this study, we consider extremely simple models of

light DM in which the Standard Model (SM) is supple-
mented by a dark photon [1] that decays to pairs of

DM particles through A0 → χχ. For dark photons
with typical loop-suppressed couplings ε ∼ 10−4 − 10−3

and mA0 ; mχ ∼MeV − GeV, the DM annihilates through
χχ → A0ð�Þ → ff̄ in the early Universe, yielding the
correct thermal relic density. This model is representative
of a broad class of hidden sector theories in which the
correct amount of DM is produced through thermal
freeze-out within the standard cosmology [2–7], just as
in the case of weak-scale DM. In this scenario, however,
the DM is light. As a result, at colliders, the dark photons
and DM are dominantly produced along the beam pipe in
the far-forward region, escape through holes in collider
detectors, and evade all conventional collider searches.
To remove such “blind spots” from the Large Hadron

Collider (LHC) physics program, a number of experiments
are currently planned for the far-forward region. FASER
[8–11] has been completely constructed, and FASERν
[12–14] and SND@LHC [15] are also being prepared to
take data when run 3 of the LHC begins in 2022. For the
High Luminosity-LHC (HL-LHC) era, a forward physics
facility (FPF) is under study [16–18]. The FPF would house
a suite of far-forward experiments, including possibly
FASER2 [19], targeting new long-lived particles that decay
visibly in the detector; FORMOSA [20], a millicharged
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particle detector; FASERν2 [21,22], a 10-ton emulsion
detector; SND2, a successor to SND@LHC; and FLArE
[23], a proposed liquid argon time projection chamber
(LArTPC) with an active volume of 10 tons (FLArE-10)
to 100 tons (FLArE-100). FASERν2, SND2, and FLArE
will detect millions of TeV-energy neutrinos, providing a
wealth of SMmeasurements, but they also have the potential
to search for light DM and other new particles.
Here we evaluate the prospects for discovering light

DM at FASERν2 and FLArE through DM-nuclear scat-
tering in the HL-LHC era. This work complements
Ref. [23], which focused on the prospects for observing
elastic DM-electron interactions in these detectors;
Refs. [24,25], which explored the potential of FASER
to probe inelastic DM; Ref. [26], which studied the
scatterings of unstable, but very long-lived, heavy neutral
leptons at FASERν2; and Ref. [27], which investigated
leptophobic DM scattering at SND@LHC.1 We assume
these experiments are located in a new cavern that is under
study for the FPF, which would place the fronts of these
detectors approximately 620 m from the ATLAS inter-
action point (IP), and we consider 14 TeV pp collisions
and the expected HL-LHC integrated luminosity of
3 ab−1. Alternative locations for the FPF that are
∼150 m closer or farther from the IP do not change the
prospects much, provided, of course, that they are large
enough to house the detectors we consider.
We begin by defining the light DM models in Sec. II and

specifying the detectors in Sec. III. We then consider the
dominant processes contributing to DM-nuclear scattering,
including elastic scattering (χp → χp), resonant pion
production (χN → χNπ), and deep inelastic scattering
(DIS) (χN → χX) in Secs. IV–VI, respectively. For each
of these signals, we devise simple kinematic cuts to
differentiate the DM signal from the neutrino-induced
SM background.
In Sec. VII, we then combine all of these DM-nuclear

probes with the DM-electron signals investigated in
Ref. [23]. We find that DM-nuclear scattering and DM-
electron scattering are quite complementary, with nuclear
scattering more powerful for relatively high masses mχ ≳
100 MeV and electron scattering more sensitive for low
masses mχ ≲ 10 MeV. By combining DM-nuclear and
DM-electron scattering, FASERν2 and FLArE can cover
the cosmologically favored parameter space, where the χ
thermal relic density is at or below ΩDM, for a wide range
of DM masses between MeV ≲mχ ≲ GeV. In Sec. VII,
we also compare the sensitivity of FASERν2 and FLArE
to non-LHC experiments that have discovery potential for
invisibly decaying dark photons and light DM [42,43].
Our conclusions are presented in Sec. VIII.

II. INVISIBLY DECAYING DARK PHOTON
MODELS

In this section, we describe two popular benchmark
models in which light DM interacts with the SM through an
invisibly decaying dark photon mediator. Given its cou-
pling to electrically charged particles and quarks, in
particular, the dark photon efficiently mediates scattering
between DM and nuclei, making these models an interest-
ing test case for our study.
The dark photon, A0, is a massive gauge boson that arises

when the SM is supplemented with a new broken Uð1ÞD
symmetry. For light GeV-scale dark photons, the dark
photon Lagrangian is

L⊃−
1

4
F0
μνF0μνþ1

2
m2

A0A0
μA0μþA0

μðεeJμEMþgDJ
μ
DÞ; ð1Þ

where F0
μν is the dark photon’s field strength, mA0 is the

dark photon mass, ε is the kinetic mixing parameter, JμEM
and JμD are the SM electromagnetic and Uð1ÞD currents,
respectively, and gD ≡ ffiffiffiffiffiffiffiffiffiffiffi

4παD
p

is the Uð1ÞD gauge
coupling.
For the DM candidates, χ, we will examine two popular

examples: Majorana fermion DM and complex scalar DM.
The corresponding Lagrangians are

L⊃

8<
:

1
2
χ̄iγμ∂μχ− 1

2
mχ χ̄χ ðMajorana fermionDMÞ

j∂μχj2−m2
χ jχj2 ðcomplex scalar DMÞ ; ð2Þ

where mχ is the DM mass. The Uð1ÞD currents associated
with these models are

JμD ¼
8<
:

1
2
χ̄γμγ5χ ðMajorana fermion DMÞ

iχ�∂μ
↔
χ ðcomplex scalar DMÞ

: ð3Þ

These two DM models have many similarities but also
some key differences. We discuss them in turn, beginning
with the Majorana fermion case. As noted in Sec. I, an
attractive feature of these light DM models is the fact that
the observed DM relic density can be easily obtained
through thermal freeze-out. For mA0 > 2mχ, Majorana
fermion DM annihilates in the early Universe through
χχ → A0ð�Þ → ff̄ with the cross section

σv ∝ αv2
ε2αDm2

χ

m4
A0

¼ αv2
y
m2

χ
; ð4Þ

wherewe have assumedmA0 ≫ mχ and y≡ ε2αDðmχ=mA0 Þ4
[5]. As evident from Eq. (4), the annihilation is P-wave, and
so bounds from cosmic microwave background temperature
anisotropies on late-time DM annihilation are not very
constraining in these models [44,45]. In addition, the

1See also Refs. [28–41] for studies employing a similar DM
search technique at proton beam fixed-target experiments.
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scattering of Majorana fermion DM in direct detection
experiments is also velocity suppressed at the nonrelativistic
energies relevant for these searches, and so direct detection
null results also do not set strong limits.
For complex scalar DM, the annihilation cross section is,

in fact, similar to that for Majorana fermion DM. Equation (4)
still applies, and so the complex scalar DMmodel also evades
cosmic microwave background bounds. In contrast to the
Majorana fermion case, however, the nonrelativistic scatter-
ing of complex scalar DM in matter is not velocity sup-
pressed. Direct detection null results are therefore a
significant constraint on this model. These bounds may be
evaded, however, if a small mass splitting is introduced to
make the DM scattering transition inelastic [46].
In this work, we will present our results in the ðmχ ; yÞ

plane. As we will see, at the relativistic energies relevant for
the LHC, the DM-nuclear interactions for Majorana fermion
and complex scalar DM are very similar, and so the results
we derive will be almost imperceptibly different in the
ðmχ ; yÞ plane.Wewill therefore simply present the Majorana
fermion DM results. At the same time, to understand the
cosmological significance of these results, we will also
present “thermal targets,” the regions of parameter space
where the thermal relic density is identical to the observed
DM abundance. These differ slightly for the Majorana
fermion and complex scalar DM models, and so we will
present both, using the relic density predictions of Ref. [47].
To reduce the parameter space to two dimensions, we

will present results for αD ¼ 0.5 and mA0 ¼ 3mχ through-
out this work. These represent relatively conservative
choices in terms of characterizing the experimental pros-
pects for testing the thermal freeze-out hypothesis, at least
in the regime mA0 ≫ mχ . Of course, if mA0 − 2mχ ≪ mA0 ,
the annihilation rate is resonantly enhanced, and the
corresponding thermal targets occur at smaller couplings
and can be much more challenging to probe at colliders
[48–50].

III. DETECTORS AND SIMULATION

A. Benchmark detectors

The benchmark detectors we consider are identical to
those studied in Ref. [23], except that they are now assumed
to be housed in the “new cavern” FPF, placing them 620 m
from the ATLAS IP. We review their most salient character-
istics here; for more details, see Ref. [23].
FASERν2 [21] is envisioned to be a larger version of

FASERν [12], currently being built for LHC run 3. The
FASERν2 benchmark detector we consider here is a 10-ton
rectangular tungsten-emulsion detector with location and
size given by

FASERν2∶ L ¼ 620 m; Δ ¼ 2 m;

ST ¼ ð0.5 m× 0.5 mÞ; ð5Þ

where L is the distance from the IP to the front of the
detector, and Δ and ST are the longitudinal and transverse
dimensions of the tungsten target. At the ATLAS IP during
the HL-LHC, it is expected that the beam half-crossing
angle will vary by as much as 250 μrad, moving the beam
collision axis horizontally by as much as 15 cm at the
detector location. Given the detector’s transverse dimen-
sions and the ∼20 cm spread of the DM signal and neutrino
background [51], the crossing angle will have little effect
on our results; for simplicity, we assume that the detector is
always centered on the beam collision axis.
We will assume that tracks down to momenta of

300 MeV can be detected and that the emulsion is
exchanged periodically so that the track density remains
manageable. This requires changing the detector every
30 fb−1 or so, or less if a sweeper magnet is available to
bend away muons produced at the IP.
The main disadvantage of emulsion detectors for this

DM search is the lack of timing, which makes it difficult to
reject muon-induced backgrounds. To remedy this, it is
necessary to augment the tungsten-emulsion detector with
interleaved electronic tracker layers, which would provide
event time information. This design follows the successful
example of the OPERA experiment [52], and an analogous
design is being implemented for SND@LHC [53]. We will,
therefore, assume that muon-induced backgrounds can be
rejected by vetoing events in coincidence with a high-
energy muon track. It is important to note, however, that all
of our FASERν2 sensitivities depend on this assumption,
and if muon-induced backgrounds are difficult to reject in
emulsion detectors, liquid argon technology may be pref-
erable for dark matter detection.
For FLArE, we consider two sizes with physical dimen-

sions

FLArE-10 ð10 tonsÞ∶ L ¼ 620 m; Δ ¼ 7 m;

ST ¼ ð1 m × 1 mÞ; ð6Þ

FLArE-100 ð100 tonsÞ∶ L ¼ 620 m; Δ ¼ 30 m;

ST ¼ ð1.6 m× 1.6 mÞ; ð7Þ

where, as above, L is the distance from the IP to the front of
the detector, Δ and ST are the longitudinal and transverse
dimensions of the active volume, and we assume that the
detector is centered on the beam collision axis.
Particle kinetic energy thresholds for LArTPC detectors

typically lie in the 10–100 MeV range. For protons, we will
consider two kinetic energy thresholds: a conservative value
of 50MeV, as is considered in the DUNEConceptual Design
Report [54], and a more optimistic choice of 20 MeV.
Concerning the latter, we note that the ArgoNeuTexperiment
has already achieved thresholds for such short proton tracks
down to 21 MeV [55,56]. For other particles, including
shower-like objects (electrons, photons, neutral pions) and
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charged pions, we will assume a 30 MeV kinetic energy
threshold, which is broadly consistent with Refs. [54–56]. In
contrast to emulsion detectors, LArTPCs have good active
event timing capabilities, particularly when equipped with a
light collection system [57,58], and we will assume that
vetoing events with a coincident muon is sufficient to remove
all muon-induced backgrounds.

B. Expected neutrino fluxes

A crucial ingredient for the estimation of background
rates is the flux of neutrinos passing through the different
detectors. We use the dedicated forward physics event
generator SIBYLL 2.3c [59–61], as implemented in the CRMC

simulation package [62], to simulate the primary collisions.
We then use the fast neutrino flux simulation introduced in
Ref. [51] to simulate the propagation of SM hadrons
through the LHC beam pipe and magnets and their decays
into neutrinos.
The results are presented in Fig. 1 for the HL-LHC with

an integrated luminosity of 3 ab−1, assuming no beam
crossing angle. The upper panels show the numbers of
neutrinos passing through the detectors. Unsurprisingly,
detectors with a larger cross sectional area will have more

neutrinos passing through them. The lower panels show
the numbers of charged current (CC) and neutral current
(NC) DIS neutrino interactions in the detectors, where we
use the neutrino interaction cross sections from Ref. [13].
Note that the event rate is larger for FASERν2 than
FLArE-10, despite the two detectors having the same
mass. This is because the neutrino beam is strongly
collimated around the beam collision axis, and so a
narrow detector with more mass close to the beam axis,
such as FASERν2, will observe a larger event rate. During
the HL-LHC era, we expect about 3.9 × 104 electron
neutrino, 2.2 × 105 muon neutrino, and 1.5 × 103 tau
neutrino CC interactions in the FLArE-10 detector. In
addition, we expect about 8.9 × 104 NC neutrino inter-
actions. The average energy of these interacting neutrinos
is about 600 GeV.
In addition to the total neutrino interaction rates that, for

each flavor, are dominated by DIS, we also provide in
Table I the expected number of events for several
exclusive scattering channels. These include both CC
quasielastic and NC elastic scatterings (denoted in the
table by CCQE and NCEL, respectively), as well as the
relevant resonant pion production channels (CCRES and

FIG. 1. The number of neutrinos passing through the detector (top) and interacting in the detector (bottom), for FASERν2 (left),
FLArE-10 (center), and FLArE-100 (right) during the HL-LHC era. The detector geometries and locations are described in the text.
These results assume 14 TeV pp collisions and an integrated luminosity of L ¼ 3 ab−1 and are estimated using SIBYLL 2.3d and the fast
neutrino flux simulation introduced in Ref. [51].
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NCRES). We estimate them by convoluting the above
neutrino fluxes with the cross sections simulated with
GENIE [63,64]. As can be seen, in total approximately
3000 CCQE and CCRES and 1000 NCEL and NCRES
events are expected in FLArE-10 during the entire HL-
LHC era, and the scattering rate is about 30% larger for
FASERν2, and a factor of 7–8 larger for FLArE-100.
These events are mainly due to interactions of the muon
neutrinos, while electron neutrinos are responsible for
about 10% of the event rates, and tau neutrinos give
subdominant contributions.
As discussed in Ref. [51], the neutrino fluxes predicted

by different commonly used event generators are some-
what different, indicating a flux uncertainty of about a
factor of 2. This situation will improve in the coming
years, given dedicated theoretical efforts to reduce these
uncertainties; see, e.g., Ref. [65]. In addition, measure-
ments of the energy spectra of CC neutrino interactions at
FASERν and SND@LHC during LHC run 3 and later in
the FPF neutrino detectors will provide direct measure-
ments of the neutrino fluxes. In the following, we,
therefore, assume that the neutrino flux uncertainties
are dominated by statistical uncertainties.

C. Signal modeling

Given our chosen benchmark scenario with mA0 ¼ 3mχ ,
the DM particles originate from the decays of on shell
dark photons produced at the ATLAS IP. We simulate the
flux of DM particles through the far-forward detectors
with the geometries and locations given in Eqs. (5)–(7),
normalizing the number of events to the total integrated
luminosity of L ¼ 3 ab−1 anticipated for the HL-LHC era.
The dark photons produced in rare π0 and η decays are
obtained by employing the CRMC simulation package
[62] and the dedicated EPOS-LHC Monte Carlo tool
[66]. In addition, we include dark photon production
by dark bremsstrahlung, using the Fermi-Weizsacker-
Williams approximation, following the discussion in
Refs. [8,36,67].
A rich variety of DM-nuclei scattering processes can be

studied with the far-forward detectors. To organize the

discussion, in the following, we will divide them into
distinct categories in a way similar to neutrino inter-
actions; see Ref. [68] for a review. We first study the case
of elastic DM-nucleon scattering, which leads to events
with single proton charged tracks in the detector. Next, we
consider the exclusive inelastic processes of resonant pion
production produced through DM-nucleon interactions.
Finally, we consider DM-induced DIS, which is most
relevant at high-momentum transfer.

IV. ELASTIC SCATTERING

A. Signal

Here we consider elastic DM-nucleon scattering and
the associated signature of a single proton track in the
detector with no additional visible charged tracks emerg-
ing from the interaction vertex. As mentioned above,
we will also assume that there is no through-going muon
in the detector that could be associated with the DM-
induced event. When presenting the results, we will
further require that the proton momentum, pp, be above
a minimum value defined by the energy threshold of the
detector (see Sec. III) and below a maximum value that
we chose to maximize the signal to background
ratio, S=

ffiffiffiffi
B

p
.

The single proton signature is most directly associated
with elastic scatterings of DM off protons, χp → χp. The
relevant differential cross section is [31,69]

dσðχp → χpÞ
dQ2

¼ 4πε2ααDQ2

ðE2
χ −m2

χÞðm2
A0 þQ2Þ2�

AðQ2Þ þ
�
Eχ

Q
−

Q
4mN

�
2

ðF̃2
1;p þ τF̃2

2;pÞ
�
;

ð8Þ

where Eχ is the incoming DM energy,Q2 ¼ 2mpðEp −mpÞ
is the squared four-momentum transfer with Ep the outgoing
proton energy and mp the proton mass, and

TABLE I. Expected event rates for charged current quasielastic (CCQE), charged current resonant (CCRES), neutral current
elastic (NCEL), and neutral current resonant (NCRES) interactions of neutrinos in the FASERν2, FLArE-10, and FLArE-100
detectors. The results for CC interactions are given for each neutrino flavor separately, while, for the NC events, all the contributions
are summed up.

CCQE CCRES NCEL NCRES

Detector νe ν̄e νμ ν̄μ ντ ν̄τ νe ν̄e νμ ν̄μ ντ ν̄τ All All

FASERν2 57 50 570 355 1.9 1.6 170 183 1.6k 1.1k 5.4 5.1 170 1.3k
FLArE-10 43 40 425 260 2.0 1.6 120 140 1.2k 860 5.6 5.1 130 940
FLArE-100 325 290 3.3k 2k 20 15 930 980 9.2k 6.8k 54 50 980 6.5k
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AðQ2Þ ¼

8>>><
>>>:

h
1
4
F̃2
1;pð1 − 1

τÞ þ 1
4
F̃2
2;pð1 − τÞ þ F̃1;pF̃2;p

i�
τ þ m2

χ

m2
p

�
ðMajorana fermion DMÞ

− 1
4
ðF̃1;p þ F̃2;pÞ2

�
τ þ m2

χ

m2
p

�
ðcomplex scalar DMÞ

; ð9Þ

with τ ¼ Q2=ð4m2
pÞ. The proton form factors can be

expressed as

F̃1;pðQ2Þ ¼ 1þ μpτ

1þ τ
GDðQ2Þ;

F̃2;pðQ2Þ ¼ μp − 1

1þ τ
GDðQ2Þ; ð10Þ

where μp ¼ 2.793, and GDðQ2Þ ¼ ð1þQ2=M2Þ−2, with
M ¼ 0.843 GeV.
As advertised in Sec. II, the scattering cross sections for

Majorana fermion and complex scalar DM have the same
high-energy limit. This is evident upon inspection of
Eqs. (8) and (9), which reveals that the first term propor-
tional to AðQ2Þ in Eq. (8) is negligible compared to the
second term for large Eχ . The projected exclusion bounds
presented below are therefore valid for both the Majorana
fermion and complex scalar DM scenarios. We also note
that the integrated cross section becomes independent of
the DM energy at large Eχ .
Additional signal events could arise from elastic DM

scatterings off neutrons, χn → χn, in which the outgoing
neutron rescatters before leaving the nucleus and produces
a final-state proton. The relevant cross section for this
process can be obtained from Eqs. (8) and (9) by replacing
the proton mass and form factors with the quantities
appropriate for neutrons [31]. However, because the dark
photon mediator couples to electric charge, its coupling to
neutrons vanishes in the limit of zero momentum transfer.
Therefore, for the models considered here, elastic DM-
neutron scattering is considerably suppressed relative to
elastic DM-proton scattering. Similarly, inelastic DM
scattering followed by the absorption of all charged tracks
and neutral pions inside the nucleus, besides a single
outgoing proton, contributes subdominantly to the total
DM signal event rate. We have verified this using GENIE,
under the assumption that the impact of nuclear final-state
interactions (FSI) on such particles in DM-induced events
can be well approximated by their impact on neutrino
events with the same momentum transfer to the nucleus.
In addition to the outgoing proton’s energy, its direction

can also be observed. Angular cuts were found in Ref. [23]
to be useful in separating DM-electron scattering from
neutrino-electron scattering, but they are less useful here.
In DM-electron scattering, the additional discriminating
power was related to the mass hierarchy between the target
electron and the incoming DM particles, me ≪ mχ . For the

DM-nuclear scattering considered here, however, mχ ≲mp

in the parameter space of interest, and so the DM particles
behave similarly to essentially massless neutrinos. In the
following, we will therefore focus only on the energy cut.
Elastic scatterings χp → χp generally lead to low visible

energy depositions due to the strong form factor suppres-
sion for large momentum transfers, Q2 ≳ 1 GeV2. As a
result, we will typically set the maximum outgoing proton
momentum, pmax

p , to values below 1 GeV. The DM
detection prospects for this signature improve with softer
lower limits on the outgoing proton momentum. For this
reason, FLArE can be more sensitive than FASERν2 if the
FLArE proton kinetic energy threshold, Ek;p, can be
lowered to 20 MeV, as discussed in Sec. III A. Below,
we present in detail the estimated sensitivity reach and
background estimates for both types of detectors.

B. Neutrino-induced backgrounds

The dominant neutrino-induced backgrounds to
DM-nucleon elastic scattering come from neutral current
elastic scatterings (NCEL) of all three neutrino flavors that
produce the outgoing proton in the final state, νp → νp.
Additional background events can be induced by deep
inelastic neutrino scatterings (NCDIS) and resonant pion
production processes (NCRES), in which, occasionally,
most of the outgoing particles are absorbed in the nucleus
due to FSI. We assume below that outgoing electrons and
muons can be sufficiently discriminated from protons so
that CC neutrino interactions can be neglected in the
background discussion.
In Table II, we present the total background event rates

obtained with GENIE for FASERν2, FLArE-10, and FLArE-
100. In the case of liquid argon detectors, we impose a
selection cut on the minimum proton kinetic energy of either
Ek;p > 20 or 50 MeV, corresponding to the assumed proton
detection thresholds discussed in Sec. III A. The latter
condition corresponds to a minimum proton momentum
of pp ≳ 300 MeV, which we also require in the analysis for
the emulsion detector. We also cut on the maximum proton
momentum, pp < pmax

p ¼ 1 GeV, and for the more opti-
mistic proton threshold in FLArE, Ek;p > 20 MeV, we
additionally study a more aggressive upper momentum
cut, pmax

p ¼ 500 MeV. Finally, in each case, we veto on
events containing any additional charged tracks or neutral
pions emerging from the nucleus, besides the single proton,
that have energies above their corresponding detection
thresholds; see Sec. III. As can be seen, in the HL-LHC
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era, the expected number of background events can be
roughly 100 events for FLArE-10 and 1000 events for
FLArE-100.
The number of background events in FASERν2 is

between those in the two liquid argon detectors. The
surprisingly large number of expected background events
in FASERν2, when compared with FLArE-10, which has a
similar mass, is mainly driven by the additional impact of
neutrino-induced NCRES events that mimic the single
proton signal. The outgoing pions produced in these events
often have energies corresponding to the mass difference
between the dominant Δ resonance and the proton,
Eπ ∼mΔmp ∼ 300 MeV. As a result, such events often
lead to pions below the detectability threshold, while the
outgoing proton can remain visible. This effect is signifi-
cantly more pronounced in FASERν2 than in FLArE. A
detailed treatment of this background will also depend on
the position of the interaction in the tungsten layer, which
we leave for future studies with more detailed detector
simulations.
For completeness, we also present in Table II the number

of DM signal events obtained for a benchmark scenario with
mχ ¼ mA0=3 ¼ 100 MeV, ε ¼ 6 × 10−4 (y ¼ 2.2 × 10−9),
and αD ¼ 0.5 for three sets of cuts and different detectors.
Both in this table and in the subsequent analysis, the number
of DM signal events has been additionally rescaled by a
finite signal detection efficiency. This is due to the impact of
FSI on the outgoing proton that can affect the DM-induced
event reconstruction in the detector. We have estimated this
efficiency as a function of the momentum of the final-state
proton produced in the initial interaction inside the nucleus
by studying elastic scatterings of neutrinos with GENIE. The
value of the signal efficiency factor that we use in our
analysis typically varies between 50% and 70%, and it
depends on the energy of the outgoing proton and the
analysis type. As can be seen, for FLArE-10 and FLArE-100

with the lower limit Ek;p > 20 MeV, the DM signal can
yield a 30% to 40% excess over the neutrino background. In
contrast, for FASERν2, even though the DM scattering rate
is somewhat larger than in FLArE-10, the prospects for
probing DM are limited by larger backgrounds.
In the left panel of Fig. 2, we show the signal-to-

background ratio S=B as a function of pmax
p for the

FLArE-10 detector. We present results for the above-
mentioned benchmark scenario and also for one with
ðmχ ; εÞ ¼ ð264 MeV; 10−3Þ (y ¼ 6.2 × 10−9). As evident
from Fig. 2, the DM search favors lower values of pmax

p .
This is expected for DM scatterings mediated by the dark
photon A0, which is much lighter than the Z boson
mediating neutrino NC scatterings. For a similar discussion
for FLArE and DM-electron scattering, see Ref. [23]. As is
apparent from Eq. (8), the lower the A0 mass, the lower the
typical momentum exchange in the χp → χp reaction,
which also leads to a lower characteristic momentum of the
outgoing proton. In particular, for mA0 ≲ 100 MeV, it
would become necessary to require pmax

p ≲ 300 MeV or
even lower to obtain S=B ∼ 1. This, however, goes beyond
the FLArE and FASERν2 capabilities that we assume in
our study. On the other hand, the DM scattering rate can
become much higher for increasing mediator mass, in
which case a larger momentum exchange is allowed. This
can be seen for the case of mA0 ¼ 3mχ ¼ 792 MeV also
shown in the plot. The surprisingly large values of S=B
obtained for this benchmark scenario are related to the
efficient A0 production in the proton bremsstrahlung proc-
ess for mA0 close to the ρ and ω resonances.
Last but not least, we note that, if systematic uncertain-

ties are negligible relative to statistical uncertainties, the
significance of the signal is more closely characterized by
S=

ffiffiffiffi
B

p
than S=B. As pmax

p increases, the background rate
increases, but this increase is milder for

ffiffiffiffi
B

p
than for B, and

the dependence on the maximum momentum cut is milder

TABLE II. Neutrino-induced background and DM signal events for the single proton signature for several choices
of selection cuts on the outgoing proton momentum pp. We assume 14 TeV pp collisions with integrated luminosity
3 ab−1. The cuts on the minimum proton momentum are dictated by the assumed experimental thresholds, as
discussed in Sec. III A. The maximum proton momentum is set to 1 GeV for FASERν2. For FLArE-10 and FLArE-
100, we also consider an additional case with pp < 500 MeV. The DM signal corresponds to the benchmark
scenario with parameters ðmχ ; εÞ ¼ ð100 MeV; 6 × 10−4Þ, mχ ¼ mA0=3, and αD ¼ 0.5, and takes into account the
efficiency factors (see text).

Elastic χp → χp ν-induced backgrounds DM: mχ ¼ 100 MeV, ε ¼ 6 × 10−4

FASERν2 pp > 300 MeV, pp < 1 GeV 310 34

FLArE-10

Ek;p > 20 MeV, pp < 500 MeV 100 37
Ek;p > 20 MeV, pp < 1 GeV 125 42
Ek;p > 50 MeV, pp < 1 GeV 120 23

FLArE-100
Ek;p > 20 MeV, pp < 500 MeV 810 260
Ek;p > 20 MeV, pp < 1 GeV 1050 310
Ek;p > 50 MeV, pp < 1 GeV 1010 165
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for the ratio S=
ffiffiffiffi
B

p
than for S=B. For this reason, the

projected exclusion bounds shown below are roughly
independent of the precise value of pmax

p .

C. Sensitivity reach

In the right panel of Fig. 2, we present the expected
projected 90% C.L. exclusion bounds for the three
detectors under study. We see that, with just the elastic
scattering signature, FLArE-10 will probe most of the
thermal relic target for the complex scalar DM model with
mχ ≳ 100 MeV. For the Majorana fermion DM case,
FLArE-10 will only probe the small part of the thermal
target region where DM production is enhanced by ω and
ρ resonances in the dark photon bremsstrahlung process.
The detection prospects could be further improved in the
larger FLArE-100 experiment. The expected exclusion
bounds for FASERν2 are similar to FLArE-10. We
reiterate, however, that, as noted in Sec. III A, this
assumes that muon-induced backgrounds can be elimi-
nated for FASERν2.
We also show the impact of different cuts on the proton

kinetic energy, Ek;p > 50 MeV, and maximum outgoing
proton momentum, pmax

p < 1 GeV. We see that the reach is
better in the low-mass region for the lower proton kinetic
energy threshold. However, the improved reach mainly
corresponds to a region in the parameter space that is
already excluded by existing bounds. On the other hand,
the expected bound at higher masses is only slightly
sensitive to changes of our lower kinetic energy and upper

momentum cuts. As a result, the presented sensitivity reach
for mχ ≳ 100 MeV only mildly depends on the final
FLArE capabilities in the considered range of Ek;p and
pp. When we present combined results for different types
of searches in Sec. VII, we will therefore just present results
for the cuts Ek;p > 20 MeV; pp < 0.5 GeV.

V. RESONANT PION PRODUCTION

A. Signal

The next signal of interest is χ1π0 events, in which a
single neutral pion is produced through DM-nucleus
scattering with no other mesons or charged leptons emerg-
ing from the vertex. Such events are produced by DM-
induced resonant pion production, χN → χNπ0, which we
model using the BDNMC DM simulation tool [36]. BDNMC

accounts for incoherent pion production via excitation of
the Δ resonance, which is expected to be the leading
contributor to this process. In addition, χ1π0 events can also
result from DM elastic scatterings off protons followed by
FSI. We include this effect in our analysis, although it only
mildly affects our final results. When treating the elastic
scattering contribution, we assume that the impact of FSI
can be modeled using neutrino interactions, as was dis-
cussed in Sec. IV.
In our analysis, we do not differentiate events based on

the number of final-state nucleons, including protons, that
emerge from the nucleus. This is to mitigate the strong
dependence of the number of expected signal events on the
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FIG. 2. Left: the signal-to-background ratio S=B for the elastic scattering signature for FLArE-10 and the two DM benchmark
scenarios indicated as a function of the maximum momentum of the outgoing proton pmax

p . The expected number of neutrino-induced
background events for selected values of pmax

p can be found in Table II, and we assume the detectability threshold of Ek;p > 20 MeV for
the proton kinetic energy. Right: the projected 90% C.L. exclusion bounds for the elastic scattering signature for FASERν2 with
300 MeV ≲ pp ≲ 1 GeV (green), FLArE-10 (red), and FLArE-100 (blue) with the proton energy and momentum cuts indicated.
Current bounds exclude the gray-shaded region; see Sec. VII for details. The thermal relic targets for the Majorana fermion DM and
complex scalar DM models are also shown.
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assumed FSI model. This inclusive approach is consistent
with similar analyses performed by the K2K [70],
MicroBooNE [71], and MiniBooNE [72] Collaborations.
The neutral pion in the final state will immediately

decay into two photons with momenta typically above
the visibility threshold of 30 MeV characteristic for the
liquid-argon detectors. In contrast, for FASERν2, the
reach will partially be limited by the requirement that
photons have an energy of at least 300 MeV to be visible.
As discussed above, in the resonant pion production
events, we typically observe Eπ ∼ 300 MeV from the Δ
resonance, which would only be moderately altered by the
presence of heavier resonances and FSI. We illustrate this
in the left panel of Fig. 3, in which we show the resonant
event distribution as a function of the energy of the final-
state neutral pion Eπ0 for two benchmark DMmodels with
mχ ¼ mA0=3 ¼ 10 and 100 MeV, and for neutrino-induced
NCRES background events. The plot has been obtained
for the liquid argon detector. As can be seen, in the case of
neutrinos, in which the aforementioned effects going
beyond the simple Δ resonance and parton level inter-
actions are taken into account, the resulting distribution
is more smeared than for DM. Notably, in both cases,
the photons produced in π0 decays will typically be
above 30 MeV.
The characteristic energy of the pions produced through

resonant scatterings translates into a relatively weak
dependence of the sensitivity reach on the upper energy
threshold, which is similar to the elastic DM-nucleon

scattering search discussed in Sec. IV. As a result, we will
employ a single cut on the maximum pion energy given by
Eπ0 < 1 GeV. Increasing this limit has a minimal impact
on the number of DM-induced resonant pion production
events, while it could adversely affect the sensitivity by
increasing the number of neutrino-induced backgrounds
from DIS events.
Similar to the discussion in Sec. IV, here we also do not

discuss the possible impact of the angular cuts on
the derived exclusion bounds. We note, however, that
the pion angular distribution, as well as the invariant mass
reconstruction of the photon pair, could play an important
role in further distinguishing such events from neutrino-
induced backgrounds producing single electrons in the
final state due to the scatterings off electrons or nuclei;
see Ref. [38] for a similar discussion for MiniBooNE.
Below, for simplicity, we assume that such backgrounds
can be rejected in the analysis.

B. Neutrino-induced backgrounds

The dominant neutrino-induced backgrounds for the χ1π0

events are due to NCRES scatterings. We also study
subdominant contributions associated with the coherent pion
production processes (COHERENT), in which the neutrino
scatters off the entire nucleus, and the elastic scatterings
NCEL followed by the FSI that generate the outgoing neutral
pion. We model all these backgrounds using GENIE. We
provide the total expected number of background events for
the three detectors in Table III for four choices of the π0
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FIG. 3. Left: the event distribution as a function of the pion energy for χ1π0 signal events and neutrino-induced backgrounds in the
liquid argon detectors. The DM results are shown for two benchmark masses mχ ¼ mA0=3 ¼ 10 MeV (blue) and 100 MeV (yellow) for
the complex scalar DMmodel. They have been obtained with the BDNMC code [36] that takes into account the dominant pion production
via production of the Δ resonance. We also show the relevant results for neutrino-induced backgrounds from NCRES and NCEL events
(brown histogram). This was obtained using the far-forward LHC neutrino energy spectrum and full GENIE [63,64] simulations with
further resonances and final-state interactions of hadrons taken into account. Right: the colorful solid lines correspond to the projected
90% C.L. exclusion bounds in the DM-nuclei scattering χ1π0 signature for FASERν2 (green), FLArE-10 (red), and FLArE-100 (blue).
Current bounds and thermal relic targets are as in Fig. 2.
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upper energy threshold: Eπ0 < 170 MeV, 300 MeV, 1 GeV,
and 2 GeV. As can be seen, increasing the energy threshold
above 1 GeV has a very mild impact on the number of
background events. We require that the events do not contain
any charged pions or other mesons above the visibility
thresholds discussed in Sec. III.
Focusing now on the pion energy cut of Eπ0 ≲ 1 GeV,

we see that we expect roughly 200 background events in
both FASERν2 and FLArE-10, and roughly 2000 such
events in FLArE-100. Interestingly, the number of back-
ground events is now smaller in FASERν2 than for FLArE-
10. This is the opposite effect to the one discussed in
Sec. IV, in which increasing the lower energy threshold
resulted in a larger number of NCRES events mimicking
NCEL ones in the detector. For this reason, we now observe
a relatively lower number of NCRES events that will be
reconstructed in the emulsion detector as χ1π0-like events.
As far as liquid argon detectors are concerned, the number
of background events in this search is larger, although of a
similar order, than for the previously discussed search
based on elastic scattering events.

C. Sensitivity reach

In the right panel of Fig. 3, we present the expected
projected 90% C.L. exclusion bounds based on the χ1π0

search. As can be seen, the expected bounds are weaker than
the ones based on DM elastic scattering shown in Fig. 2.
This is primarily due to the smaller scattering cross section.
Once we limit the DM signal rate to only NC (A0 exchange)
scatterings off protons with single π0 production and no
charged pions in the final state, the relevant cross section is
suppressed relative to elastic scattering by more than an
order of magnitude for small mediator masses, mA0 ≲
100 MeV [36]. The suppression factor becomes smaller,
of order a factor of a few, for heavier dark photons. The
signal rate is further suppressed by signal efficiencies
resulting from FSI and event reconstruction. We estimate
them to be of the order of 25% for FLArE and between 10%
and 15% for FASERν2. In the latter case, this efficiency also
takes into account the aforementioned energy cut of
Eγ ≳ 300 MeV, which is larger than in LArTPC detectors.

In the end, we find that the resonant pion signature is less
promising than both the electron and single proton
signatures.

VI. DEEP INELASTIC SCATTERING

A. Signal

The last signature that we consider is DM-nuclear
scattering at high momentum transfer. Because light DM
will be produced with TeV-scale energies in the direction of
the FPF, the maximum accessible momentum transfer in
nuclear scattering is tens of GeV. Above the QCD scale,
deep inelastic scattering leads to a relatively high-energy
nuclear recoil, which can subsequently produce multiple
charged tracks. In this regime, a partonic treatment is
appropriate, and the outgoing hadrons are easily above
detector thresholds.
We consider the DIS process χN → χX in the models of

Sec. II. The double differential cross section is given by

dσðχN→ χXÞ
dxdy

¼ 2πε2ααD
2mpEχ

ðQ2þm2
A0 Þ2X

q¼u;d;s;c

Q2
qBðyÞ½xfqðx;Q2Þþxfq̄ðx;Q2Þ�;

ð11Þ

where Q2 ¼ 2mpEχxy, x is the parton momentum fraction,
y ¼ 1 − E0

χ=Eχ is the fraction of the incoming DM energy
transferred to the nucleon in the lab frame, fq is the quark
parton distribution function,Qq is the quark electric charge,
and

BðyÞ ¼
(
1þ ð1 − yÞ2 ðMajorana fermion DMÞ
2ð1 − yÞ ðcomplex scalar DMÞ :

ð12Þ

As the scattering takes place through a light mediator, it is
not surprising that low momentum transfer is favored
regardless of the χ spin. Furthermore, the functions BðyÞ
for Majorana fermion and complex scalar DM in Eq. (12)
are identical up to Oðy2Þ. Because the cross section is
dominated by the small y region, then, the DIS signal
strength is approximately the same for these two models.
This motivates the choice previously mentioned in Sec. II to
only show results for the Majorana fermion DM scenario.
To estimate the scattering signal, we convolute these

cross sections with the nCTEQ15 parton distribution
functions [73] for tungsten and argon nuclei, imposing a
minimum cut of Q2 > 1 GeV2. When the parton hadro-
nizes, of course, multiple charged tracks and photons,
which yield electromagnetic showers, are produced. We do
not simulate this hadronization nor the reconstruction of the
hadronic energy and transverse momentum from these

TABLE III. Neutrino-induced background events in the search
for χ1π0-type events (see the text for details) as a function of the
maximum threshold for the outgoing pion energy. The minimum
threshold energy for the outgoing photon is set to 300 and
30 MeV for the emulsion and liquid argon detectors, respectively.

χ1π0 ν-induced backgrounds

Detector Eπ0 < 170 MeV 300 MeV 1 GeV 2 GeV

FASERν2 – – 150 170
FLArE-10 9 90 220 230
FLArE-100 70 740 1750 1850
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objects, though other works have demonstrated the use of
track-level information to search for similar signals [74,75].
Instead, we simply take the outgoing parton energy and
transverse momentum as proxies for the energy and trans-
verse momentum of the recoiling hadronic system,

Ehad ¼ yEχ and

p2
T;had ¼ Q2ð1 − yÞ ¼ 2mpEχxyð1 − yÞ: ð13Þ

We expect both Ehad and pT;had to grow with increasing Q2.
In principle, there are more detailed kinematic variables
involving the visible tracks from the scattered nucleon that
could be accessed by doing a full simulation. However, since
the hadronic part of each event depends only on the outgoing
parton momentum and hadron interaction modeling, we do
not anticipate that further kinematic considerations would
provide significant additional discriminating power between
the signal and neutrino background.
The left panel of Fig. 4 shows the two-dimensional

distribution of the quantities in Eq. (13) for DIS in one of
our benchmark DM scenarios at FLArE-10. The distri-
bution is qualitatively similar at FASERν2. The signal
events are clustered at lower energies and transverse
momenta than the background, consistent with the pref-
erence for low momentum transfer in light DM scattering.
Despite the preference for low momentum transfer, there
is still a significant number of events with energetic
nuclear recoils. We see the most events at Ehad of several
GeV and low pT;had, and expect that such events would
have multiple tracks emerging from a vertex with no
incoming track. A more detailed study of the detection
efficiency, including the effects of hadronization and FSI,
would be interesting. For instance, the efficiency would
depend on the number of tracks and hence the hadron
multiplicity, which tends to grow with the center-of-mass

energyW of the recoiling hadronic system.W is related to
the momentum transfer and partonic momentum fraction
through W2 ¼ m2

p þQ2ð1 − xÞ=x. The EMC experiment
measured the charged hadron multiplicity in muon DIS,
finding that several charged tracks were typical for W >
4 GeV [76]. We have checked that a cut of W > 2 GeV,
which would avoid the resonant scattering region with
fewer tracks, does not change our results significantly. In
addition, as our signal is clustered at values of pT;had=Ehad

corresponding to angles of several degrees, it would be
useful to examine technologies for measuring multiple
hadronic tracks in the forward direction in liquid argon
for FLArE. While there can be difficulties measuring
such tracks using wire planes if the planes are oriented
parallel to the track direction, the patterns of charge
deposition can be used to obtain three-dimensional infor-
mation [77], as has been demonstrated by MicroBooNE
for neutrino event identification [78] and cosmic ray
rejection [79].

B. Neutrino-induced backgrounds

The main background to DM DIS is neutrino scattering.
NC neutrino scattering would produce a nuclear recoil with
significant energy carried away by the outgoing neutrino,
just as in our signal. CC neutrino scattering, by contrast,
would result in a high-energy outgoing lepton. We assume
that the detector would have sufficient efficiency that the
neutrino CC backgrounds could be rendered very small.
There are also backgrounds from muon interactions,

which can be eliminated by requiring that there is no
charged track leading into the vertex [13]. Muon interactions
can also produce neutral hadrons, which travel for distances
on the order of 10 cm before scattering. These neutral hadron
events can mimic the signal. Although neutral hadron
backgrounds are problematic in a pure emulsion detector

FIG. 4. Expected number of DIS events in the ðEhad; pT;hadÞ plane for one benchmark Majorana DM scenario (left) and SM NC
neutrino background (right) at FLArE-10. Most of the signal events are at low Ehad and low pT;had, motivating our choice of cuts. The
dashed (solid) box shows the strong (loose) cuts of 1 GeV < Ehad < 15 (30) GeV and 1 GeV < pT;had < 1.5 (2.0) GeV used in our
analysis.
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[13,75], as mentioned in Sec. III A, we assume that an active
muon veto will remove these events at FASERν2 or FLArE
[23]. By using timing to remove a small area around each
muon interaction, we expect that neutral hadron scattering

could be reduced to negligible levels without significant
impact on the signal.
The differential NC neutrino scattering cross section at

high energy is [80]

dσðνN → νXÞ
dxdy

¼ 2G2
FmpEν

π

m4
Z

ðQ2 þm2
ZÞ2

×
X

q¼u;d;s;c

½g2q;L½xfqðx;Q2Þ þ xfq̄ðx;Q2Þð1 − yÞ2�

þ g2q;R½xfqðx;Q2Þð1 − yÞ2 þ xfq̄ðx;Q2Þ�� ð14Þ

in terms of the partonic momentum fraction x and the fractional neutrino energy loss y ¼ 1 − E0
ν=Eν ¼ Ehad=Eν. The

momentum transfer is Q2 ¼ 2mpEνxy. Here, gq;L; gq;R ¼ T3 −Q sin2 θW are the NC couplings of the quarks. For
antineutrinos, the cross section is

dσðν̄N → ν̄XÞ
dxdy

¼ 2G2
FmpEν

π

m4
Z

ðQ2 þm2
ZÞ2

×
X

q¼u;d;s;c

½g2q;L½xfqðx;Q2Þð1 − yÞ2 þ xfq̄ðx;Q2Þ�

þ g2q;R½xfqðx;Q2Þ þ xfq̄ðx;Q2Þð1 − yÞ2��: ð15Þ

As the momentum transfer Q2 is generally small compared
to m2

Z, the neutrino scattering cross sections are propor-
tional to the CM energy or, equivalently, the energy of the
incoming neutrino.
The typical Q2 is perhaps the most striking difference

between light DM DIS and neutrino NC scattering.
In principle, the momentum transfer 2EχmN in DM
scattering can be as high as tens of GeV. However, for
scattering through a light mediator, smaller momentum
transfers are typically preferred, as the scattering cross
section goes as 1=Q4 in the limit of vanishing mediator
mass. On the other hand, neutrino scattering proceeds
through the Z, which is heavy compared to the typical
momentum transfer. Consequently, the neutrino NC
scattering cross section grows linearly with the partonic
CM energy

ffiffiffî
s

p
.

We proceed to investigate the kinematics further to
discriminate between signal and background, showing
the hadronic energy and transverse momentum for the
neutrino background in the right panel of Fig. 4. Motivated
by these kinematic distributions, we consider two sets of
cuts on Ehad and pT;had:

Strong cuts∶ 1 GeV < Ehad < 15 GeV;

1 GeV < pT;had < 1.5 GeV;

Loose cuts∶ 1 GeV < Ehad < 30 GeV;

1 GeV < pT;had < 2.0 GeV: ð16Þ

The effects of these cuts on the background and signal are
shown in Table IV. We see that the background can be
reduced by over an order of magnitude while keeping 1=4
to 1=2 of the DM DIS signal.

C. Sensitivity reach

Having examined the kinematics of the signal and back-
ground events, we present the expected projected 90% C.L.
exclusion bounds for DM DIS searches at FASERν2 and
FLArE in Fig. 5. Considering statistical uncertainties only,
the former set of cuts in Eq. (16) yields the strongest
projected exclusions. The figure shows the reach of the
different detectors, as well as the effects of the hadronic
energy and transverse momentum cuts in the case of
FLArE-10. In contrast to the lower energy signatures in

TABLE IV. The effects of the energy and momentum cuts in Eq. (16) on the numbers of SM neutrino NC background and DM DIS
signal events. Two different benchmark DM scenarios are shown. The “no cuts” columns include only a Q2 requirement and no cuts on
the hadronic transverse momentum or energy.

DIS ν-induced backgrounds DM: mχ ¼ 60 MeV; ε ¼ 10−3 DM: mχ ¼ 188 MeV; ε ¼ 10−3

Detector No cuts Loose cuts Strong cuts No cuts Loose cuts Strong cuts No cuts Loose cuts Strong cuts

FASERν2 154k 7.4k 2.9k 700 335 210 440 170 100
FLArE-10 82k 5k 2k 380 185 116 250 95 55
FLArE-100 528k 38k 15k 2.3k 1.1k 748 1.5k 615 361
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Secs. IVand V, the typical deposited energy is well above the
thresholds for both emulsion and liquid argon detectors. The
relative performances of FASERν2 and FLArE thus depend
mostly on the detector mass and geometry, as well as on their
background rejection and event identification capabilities.
Here, we focus on the former, while assuming 100% signal
detection efficiency for both types of experiments. Of the
two 10-ton detectors, the more compact FASERν2 provides
better sensitivity to light DM scattering because it has more
mass at large rapidity where the DM flux is higher. In
addition, the numbers of events for FLArE-100 in Table IV
do not scale fully with the detector mass, when compared to
its 10-ton analog. Similar effects were observed for DM-
electron scattering [23].
As discussed above, the DIS limits are very similar for

the Majorana fermion and complex scalar DM models,
and we have used the former to draw the projected
exclusion lines. To guide the interpretation of the limits,
we also show the thermal relic targets in each of these
scenarios, assuming standard thermal cosmology. We see
that DIS searches can probe dark photon scenarios
yielding the correct thermal relic density for DM masses
above approximately 200 MeV. The expected sensitivity
reach can then also partially cover the resonance region,
in which the intermediate dark gauge boson in DM
annihilations mixes with the SM vector mesons ρ
and ω, i.e., 2mχ ≈mρ;ω, especially for complex scalar

DM. By contrast, the reach of DM DIS is relatively
limited at low masses. This is because the growth of the
DIS cross section at small mediator masses is limited by
our minimum momentum transfer cut of 1 GeV.
Nevertheless, DM DIS searches at FPF detectors offer
the potential to probe dark photon scenarios that are
viable from the standpoint of thermal cosmology and that
are otherwise unconstrained.
Finally, we note from Table IV that, with the full HL-

LHC dataset, there will be thousands of background
events even with kinematic cuts. It will thus be important
to reduce uncertainties from systematics such as the
neutrino flux and signal/background modeling, which
we have not considered here, in a full experimental
analysis. We assume that they can be suppressed so that
the analysis will be dominated by statistical uncertainties.
For instance, as has been suggested previously [23],
measuring the neutrino flux at other detectors or in other
kinematic regions could help constrain the background
normalization. If statistical uncertainties dominate, then
since the number of signal events scales with y2, the limit
on y associated with a fixed significance S=

ffiffiffiffi
B

p
improves

as L−1=4. The impact of this mild dependence is that new
parameter space can be probed with a relatively small
amount of data. We will consider the effect of luminosity
on the reach more completely in the next section, where
we combine the results of this section and the previous

FIG. 5. The projected 90% C.L. exclusion bounds for the DIS signature in the Majorana fermion DM model at various detectors. For
FLArE-10 we show the limits with and without the kinematic cuts, whereas for FASERν2 and FLArE-100 we show only the best limits
corresponding to the strong cuts. The thermal relic targets for Majorana fermion DM (black solid) and complex scalar DM (black
dashed), and current bounds (gray shaded region) are also shown.
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two to obtain the overall FPF reach in searches for light
DM-nuclear scattering.

VII. COMBINED SENSITIVITY REACH

In this section, we combine all of our previous results on
DM-nucleus scattering processes, including elastic scatter-
ing (Sec. IV), resonant pion production (Sec. V), and DIS
(Sec. VI), as well as the results previously obtained [23] for
the DM search based on scatterings off the electrons.
These are shown for FLArE-10 in Fig. 6. In general,

since the scattering cross sections grow for small mediator
mass and we have taken a fixed mass ratio mA0=mχ , the
limits are strongest at low mχ. The flattened sensitivity at
the left of the plot arises from the minimum momentum
transfer for each process considered. For elastic scattering
and resonant production, these come from experimental
considerations on the visibility of the outgoing proton or
pion. We see that the low thresholds of liquid argon
detectors allow for the ability to probe new parameter
space at mχ ≲ 200 MeV. For DIS, the Q2 cutoff to ensure
the validity of our partonic treatment limits the sensitivity at
small masses, but the inherently harder nature of DIS can
lead to stronger bounds at higher DM mass.

Figure 6 also shows that elastic scattering and DIS are
the most sensitive nuclear scattering probes at low and high
masses, respectively. Resonant pion production is never the
strongest signature in this model. The sensitivity reach from
DM-electron scattering, derived previously in Ref. [23], is
also shown, and can be seen to be competitive with the best
nuclear signatures at moderate and high masses, and even
stronger at low masses.
In Fig. 6, we also show the thermal relic targets for

Majorana fermion and complex scalar DM, as well as current
and projected results from other experiments. Existing
bounds from null results are shown as the gray shaded
region. These include results from BABAR [82], MiniBooNE
[38], and NA64 [83], as well as recasts of searches at BEBC
[84], CHARM-II [85], E137 [86,87], LSND [29], and
NOνA [88], as derived by the authors of Refs. [81,89].
Projected sensitivities of future experiments are shown in the
dashed and dotted colored contours. We also note that future
short baseline neutrino experiments such as ICARUS could
also be sensitive to DM scattering [81]. The brown contours
are projected sensitivities from searches for DM that is
produced at a collider or beam dump and then subsequently
scatters in a downstream detector, a signature similar to what
we have considered in this work. These include BDX [90],

FIG. 6. The projected 90% C.L. exclusion bounds for Majorana fermion DM from DM-nucleus elastic scattering, resonant pion
production, and DIS (this work), along with DM-electron scattering from Ref. [23] at FLArE-10. In the gray shaded region, we also
show the strongest existing constraints from BABAR, NA64, NOνA, E137, and BEBC, as implemented in Refs. [38,81]. Projected
reaches from other experiments are shown in brown for beam dump/collider experiments and in red for missing momentum-type
searches. The green contour shows the projected bound on Majorana fermion DM from SuperCDMS; see text for more details.
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FIG. 7. The projected 90% C.L. exclusion bounds combining all channels for the FASERν2, FLArE-10, and FLArE-100 detectors at
the HL-LHC with 3 ab−1 of integrated luminosity. At lower DM mass the DM-electron signature is the best, whereas, at higher masses,
DIS provides the most stringent limits. Existing constraints and projected reaches from other experiments are as in Fig. 6.

FIG. 8. The projected 90% C.L. exclusion bounds for the FLArE-10 detector combining all channels for the three integrated
luminosities indicated. New parameter space will start to be probed even for an integrated luminosity of order 30 fb−1. Existing
constraints and projected reaches from other experiments are as in Fig. 6.
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SND@LHC [53], and SND@SHiP [91]. The red contours
are projected sensitivities of future missing momentum-type
searches, including NA64 [92], LDMX [47,93], and Belle-II
[94]. Last, the green contour shows the projected sensitivity
of SuperCDMS to the Majorana fermion DM model
[42,47,93]. The region probed by SuperCDMS is at higher
masses than are probed by FLArE-10. For the complex
scalar DM model, direct detection limits can be more
constraining, but they can also be evaded by the introduction
of a small mass splitting between the DM states so that the
scattering is inelastic.
Figure 7 then shows the best limits from each of the

detectors in Sec. III. As for FLArE-10 in Fig. 6, the best
limits arise from electron scattering and nuclear DIS in the
low and high mass ranges, respectively. Both FASERν2
and FLArE-10 will probe the relic target for the complex
scalar DMmodel for DMmasses between several MeVand
a few hundred MeV. FLArE-100 could provide a similar
reach for the Majorana fermion DM model. Altogether, the
detectors we have studied are able to probe a wide swath of
the cosmologically favored parameter space for both the
Majorana fermion and complex scalar DM models.
Finally, to estimate the timescales on which forward

LHC searches could start to achieve new sensitivity to
light DM, we show the 90% projected exclusion bounds at
FLArE-10 for a selection of integrated luminosities in
Fig. 8. Again, the best limits from all processes (elastic
proton scattering, resonant pion production, DIS, and
electron scattering) have been used. With around 30 fb−1

of data, these searches can begin to test thermal DM
scenarios that are thus far unconstrained. In addition, the
5σ discovery reach as a function of mχ is a factor of
approximately 1.6 in y above the projected exclusion
bounds. As a result, DM can be discovered at the 5σ level
with 3000 fb−1 for DM masses of 3–10 and 50–300 MeV.

VIII. CONCLUSIONS

The search for terrestrial DM production is a major
component of the physics programs of particle accelerator
and collider facilities. This avenue is especially useful in
the case of sub-GeV DM, where traditional direct detection
experiments lose sensitivity. Such light DM at the LHC
would be dominantly produced at high rapidities beyond
the reach of the general-purpose detectors, motivating
dedicated experiments in the far-forward direction. In this
work, we have studied potential DM scattering signals in
forward detectors at the HL-LHC, as would be possible at
the FPF. Our focus has been on interactions between DM
and nuclei, complementing previous work on DM-electron
scattering.
We have considered detectors based on both emulsion and

liquid argon technology. With the use of timing information,
it would be possible to reject muon-induced backgrounds,
including those from neutral hadron interactions. We thus
expect that the dominant backgrounds will be from neutrino

scattering. Indeed, the scattering processes that we have
considered are analogous to SM processes with neutrinos:
elastic scattering, resonant pion production, and DIS. For
each of these processes, we have estimated the DM signal
and neutrino background, investigating the differences due
to kinematics and incorporating the effects of nuclear FSI as
appropriate. We find that for DM scattering through a light
mediator, it is possible to mitigate neutrino backgrounds
with kinematic cuts favoring events with low momentum
transfer. This strategy is effective because the heavier weak
gauge bosons cause neutrino backgrounds to prefer high Q2

scattering. Similar considerations apply to other signatures,
and it would be interesting to study whether additional
sensitivity could be obtained with other processes. These
include coherent scattering, coherent pion production, and
multiple meson production.
Looking at benchmark models with light DM interacting

through the minimal dark photon portal, we find new
sensitivity in the MeV to GeV mass range. With either
complex scalar or Majorana fermion DM, the searches here
would test regions of parameter space in which the observed
relic density is obtained through thermal freeze-out. As the
characteristic energies of the processes that we have studied
are different, they have complementary sensitivities. When
these searches are combined with those for DM-electron
scattering, FASERν2 and FLArE-10 could cover the relic
target for complex scalar DM for DM masses between
several MeV and several hundred MeV. FLArE-100 would
provide sensitivity to the relic target in a similar mass range
for Majorana DM, which is not probed by current experi-
ments. All of these experiments cover much of the parameter
space in which the thermal relic density does not overclose
the Universe, and they have the potential to provide direct
evidence for DM interactions, in contrast to missing
momentum-based searches at accelerator and beam dump
facilities. Notably, currently unconstrained regions of param-
eter space can start to be probed with even the first
Oð30Þ fb−1 of integrated luminosity at the HL-LHC.
The forward region of the LHC offers exciting possibil-

ities to study physics within and beyond the StandardModel.
The FPF would extend the reach of the LHC, providing
qualitatively new discovery potential in well-motivated
theories of light dark sectors. In addition to electron
scattering, a suite of nuclear scattering searches at the
FPF detectors can be performed to improve our under-
standing of the nature of DM. In searching for DM and
beyond, further exploration of the unique environment
provided by the far-forward region at the LHC is warranted
to fully leverage collider probes of new physics.

ACKNOWLEDGMENTS

We thank Asher Berlin, Milind Diwan, and Anil Thapa for
useful discussions. We are also grateful to the authors and
maintainers of many open-source software packages, includ-
ing BdNMC [36], CRMC [62], EPOS-LHC [66], FeynCalc [95],

BRIAN BATELL et al. PHYS. REV. D 104, 035036 (2021)

035036-16



FORESEE [96], LHAPDF [97], GENIE [63,64], and SIBYLL

[59–61]. The work of B. B. is supported by the U.S.
Department of Energy under Grant No. DESC0007914.
The work of J. L. F. is supported in part by U.S. National
Science Foundation Grant No. PHY-1915005 and by Simons
Investigator Grant No. 376204. A. I. and R.M. A. are
supported in part by the U.S. Department of Energy under
Grant No. DE-SC0016013. R.M. A. is supported in part by
the Dr. Swamy Memorial Scholarship. F. K. is supported by
the U.S. Department of Energy under Grant No. DE-AC02-
76SF00515. S. T. is supported by the grant “AstroCeNT:

Particle Astrophysics Science and Technology Centre”
carried out within the International Research Agendas
programme of the Foundation for Polish Science financed
by the European Union under the European Regional
Development Fund. S. T. is supported in part by the
Polish Ministry of Science and Higher Education through
its scholarship for young and outstanding scientists
(Decision No. 1190/E-78/STYP/14/2019). S. T. is also
supported in part from the European Unions Horizon
2020 research and innovation programme under Grant
Agreement No. 962480 (DarkWave project).

[1] B. Holdom, Two U(1)’s and epsilon charge shifts, Phys.
Lett. B 166, 196 (1986).

[2] C. Boehm and P. Fayet, Scalar dark matter candidates, Nucl.
Phys. B683, 219 (2004).

[3] M. Pospelov, A. Ritz, and M. B. Voloshin, Secluded WIMP
dark matter, Phys. Lett. B 662, 53 (2008).

[4] J. L. Feng and J. Kumar, The WIMPless Miracle: Dark-
Matter Particles without Weak-Scale Masses or Weak
Interactions, Phys. Rev. Lett. 101, 231301 (2008).

[5] E. Izaguirre, G. Krnjaic, P. Schuster, and N. Toro, Analyzing
the Discovery Potential for Light Dark Matter, Phys. Rev.
Lett. 115, 251301 (2015).

[6] G. Krnjaic, Probing light thermal dark-matter with a Higgs
portal mediator, Phys. Rev. D 94, 073009 (2016).

[7] B. Batell, T. Han, D. McKeen, and B. Shams Es Haghi,
Thermal Dark Matter through the dirac neutrino portal,
Phys. Rev. D 97, 075016 (2018).

[8] J. L. Feng, I. Galon, F. Kling, and S. Trojanowski, Forward
search experiment at the LHC, Phys. Rev. D 97, 035001
(2018).

[9] A. Ariga et al. (FASER Collaboration), Letter of intent for
FASER: Forward search experiment at the LHC,
arXiv:1811.10243.

[10] A. Ariga et al. (FASER Collaboration), Technical proposal
for FASER: Forward search experiment at the LHC,
arXiv:1812.09139.

[11] A. Ariga et al. (FASER Collaboration), FASER’s physics
reach for long-lived particles, Phys. Rev. D 99, 095011
(2019).

[12] H. Abreu et al. (FASER Collaboration), Technical Proposal:
FASERnu, arXiv:2001.03073.

[13] H. Abreu et al. (FASER Collaboration), Detecting and
studying high-energy collider neutrinos with FASER at
the LHC, Eur. Phys. J. C 80, 61 (2020).

[14] H. Abreu et al. (FASER Collaboration), First neutrino
interaction candidates at the LHC, arXiv:2105.06197.

[15] C. Ahdida et al. (SND@LHC Collaboration), SND@
LHC—Scattering and Neutrino Detector at the LHC,
Technical Reports No. CERN-LHCC-2021-003,
No. LHCC-P-016, CERN, Geneva, 2021, https://cds.cern
.ch/record/2750060ē.

[16] J. L. Feng, F. Kling et al., Forward physics facility:
Snowmass letter of interest, https://doi.org/10.5281/zen-
odo.4059893 (2020).

[17] Forward Physics Facility Kickoff Meeting, https://indico
.cern.ch/event/955956 (2020).

[18] Second Forward Physics Facility Meeting, https://indico
.cern.ch/event/1022352 (2021).

[19] FASER Collaboration, FASER 2: Forward search experi-
ment at the HL LHC, https://www.snowmass21.org/docs/
files/summaries/EF/SNOWMASS21-EF9_EF6-NF3_NF6-
RF6_RF0-CF7_CF0-AF5_AF0_FASER2-038.pdf.

[20] S. Foroughi-Abari, F. Kling, and Y.-D. Tsai, FORMOSA:
Looking forward to millicharged dark sectors, arXiv:
2010.07941.

[21] FASER Collaboration, FASERν2: A forward neutrino
experiment at the HL LHC, https://www.snowmass21.org/
docs/files/summaries/NF/SNOWMASS21-NF10_NF6-EF6_
EF9-IF0_FASERnu2-006.pdf.

[22] H. Abreu et al., Neutrino / dark particle detectors for the
HL-LHC forward beam, https://www.snowmass21.org/
docs/files/summaries/NF/SNOWMASS21-NF10_NF0-EF0_
EF0_Ariga-072.pdf.

[23] B. Batell, J. L. Feng, and S. Trojanowski, Detecting dark
matter with far-forward emulsion and liquid argon detectors
at the LHC, Phys. Rev. D 103, 075023 (2021).

[24] A. Berlin and F. Kling, Inelastic Dark Matter at the LHC
lifetime frontier: ATLAS, CMS, LHCb, CODEX-b, FASER,
and MATHUSLA, Phys. Rev. D 99, 015021 (2019).

[25] K. Jodłowski, F. Kling, L. Roszkowski, and S. Trojanowski,
Extending the reach of FASER, MATHUSLA, and SHiP
towards smaller lifetimes using secondary particle produc-
tion, Phys. Rev. D 101, 095020 (2020).

[26] K. Jodłowski and S. Trojanowski, Neutrino beam-dump
experiment with FASER at the LHC, J. High Energy Phys.
05 (2021) 191.

[27] A. Boyarsky, O. Mikulenko, M. Ovchynnikov, and L.
Shchutska, Searches for new physics at SND@LHC,
arXiv:2104.09688.

[28] B. Batell, M. Pospelov, and A. Ritz, Exploring portals to a
hidden sector through fixed targets, Phys. Rev. D 80,
095024 (2009).

DISCOVERING DARK MATTER AT THE LHC THROUGH ITS … PHYS. REV. D 104, 035036 (2021)

035036-17

https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1016/j.nuclphysb.2004.01.015
https://doi.org/10.1016/j.nuclphysb.2004.01.015
https://doi.org/10.1016/j.physletb.2008.02.052
https://doi.org/10.1103/PhysRevLett.101.231301
https://doi.org/10.1103/PhysRevLett.115.251301
https://doi.org/10.1103/PhysRevLett.115.251301
https://doi.org/10.1103/PhysRevD.94.073009
https://doi.org/10.1103/PhysRevD.97.075016
https://doi.org/10.1103/PhysRevD.97.035001
https://doi.org/10.1103/PhysRevD.97.035001
https://arXiv.org/abs/1811.10243
https://arXiv.org/abs/1812.09139
https://doi.org/10.1103/PhysRevD.99.095011
https://doi.org/10.1103/PhysRevD.99.095011
https://arXiv.org/abs/2001.03073
https://doi.org/10.1140/epjc/s10052-020-7631-5
https://arXiv.org/abs/2105.06197
https://cds.cern.ch/record/2750060
https://cds.cern.ch/record/2750060
https://cds.cern.ch/record/2750060
https://doi.org/10.5281/zenodo.4059893
https://doi.org/10.5281/zenodo.4059893
https://indico.cern.ch/event/955956
https://indico.cern.ch/event/955956
https://indico.cern.ch/event/955956
https://indico.cern.ch/event/1022352
https://indico.cern.ch/event/1022352
https://indico.cern.ch/event/1022352
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF6-NF3_NF6-RF6_RF0-CF7_CF0-AF5_AF0_FASER2-038.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF6-NF3_NF6-RF6_RF0-CF7_CF0-AF5_AF0_FASER2-038.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF6-NF3_NF6-RF6_RF0-CF7_CF0-AF5_AF0_FASER2-038.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF6-NF3_NF6-RF6_RF0-CF7_CF0-AF5_AF0_FASER2-038.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF6-NF3_NF6-RF6_RF0-CF7_CF0-AF5_AF0_FASER2-038.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF6-NF3_NF6-RF6_RF0-CF7_CF0-AF5_AF0_FASER2-038.pdf
https://arXiv.org/abs/2010.07941
https://arXiv.org/abs/2010.07941
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF6-EF6_EF9-IF0_FASERnu2-006.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF6-EF6_EF9-IF0_FASERnu2-006.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF6-EF6_EF9-IF0_FASERnu2-006.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF6-EF6_EF9-IF0_FASERnu2-006.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF6-EF6_EF9-IF0_FASERnu2-006.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF6-EF6_EF9-IF0_FASERnu2-006.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF0-EF0_EF0_Ariga-072.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF0-EF0_EF0_Ariga-072.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF0-EF0_EF0_Ariga-072.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF0-EF0_EF0_Ariga-072.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF0-EF0_EF0_Ariga-072.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF0-EF0_EF0_Ariga-072.pdf
https://doi.org/10.1103/PhysRevD.103.075023
https://doi.org/10.1103/PhysRevD.99.015021
https://doi.org/10.1103/PhysRevD.101.095020
https://doi.org/10.1007/JHEP05(2021)191
https://doi.org/10.1007/JHEP05(2021)191
https://arXiv.org/abs/2104.09688
https://doi.org/10.1103/PhysRevD.80.095024
https://doi.org/10.1103/PhysRevD.80.095024


[29] P. deNiverville, M. Pospelov, and A. Ritz, Observing a light
dark matter beam with neutrino experiments, Phys. Rev. D
84, 075020 (2011).

[30] P. deNiverville, D. McKeen, and A. Ritz, Signatures of sub-
GeV dark matter beams at neutrino experiments, Phys. Rev.
D 86, 035022 (2012).

[31] B. Batell, P. deNiverville, D. McKeen, M. Pospelov, and A.
Ritz, Leptophobic Dark Matter at neutrino factories, Phys.
Rev. D 90, 115014 (2014).

[32] B. A. Dobrescu and C. Frugiuele, GeV-scale dark matter:
Production at the main injector, J. High Energy Phys. 02
(2015) 019.

[33] Y. Kahn, G. Krnjaic, J. Thaler, and M. Toups, DAEδALUS
and dark matter detection, Phys. Rev. D 91, 055006 (2015).

[34] P. Coloma, B. A. Dobrescu, C. Frugiuele, and R. Harnik,
Dark matter beams at LBNF, J. High Energy Phys. 04
(2016) 047.

[35] P. deNiverville, M. Pospelov, and A. Ritz, Light new physics
in coherent neutrino-nucleus scattering experiments, Phys.
Rev. D 92, 095005 (2015).

[36] P. deNiverville, C.-Y. Chen, M. Pospelov, and A. Ritz, Light
dark matter in neutrino beams: production modelling and
scattering signatures at MiniBooNE, T2K and SHiP, Phys.
Rev. D 95, 035006 (2017).

[37] A. Aguilar-Arevalo et al. (MiniBooNE-DM Collaboration),
Dark Matter Search in a Proton Beam Dump with Mini-
BooNE, Phys. Rev. Lett. 118, 221803 (2017).

[38] A. A. Aguilar-Arevalo et al. (MiniBooNE DM Collabora-
tion), Dark matter search in nucleon, pion, and electron
channels from a proton beam dump with MiniBooNE, Phys.
Rev. D 98, 112004 (2018).

[39] V. De Romeri, K. J. Kelly, and P. A. Machado, DUNE-
PRISM sensitivity to light dark matter, Phys. Rev. D 100,
095010 (2019).

[40] B. Dutta, D. Kim, S. Liao, J.-C. Park, S. Shin, and L. E.
Strigari, Dark Matter Signals from Timing Spectra at
Neutrino Experiments, Phys. Rev. Lett. 124, 121802 (2020).

[41] B. Dutta, D. Kim, S. Liao, J.-C. Park, S. Shin, L. E. Strigari,
and A. Thompson, Searching for dark matter signals in
timing spectra at neutrino experiments, arXiv:2006.09386.

[42] M. Battaglieri et al., US cosmic visions: New ideas in dark
matter 2017: Community report, arXiv:1707.04591.

[43] J. Beacham et al., Physics beyond colliders at CERN:
Beyond the standard model working group report, J. Phys.
G 47, 010501 (2020).

[44] P. A. R. Ade et al. (Planck Collaboration), Planck 2015
results. XIII. Cosmological parameters, Astron. Astrophys.
594, A13 (2016).

[45] T. R. Slatyer, N. Padmanabhan, and D. P. Finkbeiner, CMB
constraints on WIMP annihilation: Energy absorption during
the recombination epoch, Phys. Rev. D 80, 043526 (2009).

[46] D. Tucker-Smith and N. Weiner, Inelastic dark matter, Phys.
Rev. D 64, 043502 (2001).

[47] A. Berlin, N. Blinov, G. Krnjaic, P. Schuster, and N. Toro,
Dark matter, millicharges, axion and scalar particles, gauge
bosons, and other new physics with LDMX, Phys. Rev. D
99, 075001 (2019).

[48] J. L. Feng and J. Smolinsky, Impact of a resonance on
thermal targets for invisible dark photon searches, Phys.
Rev. D 96, 095022 (2017).

[49] A. Berlin, P. deNiverville, A. Ritz, P. Schuster, and N. Toro,
Sub-GeV dark matter production at fixed-target experi-
ments, Phys. Rev. D 102, 095011 (2020).

[50] E. Bernreuther, S. Heeba, and F. Kahlhoefer, Resonant sub-
GeV Dirac dark matter, J. Cosmol. Astropart. Phys. 03
(2021) 040.

[51] F. Kling, Forward neutrino fluxes at the LHC, arXiv:
2105.08270.

[52] R. Acquafredda et al., The OPERA experiment in the CERN
to Gran Sasso neutrino beam, J. Instrum. 4, P04018 (2009).

[53] C. Ahdida et al. (SHiP Collaboration), SND@LHC,
arXiv:2002.08722.

[54] R. Acciarri et al. (DUNE Collaboration), Long-base-
line neutrino facility (LBNF) and deep underground
neutrino experiment (DUNE): Conceptual design report,
Volume 2: The physics program for DUNE at LBNF,
arXiv:1512.06148.

[55] R. Acciarri et al. (ArgoNeuT Collaboration), Detection of
back-to-back proton pairs in charged-current neutrino inter-
actions with the argoneut detector in the NuMI low energy
beam line, Phys. Rev. D 90, 012008 (2014).

[56] R. Acciarri et al. (ArgoNeuT Collaboration), Demonstration
of MeV-scale physics in liquid argon time projection
chambers using argoneut, Phys. Rev. D 99, 012002 (2019).

[57] R. Acciarri et al. (MicroBooNE Collaboration), Design and
construction of the MicroBooNE detector, J. Instrum. 12,
P02017 (2017).

[58] B. Ali-Mohammadzadeh et al. (ICARUS Collaboration),
Design and implementation of the new scintillation light
detection system of ICARUS T600, J. Instrum. 15, T10007
(2020).

[59] E.-J. Ahn, R. Engel, T. K. Gaisser, P. Lipari, and T. Stanev,
Cosmic ray interaction event generator SIBYLL 2.1, Phys.
Rev. D 80, 094003 (2009).

[60] F. Riehn, R. Engel, A. Fedynitch, T. K. Gaisser, and T.
Stanev, A new version of the event generator SIBYLL, Proc.
Sci., ICRC2015 (2016) 558 [arXiv:1510.00568].

[61] F. Riehn, H. P. Dembinski, R. Engel, A. Fedynitch, T. K.
Gaisser, and T. Stanev, The hadronic interaction model
SIBYLL 2.3c and Feynman scaling, Proc. Sci., ICRC2017
(2018) 301 [arXiv:1709.07227].

[62] C. Baus, T. Pierog, and R. Ulrich, Cosmic ray Monte Carlo
(CRMC),.https://web.ikp.kit.edu/rulrich/crmc.html.

[63] C. Andreopoulos et al., The GENIE neutrino Monte Carlo
generator, Nucl. Instrum. Methods Phys. Res., Sect. A 614,
87 (2010).

[64] C. Andreopoulos, C. Barry, S. Dytman, H. Gallagher, T.
Golan, R. Hatcher, G. Perdue, and J. Yarba, The GENIE
neutrino Monte Carlo generator: Physics and user manual,
arXiv:1510.05494.

[65] W. Bai, M. Diwan, M. V. Garzelli, Y. S. Jeong, and M. H.
Reno, Far-forward neutrinos at the Large Hadron Collider, J.
High Energy Phys. 06 (2020) 032.

[66] T. Pierog, I. Karpenko, J. M. Katzy, E. Yatsenko, and K.
Werner, EPOS LHC: Test of collective hadronization with
data measured at the CERN Large Hadron Collider, Phys.
Rev. C 92, 034906 (2015).

[67] J. Blümlein and J. Brunner, New exclusion limits on dark
gauge forces from proton bremsstrahlung in beam-dump
data, Phys. Lett. B 731, 320 (2014).

BRIAN BATELL et al. PHYS. REV. D 104, 035036 (2021)

035036-18

https://doi.org/10.1103/PhysRevD.84.075020
https://doi.org/10.1103/PhysRevD.84.075020
https://doi.org/10.1103/PhysRevD.86.035022
https://doi.org/10.1103/PhysRevD.86.035022
https://doi.org/10.1103/PhysRevD.90.115014
https://doi.org/10.1103/PhysRevD.90.115014
https://doi.org/10.1007/JHEP02(2015)019
https://doi.org/10.1007/JHEP02(2015)019
https://doi.org/10.1103/PhysRevD.91.055006
https://doi.org/10.1007/JHEP04(2016)047
https://doi.org/10.1007/JHEP04(2016)047
https://doi.org/10.1103/PhysRevD.92.095005
https://doi.org/10.1103/PhysRevD.92.095005
https://doi.org/10.1103/PhysRevD.95.035006
https://doi.org/10.1103/PhysRevD.95.035006
https://doi.org/10.1103/PhysRevLett.118.221803
https://doi.org/10.1103/PhysRevD.98.112004
https://doi.org/10.1103/PhysRevD.98.112004
https://doi.org/10.1103/PhysRevD.100.095010
https://doi.org/10.1103/PhysRevD.100.095010
https://doi.org/10.1103/PhysRevLett.124.121802
https://arXiv.org/abs/2006.09386
https://arXiv.org/abs/1707.04591
https://doi.org/10.1088/1361-6471/ab4cd2
https://doi.org/10.1088/1361-6471/ab4cd2
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1103/PhysRevD.80.043526
https://doi.org/10.1103/PhysRevD.64.043502
https://doi.org/10.1103/PhysRevD.64.043502
https://doi.org/10.1103/PhysRevD.99.075001
https://doi.org/10.1103/PhysRevD.99.075001
https://doi.org/10.1103/PhysRevD.96.095022
https://doi.org/10.1103/PhysRevD.96.095022
https://doi.org/10.1103/PhysRevD.102.095011
https://doi.org/10.1088/1475-7516/2021/03/040
https://doi.org/10.1088/1475-7516/2021/03/040
https://arXiv.org/abs/2105.08270
https://arXiv.org/abs/2105.08270
https://doi.org/10.1088/1748-0221/4/04/P04018
https://arXiv.org/abs/2002.08722
https://arXiv.org/abs/1512.06148
https://doi.org/10.1103/PhysRevD.90.012008
https://doi.org/10.1103/PhysRevD.99.012002
https://doi.org/10.1088/1748-0221/12/02/P02017
https://doi.org/10.1088/1748-0221/12/02/P02017
https://doi.org/10.1088/1748-0221/15/10/T10007
https://doi.org/10.1088/1748-0221/15/10/T10007
https://doi.org/10.1103/PhysRevD.80.094003
https://doi.org/10.1103/PhysRevD.80.094003
https://arXiv.org/abs/1510.00568
https://arXiv.org/abs/1709.07227
https://web.ikp.kit.edu/rulrich/crmc.html
https://web.ikp.kit.edu/rulrich/crmc.html
https://web.ikp.kit.edu/rulrich/crmc.html
https://web.ikp.kit.edu/rulrich/crmc.html
https://web.ikp.kit.edu/rulrich/crmc.html
https://doi.org/10.1016/j.nima.2009.12.009
https://doi.org/10.1016/j.nima.2009.12.009
https://arXiv.org/abs/1510.05494
https://doi.org/10.1007/JHEP06(2020)032
https://doi.org/10.1007/JHEP06(2020)032
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1016/j.physletb.2014.02.029


[68] J. Formaggio and G. Zeller, From eV to EeV: Neutrino cross
sections across energy scales, Rev. Mod. Phys. 84, 1307
(2012).

[69] T. Leitner, Neutrino interactions with nucleons and nuclei,
Ph.D. thesis, Giessen University, 2005, https://gibuu
.hepforge.org/trac/chrome/site/files/dipl/leitner.pdf.

[70] S. Nakayama et al. (K2K Collaboration), Measurement of
single pi0 production in neutral current neutrino interactions
with water by a 1.3-GeV wide band muon neutrino beam,
Phys. Lett. B 619, 255 (2005).

[71] MicroBooNE Collaboration, Study towards an event selec-
tion for neutral current inclusive single pi0 production in
microboone, https://www.osti.gov/biblio/1573043.

[72] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Measurement of νμ and ν̄μ induced neutral current single π0

production cross sections on mineral oil at Eν ∼Oð1 GeVÞ,
Phys. Rev. D 81, 013005 (2010).

[73] K. Kovarik et al., nCTEQ15—Global analysis of nuclear
parton distributions with uncertainties in the CTEQ frame-
work, Phys. Rev. D 93, 085037 (2016).

[74] P. Machado, H. Schulz, and J. Turner, Tau neutrinos at
DUNE: New strategies, new opportunities, Phys. Rev. D
102, 053010 (2020).

[75] A. Ismail, R. Mammen Abraham, and F. Kling, Neutral
current neutrino interactions at FASERν, Phys. Rev. D 103,
056014 (2021).

[76] M. Arneodo et al. (European Muon Collaboration), Mul-
tiplicities of charged hadrons in 280-GeV=c muon—proton
scattering, Nucl. Phys. B258, 249 (1985).

[77] X. Qian, C. Zhang, B. Viren, and M. Diwan, Three-
dimensional imaging for large LArTPCs, J. Instrum. 13,
P05032 (2018).

[78] P. Abratenko et al. (MicroBooNE Collaboration), Neutrino
event selection in the MicroBooNE liquid argon time
projection chamber using wire-cell 3-D imaging, clustering,
and charge-light matching, J. Instrum. 16, P06043 (2021).

[79] P. Abratenko et al. (MicroBooNE Collaboration), Cosmic
Ray Background Rejection with Wire-Cell LArTPC Event
Reconstruction in the MicroBooNE Detector, Phys. Rev.
Applied 15, 064071 (2021).

[80] K. S. McFarland, Neutrino interactions, arXiv:0804.3899.
[81] L. Buonocore, C. Frugiuele, and P. deNiverville, Hunt for

sub-GeV dark matter at neutrino facilities: A survey of past
and present experiments, Phys. Rev. D 102, 035006 (2020).

[82] J. P. Lees et al. (BABAR Collaboration), Search for Invisible
Decays of a Dark Photon Produced in eþe− Collisions at
BABAR, Phys. Rev. Lett. 119, 131804 (2017).

[83] D. Banerjee et al., Dark Matter Search in Missing Energy
Events with NA64, Phys. Rev. Lett. 123, 121801 (2019).

[84] H. Grassler et al. (BEBC WA66 Collaboration), Prompt
neutrino production in 400-fGeVg proton copper inter-
actions, Nucl. Phys. B273, 253 (1986).

[85] K. De Winter et al. (CHARM-II Collaboration), A detector
for the study of neutrino—electron scattering, Nucl. Ins-
trum. Methods Phys. Res., Sect. A 278, 670 (1989).

[86] J. D. Bjorken, S. Ecklund, W. R. Nelson, A. Abashian,
C. Church, B. Lu, L. W. Mo, T. A. Nunamaker, and
P. Rassmann, Search for neutral metastable penetrating
particles produced in the SLAC beam dump, Phys. Rev.
D 38, 3375 (1988).

[87] B. Batell, R. Essig, and Z. Surujon, Strong Constraints on
Sub-GeV Dark Sectors from SLAC Beam Dump E137,
Phys. Rev. Lett. 113, 171802 (2014).

[88] B. Wang, J. Bian, T. E. Coan, S. Kotelnikov, H. Duyang, and
A. Hatzikoutelis (NOvA Collaboration), Muon neutrino on
electron elastic scattering in the NOvA near detector and its
applications beyond the standard model, J. Phys. Conf. Ser.
888, 012123 (2017).

[89] L. Marsicano, M. Battaglieri, M. Bondí, C. D. R. Carvajal,
A. Celentano, M. De Napoli, R. De Vita, E. Nardi, M.
Raggi, and P. Valente, Novel Way to Search for Light Dark
Matter in Lepton Beam-Dump Experiments, Phys. Rev.
Lett. 121, 041802 (2018).

[90] M. Battaglieri et al. (BDX Collaboration), Dark matter
search in a beam-dump experiment (BDX) at Jefferson Lab,
arXiv:1607.01390.

[91] C. Ahdida et al. (SHiP Collaboration), Sensitivity of the
SHiP experiment to light dark matter, J. High Energy Phys.
04 (2021) 199.

[92] S. N. Gninenko, D. V. Kirpichnikov, M. M. Kirsanov, and
N. V. Krasnikov, Combined search for light dark matter with
electron and muon beams at NA64, Phys. Lett. B 796, 117
(2019).

[93] T. Åkesson et al. (LDMX Collaboration), Light dark matter
experiment (LDMX), arXiv:1808.05219.

[94] W. Altmannshofer et al. (Belle-II Collaboration), The Belle
II physics book, Prog. Theor. Exp. Phys. 2019, 123C01
(2019).

[95] V. Shtabovenko, R. Mertig, and F. Orellana, FeynCalc 9.3:
New features and improvements, Comput. Phys. Commun.
256, 107478 (2020).

[96] F. Kling and S. Trojanowski, FORESEE: Forward experi-
ment sensitivity estimator for the LHC and future hadron
colliders, arXiv:2105.07077.

[97] A. Buckley, J. Ferrando, S. Lloyd, K. Nordström, B. Page,
M. Rüfenacht, M. Schönherr, and G. Watt, LHAPDF6:
Parton density access in the LHC precision era, Eur. Phys. J.
C 75, 132 (2015).

DISCOVERING DARK MATTER AT THE LHC THROUGH ITS … PHYS. REV. D 104, 035036 (2021)

035036-19

https://doi.org/10.1103/RevModPhys.84.1307
https://doi.org/10.1103/RevModPhys.84.1307
https://gibuu.hepforge.org/trac/chrome/site/files/dipl/leitner.pdf
https://gibuu.hepforge.org/trac/chrome/site/files/dipl/leitner.pdf
https://gibuu.hepforge.org/trac/chrome/site/files/dipl/leitner.pdf
https://gibuu.hepforge.org/trac/chrome/site/files/dipl/leitner.pdf
https://doi.org/10.1016/j.physletb.2005.05.044
https://www.osti.gov/biblio/1573043
https://www.osti.gov/biblio/1573043
https://www.osti.gov/biblio/1573043
https://doi.org/10.1103/PhysRevD.81.013005
https://doi.org/10.1103/PhysRevD.93.085037
https://doi.org/10.1103/PhysRevD.102.053010
https://doi.org/10.1103/PhysRevD.102.053010
https://doi.org/10.1103/PhysRevD.103.056014
https://doi.org/10.1103/PhysRevD.103.056014
https://doi.org/10.1016/0550-3213(85)90611-X
https://doi.org/10.1088/1748-0221/13/05/P05032
https://doi.org/10.1088/1748-0221/13/05/P05032
https://doi.org/10.1088/1748-0221/16/06/P06043
https://doi.org/10.1103/PhysRevApplied.15.064071
https://doi.org/10.1103/PhysRevApplied.15.064071
https://arXiv.org/abs/0804.3899
https://doi.org/10.1103/PhysRevD.102.035006
https://doi.org/10.1103/PhysRevLett.119.131804
https://doi.org/10.1103/PhysRevLett.123.121801
https://doi.org/10.1016/0550-3213(86)90246-4
https://doi.org/10.1016/0168-9002(89)91190-X
https://doi.org/10.1016/0168-9002(89)91190-X
https://doi.org/10.1103/PhysRevD.38.3375
https://doi.org/10.1103/PhysRevD.38.3375
https://doi.org/10.1103/PhysRevLett.113.171802
https://doi.org/10.1088/1742-6596/888/1/012123
https://doi.org/10.1088/1742-6596/888/1/012123
https://doi.org/10.1103/PhysRevLett.121.041802
https://doi.org/10.1103/PhysRevLett.121.041802
https://arXiv.org/abs/1607.01390
https://doi.org/10.1007/JHEP04(2021)199
https://doi.org/10.1007/JHEP04(2021)199
https://doi.org/10.1016/j.physletb.2019.07.015
https://doi.org/10.1016/j.physletb.2019.07.015
https://arXiv.org/abs/1808.05219
https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.1093/ptep/ptz106
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478
https://arXiv.org/abs/2105.07077
https://doi.org/10.1140/epjc/s10052-015-3318-8
https://doi.org/10.1140/epjc/s10052-015-3318-8



