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New light particles may be produced in large numbers in the far-forward region at the LHC and then
decay to dark matter, which can be detected through its scattering in far-forward experiments. We consider
the example of invisibly decaying dark photons, which decay to dark matter through A0 → χχ. The dark
matter may then be detected through its scattering off electrons χe− → χe−. We consider the discovery
potential of detectors placed on the beam collision axis 480 m from the ATLAS interaction point, including
an emulsion detector ðFASERν2Þ and, for the first time, a Forward Liquid Argon Experiment (FLArE). For
each of these detector technologies, we devise cuts that effectively separate the single e− signal from the
leading neutrino- and muon-induced backgrounds. We find that 10- to 100-tonne detectors may detect
hundreds to thousands of dark matter events in the high-luminosity Large Hadron Collider (HL-LHC) era
and will sensitively probe the thermal relic region of parameter space. These results motivate the
construction of far-forward emulsion and liquid argon detectors at the LHC, as well as a suitable location to
accommodate them, such as the proposed Forward Physics Facility.
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I. INTRODUCTION

Unraveling the nature of dark matter (DM) is one of the
top priorities in particle physics and cosmology today. As
the search for traditional DM candidates, such as weakly
interacting massive particles (WIMPs) and axions, reso-
lutely marches forward, physicists are aggressively explor-
ing new frontiers in the vast DM landscape. One
particularly compelling idea is that DM is part of a light
hidden sector, coupled to the Standard Model (SM) through
a light mediator particle. The observed DM relic abundance
can be obtained through simple thermal freeze-out in these
scenarios [1–3]. This extends the standard WIMP produc-
tion mechanism to dark matter masses below the Lee-
Weinberg bound [4] and provides predictive targets in DM

model parameter space in the MeV to GeV mass range
[5–7]. Light DM models of this kind lead to a rich
phenomenology, requiring new experimental and observa-
tional search strategies going beyond the traditional
methods used to search for WIMPs [8–10].
A promising avenue for light weakly interacting particle

searches is to harness the large and energetic far-forward
flux of particles produced in proton-proton collisions at
the Large Hadron Collider (LHC). In particular, the FASER
detector [11–13], situated 480 m downstream of the
ATLAS interaction point (IP), will efficiently search for
light long-lived particles emerging from this forward
flux and decaying visibly to SM particles [11,14–21].
Furthermore, FASERν will initiate studies of collider-
produced neutrinos and measure TeV-energy neutrino
interactions in a controlled laboratory setting for the first
time [22–24]. FASER and FASERν are currently being
constructed and installed to collect data during LHC Run 3,
while a second stage of these experiments with much larger
detectors is envisioned for the high-luminosity Large
Hadron Collider (HL-LHC) era. These larger detectors
are unlikely to fit within the existing tunnel infrastructure,
but a dedicated Forward Physics Facility (FPF) [25], which
would house these and other experiments to carry out a
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variety of novel SM measurements and beyond the SM
(BSM) searches, is currently under study [26].
In this paper we investigate the prospects to search for

light MeV- to GeV-scale hidden sector DM in the far-
forward region of the LHC. The basic detection strategy is
very simple. Light mediator particles may be copiously
produced in the forward region of LHC pp collisions
and promptly decay to light DM particles. The DM
particles then travel roughly 480 m into a detector and
scatter off electrons. A similar search strategy, but for
proton fixed target experiments, has been investigated
[27–38] and successfully carried out by the MiniBooNE-
DM Collaboration [39,40]. As we will demonstrate,
despite the simplicity of the signal signature, the single
scattered electron has kinematic characteristics that allow
it to be distinguished from all neutrino-induced and other
SM backgrounds. This stems from the fact that the DM-
electron scattering is mediated by a light force carrier and
so favors OðGeVÞ electron recoil energies, while the
background from neutrino-electron scattering is mediated
by heavy electroweak bosons and so is spread over a broad
range of energies and peaks in the several hundred GeV
range. Note that DM scattering off nuclei is also poten-
tially a promising signal, but one we will not investi-
gate here.
Although there are many different light DM scenarios

that can be considered, wewill focus here on the simple and
well-motivated scenario in which the mediator is a kineti-
cally mixed dark photon [41]. In this case, both the DM
production and subsequent DM-electron scattering is
mediated by the dark photon. We will consider two
potential detector technologies: (1) a 10-tonne-scale emul-
sion detector, FASERν2, which is essentially an upgraded
and enlarged version of the FASERν experiment, and, for
the first time, (2) a Forward Liquid Argon Experiment,
which we denote by the acronym FLArE, composed of a
10- or 100-tonne-scale liquid argon time projection cham-
ber (LArTPC) of the type being employed in several
modern neutrino experiments. We will show that these
detector types offer the potential to detect hundreds to
thousands of DM events and to discover DM in a large
region of parameter space in which the correct DM
abundance is obtained through thermal freeze-out.
The possibility of detecting DM in the forward region

has been discussed for the SND@LHC experiment [42],
an 850 kg emulsion detector proposed to be placed 480 m
from the ATLAS IP just off the beam collision axis during
Run 3. For the simple model considered and the lumi-
nosity expected at Run 3, no parameter space beyond
current bounds could be probed [42], but, of course, other
models could be considered. In this study, rather than
consider such models, we focus on two minimal models,
but explore the potential of larger detectors placed on-axis
during HL-LHC running. In addition, we discuss muon-
induced backgrounds in detail and, as noted above,

analyze the physics potential of far-forward LArTPC
detectors for the first time.
This paper is organized as follows. In Sec. II we describe

the dark photon-mediated DM models to be studied in this
work. In Sec. III we discuss the basic detector designs we
will consider, and in Sec. IV we provide an overview of
our modeling of the DM signal. Our estimates of the
neutrino- and muon-induced backgrounds are detailed in
Secs. V and VI, respectively. We present the results of the
analysis in Sec. VII and our conclusions and outlook in
Sec. VIII.

II. LIGHT DARK MATTER WITH A DARK
PHOTON MEDIATOR

In this section we introduce two simple, predictive
benchmark models of sub-GeV DM that can be
explored in the far-forward region at the LHC. The models
we study are based on a broken Uð1ÞD gauge symmetry,
with a massive dark photon A0

μ serving as a mediator
between the SM and DM χ. The dark photon Lagrangian
is given by

L ⊃ −
1

4
F0
μνF0μν þ 1

2
m2

A0A0
μA0μ þ ϵ

2 cos θW
F0
μνBμν; ð1Þ

where mA0 is the dark photon mass, ϵ is the kinetic mixing
parameter, θW is the weak mixing angle, and Bμν is the
hypercharge field strength. In the regime mA0 ≪ mZ of
interest here, the A0 primarily mixes with the SM photon,
leading to a coupling of the dark photon to the electro-
magnetic current with strength suppressed by ϵ. In the
physical basis, the dominant interactions of the dark
photon are then given by

L ⊃ A0
μðϵeJμEM þ gDJ

μ
DÞ; ð2Þ

where JμEM is the SM electromagnetic current, JμD is the
Uð1ÞD current, and gD ≡ ffiffiffiffiffiffiffiffiffiffiffi

4παD
p

is the Uð1ÞD gauge
coupling.
It remains to specify the precise nature of the DM

particle χ. In this work, we will study two cases: (1) com-
plex scalar DM and (2) Majorana fermion DM, with
Lagrangians

L ⊃

(
j∂μχj2 −m2

χ jχj2 ðcomplex scalar DMÞ
1
2
χ̄iγμ∂μχ − 1

2
mχ χ̄χ ðMajorana fermion DMÞ; ð3Þ

where mχ is the DM mass. The Uð1ÞD current in each
model is

JμD ¼
(
iχ�∂μ

↔
χ ðcomplex scalar DMÞ

1
2
χ̄γμγ5χ ðMajorana fermion DMÞ:

ð4Þ
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In both models the correct DM relic abundance
can be achieved through thermal freeze-out. In particular,
in the regime mA0 > 2mχ , DM annihilates directly to
SM fermions through s-channel dark photon exchange,
χχ → A0ð�Þ → ff̄. In the limit mA0 ≫ mχ , the annihilation
cross section has the same parametric form in both models,

σv ∝ αv2
ϵ2αDm2

χ

m4
A0

¼ αv2
y
m2

χ
; ð5Þ

where α is the SM electromagnetic fine structure constant,
and we have introduced the dimensionless parameter
y≡ ϵ2αDðmχ=mA0 Þ4, following Ref. [5]. A notable feature
of the annihilation cross section of Eq. (5) is the velocity
suppression characteristic of P-wave annihilation. These
models therefore evade in a simple way the otherwise
stringent constraints from DM annihilation at the epoch of
recombination, which can lead to distortions in the cosmic
microwave background temperature anisotropies [43,44].

Regions of parameter space where the correct DM relic
density is obtained by thermal freeze-out are important
targets for experimental searches. These can be conven-
iently visualized in the ðmχ ; yÞ plane and compared with
existing experimental bounds and future sensitivity pro-
jections. We will use the results of Ref. [45] for the DM
relic abundance predictions, derived by evolving the full
Boltzmann equation including exact thermal averaging of
the annihilation cross section. To present thermal targets
and experimental sensitivities in the ðmχ ; yÞ plane, we will
adopt the common choices of αD ¼ 0.5 and mA0 ¼ 3mχ .
These choices are fairly conservative, in the sense that they
do not inflate the potential of probing thermal targets at
particle experiments. However, it is important to keep in
mind that the parametric scaling of the annihilation cross
section in Eq. (5) is sharply violated in the resonance
region, where mA0 − 2mχ ≪ mA0 . In this region, the anni-
hilation rate is resonantly enhanced, and so smaller
couplings are required to achieve the correct relic density,
making it more challenging to experimentally probe ther-
mal targets [46–48].
Although the particle nature and couplings of complex

scalar and Majorana fermion DM models are distinct [see
Eq. (4)], the two models yield quantitatively similar
predictions for reaction rates involving relativistic energies.
This includes DM produced in the hot early universe, as
well as DM production at accelerators and its subsequent
rescattering in downstream detectors. On the other hand, for
nonrelativistic processes, such as halo DM scattering in
direct detection experiments, the two models lead to
dramatic quantitative differences in event rates. For
Majorana fermion DM, direct detection rates are suppressed
bymany orders ofmagnitude due to the inherentmomentum
dependence of the scattering, and DM direct detection is
challenging for all existing and proposed experiments. (See,
however, the recent study of Ref. [49].) In contrast, for

complex scalar DM that scatters elastically, large event rates
are expected in next generation sub-GeV direct detection
experiments, complementing accelerator probes, including
far-forward production at the LHC. We note, however, that
even in the scalar DM case, one can introduce a mass
splitting so that the scattering proceeds inelastically [50].
Provided the fractional mass splitting is in the range
Oð10−6–10−1Þ, this effectively suppresses scattering rates
in direct detection experiments while leaving the cosmology
and accelerator probes unaltered. These features will be
clearly illustrated when we present our results in Sec. VII.
We note that other viable models with a dark photon

mediator can be constructed; see e.g., Ref. [45] for a
detailed discussion of model variations. In particular,
certain models also lead to visible long-lived particle
signatures, e.g., the visible decay of the dark photon
mediator for the case mχ > mA0 , or the decay of the excited
DM state χ2 → χ1eþe− in inelastic scenarios. Such long-
lived particle signatures can also be explored at the LHC
with the FASER experiment [11,51,52].

III. DETECTORS

As already mentioned in Sec. I, our analysis will focus
on two distinct detector designs sensitive to the signal of
DM-electron scattering. Both types of detectors have been
successfully employed in past experiments and will be used
in future searches. Here, we briefly present the basic details
of the detectors we will consider.

A. Emulsion detector: FASERν2

We first consider an emulsion detector similar to, but
larger than, the FASERν detector currently under con-
struction [22,23]. FASERν is a 1.1-tonne neutrino detector,
composed of tungsten sheets for the target material,
interleaved with emulsion films capable of detecting
charged tracks with high spatial resolution. This detector
design will be tested in the far-forward region of the LHC
during Run 3.
For the HL-LHC era, a larger 10-tonne scale emulsion

detector, referred to as FASERν2, is currently envisioned
[53]. For our study, we will assume a rectangular detector
with location and size given by

FASERν2∶ L ¼ 480 m; Δ ¼ 2 m;

ST ¼ ð0.5 m× 0.5 mÞ; ð6Þ

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. We assume that the
detector is centered on the beam collision axis.
Tungsten-emulsion detectors have significant virtues.

They are remarkably compact, as a result of tungsten’s
high density of 19.3 g=cm3, and the excellent spatial and
angular resolutions of emulsion detectors make them very
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precise tools for reconstructing individual interaction ver-
tices in the detector [54]. In particular, a particle track
spatial resolution down to 50 nm can be achieved, while,
depending on the track length in the emulsion, the angular
resolution can be much better than 1 mrad. The expected
energy resolution for ∼GeV electromagnetic showers is
30%–40% and improves for higher energy showers; see,
e.g., the discussion in Ref. [55] for showers initiated by two
photons. 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 and suitable high speed scanning facilities
are available.
The main disadvantage of emulsion detectors for this

DM search is the lack of timing, which makes it difficult to
reject muon-induced background, as we discuss in Sec. VI.
To remedy this, it is necessary to augment the emulsion-
tungsten detector with interleaved electronic tracker layers,
which would provide event time information. A similar
detector concept was successfully employed in the OPERA
experiment [56], and analogous designs have been pro-
posed for SND@SHiP [57] and SND@LHC [42]. The role
of such tracker layers in mitigating potential muon-induced
backgrounds will be discussed further in Sec. VI.

B. Forward Liquid Argon Experiment: FLArE

Although the emulsion detector technology allows for a
compact detector with the excellent energy resolution and
vertex reconstruction capabilities required for the DM
search, other experimental approaches are possible, espe-
cially if more space is available in a future Forward Physics
Facility during the HL-LHC era [25].
Liquid argon has proven to be a very efficient active

detector material and has been successfully used in numer-
ous DM direct detection searches and neutrino experi-
ments. In particular, LArTPCs provide precise spatial and
calorimetric resolution, excellent particle identification
capabilities, and detailed neutrino event reconstruction.
Well-known examples include the short-baseline neutrino
program at Fermilab [58] and the far detector of the future
Deep Underground Neutrino Experiment (DUNE) [59].
Current and planned detectors of this type have masses as
large as ∼104 tons. LArTPC detectors can therefore offer
both large event statistics and excellent background rejec-
tion capabilities.
With this motivation, we will investigate the feasibility of

detecting DM in a LArTPC detector in the far-forward
region of the LHC. We will refer to this proposal as the
Forward Liquid Argon Experiment (FLArE). Fittingly, as
we discuss in detail below, the first indication of a DM
signal event in FLArE is the flare of scintillation light
produced by the electron recoil, followed by the ionization
electron signal.
Since liquid argon is about 14 times less dense than

tungsten, a LArTPC detector must be much larger if a

similar active material mass is desired. In the models
considered here, the DM is produced in light dark photon
decay and so is highly collimated. At a distance of 480 m
from the IP, the flux is largely confined to a region of a few
tens of cm around the beam collision axis. The optimal
detector therefore has a cross sectional area of approx-
imately this size. Note, however, that in other BSM
scenarios in which DM particles are produced with broader
angular distributions, for example, from the decay of
heavier mesons, increasing the transverse size of the
detector could also be beneficial.
Motivated by these considerations, we will consider two

liquid argon detectors:

FLArE–10 ð10 tonsÞ∶ L ¼ 480 m; Δ ¼ 7 m;

ST ¼ ð1 m× 1 mÞ; ð7Þ

FLArE–100 ð100 tonsÞ∶ L ¼ 480 m; Δ ¼ 30 m;

ST ¼ ð1.6 m × 1.6 mÞ; ð8Þ

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 detector, and we assume that the detector
is centered on the beamcollision axis. These detectorswould
require enlarging the available space in the far-forward
region of the LHC, which, however, has already been
envisioned in the proposed Forward Physics Facility [25].
LArTPC detectors can detect very soft charged tracks

down to momenta of 30 MeV, a significant improvement
over emulsion detectors. In addition, as noted above,
emulsion detectors suffer for this analysis from the lack
of timing, which makes it difficult to reject muon-induced
backgrounds. In contrast, the expected time resolution of
LArTPC detectors is at the level of OðmsÞ due to the finite
drift time of ionization electrons in liquid argon [60].
Further improvement can be achieved by using an addi-
tional light collection system in tandem with the TPC. Such
a design has already been employed in the MicroBooNE
experiment [60]. This is used in the initial step of the
background rejection procedure, which is based on the
measurement of the light collected in consecutiveOð10 nsÞ
long time ticks [61].1 The combined event time and spatial
information can be utilized to efficiently separate the DM
signal from the muon-induced backgrounds, as we discuss
in more detail in Sec. VI.
We note that further redundancy could be provided

by a dedicated muon-tagger positioned either in front
of or behind the LArTPC. In a similar fashion to the
MicroBooNE Cosmic Ray Tagger [63], such a system

1While MicroBooNE has photomultiplier tubes (PMTs) be-
hind the wire planes, a future LArTPC could employ another
PMT array on the other side of the detector, which could
potentially significantly improve the event time resolution and
location determination [62].
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could measure the crossing time and position of the passing
muons, which could then be compared with similar
information obtained with the TPC and light detection
system. Notably, the time and position information of the
throughgoing muons can also be obtained with the use of
other experiments placed in the Forward Physics Facility
along the beam collision axis, e.g., by employing the
tracking system of the proposed FASER 2 experiment.

IV. SIGNAL

In the previous sections, we introduced the models and
detectors we will consider. Here we discuss in detail how
we simulate the signal, the characteristics of the single-
electron signature, and suitable cuts to distinguish signal
from background.

A. Signal simulation

For the models discussed in Sec. II, at the LHC, DM is
primarily produced through the decays of on-shell dark
photons. The parent dark photons with mA0 ≲ 1 GeV are
dominantly produced in rare decays of neutral pions and η
mesons, as well as through proton bremsstrahlung.
In our modeling, we employ the CRMC simulation pack-

age [64] and the EPOS-LHC Monte Carlo (MC) generator
[65] to obtain the forward spectrum of light mesons
produced in 14 TeV proton-proton collision energy. As a
cross-check, we have also used the meson spectra obtained
with PYTHIA 8 [66] and found good agreement. A MC
simulation then generates the rare decays π0, η → γA0, the
subsequent prompt dark photon decays A0 → χχ, the propa-
gation of the DM particles to the detector, and the inter-
actions of the DM particles in the detector, χe− → χe−. To
model A0 production from proton bremsstrahlung, pp →
ppA0, we use the Fermi-Weizsacker-Williams approxima-
tion, following the discussion in Refs. [11,35,67].

An additional flux of light DM particles in the forward
direction is generated when high-energy photons and
neutral hadrons hit the neutral particle absorber TAXN
located about 130 m away from the pp IP. These then
generate electromagnetic (EM) showers and hadronic
cascades, which can then produce DM particles in the

TAXN. Similar recent discussions of DM production in
electron- and proton-induced EM showers in the target for
selected beam-dump and neutrino experiments can be
found in Refs. [68,69].
We have made preliminary estimates of the TAXN-

produced DM flux for the FASERν2 detector discussed in
Sec. III. We find that the dominant source is from EM
showers producing dark photons through resonant produc-
tion, eþe− → A0, and from A0 production through electron
bremsstrahlung, but even these production modes are
subdominant in our simulations. This is due to the relatively
high electron recoil energies of interest for our signal
regions, Ee ≳ 300 MeV, and the small angular size of
FASERν2, which covers only a small fraction of the total
angular spread of the EM showers in the TAXN. We note,
however, that for the larger LArTPC detectors with a lower
electron recoil energy threshold, DM production in the
TAXN could play a non-negligible role, especially for low
DM masses mχ ≲ 10 MeV. We leave a detailed analysis of
this effect for future studies.

B. Signal characteristics

The signature of our interest is a single-electron-initiated
EM shower in the detector that results from χe− → χe−

scattering, as shown in Fig. 1. For the complex scalar and
Majorana fermion DM models, the differential scattering
cross sections are

dσ
dEe

¼ 4πϵ2ααD
2meE2 − ð2meEþm2

χÞðEe −meÞ
ðE2 −m2

χÞðm2
A0 þ 2meEe − 2m2

eÞ2
ðcomplex scalar DMÞ; ð9Þ

dσ
dEe

¼ 4πϵ2ααD
2meðE2 −m2

χÞ þ ½m2
χ −með2E − Ee þ 2meÞ�ðEe −meÞ

ðE2 −m2
χÞðm2

A0 þ 2meEe − 2m2
eÞ2

ðMajorana DMÞ; ð10Þ

where Ee is the electron recoil energy and E is the energy of the incoming DM particle. For large DM energies E ≫ Ee;mχ

and electron recoil energies satisfying Ee ≫ me, the scattering cross sections in these two scenarios become very similar,
and they are both well approximated by

dσ
dEe

≈
8πϵ2ααDme

ðm2
A0 þ 2meEeÞ2

ðapproximate formula for largeE;EeÞ: ð11Þ

FIG. 1. The DM-electron elastic scattering signal process.
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For further details regarding these differential cross sec-
tions, see the Appendix. Despite the suppression by the
small kinetic mixing ϵ, the presence of the small dark
photon mediator mass in the denominator of Eq. (11) can
increase the DM scattering rates to a level that is compa-
rable to or larger than those of SM neutrinos. This is
especially relevant for small electron recoil energies. We
illustrate this in Fig. 2 by comparing the Ee spectrum of
the dominant neutrino-electron scattering background to
the Ee spectrum of the DM signal in FLArE–100. As can
be seen, in the case of the neutrino-induced events, the
electron recoil energy is peaked at high (TeV) energies
and the number of events decreases for low values of Ee.
This is a result of the parent neutrino energy spectrum,
which is peaked at a few hundred GeV, and the increase
of the neutrino scattering cross section with neutrino
energy. In addition, given the relatively large mass of
the mediatorW and Z bosons, for a fixed incident neutrino
energy Eν, the relevant differential cross section depends
only mildly on Ee.
On the other hand, the low dark photon mediator mass

yields a DM scattering cross section that is largely
independent of the incident DM energy. Also, the differ-
ential cross section is peaked towards small energy transfer
to the recoiled electron such that 2meEe ≲m2

A0 , which
minimizes the denominator in Eq. (11). The signal event
rate can therefore be greatly enhanced for detectors with
low energy thresholds, which becomes increasingly impor-
tant with the decreasing dark photon mass. This can also be
seen in Fig. 2, where, keeping in mind mA0 ¼ 3mχ , the

electron recoil energy spectrum for the benchmark scenario
with mχ ¼ 5 MeV is shifted towards lower Ee in compari-
son with the similar spectrum obtained for mχ ¼ 25 MeV.
As we illustrate below in Sec. VII, this allows the LArTPC
detectors to probe smaller couplings than the emulsion
detector in the regime with mχ ≲Oð10 MeVÞ.
An additional handle to distinguish the signal from the

neutrino-induced background is the electron recoil angle,
θe, which can be written as

cos θe ≈
Eχ=νEe −mTðEχ=ν − EeÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
χ=ν −m2

χ=ν

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
e −m2

e

p ; ð12Þ

where Eχ=ν is the incident energy of the DM particle or
neutrino, andmT is the target mass. The target mass is equal
tome for the signal and the νe− → νe− background, but it is
the nucleon mass for neutrino-induced backgrounds from
quasielastic processes, νðp=nÞ → eðn=pÞ. For the typical
case, where Eχ ≫ mχ and Ee ≫ me, Eeθ

2
e ≈ 2mTð1 − xÞ,

where x ¼ Ee=Eχ=ν is the energy transfer to the electron.
As discussed above, for the signal, the scattering

rate is greatly enhanced for low values of Ee and x.
This implies that θe is typically larger for the DM signal
than for the νe− → νe− background. For the DM signal,
for x≲ 0.1 and Ee ∼Oð10 GeVÞ, the typical recoil angle
is θe ≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2me=Ee

p
∼ 10 mrad.

On the other hand, for neutrino scatterings off nucleons,
the typical recoil angle θe is much larger than in the case of
the DM signal, given the much increased target mass. This
helps to differentiate between the DM signal and these
background events, which may be further suppressed by
requiring no additional charged tracks in the detector.
These considerations are especially relevant for deep
inelastic neutrino scattering events, as discussed in Sec. V.

C. Analysis cuts for FASERν2

The kinematic features of the signal suggest simple cuts
on both Ee and θe that can efficiently discriminate between
the DM signal and the neutrino-induced backgrounds. In
Table I, we show the cuts for FASERν2 employed in the
analysis below. These are sufficient to demonstrate

FIG. 2. The electron recoil energy spectra for the background
neutrino-electron scattering events (blue histogram) and for the
DM signal events. The latter have been obtained for two
benchmark scenarios with the DM mass and the kinetic mixing
parameter equal to ðmχ ; ϵÞ ¼ ð25 MeV; 10−4Þ (yellow) and
ð5 MeV; 3 × 10−5Þ (red). In both the DM scenarios we set the
dark photon mass tomA0 ¼ 3mχ and the dark coupling constant to
αD ¼ 0.5. The number of events in the bins is normalized to the
FLArE–100 detector and the HL-LHC phase with 3 ab−1 of
integrated luminosity and 14 TeV proton-proton collision energy.

TABLE I. Analysis cuts used in the background analysis in
Secs. V and VI for the emulsion detector FASERν2.

Electron recoil energy 300 MeV < Ee < 20 GeV

Electron recoil angle 10 mrad < θe < 20 mrad
for Ee > 10 GeV

10 mrad < θe < 30 mrad
for 3 GeV < Ee ≤ 10 GeV

10 mrad < θe for Ee ≤ 3 GeV

Track visibility no additional charged tracks
with p > 300 MeV
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interesting sensitivity reaches for our study, but we expect
that even better background rejection could be achieved
with a dedicated optimization procedure once the detector
design is finalized.
As we have discussed above, our sensitivity estimates

below are obtained for a future emulsion detector similar to,
but larger than, the FASERν detector [22,23] that will
operate during LHC Run 3. This dictates the charged track
visibility criteria in the emulsion. In our analysis, this will
be modeled by a simple cut on the charged particle
momentum, p > 300 MeV. We employ this cut both when
analyzing the DM signal events and the neutrino-induced
backgrounds. In particular, we reject all background events
characterized by additional visible charged tracks emerging
from the vertex, other than a single-electron or positron.
When presenting the results in Sec. VII, we also discuss the
impact of tightening the electron recoil energy cut on the
expected sensitivity reach.

D. Analysis cuts for FLArE

One of the main advantages of LArTPC detectors, which
makes them excellent tools for probing interactions of
medium-energy neutrinos, is their capability to detect very
soft charged particles produced in interactions in the
detector. The relevant energy threshold can be as low as
25 MeV for the protons produced in neutrino scatterings
off nuclei [61], while similar energy thresholds of 30 MeV
can be achieved for muons and pions [70]. (See also
Refs. [71,72] for recent discussions regarding new physics
searches in the short-baseline neutrino detectors.) In the
analysis below, we assume a 30 MeV threshold for the
electron recoil energy [70]. On the other hand, the back-
ground rejection capabilities are only mildly degraded
by the poorer angular resolution of LArTPCs relative to
emulsion detectors. We assume below that this resolution
in LArTPCs is of the order of 1° (see Ref. [70]) and that we
can cut on angles larger than 30 mrad. We summarize the
cuts used in this analysis in Table II. To understand
the sensitivity of our results to the LArTPC angular
resolution, in Sec. VII, we also present results assuming
no cut on θe, but more stringent cuts on the electron recoil
energy, 30 MeV < Ee < 3 GeV.
The rejection of both neutrino-induced andmuon-induced

backgrounds will further benefit from the capabilities of

LArTPC detectors to disentangle single-electron tracks from
γ → eþe− pair production. This can be done with high
accuracy through the so-called “dE=dx discrimination
method,” i.e., by measuring the ionization at the beginning
of the electromagnetic shower [73]. When discussing the
muon-induced backgrounds in Sec. VI, we will assume that
85% of these muon-induced eþe− background events can be
distinguished from single e− signal events [61].

V. NEUTRINO-INDUCED BACKGROUNDS

The signature of DM-electron scattering can most
straightforwardly be mimicked by the interactions of SM
neutrinos; see Ref. [74] for a review. These can either be
due to ν scatterings off electrons characterized by the same
event topology, or in much more abundant neutrino
scatterings off nuclei that can occasionally resemble χe− →
χe− signal events. We now estimate the expected event
rates of these background processes and analyze how they
can be reduced by employing simple kinematic cuts on the
electron recoil energy and angle, as discussed in Sec. IV. To
this end, we simulate neutrino scattering events in the
detector with the GENIE MC package [75,76].

A. Neutrino flux and spectrum

The uncertainties in our background estimates are
primarily related to the uncertainties in the modeling of
the far-forward neutrino flux and energy spectrum at the
LHC. In the future, the relevant simulations will greatly
benefit from the neutrino data collected by FASERν
during LHC Run 3. In our analysis below we rely on
the results obtained by the CERN Sources, Targets, and
Interactions (STI) Group [77], which utilized the FLUKA
[78,79] model of the forward LHC optics and infra-
structure. Notably, a similar FLUKA study of the muon
flux going through the FASER location [80] has been
found to be in good agreement with initial measurements
obtained during Run 2 [13]. In our estimates, we take into
account the full HL-LHC integrated luminosity of L ¼
3 ab−1 and the FASERν2 and LArTPC detector designs
discussed in Sec. IV.

B. Neutrino-electron backgrounds

The most important neutrino-induced backgrounds are
neutrinos scattering with electrons in the detector,
νe− → νe−, as depicted in Fig. 3. One expects Oð102Þ
such events in the FASERν2 and FLArE–10 detectors
during the entire HL-LHC phase and about 103 events in
FLArE–100. These events are topologically identical to the
signal, and so must be reduced with kinematic cuts.
The most important such processes are associated with

neutral current (NC) scatterings of muon neutrinos and
similar interactions of electron neutrinos. Despite the lower
flux of νes going through the detector, the corresponding
scattering cross section has both NC and charged current

TABLE II. Analysis cuts used in the background analysis
in Secs. V and VI for the LArTPC detectors FLArE–10 and
FLArE–100.

Electron recoil energy 30 MeV < Ee < 20 GeV

Electron recoil angle θe < 30 mrad for Ee > 3 GeV
no θe cut for Ee ≤ 3 GeV

Track visibility no additional charged
tracks with p > 30 MeV
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(CC) contributions and is thus enhanced in comparison to
the νμ NC scattering cross section. On the other hand, tau
neutrinos contribute negligibly to the expected back-
grounds. We present the relevant estimates in Table III
for all of the detector designs we consider.
In the case of FASERν2, we also show in Table IV a

detailed breakdown of the number of events for different
neutrino flavors after imposing successive cuts in the
analysis. As can be seen, more than 90% of the νe− →
νe− background events can be rejected by applying the
upper limit on the electron recoil energy, Ee < 20 GeV.

In contrast, the impact of such a low-recoil-energy cut on
the DM signal events is typically much less severe, given
the light mediator mass, as discussed in Sec. IV. A small
additional suppression of the background events comes
from imposing the lower limit on the electron recoil angle,
θe ≳ 10 mrad, which slightly increases the signal to
background ratio ðS=BÞ. The total number of expected
such background events after cuts in FASERν2 is
about Bν−e ≈ 10.
The last condition on the minimal recoil angle, however,

is not crucial in the analysis. In particular, we do not impose
such a cut when estimating the number of background
events for the LArTPC detectors due to their limited
angular resolution. As a result, the total rate of neutrino-
electron scatterings in FLArE–10 is at the level of 20
expected background events in HL-HLC. This number
grows to only about 100 expected background events for
FLArE–100. In this case, the larger total size of the detector
is partly compensated by the relative increase of its trans-
verse size and corresponding decrease of the neutrino flux
per unit area away from the beam collision axis.

C. Neutrino-nuclei backgrounds

The total number of neutrino-nuclei scattering events
significantly exceeds that of neutrino scatterings off elec-
trons. Even when the electron recoil energy range is

FIG. 3. Neutrino-electron elastic scattering background processes: (a) NC νie− → νie−, (b) CC νee− → νee−, (c) NC ν̄ie− → ν̄ie−,
and (d) CC ν̄ee− → ν̄ee−.

TABLE III. The expected number of neutrino-electron scatter-
ing events during HL-LHC for the emulsion detector FASERν2
and for the FLArE–10 and FLArE–100 detectors, after applying
the cuts shown in Tables I and II. For FLArE–100, we also show
the expected number of background events assuming a more
stringent cut on the electron recoil energy, Ee < 3 GeV.

νe− → νe− Events after Cuts

Detector (see Tables I and II)

FASERν2 (emulsion detector) 10.1
FLArE–10 20.1
FLArE–100 94.7
FLArE–100 ðEe < 3 GeVÞ 15.7

TABLE IV. The expected number of neutrino-electron scattering events during HL-LHC for the emulsion detector
FASERν2 for each neutrino and antineutrino flavor. Successive columns correspond to the expected number of such
events after imposing the cuts discussed in the text.

νe− → νe− FASERν2
(emulsion detector) Ee > 300 MeV

300 MeV < Ee < 20 GeV

no cut on θe θe cut (see Table I)

νe 160 4.7 2.3
ν̄e 60 4.3 2.2
νμ 70 6.6 3.2
ν̄μ 44 5 2.4
ντ 1 0.05 0.02
ν̄τ 1 0.04 0.02

TOTAL 336 20.7 10.1
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limited, as is dictated by the cuts used in our analysis, a few
thousand of such events are still expected during the HL-
LHC phase for the 10-tonne detectors under study. These
are mostly due to electron neutrino CC deep inelastic
scattering (CCDIS), but there are also important contribu-
tions from CC quasielastic (CCQE) and resonant (CCRES)
interactions; see Fig. 4. We now discuss these backgrounds,
first for the emulsion detector FASERν2, and then for the
LArTPC detectors FLArE.
The CCQE scattering processes, νen → e−p and

ν̄ep → eþn, are characterized by a high-energy electron
in the final state and soft activity from the nuclear recoil.
Hence, if the outgoing electron satisfies the cuts, such
events can easily resemble DM-electron scatterings. This is
especially true for events with a neutron in the final state, as
it does not leave a track in the emulsion and can travel a
distance of the order of the hadronic interaction length in
tungsten, λhad;W ≈ 10 cm [81], before interacting. Events
with a final-state proton can also mimic χe− → χe−

scatterings if the emitted proton is too soft or if it is
reabsorbed before leaving the nucleus due to final-state
interactions.
In CCQE scattering events, most of the neutrino energy

is transferred to the outgoing electron. Therefore, this
background contribution is associated with lower energy
neutrinos, Eν ≲ 20 GeV, given our cut on the electron
recoil energy. As shown in Table V, we expect about 10
such background events during the entire run of FASERν2.
However, these events are typically associated with a larger

electron recoil angle θe and can be effectively rejected by
selecting events with low-recoil angle. Last, but not least,
the cut on the additional energetic charged tracks emerging
from the vertex further suppresses this background. This
suppression is more pronounced for νe scattering events
with protons in the final state. Both the neutrino and
antineutrino CCQE scatterings lead to less than one
expected background event.
Another source of background is resonant pion produc-

tion in neutrino scatterings off nucleons (CCRES). After
summing over all intermediate nuclear resonances, the
inclusive CCRES scattering cross section can exceed that
of the CCQE scatterings in the energy range relevant for our
analysis. Fortunately, most of these events can again be
disentangled from the DM signal based on the electron
recoil angle. In addition, if the final state charged pions
escape the nucleus, such events can be efficiently rejected
by observing their charged tracks in the emulsion. This
results in BCCRES ≈ 0.7 such background events, as shown
in Table VI.
In the case of CCDIS events, even high-energy neutrinos

with Eν ∼ 100 GeV can produce outgoing electrons with
Ee < 20 GeV. On the other hand, the large momentum
transfer to nuclei in CCDIS scatterings generally leads to
additional energetic charged tracks emerging from the
vertex. As a result, only neutrinos with energies that do
not greatly exceed the 20 GeV threshold can effectively
mimic the DM signal events. A combination of cuts on the
additional visible charged tracks and on the electron recoil

FIG. 4. Neutrino-nuclei background processes: (a) neutrino CCQE scattering νen → e−p, (b) antineutrino CCQE scattering
ν̄ep → eþn, and representative (c) CCRES and (d) CCDIS reactions.

TABLE V. The expected number of CCQE background events
during HL-LHC for the emulsion detector FASERν2.

CCQE 300 MeV < Ee < 20 GeV

FASERν2 no cut on θe θe cut (see Table I)

(emulsion
detector)

no other charged tracks
with p > 300 MeV

νe 9 0.45 0.2

ν̄e 5 0.25 0.2
Total 14 0.7 0.4

TABLE VI. The expected number of CCRES background
events during HL-LHC for the emulsion detector FASERν2.

CCRES 300 MeV < Ee < 20 GeV

FASERν2 no cut on θe θe cut (see Table I)

(emulsion
detector)

no other charged tracks
with p > 300 MeV

νe 22 0.9 0.2
ν̄e 14 0.8 0.5

Total 36 1.7 0.7
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angle reduces the CCDIS backgrounds to BCCDIS ≲ 0.1
expected event, as shown in Table VII.

The cuts that we use for the LArTPC detectors (see
Sec. IV) offer even better background rejection capabilities
for neutrino-nuclei scattering events. The angular resolu-
tion of order 30 mrad is sufficient to achieve a similar
rejection power as in the case of the emulsion detector. At
the same time, the lower energy threshold for charged
particle detection implies much better identification of
background events with additional tracks emerging from
the interaction vertex. Hence, we expect background from
neutrino-nuclei scatterings to contribute with less than a
single event for FLArE–10, and up to a handful of events
for FLArE–100.
We briefly comment on two other classes of neutrino

scattering reactions. First, the CC interactions of muon or
tau neutrinos will typically be disentangled from the
χe− → χe− signal by identifying the outgoing lepton.
Second, neutrino-nuclei NC scattering may mimic the
signal if a photon is emitted from the interaction vertex
and is subsequently reconstructed in the emulsion as a
single electron that satisfies all the cuts. In addition, all
other visible charged tracks associated with the nuclear
interaction vertex must be sufficiently soft to escape
identification. The low likelihood of these combined
circumstances suggests that these backgrounds are sub-
dominant relative to the νe-nucleus CC backgrounds
discussed above, and so not of great concern. We note,
however, that photons imitating the single-electron sig-
nature in emulsion will be discussed further in Sec. VI in
the context of muon-induced backgrounds.

D. Neutrino-induced background summary

Summing over all the neutrino-induced backgrounds, we
expect Oð10Þ such background events during the entire
HL-LHC run for the FASERν2 detector, given the kin-
ematic cuts discussed in Sec. IV. For FLArE–10, the
expected background is about a factor of 2 larger, given
the less stringent cut on low values of θe, and the number
of background events for FLArE–100 is about 100.
These backgrounds are dominated by neutrino-electron
scattering, while neutrino-nuclei scatterings, although

larger a priori, can be more efficiently disentangled from
the signal in the analysis.
The impact of the analysis cuts is illustrated in the

ðEe; θeÞ plane in Fig. 5 for FASERν2. As discussed in
Sec. II, the DM interactions typically produce low-energy
electron recoils, while ν-e interactions generate Ee that is
more spread over the entire available energy range. The
ν-N interactions are instead characterized by electrons
with both larger energy and larger recoil angle.
Importantly, in the plots, we show only the background
events for which there is only a single e� charged track
emerging from the vertex with p > 300 MeV. This
greatly reduces the number of CCDIS background
events. In Fig. 5 we also show the signal regions for
both the emulsion and LArTPC detectors that were
defined in Sec. IV, in which the excess of DM scattering
events over the expected neutrino-induced background
can most easily be seen.

VI. MUON-INDUCED BACKGROUNDS

Aside from neutrinos, the only other SM particles that
can pass through 100 m of rock are muons. These muons
are dominantly produced either at the IP or through
collisions in the TAXN neutral particle absorber. The
relevant flux of muons going through a small FASERν
detector during LHC Run 3 has been predicted by the
CERN STI group [80] employing the FLUKA transport
code [78,79] and was independently measured by the
FASER Collaboration during Run 2 [13]. When rescaled
to account for the HL-LHC luminosity and the larger
transverse size of FASERν2, more than 1011 muons are
expected to traverse the detector during the entire run of the
experiment, and this number grows by a factor of a few for
the LArTPC detectors. If not removed through selection
cuts or through a dedicated muon veto, muon-induced
photons that convert to electron-positron pairs inside the
detector can occasionally mimic the DM signal, as illus-
trated in Fig. 6. Below, we briefly discuss such back-
grounds and possible strategies to mitigate their impact on
the DM search.

A. Sweeper magnet

Part of the muon-induced background can be removed
by installing a sweeper magnet placed along the beam
collision axis upstream of the detector. A convenient
location for such a magnet is along the beam collision
axis after it has left the LHC beam pipe, but before it enters
the tunnel wall. This location is roughly 300 m from the
ATLAS IP and 200 m upstream of the detector. A magnet
placed in this location will not interfere with transport,
which typically uses the wider path on the other side of the
LHC beam pipe.
A muon with energy Eμ that travels a distance l through

a magnetic field B oriented perpendicular to its direction

TABLE VII. The expected number of CCDIS background
events during HL-LHC for FASERν2.

CCDIS 300 MeV < Ee < 20 GeV

FASERν2 no cut on θe θe cut (see Table I)

(emulsion
detector)

no other charged tracks
with p > 300 MeV

νe 5.3k 40 0.03
ν̄e 1.2k 30 0.06

Total 6.5k 70 0.1
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and then travels an additional distance d is deflected by a
distance

hB ≈
ecd
Eμ

Bl ¼ 60 cm

�
100 GeV

Eμ

��
d

200 m

��
B · l
T · m

�
ð13Þ

in the transverse plane. Permanent dipole magnets with a
magnetic field of B ≈ 0.57 T and total length of 3.5 m for
an integrated magnetic field strength of B · l ¼ 2.0T · m
have already been constructed for the FASER experiment.
These magnets require no services and have very small
fringe fields. It is also important that the sweeper magnet
accommodates shifts in the beam collision axis from
variations in the beam crossing angle. At the HL-LHC,
the beam crossing angle may vary by up to 590 μrad,
corresponding to a shift of 9 cm at a distance of 300 m from
the IP. The FASER magnets have an inner diameter of
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FIG. 5. Event distributions in the ðEe; θeÞ plane, along with the regions selected by the cuts, for the emulsion detector FASERν2. We
show these distributions for the DM signal, χe− → χe−, for the benchmark scenario with mA0 ¼ 3mχ ¼ 75 MeV, ϵ ¼ 10−4 and αD ¼
0.5 (top), and for the background from neutrino-electron (bottom left) and neutrino-nuclei (bottom right) scattering. The last distribution
contains contributions from CCQE, CCRES and CCDIS scatterings. Only events with no additional charged tracks with p > 300 MeV
emerging from the vertex, besides a single electron or positron, are shown. The solid and dashed green lines outline the signal region for
the FASERν2 and LArTPC detectors FLArE, respectively. Note that for the LArTPC detectors, the number of signal and background
events in the colorful bins will be different from those shown.

FIG. 6. Muon-induced background processes. A photon is
produced via muon bremsstrahlung and then converts to an
eþe− pair. Such an event is a background to the DM signal if the
incoming muon is not associated with the eþe− pair production,
either the electron or positron has an energy below the detection
threshold energy, and the other has the correct kinematics to pass
the selection cuts. In addition to muon bremsstrahlung, such
backgrounds can arise in direct electron-positron pair production,
μN → μeþe−N.
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20 cm, which is roughly of the size required to accom-
modate such shifts.
It therefore appears quite feasible for a sweeper magnet

to eliminate all muons with energies below 100 GeV from
the detector region. In fact, with a tenfold increase in B · l
of the sweeper magnet with respect to the current FASER
magnets, one could even deflect muons with few TeV
energies, drastically reducing the number of muon-induced
backgrounds. Of course, in a detailed study, it would be
important to trace all muons through the beam optics and be
sure that, in sweeping away muons from the detector one
does not simultaneously sweep other muons into the
detector.

B. Single-electronlike events from muon interactions

As mentioned above, even if a sweeper magnet is used,
some of the muons could be deflected back into the
detector. Notably, the path of such deflected muons may
often not be parallel to the beam collision axis. Given the
angular cuts used in the DM search, as described in Sec. IV,
this could greatly suppress such muon-induced back-
grounds. On the other hand, if the sweeper magnet deflects
only a portion of the high-energy muons, the remaining
ones will traverse the detector with only minimal deflection
angles that, in the first approximation, can be neglected in
the analysis. It is then useful to analyze the potential impact
of such muons on the DM search. In the rest of this section,
we conservatively assume that only muons with energies
smaller than 100 GeV will be swept away, while the more
energetic ones will pass through the detector.
For such high-energy muons, the photon bremsstrah-

lung and eþe− pair production interaction lengths are of
the order of a few meters for tungsten and above 100 m for
liquid argon [82]. This produces a large number of
photons and eþe− pairs in both types of detectors. For
illustration, in Fig. 7 we show the expected energy spectra
for FASERν2. To obtain these spectra, we performed
dedicated FLUKA simulations for this study, starting with
the parent muon high-energy ðEμ > 100 GeVÞ spectrum
predicted for LHC Run 3, and requiring that the resulting
photon or eþe− pair have angles with respect to the beam
axis satisfying the cuts discussed in Sec. IV. The muon-
induced photons will typically produce an eþe− pair
within the radiation length of the parent muon, which
is equal to λW ¼ 0.35 cm and λLAr ¼ 14 cm in tungsten
and liquid argon, respectively [81].
We first focus on the emulsion detector. Given the high

density of tracks in the emulsion, this distance is often too
large to associate the secondary photon pair-production
vertex, γN → eþe−N, with the parent muon. If sufficiently
energetic, the e− and eþ tracks may always be differ-
entiated as two separate tracks in an emulsion detector,
given its extraordinary resolution. However, these events
are a background to the χe− → χe− signal when either the
electron or positron has an energy below the 300 MeV

threshold energy and thus evades detection, while the other
has the energy and direction required to pass the cuts. The
predicted spectrum of such events is shown in the green
histogram of Fig. 7. As can be seen, up to 1% of muons
going through the detector can lead to such events,
although this fraction drops to about 0.01% for increased
energy threshold Ee > 3–5 GeV.
Other processes may also lead to muon-induced back-

ground events. In particular, even if the photon pair
produces the electron and positron with both the energies
above the visibility threshold, one of them can immedi-
ately radiate a photon in the same tungsten layer,
eN → γeN. The outgoing electron/positron might then
emerge from this layer as either too soft or significantly
deflected, which affects the photon vertex identification.
Similar processes can lead to background events after
direct eþe− pair production, μN → μeþe−N, which domi-
nates the soft muon-induced e� spectrum. In this case,
however, the visible signal-like e� track is produced in the
close vicinity of the parent muon track, which allows for
better background rejection.
The corresponding expected number of bremsstrahlung

processes per muon in the liquid-argon FLArE–10 detector
is about an order of magnitude smaller than for FASERν2.
This is due to the lower density and the smaller value of
the radiative muon energy-loss function bðEÞ in this
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FIG. 7. The expected energy spectrum of muon-induced
photons (green) in FASERν2 during HL-LHC that emerge from
the 1 mm thick tungsten layers. In the plot, the angle θγ with
respect to the parent muon direction satisfies the cuts introduced
in Sec. IV. For the estimates, the parent muon spectrum with
Eμ > 100 GeV has been used, following Refs. [22,80]. The
spectrum of single electrons or positrons that can mimic the DM
signal after photon pair production is also shown (blue). These
are events in which a muon-induced photon pair produces, and
either the electron has an energy below the detectability threshold
and the positron satisfies the kinematic cuts discussed in Table I,
or vice versa. The signal region in the DM search corresponds to
300 MeV < Ee < 20 GeV as indicated in the plot.
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material [82]. On the other hand, this is partly offset by both
the lower detection energy threshold and the absence of a
lower cut on the emission angle, resulting in a substantial
number of low-energy bremsstrahlung photons that could
mimic the DM signature. We expect that most of these
photons can be disentangled from the single-electron-
initiated EM showers using the dE=dx discrimination
method mentioned in Sec. IV, while still Oð10%Þ could
be misreconstructed as signal-like events. As a result, one
finds less than 1% of muons are able to generate signal-like
events in FLArE–10. A similar conclusion holds for
FLArE–100.
Notably, one could also consider a modified design of

FLArE–100 with a larger transverse size and reduced
length in comparison with Eq. (8). In this case, an addi-
tional important effect could come from the nonuniform
distribution of muons in the transverse plane at the location
of the experiment. In particular, for off-axis locations with
radial distances of about R ∼ 2 m from the beam collision
axis, the flux of throughgoing muons can grow by up to 2
orders of magnitude depending on the direction in the
transverse plane; see Refs. [13,80]. This is due to the
bending of muons by the LHC magnets and, in precise
modeling, would have to be considered along with the
possible impact of the aforementioned sweeping magnet. If
not deflected with the help of a properly designed sweeping
magnet, the larger muon flux in outer parts of the detector
could necessitate an effective reduction of the fiducial
volume used in the DM search.

C. Active muon veto for FASERν2

In the absence of perfect muon sweeping, another
strategy is to actively veto muon-induced background
events. This could be achieved by using timing information
about both the throughgoing muon and the EM shower in
the emulsion.
The timing information about the EM showers in the

emulsion could be obtained by interleaving the emulsion
detector with electronic tracker layers, similar to the
proposed designs of SND@SHiP [57] and SND@LHC
[42], as well as that employed in the OPERA emulsion
detector [56]. A distance between the layers of order
10–15 radiation lengths will allow one to successfully
observe most of the EM showers that will typically leak to
the electronic detectors. A too-large separation between
the layers would mean a reduced effective volume of the
detector, as only a fraction of the showers will be registered,
limiting the prospects of the DM search.
Once the candidate DM signal event in the electronic

detector is identified with no time-coincident muon, further
analysis would be based on proper matching between the
activity in the tracker and the EM vertex in the emulsion.
Such matching could suffer from the pileup of numerous
partially overlapping EM showers in the emulsion. This
will have to be overcome when scanning the emulsion in

search of candidate events. The detailed analysis of this
issue and the development of the algorithms used to
identify the EM showers in the emulsion is left for future
studies, but see Ref. [83] for a discussion about EM shower
reconstruction in the OPERA experiment.

D. Active muon veto for FLArE

The muon-induced backgrounds can be more easily
rejected in the LArTPC detectors. This is primarily due
their capability to provide active time information
about the events, which could be significantly enhanced
by the use of the additional light collection system, as
discussed in Sec. III. Combined with the decent spatial
resolution offered by TPCs, this allows for efficient
rejection of background events that can be associated
with a time-coincident muon passing through the front
veto and detector.
To identify the DM signal, one would first employ the

excellent Oð10 nsÞ time resolution of the light collection
system. Based on this, one can single out individualOðmsÞ
time windows in the TPC data that contain candidate
events. Such events can then be differentiated from all
neutrino-induced backgrounds based on their detailed
characteristics, as measured by the TPC and the analysis
cuts discussed in Sec. IV. Importantly, given the low
number of expected DM and neutrino scatterings, there
is a negligible probability that both types of events happen
in a single time window.
The muon-induced background is much more common.

In the case of FLArE–10, we expect about 10 muons
passing the detector in each TPC time window. This is
determined by the transverse size of the detector and
the estimated muon flux of 1 Hz=cm2 [80]. Since muon-
induced photons could mimic the single-electron-initiated
EM showers, they would have to be rejected based on
the spatial information about the event. In particular,
given the aforementioned large radiation length in liquid
argon and the maximum angle of the photon with
respect to the beam-collision axis to mimic the signal,
θmax ¼ 30 mrad, reducing the fiducial volume of the
detector by several cm wide cylinders around each of
the muon trajectories will be sufficient to effectively reject
all such muon-induced backgrounds. At the same time,
the DM signal detection rate will only be mildly affected
by the order 10% fiducial volume reduction, which has an
almost imperceptible impact on the sensitivity reach plots
presented in Sec. VII.
The muon-induced backgrounds could similarly be

rejected in the larger FLArE–100 detector. Note, however,
that if the design of FLArE–100 were changed with respect
to Eq. (8) by increasing its transverse size and reducing its
length, the outer parts of the detector could be effectively
eliminated from the analysis due to the increased muon
flux, as discussed above. This would have to be taken into
account when designing the optimized detector geometry.
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VII. RESULTS

In this section we present the sensitivity of these
experiments to the dark photon-mediated DM models
introduced in Sec. II during the HL-LHC phase. In deriving
our sensitivity projections, we will assume that muon-
induced backgrounds can be reduced to a negligible level
by making use of event time information, as outlined in
Sec. VI. We will, however, take into account the irreducible
neutrino-induced backgrounds discussed in Sec. V. It is
conceivable that by measuring neutrino scattering proc-
esses in kinematic regions outside the DM signal region,
precise measurements of the neutrino fluxes and improved
modeling of neutrino scattering cross sections could be
obtained during the eventual operation of these experi-
ments. Such a data-driven approach may help to mitigate
systematic uncertainties in the neutrino-induced back-
ground rates for the DM search. We will thus work under
the assumption that statistical uncertainties in the single-
electron data sample dominate over systematic uncertain-
ties. We begin the discussion with our results for the
emulsion detector FASERν2, and then discuss our results
for the LArTPCs FLArE–10 and FLArE–100.

A. Results for FASERν2

In Fig. 8, we present the expected 90% confidence level
(CL) exclusion bound in the DM-electron scattering search
for the FASERν2 experiment. We present results for both
the Majorana and (inelastic) scalar DM models, assuming
αD ¼ 0.5 and a fixed mass ratio mA0 ¼ 3mχ . As discussed

in Sec. II, these parameter choices are fairly conservative
in terms of experimentally testing the thermal DM pro-
duction hypothesis. As can be seen, in both cases,
FASERν2 will be able to probe the scenarios with mχ ≳
Oð10 MeVÞ and the thermal value of the DM relic density
that coincides with the Planck observations [84]. In the
regime m0

A ¼ 3mχ ≳Oð10 MeVÞ, the DM signal rate
scales approximately as y2=m4

χ , while the DM annihilation
cross section, Eq. (5), scales as y=m2

χ , explaining why the
FASERν2 reach line and relic abundance curve have
approximately the same slope in Fig. 8. In contrast, for
light dark photons, the total DM-electron scattering cross
section and resulting signal rate is largely independent of
mA0 , a feature also observed in Fig. 8. The spike in the
expected FASERν2 reach for mA0 ¼ 3mχ ≃ 770–780 MeV
is due to the A0 mixing with the ρ and ω mesons, which is
taken into account in the dark photon production in proton
bremsstrahlung [35,85]; see also Ref. [11] for a similar
discussion for FASER.
In the plots, the dark gray-shaded region corresponds to

null searches at BABAR [89], MiniBooNE [40], and NA64
[90]. These accelerator-based constraints are more stringent
than those coming from the electron and muon anomalous
magnetic moments [91,92]. In addition, in the elastic scalar
DM case, bounds from past DM direct detection searches at
CRESST-II [93] and XENON1T [94] constrain parts of the
parameter space. These bounds, however, can be avoided in
the inelastic scalar DM model and are, therefore, presented
with black lines but no gray-shaded regions. We similarly
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FIG. 8. Projected 90% CL exclusion bounds in the DM-electron scattering search at FASERν2 are shown with the blue lines and
yellow-shaded regions. The results are shown for αD ¼ 0.5,mA0=mχ ¼ 3, and Majorana DM (left) and (inelastic) scalar DM (right). The
solid black lines are the relic targets, where the DM has the correct thermal relic density. Current bounds are shown with gray-shaded
regions and thin solid black lines (see the text for details). We also show with red dotted lines the projected sensitivities of future missing
energy and momentum searches at Belle-II ð50 fb−1Þ [9], LDMX [45,86], and NA64 [5 × 1012 electrons on target (EOT)] [87]. Brown
dashed lines correspond to future detectors sensitive to direct scattering signatures of DM particles produced in collider and beam-dump
experiments: BDX [9], SND@LHC [42], and SND@SHiP [88]. In the case of elastic scalar DM, the additional future reach of the
SuperCDMS at SNOLAB and SENSEI DM direct detection experiments [9] are also indicated by green dash-dotted lines.
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show the constraints from sensitivity limit recasts of a
number of past beam-dump and neutrino experiments
including BEBC [95], CHARM-II [96], E137 [97],
LSND [28], and NOνA [98] that are implemented follow-
ing Ref. [99] and presented with the thin solid black line.
As is clearly illustrated in the plot, the FASERν2 search

for DM scattering events will be complementary to other
experimental efforts. In particular, future missing energy
and momentum searches at the Belle-II [100] (shown
following Ref. [9]), NA64 [87], and proposed LDMX
[45,86] experiments will be able to independently con-
strain these scenarios. Crucially, in the case of a discovery,
employing such different experimental search strategies
will provide important and complementary information
about the nature of DM, with FASERν2 allowing one
to directly detect their scattering events and probe the
dark coupling constant αD. For comparison, we also
show the expected sensitivity reach for several proposed
experiments sensitive to the scattering of accelerator-
produced DM, including the dedicated emulsion detectors
of the SND@LHC [42] and SND@SHiP [57,88] experi-
ments, as well as the BDX electron beam dump experi-
ment [101].
Last, but not least, the elastic scalar DM scenario will be

independently probed by future direct detection experi-
ments. We show projections for the SuperCDMS at
SNOLAB and SENSEI experiments, following Ref. [9].
As can be seen in Fig. 8, these experiments will probe the
thermal relic target for a wide range of DM masses with
mχ ≳ a few MeV. In the case of a discovery, FASERν2will
then provide an independent test of the nature of such DM
particles. In contrast, it is much more challenging to
directly detect Majorana DM particles, given the suppres-
sion of their nonrelativistic scattering rates. This is also

true for the case of the inelastic scalar DM scenario.
These limitations can, however, be easily overcome in
the search for accelerator-produced boosted χ’s at the LHC
in FASERν2.
In Fig. 9 we study the impact of the analysis cuts and of a

modified FASERν2 geometry on the expected sensitivity
reach lines. As discussed in Secs. V and VI, varying the
value of the lower cut on the electron recoil energy does not
lead to substantial changes in the neutrino-induced back-
grounds, while increasing this value could help to reduce
the muon-induced backgrounds. In the left panel of Fig. 9,
we show the expected sensitivity reach lines for Ee >
300 MeV (default), 1 GeV, 3 GeV, and 10 GeV. In
obtaining these results we keep the other cuts the same
as shown in Table I. As can be seen, even if the lower limit
on Ee is increased to 3 GeV, FASERν2 could still constrain
important parts of the thermal relic target for both DM
scenarios under consideration. On the other hand, if only a
very limited range of the electron recoil energies is allowed,
10 GeV < Ee < 20 GeV, then the expected reach is not
competitive with current bounds.
In the right panel of Fig. 9, we show the expected reach

for a varying FASERν2 geometry assuming a fixed detector
volume. We consider both smaller and larger transverse
sizes of the detector ST, as indicated in the plot, while in
each case both its length Δ and the neutrino-induced
backgrounds are adjusted and simulated accordingly. As
can be seen, a longer, but narrower, detector is preferred to
improve the sensitivity reach. Notably, the default geom-
etry of the detector described in Sec. IV with ST ¼
ð50 cm × 50 cmÞ transverse size and Δ ¼ 2 m length
appears to be close to optimal. The default design may
also facilitate a more straightforward detector construction
and may more easily fit within the available experimental
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facility in comparison to the more elongated narrower
design with ST ¼ ð25 cm × 25 cmÞ and Δ ¼ 8 m.

B. Results for FLArE

In Fig. 10, we present results for the LArTPC detectors.
In the left panel are the expected 90% CL exclusion bounds
for the Majorana DM model and both FLArE–10 and
FLArE–100. As can be seen, important parts of the relic
target line in this model can be probed in the HL-LHC era.
The larger detector FLArE–100 offers a clear improvement
in the expected sensitivity, although the difference between
the two benchmark detector designs is not as significant as
might be naively expected. Given the 10 times larger
volume, one might expect a factor of 3 improvement in
the reach in the y parameter of FLArE–100 over FLArE–
10, but this gain is somewhat diminished by the larger
neutrino-induced backgrounds in FLArE–100. In addition,
the flux of energetic DM particles decreases away from the
beam collision axis, and so the increased transverse size of
FLArE–100 has less of an impact on the expected
sensitivity.
In the right panel of Fig. 10 we show contours of the

expected number of detected DM scattering events in
FLArE–100. As can be seen, up to 1000 DM scattering
events are expected during HL-LHC in the region of
parameter space not currently excluded by NA64 [90].
Also shown are the effect of more stringent cuts on the
electron recoil energy, 30 MeV < Ee < 3 GeV. This
change in selection cuts with respect to Table II does
not significantly degrade the sensitivity reach for light DM
particles with mχ ≲ 10 MeV. Such light DM favors a low

momentum exchange between χ and e− as dictated by the
smaller value of the dark photon mass,mA0 ¼ mχ=3. On the
other hand, for larger DMmasses,mχ ≳ 100 MeV, restrict-
ing to events with lower electron recoil energy would result
in a mild reduction in sensitivity to the y parameter.
We stress that, even though the reach plots presented

here look similar for both the emulsion and LArTPC
detectors, the final sensitivity will also be affected by
the detector capability to reject muon-induced back-
grounds. In particular, as discussed in Sec. VI, the
LArTPC experiments allow for a very efficient active
muon veto and, therefore, present a particularly promising
detection technique to be employed in DM searches in the
far-forward region of the LHC. Importantly, since the
LArTPC technique is by design well-suited to the study
of neutrino interactions, such a detector could thus be
considered for a future far-forward neutrino experiment
during the HL-LHC phase [102].

VIII. CONCLUSIONS

The hypothesis that DM is part of a light hidden sector is
both theoretically compelling and experimentally fertile.
We have proposed to leverage the large forward cross
section in pp collisions at the LHC to produce and detect
such light DM particles in the MeV to GeV mass range. In
simple models based on a kinetically mixed dark photon
mediator, an intense flux of DM particles will be produced
in the far-forward direction through neutral meson decays
or proton bremsstrahlung. Given a suitable detector situated
in the forward region, perhaps housed in the proposed
Forward Physics Facility [25], the DM particles can then be

(1m x 1m x 7m)

(1.6m x 1.6m x 30m)

SuperCDMS

SNOLAB

Belle-II (50 ab-1)

NA64
(5*1

0
12  E

OT)
LD

M
X

SHiP (S
ND)

y 
=

 
2

D
 (

m
 /m

A
)4

m  ( = mA/3)  (GeV)

FLArE-10

FLArE-100

10-13

10-12

10-11

10-10

10-9

10-8

10-3 10-2 10-1 1
re

lic
 ta

rg
et

Majorana DM
D=0.5

SND@
LHC

B
D

X

y 
=

 
2

D
 (

m
 /m

A
)4

m  ( = mA/3)  (GeV)

30MeV<Ee<20GeV, e cuts

only 30MeV<Ee<3GeV

10-13

10-12

10-11

10-10

10-9

10-8

10-3 10-2 10-1 1
re

lic
 ta

rg
et

Majorana DM
D=0.5

FLArE-100

Nev=1

10

100

1000

1

FIG. 10. Left: The 90% CL exclusion bounds in the DM-electron scattering search for light Majorana DM for the 10-tonne liquid
argon detector FLArE–10 (dotted blue line) and the 100-tonne detector FLArE–100 (solid blue) with the designs presented in Sec. III.
The current bounds, DM relic density lines, and future expected sensitivity reach contours for other experiments are shown as in Fig. 8.
Right: The dashed blue lines are contours of the number of detected DM scattering events Nev ¼ 1; 10; 100; 1000 for FLArE–100 and
the analysis cuts given in Table II. The red dotted lines correspond to Nev ¼ 1, 10 in FLArE–100, assuming that the analysis employs
only the electron recoil energy cut 30 MeV < Ee < 3 GeV.

BATELL, FENG, and TROJANOWSKI PHYS. REV. D 103, 075023 (2021)

075023-16



detected through their elastic scattering with electrons, and
as many as hundreds to thousands of such DM-electron
scattering events could be detected in the cosmologically
allowed regions of parameter space at the HL-LHC.
This search strategy is complementary to approaches

utilizing missing energy/momentum at colliders and elec-
tron-fixed target experiments, because the production
probes the hadronic couplings of the mediator, and the
produced DM is directly detected through its scattering.
Furthermore, the relativistic nature of the accelerator-
produced DM renders the scattering insensitive to the
detailed structure of the DM interactions. This is in contrast
to the nonrelativistic scattering in direct detection experi-
ments, where in certain models (e.g., inelastic scalar or
Majorana fermion DM) the event rates are substantially
suppressed.
We have studied two plausible detector designs, one

based on the emulsion detector technology, currently used
for FASERν, and another employing the liquid argon time
projection chamber concept, which we have named the
Forward Liquid Argon Experiment (FLArE). Kinematic
and topological handles can be utilized to efficiently
separate the DM signal from neutrino induced back-
grounds, including neutrino-electron elastic scattering
and various neutrino charged current reactions. We have
also investigated potential background processes induced
by the large flux of forward muons. Such backgrounds may
pose challenges to the DM search with a nominal FASERν-
style emulsion detector, given the lack of event time
information and anticipated spatial pileup. We have sug-
gested several strategies to mitigate these backgrounds,
including a sweeper magnet to deflect the muons, the
installation of electronic timing layers in the emulsion
detector, and the use of time and spatial information in the
LArTPC detector, with the latter approach appearing to be
particularly promising.
Looking ahead, it would be very interesting to inves-

tigate the sensitivity of these experiments to the scattering
of light DM with nuclei. In contrast to lower-energy, proton
beam fixed target experiments, the higher energies of the
produced DM particles offer the possibility of detecting
DM-induced DIS events. It would also be worthwhile to
study the prospects for testing other light DM models with
different coupling patterns. For example, the LHC pp
collisions may offer distinct advantages in probing DM
models with hadrophilic couplings [30,31,33,103].
Although the search for DM particles provides one

important motivation for experiments of this kind in the
far-forward region of the LHC, it is certainly not the only
one. As already highlighted in the Introduction, the main
goal of FASERν and its envisioned HL-LHC successor is
to study TeV-energy, collider-produced neutrinos. Along
with the large neutrino DIS event rates studied in
Refs. [22,23], we have found there are significant rates
for other high-energy neutrino scattering processes, such

as neutrino-electron elastic, CCQE, and CCRES scatter-
ing. It would be worthwhile to understand the benefits
and drawbacks of various detector options, e.g., emulsion
and LArTPC, in measuring the various neutrino inter-
actions. Along these lines, it would be interesting to
consider the merits of re-purposing existing detectors in
the far-forward region at the LHC, such as the proto-
DUNE LArTPC already installed at CERN [104,105].
Along with the intrinsic interest in exploring high-energy
neutrino interactions, precise measurements of the neu-
trino flux and a better theoretical description of neutrino
scattering in these experiments are of critical importance
in the DM search as it relates to the neutrino-induced
backgrounds. Furthermore, besides DM scattering, one
can envision other well-motivated BSM scenarios with
exotic collider-stable particles that can be detected
through their scattering with electrons or nuclei, such
as heavy neutral leptons with non standard inter-
actions [106].
FASER and FASERν will soon embark on a ground-

breaking physics program exploiting the large forward pp
cross section at the LHC. With most of the LHC luminosity
still to be collected, now is an apt time to broadly explore
the potential physics opportunities afforded by a diverse
array of experiments situated in the far-forward region [25].
This work demonstrates that, along with the potential for a
suite of SM neutrino measurements, a suitable far-forward
detector also offers the unique and exciting opportunity to
search for light DM at the HL-LHC.
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APPENDIX: DARK MATTER-ELECTRON
SCATTERING

Here we provide a few supplementary details regarding
the DM-electron elastic scattering cross section. We con-
sider the process

χðp1Þ þ eðp2Þ → χðp3Þ þ eðp4Þ: ðA1Þ

The kinematics in the lab frame is described by the
following four-momenta:

p1 ¼ ðE; 0; 0; pÞ; p2 ¼ ðme; 0; 0; 0Þ;
p3 ¼ ðEχ ; kχsχ ; 0; kχcχÞ; p4 ¼ ðEe; kese; 0; keceÞ; ðA2Þ

where sχ;e ¼ sin θχ;e and cχ;e ¼ cos θχ;e. The 4-momentum
transfer is q ¼ p1 − p3 ¼ p4 − p2. The Mandelstam

variables can be written in terms of the outgoing electron
energy as

s ¼ m2
χ þm2

e þ 2meE;

t ¼ 2m2
e − 2meEe;

u ¼ m2
χ −m2

e − 2meEþ 2meEe: ðA3Þ
The differential cross section with respect to the out-

going electron energy is

dσ
dEe

¼ jMj2
32πmep2

: ðA4Þ

In terms of the Mandelstam variables, the squared ampli-
tudes, averaged over initial spins and summed over final
spins, for the complex scalar and Majorana DM models are

jMj2 ¼ 16π2ϵ2ααD
ðt −m2

A0 Þ2 ×

(
½ðs − uÞ2 þ 4m2

χt − t2� ðcomplex scalar DMÞ;
2½s2 þ u2 − 2m2

eðs − tþ uÞ − 2m4
χ þ 2m4

e − 8m2
χm2

e� ðMajorana DMÞ: ðA5Þ

Combining Eqs. (A3)–(A5), we obtain the formulas given
in Eqs. (9) and (10).

Distributions in other kinematic variablesmay be useful in
other contexts. For instance, the “inelasticity” y is defined as

y ¼ p2 · q
p2 · p1

¼ E − Eχ

E
¼ Ee −me

E
; ðA6Þ

and the differential cross section with respect to the inelas-
ticity is given by

dσ
dy

¼ EjMj2
32πmep2

: ðA7Þ
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[69] A. Celentano, L. Darmé, L. Marsicano, and E. Nardi, New
production channels for light dark matter in hadronic
showers, Phys. Rev. D 102, 075026 (2020).

[70] R. Acciarri et al. (DUNE Collaboration), Long-Baseline
Neutrino Facility (LBNF) and Deep Underground Neu-
trino Experiment (DUNE): Conceptual design report,
Volume 2: The physics program for DUNE at LBNF,
arXiv:1512.06148.

[71] P. Ballett, S. Pascoli, and M. Ross-Lonergan, MeV-scale
sterile neutrino decays at the Fermilab short-baseline
neutrino program, J. High Energy Phys. 04 (2017) 102.

[72] B. Batell, J. Berger, and A. Ismail, Probing the Higgs
portal at the Fermilab short-baseline neutrino experiments,
Phys. Rev. D 100, 115039 (2019).

[73] H. Chen et al. (MicroBooNE Collaboration), Proposal
for a new experiment using the booster and NuMI neutrino
beamlines: MicroBooNE, Report No. FERMILAB-
PROPOSAL-0974, 2007, https://lss.fnal.gov/archive/test-
proposal/0000/fermilab-proposal-0974.pdf.

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

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

[76] 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.

[77] N. Beni et al., Further studies on the physics potential of an
experiment using LHC neutrinos, J. Phys. G 47, 125004
(2020).

[78] A. Ferrari, P. R. Sala, A. Fasso, and J. Ranft, FLUKA: A
multi-particle transport code (Program version 2005),
https://www.osti.gov/biblio/877507-sC9S9L.

[79] G. Battistoni et al., Overview of the FLUKA code, Ann.
Nucl. Energy 82, 10 (2015).

[80] M. Sabate-Gilarte, F. Cerutti, and A. Tsinganis (CERN
Sources, Targets, and Interactions Group), Characteriza-
tion of the radiation field for the FASER experiment,
Technical Report (2018).

[81] P. Zyla et al. (Particle Data Group), Review of particle
physics, Prog. Theor. Exp. Phys. 2020, 083C01 (2020).

[82] D. E. Groom, N. V. Mokhov, and S. I. Striganov, Muon
stopping power and range tables 10-MeV to 100-TeV, At.
Data Nucl. Data Tables 78, 183 (2001).

[83] F. Juget, Electromagnetic shower reconstruction with
emulsion films in the OPERA experiment, J. Phys. Conf.
Ser. 160, 012033 (2009).

[84] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. VI. Cosmological parameters, Astron. Astrophys.
641, A6 (2020).

[85] A. Faessler, M. Krivoruchenko, and B. Martemyanov,
Once more on electromagnetic form factors of nucleons
in extended vector meson dominance model, Phys. Rev. C
82, 038201 (2010).

[86] T. Åkesson et al. (LDMX Collaboration), Light Dark
Matter eXperiment (LDMX), arXiv:1808.05219.

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

[88] SHiP Collaboration, Sensitivity of the SHiP experiment to
light dark matter, arXiv:2010.11057.

[89] J. 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).

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

[91] D. Hanneke, S. Fogwell, and G. Gabrielse, New Meas-
urement of the Electron Magnetic Moment and the Fine
Structure Constant, Phys. Rev. Lett. 100, 120801 (2008).

BATELL, FENG, and TROJANOWSKI PHYS. REV. D 103, 075023 (2021)

075023-20

https://doi.org/10.1016/j.nima.2005.08.109
https://doi.org/10.1016/j.nima.2005.08.109
https://doi.org/10.1016/j.physletb.2010.06.022
https://doi.org/10.1088/1748-0221/4/04/P04018
https://doi.org/10.1088/1748-0221/4/04/P04018
https://arXiv.org/abs/1504.04956
https://arXiv.org/abs/1504.04956
https://arXiv.org/abs/1503.01520
https://arXiv.org/abs/2002.03005
https://doi.org/10.1088/1748-0221/12/02/P02017
https://doi.org/10.1088/1748-0221/12/02/P02017
https://www.osti.gov/biblio/1573230
https://www.osti.gov/biblio/1573230
https://www.osti.gov/biblio/1573230
https://doi.org/10.1088/1748-0221/14/04/P04004
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/10.1103/PhysRevC.92.034906
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.physletb.2014.02.029
https://doi.org/10.1103/PhysRevLett.121.041802
https://doi.org/10.1103/PhysRevLett.121.041802
https://doi.org/10.1103/PhysRevD.102.075026
https://arXiv.org/abs/1512.06148
https://doi.org/10.1007/JHEP04(2017)102
https://doi.org/10.1103/PhysRevD.100.115039
https://lss.fnal.gov/archive/test-proposal/0000/fermilab-proposal-0974.pdf
https://lss.fnal.gov/archive/test-proposal/0000/fermilab-proposal-0974.pdf
https://lss.fnal.gov/archive/test-proposal/0000/fermilab-proposal-0974.pdf
https://lss.fnal.gov/archive/test-proposal/0000/fermilab-proposal-0974.pdf
https://lss.fnal.gov/archive/test-proposal/0000/fermilab-proposal-0974.pdf
https://doi.org/10.1103/RevModPhys.84.1307
https://doi.org/10.1103/RevModPhys.84.1307
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/10.1088/1361-6471/aba7ad
https://doi.org/10.1088/1361-6471/aba7ad
https://www.osti.gov/biblio/877507-sC9S9L
https://www.osti.gov/biblio/877507-sC9S9L
https://www.osti.gov/biblio/877507-sC9S9L
https://doi.org/10.1016/j.anucene.2014.11.007
https://doi.org/10.1016/j.anucene.2014.11.007
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1006/adnd.2001.0861
https://doi.org/10.1006/adnd.2001.0861
https://doi.org/10.1088/1742-6596/160/1/012033
https://doi.org/10.1088/1742-6596/160/1/012033
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1103/PhysRevC.82.038201
https://doi.org/10.1103/PhysRevC.82.038201
https://arXiv.org/abs/1808.05219
https://doi.org/10.1016/j.physletb.2019.07.015
https://arXiv.org/abs/2010.11057
https://doi.org/10.1103/PhysRevLett.119.131804
https://doi.org/10.1103/PhysRevLett.123.121801
https://doi.org/10.1103/PhysRevLett.100.120801


[92] G. Bennett et al. (Muon g-2 Collaboration), Final report of
the Muon E821 anomalous magnetic moment measure-
ment at BNL, Phys. Rev. D 73, 072003 (2006).

[93] G. Angloher et al. (CRESST Collaboration), Results on
light dark matter particles with a low-threshold CRESST-II
detector, Eur. Phys. J. C 76, 25 (2016).

[94] E. Aprile et al. (XENON Collaboration), Light Dark
Matter Search with Ionization Signals in XENON1T, Phys.
Rev. Lett. 123, 251801 (2019).

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

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

[97] 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).

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

[99] 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).

[100] T. Abe et al. (Belle-II Collaboration), Belle II technical
design report, arXiv:1011.0352.

[101] M. Battaglieri et al. (BDX Collaboration), Dark matter
search in a Beam-Dump eXperiment (BDX) at Jefferson
Lab, arXiv:1607.01390.

[102] 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.

[103] B. Batell, A. Freitas, A. Ismail, and D. Mckeen, Probing
light dark matter with a hadrophilic scalar mediator, Phys.
Rev. D 100, 095020 (2019).

[104] B. Abi et al. (DUNE Collaboration), The single-phase
ProtoDUNE technical design report, arXiv:1706.07081.

[105] Y.-D. Tsai, FORMOSA & Forward-DUNE—Looking for-
ward tomillicharged dark sectors and new neutrino physics,
2020, https://indico.cern.ch/event/955956/contributions/
4085706/attachments/2139585/3604771/FORMOSA_
Forward-DUNE_Tsai.pdf. Forward Physics Facility—
Kickoff Meeting.

[106] K. Jodłowski and S. Trojanowski, Neutrino beam-
dump experiment with FASER at the LHC, arXiv:2011
.04751.

DETECTING DARK MATTER WITH FAR-FORWARD EMULSION … PHYS. REV. D 103, 075023 (2021)

075023-21

https://doi.org/10.1103/PhysRevD.73.072003
https://doi.org/10.1140/epjc/s10052-016-3877-3
https://doi.org/10.1103/PhysRevLett.123.251801
https://doi.org/10.1103/PhysRevLett.123.251801
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/PhysRevLett.113.171802
https://doi.org/10.1088/1742-6596/888/1/012123
https://doi.org/10.1103/PhysRevD.102.035006
https://doi.org/10.1103/PhysRevD.102.035006
https://arXiv.org/abs/1011.0352
https://arXiv.org/abs/1607.01390
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.100.095020
https://doi.org/10.1103/PhysRevD.100.095020
https://arXiv.org/abs/1706.07081
https://indico.cern.ch/event/955956/contributions/4085706/attachments/2139585/3604771/FORMOSA_Forward-DUNE_Tsai.pdf. Forward Physics FacilityKickoff Meeting
https://indico.cern.ch/event/955956/contributions/4085706/attachments/2139585/3604771/FORMOSA_Forward-DUNE_Tsai.pdf. Forward Physics FacilityKickoff Meeting
https://indico.cern.ch/event/955956/contributions/4085706/attachments/2139585/3604771/FORMOSA_Forward-DUNE_Tsai.pdf. Forward Physics FacilityKickoff Meeting
https://indico.cern.ch/event/955956/contributions/4085706/attachments/2139585/3604771/FORMOSA_Forward-DUNE_Tsai.pdf. Forward Physics FacilityKickoff Meeting
https://indico.cern.ch/event/955956/contributions/4085706/attachments/2139585/3604771/FORMOSA_Forward-DUNE_Tsai.pdf. Forward Physics FacilityKickoff Meeting
https://indico.cern.ch/event/955956/contributions/4085706/attachments/2139585/3604771/FORMOSA_Forward-DUNE_Tsai.pdf. Forward Physics FacilityKickoff Meeting
https://indico.cern.ch/event/955956/contributions/4085706/attachments/2139585/3604771/FORMOSA_Forward-DUNE_Tsai.pdf. Forward Physics FacilityKickoff Meeting
https://indico.cern.ch/event/955956/contributions/4085706/attachments/2139585/3604771/FORMOSA_Forward-DUNE_Tsai.pdf. Forward Physics FacilityKickoff Meeting
https://arXiv.org/abs/2011.04751
https://arXiv.org/abs/2011.04751

