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The FASER experiment was designed to study long-lived dark sector particles and neutrinos traveling
in the forward direction at the LHC. Neutrinos are predominantly produced from meson decays, which
also result in an intense energetic flux of muons in the forward direction regularly observed by FASER.
So far, these muons are treated only as backgrounds to neutrino and new physics studies, and extensive
effort is required to suppress them. In this study, we consider the opposite scenario and use muons
produced in the forward direction to produce new muonphilic scalars, which can then be searched for
at the FASER detector. To minimize the backgrounds for this search, we make use of an upgraded
preshower component, which is expected to be installed at FASER before the end of Run 3, and is
capable of spatially resolving two energetic photons. We find that FASER, and its upgrade, FASER?2,
can probe currently unconstrained regions of parameter space, including regions that can potentially
explain the (g — 2), anomaly. This highlights the physics opportunities that the intense TeV muon beam

at the LHC can bring.
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I. INTRODUCTION

The forward direction at the Large Hadron Collider
(LHC) was recognized as early as 1984 to be an important
source of neutrino and muon beams [1,2]. This idea was
resurrected and eventually realized as the FASER experi-
ment [3] to study high energy neutrinos and search for dark
sector particles. FASER [4,5] and the associated neutrino
detector FASERv [6,7] were installed in 2021 and have
been taking data since then. An impressive collection of
neutrino [8—11] and beyond the Standard Model (BSM)
[12,13] physics results have already been repol“[ed.1 The
TeV-scale muon beam in the forward direction at the LHC
has been less studied in the literature.

Proton collisions at the LHC produce a large flux of
hadrons in the forward direction, and their subsequent
decay results in a beam of muons. Muons can also be
produced from particle interactions with downstream
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ISND@LHC [14] has also reported the detection of collider
neutrinos [15].
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LHC infrastructure, but this is a subleading contribution.
These muons will pass through several parts of the
surrounding LHC infrastructure, and a large number of
them will pass through FASER, which is located on the
beam axis far from the ATLAS interaction point (IP). An
estimated 2 x 10° muons will pass through the detector
during Run 3 of the LHC [5-8]. Even though a majority of
the flux is at O(100) GeV, there still remains a significant
flux at energies larger than a TeV (see Fig. 2 in Ref. [8]).
These muons are a major source of background for
neutrino and dark sector searches at FASER, and sub-
stantial effort is put into suppressing them. However, it is
interesting to consider the new physics opportunities that
might be achieved with this muon beam. In this work, we
explore the possibility that this intense and energetic
muon beam can be used to study new muonphilic scalar
particles at FASER. Although we focus on a specific
model here, this work underscores the versatility of the
LHC, particularly when combined with forward detectors,
as together they effectively function as a TeV-scale muon
beam dump.

The muonphilic scalar model we study is a simple model
with a number of compelling motivations. This model
provides an attractive minimal explanation to the observed
discrepancy between the measured value of muon’s
magnetic moment and the expected value [16]. The recent
measurements of a,, =(g — 2),/2, at the E821 experiment
[17] and the Fermilab Muon g-2 Experiment [18,19]
observed a discrepancy with the Standard Model (SM)
prediction [20,21]. The world experimental average

Published by the American Physical Society


https://orcid.org/0000-0003-4678-3808
https://orcid.org/0000-0002-7027-6921
https://ror.org/04gyf1771
https://crossmark.crossref.org/dialog/?doi=10.1103/11j5-txpc&domain=pdf&date_stamp=2025-07-08
https://doi.org/10.1103/11j5-txpc
https://doi.org/10.1103/11j5-txpc
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ROSHAN MAMMEN ABRAHAM and MAX FIEG

PHYS. REV. D 112, 015005 (2025)

deviates from SM prediction by 426 The muonphilic
scalar is also interesting as a portal to the dark sector
capable of accounting for the observed relic abundance
of dark matter [30-35]. The muonphilic model can also
be seen as low-energy manifestations of flavor-specific
UV-complete theories [36,37]. Furthermore, a displaced
detector like FASER is particularly well suited to study this
model for scalar masses below the dimuon mass threshold
because the scalar is long-lived due to its loop-suppressed
decay to two photons.

This paper is organized as follows. We introduce our
muonphilic scalar model in Sec. II and the experimental
setup is described in Sec. III. In Sec. IV, we discuss
muonphilic scalar production, the signal at FASER, and
associated backgrounds. We present our results in Sec. V
and in Sec. VI we conclude. In Appendix, we consider how
some additional experimental systematics may impact the
discovery potential.

II. MODEL

We consider a minimal model with a scalar S coupling
only to muons. Scalars that also couple to electrons have
tight constraints coming from electron beam experiments
[38—42], but these constraints are significantly weakened
when considering a scalar that only couples to muons. The
effective Lagrangian is given by

1 1 _
L£35(9,8)* = 5m5S* = gsShu. (1)

where mg is the mass of the scalar, and gy is the coupling
constant. This interaction is not invariant under SM
symmetries but can be derived from a dimension-5 operator
of the form SH' LI, where L, I are the lepton doublet and
singlet, respectively, H is the SM Higgs doublet, and § is
our new scalar. This effective Lagrangian can be UV
completed in many ways; see, e.g., Refs. [36,43-45].

The model in Eq. (1) is one of the most minimal
models that can solve the (g—2), anomaly. This scalar
can contribute to the muon’s anomalous magnetic moment
[46-48], with a contribution expressed as

(1+x)(1-x)
(1 =x)? + x(mg/m,)*"

2
_ g5 [!
H 871'2 0

2)

>The theoretical prediction [22] is based on calculations that
include the contribution of the hadronic vacuum polarization
(HVP) inferred from data. It is worth noting that recent calcu-
lations of the HVP contribution via lattice QCD methods [23-25]
differ from the data-driven method, bringing the theoretical
prediction in better agreement with the measurement. The
data-driven techniques extract the HVP contribution from a
number of experiments including BABAR [26,27], CMD-3 [28],
and KLOE [29].

In particular, a light scalar with mg~ 100 MeV and
gs ~ 5 x 107 has the correct contribution to a, to explain
the (g —2), anomaly.

Muonphlilic scalars have been searched for at a number
of experiments. A strong constraint for mg > 2m,, has been
placed by BABAR [43,44,49,50], while ongoing measure-
ments at Belle II [44] and SpinQuest [51,52], and future
measurements at the HL-LHC [44], will either discover
or place bounds on muonphilic scalars above the dimuon
mass threshold, 2m, < mg < 80 GeV [53]. For mg < 2m,
constraints from SN1987 [41,54,55] E137 [40,41], NuCal
[56], MiniBooNE, and MicroBooNE [57] dominate the
small coupling region of the parameter space, up to
mg < 150 MeV. Interestingly, these searches don’t rule
out the (g — 2),, favored parameter space below the dimuon
mass, with solutions for scalar masses greater than
150 MeV not yet excluded. See Fig. 2 in Ref. [53] for a
summary of the existing bounds.

Given the existing and upcoming constraints from
past and ongoing experiments, we explore in detail the
muonphilic scalar model for mg <2m,. The effective
Lagrangian in Eq. (1) induces a dimension-5 coupling
between § and the photon field, SF**F,,, via a muon loop
[58]. Below the dimuon mass threshold, S decays to two
photons through this vertex.” The decay width to two
photons in this model is given by [41,43,50,55]

22 3
_ arggmyg

r =
64723 mﬁ

1+ (1=2)f (7). (3)

where 7 = 4m/m3, and « is the fine structure constant.
For © > 1(mg < 2m,), we have f(r) = arcsin®(z7'/2). As
this interaction is loop suppressed, it naturally renders S as
a long-lived particle, which can be searched for at far
detectors. For a muonphilic scalar with energy Ej, this
gives a decay length of [50]

E 6 x 107*\2 /100 MeV 4

Lo~ 480 s )

s (i) (o) ()
(4)

This makes far forward detectors like FASER well suited
for probing this model.

III. EXPERIMENTAL SETUP

We now discuss the relevant components of the FASER
experiment [59], as well as some details of the LHC
infrastructure. We first describe the FASER detector and

3 Another possible decay channel for S is via an off-shell muon.
This channel, S — up*(ev,v,), is suppressed by G7 and is small
in comparison to the diphoton channel, and so it can be ignored.
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FIG. 1. A simple cartoon illustrating the means of S production

through rare decays of pseudoscalar (M) and vector (V) mesons,
and muon bremsstrahlung in the charged particle absorber (TAS),
the rock, and in the FASERv detector. We also show the two
different signal types that we study: diphoton and diphoton in
association with the parent muon. For FASER2, the setup is
similar, but with different sizes and locations of the various
components, as described in the text.

then work our way upstream with descriptions of
the materials lying between FASER and the ATLAS IP,
which are relevant for S production. An overview demon-
strating the various production mechanisms is illustrated
in Fig. 1. We will also discuss details of the FASER
upgrade, FASER?2, which is part of the Forward Physics
Facility [60].

FASER is placed along the proton beam axis, 480 m
downstream from the ATLAS IP while FASER?2 is assumed
to be 620 m away in the Forward Physics Facility cavern
[60-62], also along the beam axis. The experiment is
equipped with a front veto to reject incident muon events, a
decay volume, a spectrometer for track momentum
reconstruction, a preshower station for photon identifica-
tion, and finally a calorimeter (see Fig. 1 of Ref. [12]). We
model the FASER(2) experiment as a cylindrical decay
volume with a radius of 10 cm (1 m) and a length of 3.5 m
(20 m), with the length including the spectrometer tracking
volume as our signal does not require charged track
reconstruction from the S — yy decay [63,64].

At the front of FASER, toward the ATLAS IP, is the
FASERv experiment, a tungsten emulsion detector, which
for our purposes, will serve as a target for S production
via nuclear bremsstrahlung, uN — uNS. We model
FASERv (and its upgrade FASER22 [60,65]) as a 1 (20)
tonne target mass of tungsten plates interleaved with
emulsion films that has transverse x longitudinal dimen-
sions of 0.25 x 0.3 x 0.8 m> (0.4 x 0.4 x 6.6 m?).

Between FASERy(2) and the primary LHC tunnel lies
approximately 100 (240) m of rock and concrete. Finally,
20 m from the IP in front of the quadrupole final-focusing
magnets, lie the charged particle absorbers known as the
TAS. During the HL-LHC era, the TAS will be upgraded to
the TAXS to handle the increased particle flux. We model
the TA(X)S as a 1.5 m long copper cylinder with a 25 cm
radius; cut out from the cylinder is a small aperture for the
beam pipe, which has a radius of 1.7 cm (3 cm) [66,67]. We
explore both the rock and copper absorbers as an additional
means of S production.

Finally, we return to the FASER detector to discuss the
preshower [5] station in more detail as it is an important
component for our study. Located at the back of the FASER
detector just in front of the calorimeter, the preshower
consists of two scintillator layers each preceded by a layer
of tungsten. One of the main purposes of the preshower is
to identify photon signals and separate them from neutrino
interactions in the calorimeter [5,13,63,64]. However, if a
neutrino interacts close to or inside the preshower, this
would be an irreducible background with the current
experimental design [13] for photon energies relevant for
our signal (O(100) GeV). Indeed, in the recent search for
axionlike particles at FASER [13], which also had a
multiphoton final state signature, neutrinos interacting in
the preshower resembled signal events and thus required
a rather large energy cut of 1.5 TeV to suppress them.
To mitigate the background for photonic final states, the
FASER collaboration is finishing the design of a high-
granularity preshower upgrade [68]. Simulations have
shown that it can resolve two photons, each with at least
100 GeV energy, separated by 2200 pm, with high (=80%)
efficiency. The preshower upgrade is planned to be
installed in time to capture the last 90 fb~! [69] of
integrated luminosity of Run 3, although this amount is
likely a conservative estimate as the upgraded preshower is
now expected to capture more luminosity. For our study,
we use the resolving power of the high-granularity pre-
shower to mitigate backgrounds. We assume that the high-
granularity preshower covers the entire radius of the
spectrometer where photons are recorded. However, since
the final impemented design may only cover a fraction of
the spectrometer’s transverse area, we explore the possibil-
ity of a reduced coverage in Sec. A, though we find that it
does not significantly impact our results.

The FASER experiment has been approved for Run 4
[69], and the Forward Physics Facility is in the planning
stage. So we study two experimental scenarios: FASER
during Run 4 and FASER?2 during the HL-LHC era. For the
former, we also include data that will be collected at the end
of Run 3 with the expectation that the upgraded preshower
will be installed by then. We assume FASER?2 is equipped
with a similarly capable preshower component. So, when
presenting results, we will highlight discovery potential
for FASER with the end of Run3 + Run4 luminosity
(90 + 680 fb~!) as well as with FASER2 during the full
HL-LHC era (3 ab™!).

IV. SIGNAL AT FASER

In this section, we describe the signal at FASER from a
muonphilic scalar, S, which decays to two photons. We
begin by describing the two production modes of S, as each
results in a different kinematic distribution of the signal. We
also describe production of S at various locations as they
will probe different lifetime regions. We refer again to

015005-3
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Fig. 1 for an overview of production mechanisms and
signal types.

The dominant production of S proceeds through either
rare three body decays of mesons or muon bremsstrahlung
in the intervening material between the ATLAS IP and
FASER. Rare decays of mesons are a dominant production
mechanism for a wide variety of BSM models [12,13,70] at
FASER. On the other hand, muon bremsstrahlung of BSM
particles at forward LHC experiments was first studied
in Ref. [71], and subsequently in Ref. [72]. Additional
production modes of § exist, for example, those involving
its loop-suppressed photon interactions in neutral pseudo-
scalar meson decays or the Primakoff process in material
near the ATLAS interaction point. These are expected to
be subdominant, and hence, we do not consider them in
this work.

For most of the production modes, the resulting signal in
FASER will be two photons from S decay, a commonly
explored final state at forward detectors [13,60,70,73-75].
Moreover, the present work is the first investigation of
potential signal hiding in muon events; this corresponds to
the case where the parent muon that produced the S also
enters the detector. The FASER experiment observes a
muon flux of about 1 kHz [76], corresponding to a few
billion muons passing through FASER in Run 3, which are
typically treated as a source of background. These events
are currently discarded in neutrino and BSM searches,
although some of them may contain BSM signatures,
particularly when the BSM model is muonphilic. Although
this signal is experimentally challenging because of the
presence of the muon and the backgrounds it could induce,
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we make optimistic projections and analyze the signal
distribution in the hope that the background can be
controlled and these events can be studied.

A. Three-body meson decay—2y

The dominant means of producing § is via rare decays
of mesons. These mesons (z, K, @, p, etc.) are copiously
produced in pp collisions at the ATLAS IP. Once pro-
duced, they can undergo rare three body decays, such
as K* — yiyﬂS for charged pseudoscalar mesons and
@ — putu~S for neutral vector mesons. Reference [53]
explored a similar production mode, but only from kaons,
whereas here we extend to include production from other
pseudoscalar and vector mesons, which we find to be
important. The muons are bent by the LHC magnets
and also undergo multiple Coulomb scattering as they
pass through ~O(100) m of rock, changing their energy
and direction. Hence, we safely assume that the muons
produced from these rare meson decays miss the FASER
detector, unlike S, which travels forward unimpeded.
Indeed this assumption can be further justified by the
comparing the relatively smaller muon flux at FASERvy
with that at TAS in the right panel of Fig. 2. At 100 GeV
(1 TeV), the muon flux at FASERv is smaller than the flux
at TAS by a factor of 1000 (100). So in this case, we expect
only S to enter the detector (and for pseudoscalar meson
decay, an accompanying neutrino, which is extremely
unlikely to interact).

We model the production of S via meson decay in
FORESEE [77], which includes the SM meson spectrum in
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FIG. 2. Left: Production rates of forward S (6 < 0.2 mrad) from rare three body decays of various mesons. Charged scalar mesons
decay viaa W boson to a uvS final state and neutral vector mesons to a u™u~S final state via a photon. For much of the mass range we are
interested in, production from Kaons and @ mesons dominate. Right: The number of muons passing through different materials relevant
for bremsstrahlung production of S. The red curves include the end of Run 3 + Run 4 luminosity (770 tb~!), and the blue curves include
the full high-luminosity (3 ab™!). The charged particle absorbers, TA(X)S, are located 19.1 m from the ATLAS IP, and the FASERy/(2)
detector is 480 (620) m away. The intervening space consists of the LHC tunnel and rock, starting at 409 m. The midpoint between the
start of rock and FASERv(2) detector is approximated as 430 (500) m away from the ATLAS IP. For further details of each target, see

Secs. III and IV.
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the forward direction. It is worth noting that some pseu-
doscalar mesons are long-lived and thus are more likely
to interact somewhere in the LHC before decaying. We
only study S production from those which decay before the
TAS—it s possible that there may be some additional reach
|

d®BR(M* — p*v,S)  mygs x BRIM* — u*u,)
dEgdQ? - 8xPmi(mi; — m2)*(Q? — m2)?

afforded by propagating them through the magnetic fields
and simulating their decay, but we do not consider this here.
The differential branching ratio for a charged pseudoscalar
M* to decay into y*1,S and neutral vector meson V to
decay into utu~S is given by [78,79]

x ((myy = 2myEs + 0*)Q*(Q* — my) — (Q* — mymiy)(Q* + mj; — m3) + 2mi Q% (my; — %)),

d*BR(V - ptu=S) 1 2% G5 1%

dE¢dQ?

T Ty 27am}[(QF — m2)(Q — 2Egmy — m2))?

x ([(Q* = m3)* + (Q* = 2Egmy — m})?] (4my, — m3) (2my, + m3)

— 4Egmy (4m}; — m3 + Esmy)(Q* — m3)(Q* = 2Egmy — m3)
—2(Q% = m3)(Q* = 2Egmy — m};)(8my, + m 4 my(4m3, — 6mg))). (5)

Here a is the fine structure constant, m,, and m, are the
mass of the pseudoscalar meson and muon, respectively, E
is the energy of S, Q is the invariant mass of the (u*, S)
system, and BR(M* — p*v,) is the branching ratio for the
pseudoscalar meson to decay into a muon and a neutrino.
my, fy and I'y are the mass, decay constant, and total
decay width of the vector meson, Q is again defined as the
invariant mass of the (¢, S) system with ¢ being the muon
from which S originates. In the left panel of Fig. 2, we show
the production rates for S from various mesons. For the
masses in which we are interested, production from K and
@ dominate in roughly equal amounts, demonstrating the

|
importance of including production modes other than K, in
particular the @ meson.

Once produced, only the S particles with sufficiently
small transverse momenta travel toward FASER uninter-
rupted. As is shown in left panel of Fig. 2, we only consider
S particles that are produced with an angle less than
0.2 mrad from the beam axis for FASER. We simulate
the propagation to and subsequent decay of S particles
inside FASER using FORESEE [77]. Since they are
produced close to the ATLAS IP, they have to travel
a distance of ~500 m to reach the FASER detector. In
the left panel of Fig. 3, we show the energy spectrum of the
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FIG. 3. Energy E,, (left) and separation spectra A, (middle), of the diphoton signal coming from decays of S for 770 fb~!. We show it
for two benchmark points: (g, g) = (35 MeV, 2.5 x 1073) in orange and (100 MeV, 6.3 x 107*) in blue. The spectra are also shown
for the three production modes: rare meson decays (dashed), bremsstrahlung in the TAS (dotted) and bremsstrahlung in the rock (dash
dotted). S produced via rare meson decays are more energetic than S from other production modes resulting in a harder diphoton energy
spectra, and a smaller photon separation (A,, ~ mg/Ej). In the vertical gray dashed lines, we also show the kinematic cuts we employ to
eliminate background, E,, > 200 GeV and A,, > 200 pm. In the rightmost panel, we show the signal distribution for S production in
FASERv, consisting of two photons and the parent muon, for (mg, gg) = (100 MeV, 1.4 x 10‘3). On the vertical axis, we show the
energy of the final-state muon, which can be reconstructed by the trackers, and on the horizontal axis, we show the summed energy of
the two photons and the typical energy deposited by the muon in the calorimeter, with the two photons’ energy dominating. For this

panel, we require A,, > 200 pm.
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diphoton system from S decay inside FASER for two
benchmark points: (mg, gg) = (35 MeV,2.5 x 1073) and
(100 MeV, 6.3 x 107). In our analysis, we also make use
of the high granularity preshower, which can identify two
sufficiently separated photons, and so in the middle panel
of Fig. 3, we show the distribution of the two photon’s
separation at the preshower location, defined as A,,. An
energetic diphoton pair has a smaller separation, as the
separation goes as A,, ~mg/Eg. Studies by the FASER
collaboration indicate that the two photons can be resolved
with high efficiency [68] for E,, > 200 GeV, and
A,, > 200 pm. To mitigate backgrounds, we apply these
cuts on our signal and find that there still exists a significant
event rate.

B. Muon bremsstrahlung

Muons are capable of penetrating the rock and LHC
infrastructure that lie between the ATLAS IP and FASER.
While traversing this distance, the muons pass through a
variety of targets where they can produce new particles;
see Fig. 1. In what follows, we will discuss the con-
tribution of S production and signal via bremsstrahlung
in the charged-particle absorbers (TA(X)S), the rock in
front of FASER, and the tungsten target in FASERv.*
For all targets, we simulate the uN — uNS process in
MadGraph [80] using the appropriate form factor [81] for
each nuclear target, for a nucleus N. The number of signal
events is then given by integrating over the incident muon
flux, and the differential cross-section for S production
and the decay probability:

NSignal = Ntarget / dEy,-dQﬂ,-dESdQSdZ

dNﬂ. dG(E”_)
1 i P E '
X <dEmdQﬂ[> (dQSdES decay( S,Z) (6)

Here, 1y 18 the atomic number density of the target,
and the first term in parentheses is the muon flux passing
through the target as a function of the incident muons’
energy and angular distribution (E,,€Q, ). The second
term in parentheses is the differential cross section for S
production via muon bremsstrahlung. Here, Eg, Qg
describe the produced scalar’s energy and angular dis-
tribution, z is the longitudinal coordinate parallel to the
beam axis and integrates up to the target depth, and
Pyecay(Es. ) is the probability for S with energy Eg to
decay at a distance z. Here, we compute Eq. (6) via a
Monte Carlo simulation.

*There are additional opportunities for bremsstrahlung pro-
duction of S, e.g., in the neutral beam absorbers (TAN) neutral
particle absorbers, or in the material surrounding the beam pipe,
though we do not model these productions here.

1. TAS—2y

As discussed in Sec. III, the charged beam absorbers
(TAS) and TAXS are the copper charged-particle absorbers
near the ATLAS IP during Run 3 and HL-LHC era,
respectively, which will experience an incident muon flux
before the magnets have influenced their trajectory (see
Fig. 1 of Ref. [82]). In principle, S could be produced in the
other materials surrounding the absorbers, but these lie at
large radii from the beam axis and thus have a subdominant
contribution to the signal at FASER because S is produced
with small angular deviations relative to the incident muon.

We simulate the incident muon flux by generating
inelastic proton collisions as predicted by Pythia8 [83],
sampling the hadron decay up to the absorbers’ location
at z = 19.1 m, with the muon flux being dominated by
pion, kaon, and charm hadron decays. We note that there
is some uncertainty in the forward hadron flux [82,84],
which we do not consider in our analysis here, though it is
expected to not significantly impact our results. We show
the resulting number of muons passing through the
absorbers in the right panel of Fig. 2 including their
respective luminosities. The total number of muons
passing through the absorbers is >10* times larger than
that passing through the FASER detector [8], owing
primarily to the deflection of the muons by the magnets
and subsequent multiple Coloumb scattering in the
intervening material.

Because muons will be affected by both the magnets and
the intervening material, it is unlikely that a muon that
produces an S will also intercept the FASER detector. Thus,
the diphoton signal from this production mode is identical
to the contribution to the signal from rare meson decays.
However, given the different production mechanisms, the
signal kinematics are different.

We simulate S production in the copper (Z = 29)
absorbers, their propagation, and decay in FASER. In
Fig. 3, we show the summed energy spectra of the two
photons (E),, left panel) and their separation (A,,, middle
panel) at the preshower detector for the same benchmark
points as before. We find that the requirements we impose
on E,, and A, render this production mode subdominant to
S production from meson decay at these benchmark points,
though we still consider production in the TAS in the full
analysis. We find that if the requirement of E,, > 200 GeV
can be relaxed, production in the TAS alone is sensitive to
unprobed parameter space, though it is still subdominant to
S from meson decay. We also note that the signal from TAS
production has relatively lower energy signal photons and
thus larger diphoton separation as compared to the signal
from meson decay. This is partly due to the fact that the S
particles produced in the copper absorbers have compara-
tively lower energy, as the highest energy muons pass
through the aperture in the middle and do not encounter the
copper at all.
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2. Rock—2y

To simulate S production in the rock (Z = 11 [85]) near
FASER, we must obtain the muon flux after it has passed
through the magnets and intervening materials. The CERN
sources, targets, and interactions group performed a
detailed FLUKA [86,87] simulation to obtain the muon flux
through a 1 x 1 m? area, 409 m from the ATLAS IP, which
is the approximate location where the collision axis exits
the concrete lining of the LHC tunnel and enters the
exterior rock (see Fig. 2 of Ref. [8]). As an approximation,
we use the muon flux at the midpoint of the rock for
production of S. To this end, we propagate the muons from
409 m to 430(500) m for FASER(2), taking into account the
multiple Coulomb scattering in the rock. In the right panel
of Fig. 2, we show the number of muons passing through
this location within a transverse area defined by a circular
cross-section with a radius matching that of the cylindrical
FASER(2) decay volume.

We then sample the spatial and momentum distributions
of the muons for S production, analogous to production
in the TAS. For production in the rock, however, we must
ensure that the outgoing muon does not pass through
FASER. For this, we propagate the muons all the way to
FASER and apply a muon energy dependent efficiency
factor to the signal rate that accounts for the probability that
the muon scatters away (this factor is found to be about
~50%). Hence, the signal we see from this production
mode is also two photons, identical to the meson decay and
bremsstrahlung in the TAS.

3. FASERv—pu +2y

Given the dense FASERwv target (tungsten Z = 74), it
could serve as an additional means of S production via
bremsstrahlung. However, in this case the parent muon will
trigger the FASER’s front veto and is very likely to enter the
FASER detector volume, and the signal will be two
separated photons along with the parent muon.

The advantage of this production mechanism over the
others is that the photons from § are more likely to intercept
the spectrometer. Moreover, the parent muon will also enter
the detector, whose momentum can be reconstructed, thus
offering an additional handle on event reconstruction.
However, it is expected that this signal will prove to
be an experimental challenge due to additional muon
interactions in the detector, including those that may mimic
our signal.’

Some of the observables that can be used to classify this
signal are the front veto is triggered, one muon track with

>This signal can be supplemented by considering S production
in the rock and requiring that the muon also intercept FASER. As
the backgrounds and systematics for this signal are not well
understood, we do not consider this additional contribution and
instead only consider production in FASERv to demonstrate the
physics case.

reconstructed momentum, two separated photons in the
preshower, and the energy deposited in the calorimeter.
We perform a simple analysis, placing cuts only on the
diphoton energy and separation, assuming the relatively
unstudied backgrounds can be controlled. We emphasize
that this analysis is very optimistic. Nevertheless, we wish
to assess the full opportunity that this production mecha-
nism can offer to lay the groundwork for future analyses
with dedicated detector simulations.

After propagating the muons to FASERvy, we simulate
the diphoton signal distribution, similar to the simulations
for S production discussed previously. The key difference is
the measurement of the final-state muon, which emerges
from FASERv. The energy of this observed muon is
correlated with the energy of S and thus the diphoton’s
energy. The energy measured in the calorimeter is the sum
of the two photon energies and the energy that the muon
deposits. There is not yet any study of the preshower’s
ability to resolve two photons when a muon is present, so
for now, we optimistically assume that the two photons can
still be effectively resolved after the same required kin-
ematic cuts are imposed. When presenting the signal
sensitivity from this production mechanism, we do not
impose any cuts on the measured muon momentum.

In the right panel of Fig. 3, we show the signal event
distribution of the muon’s energy after S production and the
energy deposited in the calorimeter for A, > 200 pm for a
benchmark point of (mg, g5) = (100 MeV, 1.4 x 1073). To
estimate the energy measured by the calorimeter, we sum
the signal photons’ energy and add the typical energy
deposited in the calorimeter by the accompanying muon;
the former dominates, with the muon typically depositing
<500 MeV [85]. The muon energy reconstructed by the
tracker is correlated with the photons’ energy measured in
the calorimeter, and the spread in their relation is due to the
S energy distribution in the uN — uNS production process.

C. Background

We now discuss some details concerning background
for the diphoton signal and the muon + diphoton signal
separately. For the diphoton signal, its background at
FASER has been well studied in the context of axionlike
particle searches [13] where the final state consists of
multiple photons with no associated charged tracks.
However, it is important to note that, with the current
preshower detector, these photons are not resolved indi-
vidually but will instead be observed as a total energy
deposition in the calorimeter.

The dominant background for multiphoton final states
comes from neutrinos interacting in the detector, typically
producing a number of charged particles through deep-
inelastic scattering—these charged particles can potentially
be used as a veto using the tracking stations. For the
axionlike particle search, it was estimated that 19 neutrinos
would interact in the preshower itself and would pass
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preliminary cuts to resemble the diphoton signature for an
integrated luminosity of 57.7 fb~!. This expected back-
ground was further reduced to < 1 event by requiring large
energy depositions of E > 1.5 TeV in the calorimeter. In
the absence of any other handles on the background, this
energy cut would significantly weaken our reach (see
Sec. A). For our projections, we take advantage of the
planned high-granularity preshower upgrade at FASER,
which initial studies have shown can resolve two 100 GeV
photons with separation A, = 200 pm. We assume that the
high-granularity preshower, in combination with the
tracking spectrometer and calorimeter, can completely
eliminate the neutrino background.

For S production in FASERv, the signal is the final-state
muon and the two photons. To our knowledge, this is the
first attempt to pursue a BSM signature in the many muons
events that are regularly observed at FASER, and thus, the
backgrounds are not well understood. The muons will
typically leave relatively small, <100 MeV, energy depos-
its, but due to the enormous flux, we also expect a large
number of harder interactions, which produce a shower of
secondary particles [12]. In particular, a muon can interact
somewhere in the detector, which may result in two
photons, for example, through a bremsstrahlung interaction
or through 7° production. These photons would typically
have a much smaller energy than those of our signal, but it
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is possible that more rare, harder interactions amount to an
important background. While we provide some preliminary
considerations, this unexplored signal requires a detailed
detector simulation. We show the most optimistic, back-
ground free projections, under the assumption that the
backgrounds can be controlled in this experimentally
challenging channel.

V. RESULTS

In Fig. 4, we show the projected reach at 90% confidence
limit (C.L.) in the mg, gg plane for the FASER experiment
(left panel) using the end of Run 3 + Run 4 data (770 fb~!)
and the FASER?2 experiment (right panel) for the entire HL-
LHC era (3 ab™!). In solid black, we present exclusion
contours requiring three diphoton signal events after
applying cuts on photon energy E,, > 200 GeV, and
separation A,, > 200 pm at the preshower station. To
illustrate the most optimistic scenario, we also show our
reach without requiring cuts in the dashed black line.

The photon separation can also be thought of as an upper
bound on the energy as A, ~mg/Eg where Eg is the
energy of the produced S and is proportional to the
photons’ energy. So, in effect, the requirement of
A,, > 200 pm mostly cuts sensitivity on the short lifetime
regime along the upper contour; on the other hand, the
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FIG. 4. Projected exclusion at 90% C.L. for FASER (left) using the end of Run 3 + Run 4 luminosity (770 fb~!) and FASER?2 (right)
during the HL-LHC (3 ab™!). For the diphoton signal, a background free search requires the two photons in the final state to be spatially
resolved. For the upgraded preshower, this means E,, > 200 GeV and A,, > 200 pm. In the solid black line, we show the three event
contour line after placing these cuts. We also show the limits without placing the cuts in the dashed black line to show the best case
scenario where the requirements on E,, and A,, are completely removed. This also demonstrates that the cuts primarily affect the reach
for relatively smaller g,. The red lines show the contribution from different production modes after imposing the cuts: rare meson decays
(solid red) and bremsstrahlung production in TA(X)S (dotted red) and in the rock (dashed red). The qualitatively different signal coming
from muon bremmstrahlung inside FASERv is shown separately in dash-dotted light blue after placing the same cuts and assuming no
backgrounds. The green band shows the preferred parameter space to solve the (g — 2) ,, anomaly. Existing constraints are shown in gray
and come from measurement of a, [18,19], E137 [40,41], SN1987 [54,55], and BABAR [43,44,49,50]. Projections from ongoing
experiments such as SpinQuest [51,52] (orange dashed) and Belle II [44] (purple dashed) are also shown, which can cover the (g - 2),
preferred band for heavier masses.
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E,, > 200 GeV requirement cuts sensitivity on the long
lifetime regime on the lower contour. However, in the short
lifetime regime, the event rate falls exponentially with gg,
and so the photon separation turns out to not have a large
impact on the exclusion reach, though it is important for
control of the neutrino background.

To illustrate the relative production mechanisms’ con-
tribution to the total reach, we also show in red the three
event contour lines for the diphoton signal for each
production mode separately after requiring the kinematic
cuts, with rare meson decays shown as the solid line,
production in the TA(X)S as the dotted line, and pro-
duction in the rock as the dashed line. For § production
in FASERvy, the signal is qualitatively different due to
the presence of the parent muon, and so we show it in the
dash-dotted light-blue colored line after applying the
same cuts as above. This contribution is not included in
the summed contours (solid and dashed black lines). It is
important to note that despite the kinematic cuts, this may
be an experimentally challenging signal and is subject to
backgrounds that are not studied in detail here. At
FASER, we find that it only contributes additional reach
at the largest couplings, which are already excluded; at
FASER2, however, there is a significant event rate in
unprobed parameter space from production in FASERv2.
However, it is worth noting that the signal arising from S
production in FASER22 can only probe parameter space
that can also be probed by the diphoton signature at
FASER?2.

We find that S production via rare meson decay contributes
the dominant event rate at FASER for unprobed parameter
space around mg=150MeV and gg=35x107%, with S
production in the TAS and rock providing subdominant
contributions. In contrast to the other production modes, S
production in the rock and FASERv is able to probe larger
couplings due to the relatively shorter decay length. On
the other hand, at FASER?2, the much larger decay volume and
luminosity lead to significantly increased event rates
for all production mechanisms, and the exclusion contour
for each saturates the mg < 2m,, limit, which is required for
the diphoton signal. Moreover, while we are generally
interested in searching for muonphilic scalars, we show the
part of parameter space that can solve the (g — 2), anomaly in
the green shaded band. We find that FASER?2 is able to
completely cover the open parameter space around 150 MeV,
which resolves this anomaly.

In the gray shaded regions, we show parts of parameter
space that are already excluded by previous experiments
and searches. Existing constraints include those coming
from the measurement of a, [18,19], EI137 [40,41],
SN1987 [54,55], and BABAR [43,44,49,50]. Some ongoing
experiments like SpinQuest [51,52] (orange dashed) and
Belle II [44] (purple dashed), which can close the (g —2),
preferred region for heavier masses, are also shown. For

other proposed experiments and analysis studying similar
models, see Refs. [57,58,88,89].

VI. CONCLUSION

In this work, we have investigated the potential to
discover long-lived muonphilic scalars, which decay to
two photons at the FASER experiment and its proposed
upgrade FASER2. Muonphilic scalars are particularly
interesting as they may be the reason for the discrepancy
between the experimental measurement and the theoretical
prediction of the magnetic moment of the muon. They may
also serve as mediators to a dark sector to achieve the
observed dark matter relic abundance.

We have calculated the scalar production near the
ATLAS IP via rare meson decays, as well as production
in the LHC infrastructure, the rock near FASER(2), and
within the FASERw(2) experiment itself. In order to
mitigate background, we make use of the planned pre-
shower upgrade [68], which is expected to be installed
before the end of Run 3 and is capable of resolving photons
separated by 2200 pm. We find that these forward detec-
tors are sensitive to previously unexplored regions of
parameter space, underscoring the unique capability of
the forward region of the LHC, effectively functioning as a
TeV-scale muon beam dump. We note that our projections
are likely a conservative estimate as there are additional
production modes we do not consider such as loop-sup-
pressed processes, or muon bremsstrahlung in other mate-
rials within the LHC infrastructure.

To the best of our knowledge, for the first time, we assess
the potential for the billions of muons that are regularly
observed by FASER to be associated with new physics
(complementing other proposed searches at FASERy(2)
[71,72]). These events have not been considered for any
new physics studies and are currently discarded as back-
ground events to other neutrino and BSM searches. We
note, however, that using muon events for BSM searches
may be experimentally challenging due to the large muon-
induced background. We nevertheless study the kinematic
features and present the optimistic sensitivity in the hope
that the background can be controlled in future studies.

Using only the diphoton events, we find that FASER is
sufficiently sensitive to mostly cover a gap in the muon-
philic scalar parameter space that can solve the (g —2) u
anomaly for mg < 2m,, and that its upgrade, FASER2, will
be able to completely cover this gap. This work highlights
the underappreciated potential of the world’s highest-
energy muon beam and presents the need for further
exploration to fully harness the physics opportunities
offered by the LHC in the forward direction.
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APPENDIX: IMPACT OF ENERGY CUTS,
LUMINOSITIES, AND PRESHOWER COVERAGE
ON EXCLUSION REACH

To fully characterize the discovery potential for this
model, we show the exclusion reach at FASER and
FASER?2, for various kinematic cuts, luminosities, and
preshower coverage. In the top row of Fig. 5, we present
the reach for various E,, cuts, while retaining the require-
ment of A, > 200 pm. Here we only show it for the
diphoton signal events from rare meson decays, brems-
strahlung production in the TA(X)S and rock. We see that

even with stringent energy requirements of E,, > 500 GeV
(2000 GeV), FASER(2) can probe open regions of the
parameter space that can explain the (g —2), anomaly.
In the middle row of Fig. 5, we show the reach for
various  luminosities requiring A, > 200 pm  and
E,, > 200 GeV, for the diphoton signal events in red.

For FASER2, even with just 100 fb~! of data, the reach
can be saturated at the mg < 2m, limit. Note that the
different luminosity curves can be reinterpreted as differ-
ent number of signal event contours, in the case that
unexpected backgrounds arise, which require more than
three events to qualify as an exclusion. To this effect, we
also show the exclusion reach for the muon + diphoton
signal in light blue, which may encounter important
backgrounds.

The installation of the high-granularity preshower is
resource intensive and thus the final implementation may
not cover the entire FASER(2) 10 cm (1m) aperture; so we
also consider the sensitivity to our signal if only the inner
8.6 cm (28 cm) is covered, corresponding to an area of
about 232 cm? (2460 cm?). We require that both signal
photons be within the reduced area of the preshower. In the
bottom row of Fig. 5, we compare the projected exclusion
reach for the reduced transverse coverage, compared to
the full coverage where the latter is defined as the
preshower covering the full radius of the spectrometer.
We find that with the reduced preshower coverage, FASER
is still sensitive to unprobed regions of parameter space, in
particular, the (g —2), region.
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FIG. 5. Projected exclusion at 90% C.L. for FASER and FASER2. Top Row: The upper left panel shows projections for FASER
(770 fb~"), while the upper right panel shows it for FASER2 (3 ab™!). We display the summed contour lines for diphoton signal events
from rare meson decays, bremsstrahlung production in the TA(X)S, and rock. Both panels require A,, > 200 pm for background
mitigation while varying E,, > {0,200, 500, 1000, 1500, 2000 GeV. Middle Row: The middle left and middle right panels show the
exclusion contours for FASER and FASER2, respectively, for various luminosities, with cuts on the diphoton signal (A,, > 200 pm and
Eyy > 200 GeV). Here we also show the reach for the muon + diphoton signal coming from bremsstrahlung production in FASERv(2).
The decreasing luminosities can be reinterpreted as contour lines for increasing number of events: {3,4.6,11.5} for FASER and
{3,9,90} for FASER2. Bottom Row: Projected exclusion at FASER (770 fb~!) and FASER2 (3 ab~!) with full and reduced transverse
area coverage by the high-granularity preshower. Similar to the middle panel, we show the summed contour lines for diphoton signal and
the muon + diphoton signal events, with the same cuts (E,, > 200 GeV, A, > 200 pm) placed on the diphoton. In both panels, the full
coverage corresponds to the upgraded preshower covering the full radius of the spectrometer, corresponding to a radius of 10 cm (1 m).
The reduced area corresponds to a radius of 8.6 cm (28 cm) centered around the middle of the detector. In all the panels, the green band
shows the preferred parameter space to solve the (g —2) ., anomaly. Existing constraints are shown in gray.
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