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Only two types of Standard Model particles are able to propagate the 480meters separating the ATLAS
interaction point and FASER: neutrinos and muons. Furthermore, muons are copiously produced in proton
collisions. We propose to use FASERv as a muon fixed target experiment in order to search for new bosonic

degrees of freedom coupled predominantly to muons. These muon force carriers are particularly interesting

in light of the recent measurement of the muon anomalous magnetic moment. Using a novel analysis
technique, we show that even in the current LHC run, FASERv could potentially probe previously
unexplored parts of the parameter space. In the high-luminosity phase of the LHC, we find that the
improved sensitivity of FASER22 will probe unexplored parameter space and may be competitive with

dedicated search proposals.
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I. INTRODUCTION

The Standard Model of particle physics (SM) success-
fully describes Nature in a wide range of energy scales.
However, there is experimental evidence and strong theo-
retical arguments for the existence of new physics (NP)
beyond the SM (BSM), see, e.g., [1]. New feebly interact-
ing particles (FIPs) at the MeV-to—GeV mass range are
well-motivated in many BSM scenarios and have recently
received a lot of attention, both on the theoretical and
experimental side [2,3]. One particular subset of FIPs are
bosons with nonuniversal couplings to the SM fermions,
which appear in various extensions of the SM [4-7].

Bosons which couple predominantly to muons, referred
to as muonic force carriers (MFCs), are motivated by the
measurement of the muon anomalous magnetic moment,
(9—2), [8-10]. Comparing the experimental data to the
data-driven SM prediction points to an anomaly, which can
be explained by a weakly-coupled sub-GeV MFC, e.g.,
[11,12]. However, recent lattice results [13—15] seem to
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suggest the data is in fact consistent with the SM.
Moreover, a recent measurement of the ete™ — zz cross
section even appears to alleviate the tension between the
data-driven SM prediction and the experimental result [16].

On the other hand, it is possible that NP contributions to
(9 —2), are suppressed due to cancellation at the quantum
level. This was demonstrated in [17], where an approximate
cancellation at the 1-loop level arises due to a global
symmetry. This type of scenario provides a clear motivation
for more direct, tree-level searches, such as the one
proposed here.

MFCs were targeted by direct searches in flavor facto-
ries [18,19] and NA62 [20,21], while vector MFCs were
also probed by neutrino beam experiments [22-24]. In
addition, there is a bound from supernova SN1987 [25,26].
Proposed experiments such as NA64, [5,27,28], M3 [29]
and beam dumps [30,31] can potentially probe unexplored
regions of the MFC parameter space. An alternative approach
is to maximize the NP reach of running experiments. For
example, the ATLAS experiment can probe the MFC
parameter space via missing momentum measurements [32].

In this work, we present a novel method to search for
MFCs using emulsion detectors as muon fixed targets. In
particular, we estimate the sensitivity of FASERv [33-35],
the front part of the FASER experiment [36-39], to the
MEC parameter space. The muons are produced in proton
collisions, mostly as decay products or in secondary
interactions between the collision products and the sur-
rounding matter. Although most muons are deflected, an
estimate of N, ~ 10° muons with energy above 100 GeV

are expected to reach FASERv with 150 fb~! integrated
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luminosity [39]. Using missing energy signatures, we
estimate that MFC couplings as small as 1073 — 107
may be within reach in FASERv and even smaller with
FASERw2, which is expected to be installed at the LHC
high luminosity (HL-LHC) stage. The sensitivity crucially
depends on the background rejection efficiency, which
must be carefully estimated in a dedicated detector study
left for future work.

II. SIMPLIFIED MODEL

We consider a simplified model in which the muon is
coupled to alight mediatory = {S, V}, with the Lagrangians,

(1)

for a scalar and vector MFC, respectively, with the
masses denoted by m,,. Pseudoscalars and axial vectors are
expected to give similar results. The effective theory
described by Eq. (1) can emerge as a low energy limit of a
UV complete theory; for example scalar interactions can arise
as a result of integrating out heavy leptons [20], while the
vector interactions naturally arise in a spontaneously broken
gauged U(1),, _; theory [40-42].

Assuming y is negligibly coupled to other SM constitu-
ents (e.g., the irreducible one-loop level coupling of S to
photons), we consider the case where it is either long-lived
at the detector scale or decays invisibly. This scenario can
arise naturally in the muonphillic case when m, < 2m,,
while above the dimuon threshold some more assumptions
are required, e.g., sizable decay rate to a dark sector. Either
way, once scattered against a fixed-target N, some muons
lose a fraction of their energy due to the 2-to-3 process,

(2)

while y or its dark sector decay products escape the system
without depositing any energy in the detector. Thus, y can
be searched for using missing-momentum signatures in
FASERv, utilizing it as a muon-fixed-target experiment.

Ls = gsSiu, Ly = gy V jiy°u,

N+uy—->N-+u+y,

II1. METHOD

FASERv is an emulsion detector mounted in front of the
FASER main detector. It is composed of 730 emulsion
layers interleaved with 1.1 mm thick tungsten plates of
area S =25 cm x 30 cm [43]. As muons pass through
FASERYv, their track are measured by the emulsion layers.
Throughout this work, we assume each layer provides only
the position of the muon as it passes. In principle, due to the
finite thickness of the emulsion layer and its structure,
additional angular information can be deduced, which can
potentially be harnessed to improve the analysis. We
characterize each muon passing through FASERv by
two simple properties: (i) the ratio between the final and
the initial muon energies, Ry; = (E,),/(E,);, and (ii) the

i
largest scattering angle of the track, 6,,, which characterizes

> Yo

the largest kink in the track. Large kinks are strongly
correlated with large energy losses. To fully benefit from
the layered structure of FASERwv, we propose the detector
acts as an instrumented target:

(1) The bulk of the detector supplies the target mass and
is used as a fixed target for the incoming muon flux.
Using the precise information about the positions of
the muon as it propagates through the detector, the
front and rear parts of FASERv are used to measure
the incoming and outgoing energies of the muon,
respectively, using a method based on multiple
Coulomb scattering (MCS), see below.

The same spatial information can be used in the bulk
of the detector in order to identify the position and
magnitude of kinks in the track.

Our track characterization is summarized in a sketch shown
in Fig. 1.

(i)

(iii)

A. Muon energy reconstruction

The muon energy reconstruction method relates the
observed distribution of scattering angles for a muon
traversing the detector to its energy. The method assumes
that the dominant source of scattering is multiple Coulomb
scattering (MCS) [44-46], a detailed description of the
implementation of this method in emulsion detectors can be
found in [33,47,48]. In our case, where the depth of a
tungsten layer is, X ~ 1.1 mm (X} ~3.50 mm [49]), the
typical MCS angle in FASERv for a 100 GeV muon is
roughly oy~ 0.07 mrad (the single-layer angular reso-
lution in FASERv is 6,,, ~0.23 mrad, where we used
Cang = \/iapos /X [33], with 6,5, = 0.18 um [50] the spa-
tial resolution of the emulsion plate).

The FASER collaboration reported a momentum
reconstruction resolutions of 46% and 57% for 200 GeV
and 1 TeV, respectively, applying the MCS method using 100
layers and assuming o, = 0.4 um [33]. We analyzed
simulated data at lower energies with a more recent resolution
estimation (6,4, = 0.18 um), which yielded similar results,
for more details see Appendix A. By using a larger sample
size of 400 (200 layers of independent x, y displacements),
the statistics-dominated energy uncertainty is reduced by
about a factor of N\/‘WNZ, namely AE/E ~ 20%.

measure (E,);

Bulk - fixed target /w track information measure (E,)s

o pg

FIG. 1. A sketch of a muon track at FASERv. The initial and
final energies can be estimated using the MCS method, where we
emphasize using the solid black lines that the MCS angles would
generically increase after the muon losses energy. In practice, the
MCS angles are O(1 mrad) and the muon tracks appear as
straight lines (dashed).
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An MCS-based method can also be used to determine 6,,.
First, we identify the region in the detector in which the muon
lost its energy using a sliding window algorithm. The largest
scattering angle measured in this region is strongly correlated
with 6,,, if the scattering angle is larger than the typical MCS
angle and is above the angular resolution. This is usually the
case for large energy losses, which as we discuss below, is the
kinematic region of interest. In a preliminary study, we find
that even a simple realization of this algorithm leads to a
small reduction in signal efficiency, which can be made even
smaller with optimization, e.g., by using machine learning. A
detailed study is left for future work.

B. Signal

We calculated the cross section for the coherent process
of Eq. (2) (taking N to be tungsten) numerically using
MADGRAPH [51] for a range of MFC masses and initial
muon energies, see Fig. 2. The cross section depends only
weakly on the initial energy of the muon and decreases as
expected for heavier MFC masses. Each MFC emission
event can be characterized by Ry; and ¢,. Heavier MFC
masses typically lead to larger scattering angles and energy
loss, which are strongly correlated, see Fig. 3. Lighter MFC
masses, on the other hand, lead to smaller scattering angles
and energy loss and are increasingly SM-like. For com-
parison, we also plot the corresponding distributions from
the main background due to bremsstrahlung.

C. Background

The propagation of muons through matter has been studied
in detail, see, e.g., [49]. The main SM processes which
contribute to the energy loss of the muon as it propagates
through matter are, by probability order at small energy losses,

N+pu+e +e (Pair production)
Nipo Nt +pu+e” (Ionization) )
N+u+y (Bremsstrahlung)
N +pu+--- (Nuclear)
s , m Scalar ]
= 100 m Vector |
~ F ]
0 ]
Z 1012§ E
L F —— B, =100Gev
& L - E, = 250 GeV N
Eo E, = 500 GeV 3
0.01 0.1 1.
m, [GeV]

FIG. 2. The Nu — Nuy cross-section.
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FIG. 3. 90% contour lines of the 2D probability density
distribution {R;,6,} for (E,); = 100 GeV and y =S with
mg = 0.01,0.1, 1.0, GeV, plotted in red, green and blue, respec-
tively. For comparison, we plot the same distribution for our
dominant background due to bremsstrahlung in gray. The result
for y = V are very similar, see Appendix C.

As the muon propagates through the tungsten layers, its
total energy loss is typically an accumulation of a large
number of scatterings due to the processes of Eq. (3). At
100 GeV, the average energy loss in tungsten is (dE/dx) =
3.05 MeV cm?/gr [49]. Thus, the average energy loss at
FASERv would be (AE) ~5 GeV per muon.

The main background source is rare events in which the
muon loses a large fraction of its energy due to a SM
process. In order to study the background processes, we
simulated ~5 x 10% muon tracks as they propagate through
a simplified model of FASERY! using GEANT4 [52,53] with
various values for the initial energy. We associate each of
the simulated tracks with one of the SM processes listed in
Eq. (3) according to its single largest energy loss event
during its propagation. This identification is useful for
tracks in which a rare hard scattering occurred, while tracks
with small energy losses are typically a result of many soft
scatterings. We present the distribution of tracks and the
relevant distributions in Appendix C.

The background (BG) rejection for the three prompt SM
processes, i.e., ionization, pair production and nuclear,
quantifies the ability to detect energy depositions in the
close vicinity of a given muon track. This can be done
either by (1) finding a statistically significant excess of
secondary particles around the muon track, or by (2) asso-
ciating an emerging high-energy particle track to the muon
track. The transverse length scale of EM showers com-
prised from secondary particles is given by the Moliere
radius, ry = 9.3 mm in tungsten [49]. The other relevant
scale is the average inter-track distance ry,q ~ p~'/%, where
p is the average track surface density. If ry,q > ry, the

"The tungsten layers are modeled accurately, but the film is
treated as single measurement per film layer.
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tracks are sufficiently separated such that each track can be
treated in isolation and essentially all SM processes may be
easily identified. Using Eq. (6), we estimate

N, 10° (20 L1uc
NS cm? \Ngo, ) \250 1671 )

where Ng., is the number of emulsion film development
during the run and N, /S the number of muons per surface
area which depends only the LHC luminosity, see Eq. (6).
We find that 7, ~ 0.03 mm < r,;. Therefore, identifying
an excess of secondary particles could be challenging as it
would have to be made on top of the pile-up generated by
the surrounding tracks. Alternatively, one could try to
identify single tracks of high-energy electrons and posi-
trons emerging from a source muon track. These tracks
typically emerge at length scales much smaller than the
Moliere radius and their identification is essentially limited
by the spatial resolution of the emulsion track 6, << Figaek-

Both approaches outlined above would prove to be more
challenging for bremsstrahlung; any sign for the photon
emission is expected to be displaced due to the propagation
of the photon in matter. The probability of correctly
associating a displaced energy deposition with a given
track determines the bremsstrahlung BG rejection rate.
Beyond the overall ability to detect excess energy depo-
sition anywhere in the detector, the bremsstrahlung rejec-
tion rate depends on two additional factors: (1) the typical
transverse distance traveled by the photon and (2) the
density of relevant tracks, i.e., tracks which could be
mistakenly associated with the emitted photon.

The former factor depends on the propagation of photons
in FASERv; the mean free path of photons in tungsten is
(9/7)XY ~4.5 mm, and the photon angle distribution
peaks around 6, ~m, / E,~ 1073, see Appendix B for
details. Naively, the average transverse displacement is
~4.5 x 1073 mm for a 100 GeV muon, which is an order of
magnitude smaller than r,.. However, photons emitted at
larger angles are exponentially more likely to propagate a
larger transverse distance, therefore a reliable modeling of
the photon angle distribution at large angles is necessary.

The second factor, the tracks density, depends on the
kinematic cuts and algorithms used. For example, the
number of relevant tracks can be reduced by a factor of
~1072 = 1073 by considering only tracks for which a
substantial energy loss was observed. The number of
relevant tracks can be further reduced by considering only
the tracks for which the energy loss occurred in the same
region as the track in question. This reduction depends on
the efficiency of the algorithm used to identify the energy
loss region, such as the sliding window algorithm outlined
above. We conclude that a significant fraction of brems-
strahlung events can expected to be vetoed by applying
isolation criteria. Further rejection could be achieved by the
detection of significant EM deposits (without necessarily

p (4)

requiring a complete photon reconstruction) and the use of
kinematic characteristics. The proper development and
optimization of this technique requires a detailed exper-
imental study which is beyond the scope of this work.

IV. PROJECTED SENSITIVITY

The expected effective luminosity L. per muon on a
tungsten target of length A is given by

Lz pwA  5.1x1071 A )
N, my fb 730 x 1.1 mm)’

u

where we use py = 19.3 gr/cm?, my, = 171.35 GeV [49]
and normalize the result to the length of FASERv. The
expected number of high-energy muons at FASERy with
E, > 100 GeV with LHC luminosity £;yc and detector
surface S is [34,35]

LHC

c s
—2x 10°
Ny=2>10 (250 fb‘1> (25 cm x 30 cm>’ (6)

where we normalize the result to the FASERwv surface area
and the LHC benchmark luminosity. The expected muon
spectrum is dominated by the low energy bins [35]. The
energy dependence of the cross sections and relevant
kinematic variables on the initial muon energy is small;
we find that the inclusion of higher energy bins only
generates a small O(1%) effect on the projected sensitivity.
Thus, for our analysis it is sufficient to assume an
incoming beam of 100 GeV muons. The total number
of signal events is given by Ny, = Leg X 6(Nu — Nuy).
The two benchmarks points we consider in this work
are for FASERv (FASER22): L yc = 250 tb~! (3 ab™!),
S=25cmx30cm (40 cm x40 cm) and A = 730 X
1.1 mm (3300 x 2 mm).

We first consider the optimistic zero-background case,
the dot-dashed curves plotted in Fig. 4 in orange (blue) for
the FASERv (FASER12) cases. We learn that FASERv can
probe new parameter space at low masses with couplings of
gs.v ~ 1074, covering the (g —2) , preferred region, while
the reach of FASER#2 increases by more than an order of
magnitude.

The number of events expected from the most challeng-
ing BG source, bremsstrahlung, is sizeable By, ~ 0.07N .
Therefore, achieving zero background would require an
efficient BG rejection strategy. As a first step, we optimize
the kinematic cuts on R ; and 6, for each MFC mass point.
For the energy ratio distributions, we assume an energy
resolution of 40% from the MCS method. We introduce
a signal acceptance factor AMS =1 — (200 mm)/A to
account for the fraction of the detector used for initial and
final energy measurements. For the 6, distribution, we use
the angular resolution specified above. We assume the
position of 6, within the muon track can be identified using
a sliding window algorithm utilizing the MCS method.

035003-4



HUNTING MUONIC FORCES AT EMULSION DETECTORS

PHYS. REV. D 109, 035003 (2024)

0 P T I

£ B FASERv
- M FASERv2

(9 —2)u 20 preferred
(9 —2), 50 excluded

0.1 1

mg [GeV]

1071 kinemtic cuts only kinemtic cuts+BG veto r=1=:= zero BG
£ B FASERv Bellell .-~~~ 2
[ WEASER2 et a
NA62 _____meme=m"TT BaBar
107207 =]
Trident ___ee==mt " ]
_3
~ 10
>
wimrziEioil :\\:\ R
1074 feimiaimimimimimiA o
e
e
e e E T 9—2), 20 preferred
10~ T Ll =l S0
Farmrmimmrmimrmtet e (9 —2), 50 excluded
0.01 0.1 1
my [GCV]

FIG. 4. Projected sensitivity plot for a scalar (left) and vector (right) MFC for FASERv (orange) and FASER22 (blue), see main text
for details. Shaded gray region is ruled out by BABAR [4,18] and NA62 [21]. Belle II [19] and trident production [22-24]. The
dot-dashed lines are the projected sensitivities from ATLAS-HL [32], M3 (phase 2) [29] and NA64u (5 x 10'2 muons-on-target) [27].

For light masses, we find the optimal sensitivity by using
looser cuts, 6, % 1 mrad and Ry; <0.5(0.7) for vector
(scalar) MFC, which reduce the main BG sources, brems-
strahlung and ionization, with the respective BG rejections
efin- ~0.07 and €Xi™ ~ 0.01, while still allowing a reasonable
signal efficiency eX™ ~0.2. For heavy masses, applying
tighter cuts, 6, 2 10 mrad and R; < 0.25(0.7) for vector
(scalar) MFC, strongly suppresses the BG due to ionization,
leaving mostly bremsstrahlung events with e‘gi‘e‘in ~0.01,
while minimally effecting the signal sensitivity which actually
increases eX™ ~ 0.8 due to the shift of the signal to higher
scattering angles and larger energy losses. The resulting
sensitivities using the above-mentioned kinematic cuts are
plotted in Fig. 4. This is the worst-case scenario, where the BG
events are not vetoed, leaving much room for improvement.

The solid curves in Fig. 4 represent the more realistic
scenario in which some of the background events that
survive the kinematic cuts are vetoed due to the detection
of the deposited energy in the detector. We estimate a
bremsstrahlung rejection rate of €< = 5 x 107(107°) for
the FASERv (FASERv2) benchmark. This estimation is
based on the exponential decay rate of photons, their angular
distribution and taking into account the relevant density of
tracks around a track under consideration. While we expect
higher rejection rates for the remaining BG processes, we
conservatively apply the same rejection rate to all BG types.

V. OUTLOOK

In this work, we propose to utilize FASERv as a muon
fixed target experiment to search for new muon force carriers
(MFCs), taking advantage of the large muons flux of
~10°/250 fb~!. In addition to its role as a fixed target,
the emulsion detector measures the muon track with
excellent spatial resolution. This information can be used
to measure kinks in the track, as well as the incoming and
outgoing muon energies based on multiple coulomb

scattering. Tracks with missing energy and large kinks
are prime signatures of MFCs. We find that FASERv will
potentially probe previously unexplored regions of the MFC
parameter space within the current run. Future runs will have
substantially increased sensitivity and can be competitive
with dedicated MFC searches such as M3 and NA64,.
This study should be considered as a proof of concept.
Reaching the full potential of FASERy would therefore
require additional dedicated studies to develop and optimize
various techniques, e.g., a rejection algorithm for the
bremsstrahlung background events. Moreover, we did not
include directional information, available due to the finite
width of the emulsion layers, which can potentially improve
the analysis. Another interesting possibility would be to use
rare SM processes such as muon trident production in
FASERv as probe of vector MFCs. Interestingly, a larger
muon flux is expected to be found only a few meters away
from the current location of FASER. A well-placed dedi-
cated muon detector could then potentially reach sensitiv-
ities well beyond the existing bounds and future dedicated
searches. Finally, the above method can be implemented in
other emulsion detectros at the LHC, e.g., SND@LHC.
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FIG. 5. Density distribution of Eycg, the measured energy

using the MCS method, and the true energy Eqy.

APPENDIX A: ENERGY MEASUREMENT
ANALYSIS

We performed an analysis of the energy measurement
using the MCS method at lower energies < 100 GeV from
O(10%) simulated tracks. From each track, we used 200
shifts in both the x and y directions to estimate the energy of
the muon using the MCS method outline in the main text.
We plot the result of our analysis in Fig. 5. We find that the
absolute resolution increases at lower energies due to the
larger shifts compared to the spatial resolution. The relative
resolution is approximately constant at ~20%, with the
exception of lower energies. See Table 1 for a summary of
our results.

APPENDIX B: BREMSSTRAHLUNG IN FASERv

High-energy photons (2100 MeV) are typically con-
verted into an e'e~ pair in the nuclear electromagnetic
field. The mean free path of the photon is given by (9/7)X,,
with X, the radiation length of the relevant material. The
physical propagation distance of a high-energy photon

TABLE I. A summary of energy measurement using the MCS
method described in the text. At lower energy, larger scattering
angles allow for a better (absolute) energy resolution, while the
relative resolution is relatively fixed at around 20% for all
energies, with the exception of the first energy bin.

[Emin» Emax) [GeV] # of tracks (E) [GeV] of [GeV] og/(E)

[0,10] 1028 5.63 3.13 55.6%
[10,20] 1264 15.87 4.24 26.7%
[20,30] 1214 25.8 5.36 20.8%
[30,40] 1060 35.76 6.84 19.1%
[40,50] 726 45.28 8.4 18.5%
[50,60] 400 56.65 10.54 18.6%
[99.9,100.1] 3557 102.75 18.78 18.3%

TABLE II. Distribution of tracks according to the SM process
responsible for the largest energy loss along the track. This
distribution was calculated for initial muon energy of 100 GeV.
Note that at these high energies, the dependence of these rates on
the initial muon energy is negligible.

Pair Tonization Brems. Nuclear Total

# of tracks 3.15 x 10° 1.42 x 10° 3.45 x 10> 4.7 x 10* 4.96 x 10°
Fraction 0.63 0.29 0.07 0.009 1.0

produced inside FASERvy, which we denote by X,, 18
distributed according to an exponential distribution

Ay ~exp {‘ O/7XY <Aw n Aemu.)xy} - (B

where Ay = 1.1mm and A.,, = 0.34mm are the widths
of the tungsten and film layers, respectively. In addition to
the propagation distance, we expect the photon angle
distribution emitted from high-energy muons to be peaked
around

(B2)

1.2F
1.0¢
0.8

PDF

0.6
041
0.2¢

PDF

) iy 0 1 2
logyo(E,/GeV)

FIG. 6. Left: probability distribution for the emitted photon
angle 0,. Right: probability distribution of the emitted photon
energy E,.
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FIG. 7. Probability distribution of the physical propagation

distance of the photon X, as calculated bu simulation (solid blue)
compared to the analytic expectation of Eq. (B1) (dashed black).

This can be easily seen by examining the bremsstrahlung
differential cross section [54], where terms of the form
sin?0/(E — |p|cos@)? are maximized for cos® =24
After taking the small-angle and high-energy limits, one

recovers Eq. (B2).
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FIG. 8.

To validate Eqs. (B1) and (B2), we studied =3 x 10°
simulated muon tracks associated with a hard photon
emission (see Table 2) and extracted the photon infor-
mation. In Fig. 6, we show the angular (left panel) and
energy (right panel) distribution of the emitted photons.
As expected, the angular distribution is strongly peaked
around mM/Eﬂ~10‘3, consistent with the simulated
data used with a constant initial muon energy of
E, =100 GeV. The energy distribution is relatively
flat at its bulk region, with the expected threshold at
100 GeV (the maximal available energy) and a tail
for the low-energy photons. At shown in Fig. 10, at
low energy losses, the bremsstrahlung rate is supp-
ressed, and therefore it is not likely that a soft
O(1) GeV photon is responsible for the largest energy
loss in a given track, which qualitatively explains the
fast-dropping tail at low photon energies in Fig. 6. In
Fig. 7 we show the simulated distribution of X,,, where we
find a good agreement with the theoretical prediction
of Eq. (B1).

B mg=1GeV B Bremsstrahlung

logy 0,
B Bremsstrahlung

Emy =1 GeV

logyg 9u

Signal R; and 6, distributions for (E,); = 100 GeV and three representative scalar (top) and vector (bottom) MFC masses,

0.01 GeV, 0.1 GeV, and 1 GeV in red, yellow, and green, respectively. For comparison, we plot the same distribution for our dominant

background due to bremsstrahlung.
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FIG. 9. 2D probability density distribution {R ;;,8,} for (E,); = 100 GeV and three representative scalar (top) and vector (bottom)
MEFC masses, 0.01 GeV (left), 0.1 GeV (center), and 1 GeV (right). For comparison, we plot the same distribution for our dominant
background due to bremsstrahlung.
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FIG. 10. Background Ry; (left) and 8, (right) distributions for bremsstrahlung (light green), nuclear (yellow), ionization (dark green)
and pair production (blue) processes of Eq. (3) with (E,); = 100 GeV. Note that the R ; distributions are weighted according to the
values in Table 2, such that the sum of all four curves is normalized to 1.
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FIG. 11.
the main text with (E,); = 100 GeV.

APPENDIX C: KINEMATICAL PROPERTIES
OF THE SIGNAL AND BACKGROUNDS

Here we explore the different energy losses, Ry; and
scattering angle, 6, of the signal and backgrounds. The
MEFC and the dominant background, bremsstrahlung, R ;
and 6, distributions are plotted in Fig. 8. In Fig. 9,
we show the Ry; vs 6, signal and background distributions
for several MFC masses. The Ry and 6, probability

TABLEIII.  Kinematics cuts, signal efficiency ek

Pair production

2D probability density distribution {R;, 6, } for bremsstrahlung, nuclear, ionization and pair production process shown in

distributions for each individual background and signal
processes are plotted in Fig. 10. Table 2 contains the
fraction of events of each process. The correlation between
the kinematic variables can be seen in the density plots of
Fig. 11. As expected, the vast majority of these scattering
events generate small energy loss, AE < (AE), while the
rare large energy loss events are dominated by bremsstrah-
lung. Finally, Table 3 summaries the kinematics cuts, the
signal efficiency and remaining backgrounds.

and remaining background count for the four SM processes for

our FASERv benchmark at the edges of the considered mass region. The cuts at intermediate mass points were

chosen to optimize sensitivity.

Rfi 9;4 €l§in NBG,brem NBG,ion NBG.pair NBG,nuc
mg = 0.01 GeV <0.7 >1 mrad ~0.2 9.9 x 10° 8.9 x 10° 2.5 % 10° 2.0 x 10°
mg =1 GeV <0.7 >10 mrad ~0.8 1.4 % 10° 43 %103 1.1 x 10* 1.3 x 10°
my = 0.01 GeV <0.5 >1 mrad ~0.2 8.5 x 10° 5.7 x 10° 1.7 x 10 1.4 % 10°
my =1 GeV <0.25 >10 mrad ~0.8 1.1 x 10° 43 x 103 6.6 x 10° 1.3x10°
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