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The FASER experiment at the LHC is designed to search for light, weakly-interacting particles produced in proton-
proton collisions at the ATLAS interaction point that travel in the far-forward direction. The first results from
a search for dark photons decaying to an electron-positron pair, using a dataset corresponding to an integrated
luminosity of 27.0 fb~! collected at centre-of-mass energy \/E =13.6 TeV in 2022 in LHC Run 3, are presented.
No events are seen in an almost background-free analysis, yielding world-leading constraints on dark photons
with couplings € ~ 2 x 107 — 1 x 10™* and masses ~ 17 MeV — 70 MeV. The analysis is also used to probe the
parameter space of a massive gauge boson from a U(1)z_; model, with couplings gp_; ~5% 107 —2x 10~> and

masses ~ 15 MeV — 40 MeV excluded for the first time.

1. Introduction

The existence of dark matter is strong evidence for new particles
beyond the Standard Model (SM) of particle physics. Dark matter may
be composed of a single particle or of more than one kind of particle,
and the dark matter particles may interact only through gravity or also
through additional forces. Dark matter therefore motivates a rich va-
riety of ideas for beyond-the-SM (BSM) physics, and new insights into
the particle nature of dark matter are of great interest in both particle
physics and astrophysics [1,2].

Although dark matter is only known to interact through gravity,
the identification of its particle properties will be possible only if it is
detected via other interactions. Among the best-motivated possibilities
are interactions with SM particles through renormalisable couplings. If
dark matter is a component of a dark sector that contains a U(1) electro-
magnetic force, the dark sector may interact through a renormalisable
interaction of the form F#'FP, where F,, and F2 are the electromag-
netic field strength tensors of the SM and the dark sector, respectively.
As a result of this interaction, the dark gauge boson mixes with the
SM gauge boson, leading to a new particle, the dark photon A’ [3].
If dark photons are light and weakly (or feebly) interacting, they are
long-lived particles (LLPs) and can be produced in large numbers in the
proton-proton collisions at the Large Hadron Collider (LHC) [4]; in vi-
able regions of dark photon parameter space that will be probed in this
analysis, as many as 108 dark photons could be produced [5]. They can
then travel hundreds of meters and decay to pairs of charged particles,
producing a spectacular signal of new physics.

Other considerations also motivate BSM physics with signals similar
to the dark photon scenario. For example, the accidental conservation
of baryon number B and (total) lepton number L in the SM suggests
that these conserved quantities may be linked not just to global, but to
local gauge symmetries. A particularly well-motivated example is the
gauge symmetry U(1)z_; [6,7], which is not only conserved classically,
but is also free of quantum anomalies, once three sterile neutrinos are
introduced to give neutrinos mass. This model predicts a new particle,
the B — L gauge boson A;;_ .- For masses in the MeV to GeV range and

!

small B— L gauge couplings (~ 1073) up to 108 A4 »_; gauge bosons may
be produced and travel hundreds of meters before decaying to pairs of
SM particles with B — L charge [8,9].

FASER is a new LHC experiment designed to search for light, weakly-
interacting particles, including dark photons, B — L gauge bosons,
and other long-lived particles [5,9,10]. The FASER detector is located
approximately 480 m from the ATLAS interaction point (IP1) along
the beam collision axis line-of-sight (LOS). Because they interact very
weakly, dark photons and other LLPs produced at IP1 can travel along
the LOS, pass through ~100 m of rock and concrete without interact-
ing, and then decay in FASER. At the same time, SM particles, except
for muons and neutrinos, produced at the ATLAS IP will either be bent
away by the LHC magnets or stopped in the rock and concrete. FASER
is therefore well suited to search for dark photons and many other light
and weakly-interacting particles in a very low background environment.

This study presents the results of a search for LLPs using the
FASER detector and a dataset corresponding to an integrated luminos-
ity of 27.0 fb™! collected at centre-of-mass energy \/3 =13.6 TeV from
September to November 2022 during Run 3 of the LHC. In particular,
the scenario where LLPs are produced in LHC collisions, travel to the
FASER detector, and then decay to electron-positron pairs, pp - LLP —
ete™, is considered.

2. Long-lived particles at FASER

In this section, the parameter spaces of the dark photon and B —
L gauge boson models are defined and the dominant production and
decay processes that determine the signal at FASER are described.

The properties of the dark photon are defined through the La-
grangian terms

1 -
g;imi,A’z—ee;qu’”fyuf, 6))

where m s is the dark photon’s mass, ¢ is the dark photon’s kinematic
mixing parameter, and the sum is over all SM fermions f with SM elec-
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Fig. 1. A sketch presenting a side view of the FASER detector, showing the different detector systems as well as the signature of a dark photon (A’) decaying to
an electron-positron pair inside the decay volume. The white blobs depict where measurements are taken for the A’ signal and the solid red lines represent the

reconstructed tracks produced by the e*e™ pair.

tric charge q,. The dark photon may also couple to additional particles
in the dark sector, such as the dark matter particle y.

In this analysis, it is assumed that m,, <2m, and that the dark
photon decays visibly to SM particles. Thermal freeze-out is then de-
termined by the processes yy < A’ < ff. For light masses m,s ~
MeV — GeV and loop-induced or otherwise suppressed couplings € ~
1076 — 1073, the dark matter particle’s thermal relic density is in
the right range to be a significant fraction of cosmological dark mat-
ter [11-13]. These values of m, and e are therefore cosmologically
favoured and provide a well-defined thermal relic target in the dark
photon parameter space for experimental searches.

At the LHC, with these thermal relic target parameters and in the
parameter space where FASER has discovery potential, the dominant
source of dark photons is SM meson decay and dark bremsstrahlung:

« Neutral pion decay z° — A’y: This mode is accessible for m, <
m_o =~ 135 MeV. The branching fraction is B(z? — A’y) = 2¢*(1 -
mi,/mio)3 B(z° - yy) where B(z° — yy) ~0.99 [14].

Eta meson decay n — A’y: This mode is open for m, < m, =
548 MeV. The branching fraction is B(n — A'y) = 2¢%(1 — mi,/
m$)3B(;1 — yy) where B(y — yy) ~0.39 [14].

Dark bremsstrahlung pp — ppA’: In this process, a dark photon is
emitted via initial or final state radiation from colliding protons in
a coherent way. This mode is open for dark photon masses up to
O(2 GeV) [5].

These processes produce a high-intensity beam of dark photons in the
far-forward direction along the beamline. Neutral pion decay is typi-
cally the leading signal contribution, but # decay can be comparable
for m, ~ 100 MeV, and dark bremsstrahlung can be comparable near
the boundary of FASER’s sensitivity [5]. Other production mechanisms
include the decays of heavier mesons (such as n’ or @) and direct Drell-
Yan production gq§ — A’, but these are subdominant and are neglected.

Once produced, dark photons then may travel a macroscopic dis-
tance, leading to a striking signal of high-energy particles far from the
pp interaction point. FASER’s dark photon sensitivity is largely deter-
mined by its location. For E 4 > m 4 > m,, the decay length for a dark
photon with lifetime 7 travelling at speed f = v/c is [5]

1051 [ Ex | [ 100 Mev |
€ TeV my ’

L =cpry ~ (80 m) [ 2
For dark photons with TeV energies, FASER can be expected to be sen-
sitive to parameter space with ¢ ~ 10~ and m, ~ 100 MeV. For dark
photon masses in the range 2m, <m,s <2m, =~ 211 MeV, dark photons
decay to electrons with B(A’ — e*e™) = 100%.

In the B — L model, the properties of the B — L gauge boson A;_ L
are determined by the Lagrangian terms [9]

1 -
£33 mi,g LA’BZ—L —8p-L Z Q{Z—LA,BM—L Iruf s C)
- S

where Qé_ , is the B — L charge of fermion f. The parameter space of
this model is defined by the B — L gauge boson’s mass m A, and the
B — L gauge coupling gg_; .

The A’B_ ; gauge boson is produced in a similar manner to the dark
photon, with light meson decays and dark bremsstrahlung the dominant
production mechanisms; the production rates are proportional to gé_ L
compared to €2 as in the dark photon model. The boson can decay to all
kinematically accessible states that possess B — L charge. In this analy-
sis, the region of phase space which FASER is sensitive to is confined to
the mass range 2m, < m A, < 2m, ~ 211 MeV, where the possible de-
cays are to electrons, SM neutrinos, and possibly sterile neutrinos. It is
assumed that sterile neutrinos have masses greater than half the Ajg_ L
gauge boson mass, and so decays to sterile neutrinos are kinematically
inaccessible. The visible signal from decays to electrons therefore has a
branching fraction of B(A’B_ L ete™) ~ 40%. If decays to sterile neu-
trinos are allowed, the visible branching fraction could be as low as
B(A’B_ L= ete™) ~ 25%, slightly reducing the search sensitivity, but
not to a significant extent.

3. The FASER detector

The FASER detector, located approximately 480 m away from IP1
in the TI12 tunnel that connects the LHC with the Super Proton Syn-
chotron (SPS), is aligned with the IP1 LOS. However, due to the crossing
angle in IP1, the LOS is offset vertically by 6.5 cm with respect to the
centre of the detector, which is properly accounted for in the simula-
tion. The detector is described in detail in Ref. [10]; a brief description
is given here. The FASERv tungsten/emulsion detector is dedicated to
neutrino measurements, and it is not used in this analysis, but the eight
interaction lengths of tungsten suppress potential backgrounds. Fig. 1
presents a sketch of the detector. In this analysis, the detector com-
ponents of interest are the 1.5 m long detector decay volume and the
tracking spectrometer, both of which are immersed in a 0.57 T dipole
magnetic field, as well as the scintillator system and the electromag-
netic calorimeter. The active transverse area of the detector is defined
by the circular magnet aperture with a radius of 10 cm.

The scintillator system is composed of four stations, each consist-
ing of multiple scintillator counters. At the front of the detector is the
VetoNu station, composed of two scintillator counters. Further down-
stream is the Veto station, constructed from three scintillator counters
in front of the decay volume. Both the VetoNu and Veto stations have
scintillators with a transverse size (30 X 35 cm? and 30 X 30 cm? re-
spectively) significantly larger than the active region of the detector,
which allows for the rejection of muons entering the detector at an an-
gle with respect to the LOS. The next scintillator station is the Timing
station with two scintillator counters that separately cover the top and
bottom half of the detector (with a small overlap) installed in front
of the tracking spectrometer, used for triggering and timing measure-
ments. Finally, the Pre-shower station is in front of the calorimeter and
constructed from two scintillator counters with both a graphite absorber
and a tungsten radiator in front of each counter.
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The tracking spectrometer is built from three tracking stations, each
with three layers of double-sided silicon microstrip detectors, inter-
leaved with two 1 m-long 0.57 T dipole magnets. The tracker sensors are
Semi-Conductor Tracker (SCT) barrel modules from the ATLAS experi-
ment [15], which have a hit position resolution of about 20 pm in the
precision coordinate, and about 0.6 mm in the other coordinate. Each
tracker plane contains eight SCT modules, arranged as a 24 X 24 cm?
square in the transverse plane. The magnets bend charged tracks in
the vertical direction, corresponding to the precision coordinate of the
tracker. The FASER tracker is described in more detail in Ref. [16].

The electromagnetic energy of particles is measured by an electro-
magnetic calorimeter, the most downstream component of the detector.
The calorimeter is constructed from four outer ECAL modules from the
LHCb experiment [17]. Each module is 12 x 12 cm? in the transverse
plane, with 66 layers of interleaved 4 mm thick plastic scintillator and
2 mm thick lead plates, corresponding to a total of 25 radiation lengths.
A module has 64 wavelength-shifting fibres that penetrate the length
of the module and end in a photomultiplier tube (PMT). The readout
of the PMTs saturates for large pulses corresponding to energy deposits
above 3 TeV. From July to August 2022 the readout was set to saturate
at 300 GeV for commissioning purposes, and these data are excluded
from the dark photon search. The calorimeter energy resolution has
been measured with high energy electrons in a testbeam, provided by
the CERN SPS and carried out in July 2021 [18], to be O(1%) in the
high-energy range most relevant for this analysis.

Readout is triggered by signals from the scintillators or calorimeter
system, with a typical trigger rate of 1 kHz dominated by high energy
muons from IP1. The average detector deadtime was 1.3%, which is
accounted for when calculating the luminosity collected by FASER. The
trigger and data acquisition systems are described in more detail in
Ref. [19].

4. Dataset and simulation samples

This search uses 27.0 fb~! of Run 3 collision data collected by FASER
between September and November 2022. The luminosity of the dataset
is provided by the ATLAS experiment [20-22] and corrected for the
FASER detector dead time.

Monte Carlo (MC) simulation samples are used to evaluate the signal
efficiency, in the estimation of background yields, and to calculate the
systematic uncertainties. All samples are simulated using GEANT4 [23]
with a perfectly aligned and detailed description of the detector geom-
etry, including passive material. The samples include a realistic level of
detector noise, and are reconstructed in the same way as the data.

Signal events are generated using FORESEE [24] with the EPOS-
LHC [25] generator to model very forward z° and # meson pro-
duction in the LHC collisions. The production of dark photons via
dark bremsstrahlung is also included, which is modelled using the
Fermi-Weizsacker-Williams approximation following Ref. [26] with the
additional requirement on the dark photon’s transverse momentum,
pr(A’) <1 GeV, to ensure the validity of the calculation. Signal sam-
ples for the A’ and A;;_ ;, models are generated covering the relevant
ranges in both coupling and mass.

A high-statistics high-energy muon sample with 2 x 108 events en-
tering FASER from IP1 is used for several background and systematic
uncertainty studies. The sample uses the expected energy and angle
of the muons as estimated by FLUKA [27-29] simulations of incom-
ing muons from IP1. The samples include a detailed description of the
LHC components and infrastructure between IP1 and FASER. A simi-
lar sample of 8 X 10° large-angle (15-60 mrad) muon events generated
slightly upstream of the VetoNu scintillators, and with a radius span-
ning 15-30 cm covering the edge region of the scintillators, is produced
and used to study the background from large-angle muons that miss the
veto system.

Neutrino interactions in FASER [30] are simulated by the GE-
NIE [31,32] generator, following the fluence, energy spectrum and
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flavour composition obtained in Ref. [33]. The sample used for the
neutrino background study corresponds to 300 ab~! of data, and only
includes neutrino interactions upstream of the Veto scintillators and in
the active detector area.

5. Event reconstruction

Event reconstruction is performed using FASER’s Calypso [34] of-
fline software system, based on the open-source Athena framework [35,
36] from the ATLAS experiment. Charged particle track reconstruction
is performed using the combinatorial Kalman filter from the ACTS li-
brary [37]. When reconstructing multiple tracks, it is required that they
do not share more than 6 clusters of hits in contiguous silicon strips on
each side of an SCT module; if the number of shared hits exceeds this
threshold, then the track with the higher y2 is discarded.

A track-based alignment of the tracking detector is performed us-
ing an iterative local y? alignment method, and shows an improved
agreement in the hit residual and track y? distributions when com-
paring to the perfectly aligned MC. The alignment only considers the
most sensitive distortions, translations in the precision tracker coordi-
nate (vertical) and rotations around the longitudinal axis, at both the
individual module and tracking layer level.

Extraction of the PMT charge from the scintillator and calorime-
ter modules is done by summing the digitised waveform values after
pedestal subtraction.

The calorimeter charge-to-energy scale calibration is determined
using high energy electron and muon beams from the testbeam data de-
scribed in Sec. 3. To take into account differences between the detector
configurations in the testbeam and in collision data, the most probable
calorimeter charge deposited by muons as minimum ionising particles
(MIPs) is used as an in-situ normalisation of the energy scale. Special
calibration runs are performed at high calorimeter gain to measure the
MIP signal. After individually normalising each calorimeter module sig-
nal to the MIP scale, the testbeam data are used to estimate the initial
electromagnetic energy of the particle entering the calorimeter.

6. Event selection

The typical A’ detector signature, shown in Fig. 1, provides a unique
signature to investigate. Since the A’ is weakly interacting, no signal is
expected in the veto scintillator systems. The A’ can then decay in the
decay volume to a very collimated, high momentum, e*e™ pair, leav-
ing two closely-spaced oppositely-charged particle tracks in the tracker.
The ete™ then leave signals in both the Timing and Pre-shower scintil-
lators as well as a large energy deposit in the calorimeter. There are no
significant SM processes that can mimic this signature, allowing for a
close-to background-free search.

To avoid unconscious bias affecting the analysis, a blinding proce-
dure is applied to events where there is both no signal in any veto
scintillator and the calorimeter energy is above 100 GeV. The event se-
lection, background estimation and systematic uncertainties are then
finalised before looking in this signal-dominated region of the data.

The signal region event selection requires the following:

- event time is consistent with a colliding bunch at IP1;
« no signal in any of the five veto scintillators;
- required to be less than half that expected from a MIP
- signal in the scintillators that are downstream of the decay volume;

- required to be compatible with or larger than expected for two

MIPs
« two fiducial reconstructed tracks of good quality;

- a good quality track has a track fit y2/(number of degrees of
freedom) < 25, at least 12 hits on track, and a momentum > 20
GeV

- a fiducial track has an extrapolated position of < 9.5 cm radius
at all scintillators and tracking stations
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« total calorimeter energy greater than 500 GeV;

The efficiency of this selection on a representative signal model in the
parameter space where the analysis is most sensitive (e =3 x 107>,
m, =25.1 MeV) was found to be about 50% for dark photons that
decay in the decay volume (where the probability of the dark photon to
decay while within the volume is ©(1073)), with the largest inefficiency
arising from the two track requirement.

A requirement that the Timing scintillator trigger fired ensures that
the trigger efficiency, measured using orthogonal triggers on two-track
events, is 100% for the A’ phase space of interest.

The probability to veto a signal event, due to the presence of an un-
correlated beam-background muon in the same or neighbouring bunch
crossing, is estimated to be less than 1 per mille.

7. Backgrounds

Several sources of background are considered in the analysis. The
dominant background arises from neutrino interactions in the detec-
tor. Other processes such as neutral hadrons, or muons that enter the
detector volume without firing the veto scintillator systems, either by
missing the scintillators or due to scintillator inefficiencies, also con-
tribute to the background. Inefficiencies in the veto scintillators can
lead to an instrumental background from unvetoed muons entering the
detector volume. Finally, non-collision backgrounds from cosmic-rays
or nearby LHC beam interactions are also considered. The contribution
of each of these background sources is described and quantified in the
following sub-sections.

7.1. Background due to veto inefficiency

The inefficiency of each of the five planes of veto scintillators is
measured independently with data, by selecting events in which there
is a single good fiducial reconstructed track and then measuring the
fraction of such events in which the scintillator charge is below that of
a MIP signal. Thanks to the thick scintillators and tight fiducial track
requirements, the inefficiencies are at the 107> level or smaller. Since
the planes are independent, this leads to a combined veto inefficiency
of smaller than 10720, As (©(10%) incoming muons are observed in the
2022 dataset, the background due to the veto inefficiency is taken to be
negligible.

7.2. Background from neutral hadrons

Neutral hadrons produced in muon interactions in the rock in
front of FASER can be a possible source of background if, when pass-
ing through the veto systems undetected and interacting or decaying
inside the detector decay volume, they produce exactly two recon-
structed charged particle tracks and a calorimeter energy deposit above
500 GeV. This background is heavily suppressed by the need for the
neutral hadron to traverse the full eight interaction lengths of the
FASERv detector, and by the need for the parent muon to scatter to
miss the veto scintillators.

To determine the fraction of neutral hadron events that deposit at
least 500 GeV of energy in the calorimeter, a three-track control region
is used, where the parent muon enters the detector and is reconstructed
along with the neutral hadron decay products. In these three-track
events, the ratio of events with low calorimeter energy (E < 100 GeV)
to high energy (E > 500 GeV) is used to scale the number of events
with two reconstructed tracks (in which the parent muon is not present
in the detector) at low-energy (E < 100 GeV) to estimate the expected
background number of two-track events with E > 500 GeV. To allow
sufficient event counts in the two-track low-energy control region, the
veto requirements are relaxed, requiring no signal in the VetoNu scin-
tillators, but with no requirements on the other Veto scintillator signals.
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Photon conversion events (with the accompanying parent muon)
constitute a significant fraction of the three-track sample defined above
and must be removed. This is done by requiring that the invariant mass
of the two lowest momentum tracks, where the muon is assumed to be
the highest momentum track, is greater than 200 MeV, which was found
to be optimal when separating Ky events from photon conversions in
MC simulation.

After discarding the photon conversion events, the number of data
events in the low- and high-energy three-track regions are 404 and 19
respectively. This ratio is used to extrapolate the one event observed in
the low-energy two-track region to the two-track high-energy region,
resulting in an estimate of 0.047 expected events. This method provides
an estimate of the number of neutral hadron events that lead to two
reconstructed tracks, contain more than 500 GeV of calorimeter energy,
and leave no signal in the VetoNu scintillators.

To obtain the final background estimate, the results are corrected to
account for the fact that the signal region selection requires no signal
in the downstream Veto station as well. The correction is derived by
studying the signal recorded in the Veto station using three-track events.
With a clear separation in the Veto scintillator signal size for when only
one track (the parent muon) traverses the Veto station versus when the
other two tracks also leave a signal in the Veto station, the scintillators
can be used to select both types of events and the ratio of the number
of events in the two cases is used as the correction.

After correcting for the fraction of events that will decay or inter-
act before the second veto system, a final estimate of (8.4 +11.9)x 10™*
events is found; where the 100% statistical uncertainty is driven by
the single event observed in the low-energy two-track data region, and
an additional 100% systematic uncertainty is applied to account for
the assumptions in the method. In performing this estimation, potential
neutrino background to the low-energy two-track data region, predicted
to be 3.6 + 3.8 events from GENIE simulation, is conservatively ne-
glected.

7.3. Background from large-angle muons

Another potential background source arises from large-angle muons
that miss the veto system and then enter the FASER decay volume. This
background is heavily suppressed by the fact that the tracks extrapo-
lated to the front veto scintillators are required to be within the fiducial
volume. The MC sample with large-angle muons generated at the edge
of the scintillators, described in Sec. 4, is used to study this background.
No two-track events are seen in this sample, even before applying the
fiducial requirements on the extrapolated tracks or the calorimeter en-
ergy requirement, suggesting that this background is negligible in the
final analysis.

This was validated via a data-driven method by using events with a
signal in the veto scintillators and calculating the ratio of the number
of such events with > 500 GeV or < 500 GeV in the calorimeter, which
is then used to extrapolate from the number of events with no signal in
the veto scintillators and < 500 GeV in the calorimeter to the number
of events with no signal in the veto and > 500 GeV in the calorimeter.
The results of this validation are consistent with those from the MC
estimate, providing confidence that this background is negligible.

7.4. Background from neutrinos

The large flux of high energy neutrinos, whose interaction cross sec-
tion rises with energy, at the FASER location constitutes an important
background, since the neutrinos do not leave any signal in the veto scin-
tillators, and can interact to produce high energy particles. To suppress
this background, the detector was designed to minimise the amount of
material in the main detector volume.

The expected background from neutrino interactions inside the de-
tector is estimated using the 300 ab~! (~ 10000x larger than the data
used in this analysis) neutrino MC sample described in Sec. 4. The
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Fig. 2. The calorimeter energy in simulated neutrino events passing all signal
selection requirements, besides that on the calorimeter energy. GENIE is used
to simulate the neutrino interactions. The figure is scaled to a luminosity of
27.0 fb=1.

MC simulation shows that 0.0015 neutrino events (0.0012 electron
(anti)neutrino events and 0.0003 muon (anti)neutrino events) pass the
signal region selection when scaled to 27.0 fb~! of data, with these
interactions occurring in the Timing scintillator station or the first
tracking station. Fig. 2 shows the calorimeter energy distribution for
neutrino events that pass the signal region selection when disregard-
ing the requirement on the calorimeter energy. The figure shows that a
requirement of > 500 GeV gives a good suppression of the neutrino
background. The uncertainty on the incoming neutrino flux [33] is
taken to be 100% for electron neutrinos and 25% for muon neutrinos,
and an additional 100% uncertainty is applied to account for the effect
of uncertainties in the modelling of neutrino interactions. The total neu-
trino background estimate when scaled to 27.0 fb~! is (1.5 + 0.5 (stat.)
+ 1.9 (syst.))x]O_3 events.

7.5. Background from non-collision events

The background from cosmic rays and the non-colliding beam back-
ground are considered by studying events collected at times when there
are no colliding bunches in IP1. Cosmic rays are studied during 330
hours of data-taking with no beam in the machine, which corresponds
to a similar running time to the full 2022 physics data-taking period.
During this time, no event is observed with a calorimeter energy de-
posit above 100 GeV, and no events are found when requiring at least
one good quality track.

The beam background from LHC beam-1, the incoming beam to AT-
LAS in the FASER location, is the most relevant for FASER. Beam-1
interactions with gas or tails of the beam interacting with the beampipe
aperture can lead to particles boosted in the direction of FASER, where
low-energy activity is observed in correlation with beam-1 bunches
passing the back of the detector. This beam background is studied by
checking the detector activity in events with the relevant bunch timing,
but which do not correspond to colliding bunches at IP1. It is found that
beam background events without signal in the veto scintillators do not
have a good reconstructed track, and for these events without a track,
there are zero events with calorimeter energies above 400 GeV.

The overall contribution from non-collision backgrounds is therefore
considered to be negligible.

7.6. Summary of the expected background

As background contributions from the veto inefficiency, large-angle
muons, and non-collision events are estimated to provide a negligible
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Fig. 3. The energy spectrum of dark photons in FASER produced with meson
production modelled by different generators (EPOS-LHC, QGSJET II-04 and
SIBYLL 2.3d). Also shown is production from bremsstrahlung with a factor of
two variation in the p; cut off. The bottom panel shows the ratio between the
different estimates, and the parameterisation of the uncertainty as a function of
energy. A representative signal model (with m,, =50 MeV and e =3 x 1075) is
shown.

contribution in the signal region, the total expected background is ob-
tained by combining just the neutrino and neutral hadron estimates,
leading to a total background of (2.3 + 2.3) X 103 events.

8. Systematic uncertainties on the signal yield

Systematic uncertainties on the expected signal yields arise from sev-
eral sources. The uncertainty in the integrated luminosity is provided by
the ATLAS collaboration, and is 2.2% [22], following the methodology
discussed in Ref. [20]. The statistical uncertainty from the number of
MC simulated signal events is included and ranges from 1 to 3%. Spin
correlations between production and decay are not included in the MC
simulated signal, but their effect on this search is negligible [38]. The
remainder of the systematic uncertainties, discussed below, arise from
the signal generator and from the modelling of the detector response in
the MC simulation.

Uncertainties on the number of signal events decaying inside the
FASER decay volume are derived by comparing the estimates from
using different event generators to model very forward z° and # me-
son production in the LHC collisions. Comparing signal yields from
QGSJET II-04 [39]and SIBYLL 2.3d [40] with the central estimate
from the EPOS-LHC [25] generator, where these generators have been
validated using LHCf’s forward photon measurements [41], provides an
envelope of estimates as a function of the energy of the signal (E(A")),
that is parameterized and used as the uncertainty:

AN _ 0.15+(E(A")/4 Tev)?
N = 1+ (E(A)/4 Tev)

€]

The parameterization also envelops the uncertainty on the signal
predictions due to changing the pp-cutoff in modelling of the dark
bremsstrahlung as described in Sec. 4. Fig. 3 presents the A’ energy
distribution as estimated by the different generators for a representa-
tive signal model. The parameterisation is checked for numerous signal
models spanning the relevant phase space for both the A’ and A%_ L
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Fig. 4. The Gaussian-fitted peak position of the E/p in data and MC simulation
as a function of the momentum of photon conversion candidates.

gauge bosons, and is found to be in good agreement with the envelope
of the generators.

The remaining uncertainties arise from the modelling of the detector
response in the MC simulation, which is used to calculate the signal
yield.

The scintillator efficiencies are measured to be 100% in both data
and MC simulation for the A’ signal, based on the scintillator PMT
charge observed in events with two reconstructed tracks, thus no corre-
sponding uncertainty is assigned.

The calorimeter energy scale calibration, as described in Sec. 5, is
applied to both the data and MC simulation identically. The stability of
the calorimeter system across the data taking period is tested with reg-
ular calibrations using an LED pulse injected into the calorimeter mod-
ules [10]. A conservative analysis taking into account all components of
the energy calibration leads to a 6% uncertainty on the difference in the
calibration of the energy scale between data and MC simulation. This
uncertainty is checked in data by using the E/p distribution in three-
track events, which are dominated by photon conversions initiated by
high-energy muons. Only the two lowest momentum tracks are consid-
ered when calculating the E/p since the highest momentum track is
assumed to be the muon. The reconstructed E/p peak position in data
and MC simulation is consistent and well within the 6% uncertainty
across the momentum range probed, as shown in Fig. 4.

The uncertainty due to the tracking efficiency of single tracks is as-
sessed by comparing the relative efficiency for finding tracks in events
with a single track segment in each of the three tracking stations be-
tween data and MC simulation. This yields a 1.5% uncertainty per track.

The track finding procedure is more complex when there are two
closely-spaced tracks, as in the signal, in particular when the tracks
share hits. The uncertainty due to this is assessed by overlaying the
raw tracker data from two different events, each of which has a sin-
gle reconstructed track. The track reconstruction is then re-run on the
combined event, built from the two overlaid events, so that the track-
ing efficiency can be calculated. This is performed using both data and
simulation, shown in Fig. 5, where the ratio of the efficiency between
the two, as a function of the distance between the two tracks at their
first measurements, is used to assess the uncertainty. The efficiency in
data is up to 7% less than in MC simulation, at track separations com-
parable to that expected in the A’ signals, hence a 7% correction to the
two-track tracking efficiency is applied, with a corresponding system-
atic uncertainty, assumed to be the difference between the nominal and
corrected efficiency, applied.

Physics Letters B 848 (2024) 138378

o
©

5 _I TTT | TTTT I | £ 78 A | | EEE] | TTTT I TTTT | TTTT | TTTT ] TTTT | TTT I: ;
5 R/ SLAdSceA 0.2 F
Q L B [
“m‘ 0.85 —0.18 -g
> 0“‘—! a
© ’“.0, —0.16 e
= SoePete ] <«
g 8 ¢¢m“ . '....'. 9; 0.14
3 o et : 012
e 7
7 bttt ™ i
0 4 +++ IR —0.08
+ ++ ’O + Muon MC Overaly 1
set¥* —0.06
07 ++ ++ +¢ + Data Overlay _f 0.04
++ |:] A'MC (m =100 MeV, €= 10%) —0.02
0'65 _I EEL [ LS I ) ol 65 1 Ll IJ_I_I 11 | Ll | LIl ] L1l | L1l I: 0
g 1 1 TTT I+|+I‘F TT |4|-| 1 o | TTTT | TTTT | TTTT | TTTT l TTTT ] TTTT | TTTT
g |
%1 05 ﬂ»ﬂ» +++ H+ ++++++H+H++++H++H+ +++++++++-++ -+
FER L
5 ‘~I LI | 1111 I § i 3 | | I | 1111 I 1111 | 111l | 1111 ] 1111 | 111l
0'950 1 2 3 4 5 6 7 8 9 10

Track Separation [mm]

Fig. 5. (Top) The two-track reconstruction efficiency versus track separation for
overlaid tracks in both data and MC events are shown. The distribution of the
separation in e*e~ tracks of an A’ sample is also shown in red with the axis
on the right-hand side. (Bottom) The ratio of the overlay tracking efficiencies
between MC and data is depicted.

The track momentum scale and resolution uncertainty is derived by
comparing the mass peak of photon conversion events in data and MC
simulation. Upon comparison, both a shift or Gaussian smear of the
MC track momentum by 5% were shown to more than account for the
difference in the photon conversion mass peak position between data
and MC, leading to a conservative uncertainty of 5% on both the track
momentum scale and momentum resolution.

Table 1 summarises the various sources of uncertainty on the signal,
showing the size of the individual uncertainties, and the range of the
effect on the overall uncertainty on the signal yield.

9. Results

After applying the signal selection described in Sec. 6, zero events
are observed in the data, which is compatible with the expected back-
ground of (2.3 + 2.3) x1073 events. Fig. 6 shows the calorimeter energy
distribution for data and three representative signal models at different
stages of the signal region selection on the veto scintillator and track
information. There are events that have no veto signal and at least one
track, but the calorimeter energies are well below the 500 GeV thresh-
old; and there are no events upon further requiring two fiducial tracks.

As no significant excess of events over the background is observed,
the results are used to set exclusion limits in the signal scenarios consid-
ered. The exclusion limits are made using a profile likelihood approach
implemented via the HistFitter framework [42], and are set at 90%
confidence level to allow for direct comparison with constraints from
other experiments. Hypothesis tests are performed using profile likeli-
hood test statistics [43] and the CLs method [44] to test the exclusion
of new physics scenarios. For dark photons, the analysis excludes signal
models in the range € ~4x 1076 —2x 10~ and m,, ~ 10 MeV — 80 MeV,
and provides the world-leading exclusion for scenarios in the range
€~2%x107 —1x107* and m, ~ 17 MeV — 70 MeV. Fig. 7(a) shows
the A’ exclusion limit in the signal parameter space, where the grey
regions are already excluded by experimental data from BaBar [45],
E141 [46], NA48 [47], NA64 [48], Orsay [49,50], and NuCal [51,26],
which are adapted from DarkCast [52].
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Table 1
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Summary of the systematic uncertainties on the signal yield. For each
of the sources of uncertainty, the source and size of the uncertainty is
presented. The effect on the signal yield across the full signal param-
eter space probed is also shown. The numbers in parentheses indicate
the effect on the signals within the parameter space for which this

analysis is sensitive.

Source

Value

Effect on signal yield

Signal Generator

0.15+(E, /4 TeV)?

15-65% (15-45%)

A'M =100 MeV, c=1E-5

S
|I||1 HIIH ||II1_]IIH1 ||II1 Ll

104

10°
Calorimeter Energy [GeV]

10°

1+(E, /4 TeV)y

Luminosity 2.2% 2.2%

MC Statistics Yw? 1-3% (1-2%)

Track Momentum Scale 5% < 0.5%

Track Momentum Resolution 5% < 0.5%

Single Track Efficiency 3% 3%

Two-track Efficiency 7% 7%

Calorimeter Energy Scale 6% 0-8% (< 1%)
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Fig. 6. The calorimeter energy distribution for data and three representative MC simulated signal models are shown for (a) all events with at least one good track,
(b) events that have no signal in the veto stations and at least one good track, and (c) events that have no signal in the veto stations and exactly two good fiducial
tracks. The distributions and expected events from the MC samples are scaled to 27.0 fb~".

A key reason for investigating dark photons is their potential as
intermediaries between the SM and a dark sector. In particular, they
allow for obtaining the correct value of the dark matter relic density,
Qflf’t"ilh2 ~ (.12 [53], via the thermal freeze-out mechanism. In Fig. 7(a),
an example thermal relic contour is included, obtained for the scenario
where the dark photons couple to a light complex scalar dark matter
field y [24]. In particular, this line assumes that the mass ratio be-
tween the dark matter candidate and the dark photon is always equal
to m,/my = 0.6 and that the dark photon coupling constant to dark

matter has a fixed value of @ = 0.1. This mass ratio guarantees that
the dark photon decays visibly into the SM species and that the dark
matter primarily annihilates via y y — A’ — f f. Variations of both the
coupling and mass ratio in the dark sector are possible and will lead to
a shift of the relic target line. Notably, in the context of this particu-
lar dark matter model, the region below the target line would have an
over-abundance of dark matter and would be excluded cosmologically:
FASER therefore probes a significant fraction of the cosmologically-
allowed region of parameter space.
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Fig. 7. 90% confidence level exclusion contours in (a) the dark photon and (b) the B — L gauge boson parameter space are shown. Regions excluded by previous
experiments are shown in grey. The red line shows the region of parameter space that yields the correct dark matter relic density, with the assumptions discussed in

the text.

The exclusion contours for the B — L gauge boson are shown in
Fig. 7(b), where FASER provides the first exclusion for models in the
range gp_; ~ 5 X 107® — 2 x 10~ and my o~ 15 MeV — 40 MeV,
with a total region between gp_; ~3 X 107% —4 x 107 and My~
10 MeV — 50 MeV excluded. In grey are the regions already excluded by
experimental data from Orsay [49,50] and NuCal [51,26] as adapted
from DarkCast [52], as well as from a dedicated search for invisible final
states by NA64 [54]. In this model, the region probed by FASER is also
cosmologically relevant. Assuming a dark matter particle y with a mass
in the range of 0.5 Xmy <my <my and a very large B— L charge,
the region of parameter space favoured by thermal freeze-out includes
regions of parameter space that are now excluded by the new FASER
constraint [55,56]. Alternatively, since the B — L model necessarily in-
cludes 3 sterile neutrinos, it is natural to consider the possibility that
these sterile neutrinos are the dark matter. These sterile neutrinos may
be produced through the freeze-in mechanism, and the resulting relic
density may be significant in the regions of parameter space probed by
FASER [57,56,58].

10. Conclusions

The first search for dark photons by the FASER experiment has been
presented, providing a proof of principle that very low background
searches for long-lived particles in the very forward region are pos-
sible at the LHC. The search applies an event selection requiring no
signal in the veto scintillator systems, two good quality reconstructed
charged particle tracks and more than 500 GeV of energy deposited in
the calorimeter. No events are observed passing the selection, with an
expected background of (2.3 + 2.3) x1073 events. At the 90% confi-
dence level, FASER excludes the region of € ~4 X 107 —2 x 10~ and
m 4 ~ 10 MeV — 80 MeV in the dark photon parameter space, as well as
the region of g_; ~3x 1076 —4x 1075 and m 4/ | ~ 10 MeV—50 MeV
in the B — L gauge boson parameter space. In both the dark photon
and B — L gauge boson models, these results are one of the first probes
of these regions of parameter space since the 1990’s, and they exclude
previously-viable models motivated by dark matter.
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