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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−1 collected at centre-of-mass energy 

√
𝑠 = 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 𝜖 ∼ 2 × 10−5 − 1 × 10−4 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)𝐵−𝐿 model, with couplings 𝑔𝐵−𝐿 ∼ 5 ×10−6 − 2 ×10−5 and 
masses ∼ 15 MeV− 40 MeV excluded for the first time.
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 Introduction

The existence of dark matter is strong evidence for new particles 
yond the Standard Model (SM) of particle physics. Dark matter may 
 composed of a single particle or of more than one kind of particle, 
d the dark matter particles may interact only through gravity or also 
rough additional forces. Dark matter therefore motivates a rich va-
ety of ideas for beyond-the-SM (BSM) physics, and new insights into 
e particle nature of dark matter are of great interest in both particle 
ysics and astrophysics [1,2].
Although dark matter is only known to interact through gravity, 
e identification of its particle properties will be possible only if it is 
tected via other interactions. Among the best-motivated possibilities 
e interactions with SM particles through renormalisable couplings. If 
rk matter is a component of a dark sector that contains a U(1) electro-
agnetic force, the dark sector may interact through a renormalisable 
teraction of the form 𝐹𝜇𝜈𝐹𝐷

𝜇𝜈
, where 𝐹𝜇𝜈 and 𝐹𝐷𝜇𝜈 are the electromag-

tic field strength tensors of the SM and the dark sector, respectively. 
s a result of this interaction, the dark gauge boson mixes with the 

 gauge boson, leading to a new particle, the dark photon 𝐴′ [3]. 
dark photons are light and weakly (or feebly) interacting, they are 
ng-lived particles (LLPs) and can be produced in large numbers in the 
oton-proton collisions at the Large Hadron Collider (LHC) [4]; in vi-
le regions of dark photon parameter space that will be probed in this 
alysis, as many as 108 dark photons could be produced [5]. They can 
en travel hundreds of meters and decay to pairs of charged particles, 
oducing a spectacular signal of new physics.
Other considerations also motivate BSM physics with signals similar 

 the dark photon scenario. For example, the accidental conservation 
 baryon number 𝐵 and (total) lepton number 𝐿 in the SM suggests 
at these conserved quantities may be linked not just to global, but to 
cal gauge symmetries. A particularly well-motivated example is the 
uge symmetry U(1)𝐵−𝐿 [6,7], which is not only conserved classically, 
t is also free of quantum anomalies, once three sterile neutrinos are 
troduced to give neutrinos mass. This model predicts a new particle, 
2

e 𝐵 −𝐿 gauge boson 𝐴′
𝐵−𝐿. For masses in the MeV to GeV range and m
all 𝐵−𝐿 gauge couplings (∼ 10−5) up to 108 𝐴′
𝐵−𝐿 gauge bosons may 

 produced and travel hundreds of meters before decaying to pairs of 
 particles with 𝐵 −𝐿 charge [8,9].
FASER is a new LHC experiment designed to search for light, weakly-
teracting particles, including dark photons, 𝐵 − 𝐿 gauge bosons, 
d other long-lived particles [5,9,10]. The FASER detector is located 
proximately 480 m from the ATLAS interaction point (IP1) along 
e beam collision axis line-of-sight (LOS). Because they interact very 
eakly, dark photons and other LLPs produced at IP1 can travel along 
e LOS, pass through ∼100 m of rock and concrete without interact-
g, and then decay in FASER. At the same time, SM particles, except 
r muons and neutrinos, produced at the ATLAS IP will either be bent 
ay by the LHC magnets or stopped in the rock and concrete. FASER 

 therefore well suited to search for dark photons and many other light 
d weakly-interacting particles in a very low background environment.
This study presents the results of a search for LLPs using the 
SER detector and a dataset corresponding to an integrated luminos-
 of 27.0 fb−1 collected at centre-of-mass energy 

√
𝑠 = 13.6 TeV from 

ptember to November 2022 during Run 3 of the LHC. In particular, 
e scenario where LLPs are produced in LHC collisions, travel to the 
SER detector, and then decay to electron-positron pairs, 𝑝𝑝 → LLP→
𝑒−, is considered.

 Long-lived particles at FASER

In this section, the parameter spaces of the dark photon and 𝐵 −
gauge boson models are defined and the dominant production and 
cay processes that determine the signal at FASER are described.
The properties of the dark photon are defined through the La-
angian terms

⊃
1
2
𝑚2
𝐴′𝐴

′ 2 − 𝜖 𝑒
∑
𝑓

𝑞𝑓𝐴
′ 𝜇 𝑓𝛾𝜇𝑓 , (1)

here 𝑚𝐴′ is the dark photon’s mass, 𝜖 is the dark photon’s kinematic 

ixing parameter, and the sum is over all SM fermions 𝑓 with SM elec-



Physics Letters B 848 (2024) 138378FASER Collaboration

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.
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ic charge 𝑞𝑓 . The dark photon may also couple to additional particles 
 the dark sector, such as the dark matter particle 𝜒 .
In this analysis, it is assumed that 𝑚𝐴′ < 2𝑚𝜒 and that the dark 
oton decays visibly to SM particles. Thermal freeze-out is then de-
rmined by the processes 𝜒𝜒 ↔ 𝐴′ ↔ 𝑓𝑓 . For light masses 𝑚𝐴′ ∼
eV − GeV and loop-induced or otherwise suppressed couplings 𝜖 ∼
−6 − 10−3, the dark matter particle’s thermal relic density is in 
e right range to be a significant fraction of cosmological dark mat-
r [11–13]. These values of 𝑚𝐴′ and 𝜖 are therefore cosmologically 
voured and provide a well-defined thermal relic target in the dark 
oton parameter space for experimental searches.
At the LHC, with these thermal relic target parameters and in the 
rameter space where FASER has discovery potential, the dominant 
urce of dark photons is SM meson decay and dark bremsstrahlung:

• Neutral pion decay 𝜋0 → 𝐴′𝛾 : This mode is accessible for 𝑚𝐴′ <

𝑚𝜋0 ≃ 135 MeV. The branching fraction is 𝐵(𝜋0 → 𝐴′𝛾) = 2𝜖2(1 −
𝑚2
𝐴′ ∕𝑚2

𝜋0
)3𝐵(𝜋0 → 𝛾𝛾) where 𝐵(𝜋0 → 𝛾𝛾) ≃ 0.99 [14].

• Eta meson decay 𝜂 → 𝐴′𝛾 : This mode is open for 𝑚𝐴′ < 𝑚𝜂 ≃
548 MeV. The branching fraction is 𝐵(𝜂 → 𝐴′𝛾) = 2𝜖2(1 − 𝑚2

𝐴′ ∕
𝑚2
𝜂
)3𝐵(𝜂→ 𝛾𝛾) where 𝐵(𝜂→ 𝛾𝛾) ≃ 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 
(2 GeV) [5].

ese processes produce a high-intensity beam of dark photons in the 
r-forward direction along the beamline. Neutral pion decay is typi-
lly the leading signal contribution, but 𝜂 decay can be comparable 
r 𝑚𝐴′ ∼ 100 MeV, and dark bremsstrahlung can be comparable near 
e boundary of FASER’s sensitivity [5]. Other production mechanisms 
clude the decays of heavier mesons (such as 𝜂′ or 𝜔) and direct Drell-
n production 𝑞𝑞→𝐴′, but these are subdominant and are neglected.
Once produced, dark photons then may travel a macroscopic dis-
nce, leading to a striking signal of high-energy particles far from the 
interaction point. FASER’s dark photon sensitivity is largely deter-
ined by its location. For 𝐸𝐴′ ≫𝑚𝐴′ ≫𝑚𝑒, the decay length for a dark 
oton with lifetime 𝜏 travelling at speed 𝛽 = 𝑣∕𝑐 is [5]

= 𝑐𝛽𝜏𝛾 ≈ (80 m)
[
10−5
𝜖

]2 [
𝐸𝐴′

TeV

][
100 MeV
𝑚𝐴′

]2
. (2)

r dark photons with TeV energies, FASER can be expected to be sen-
tive to parameter space with 𝜖 ∼ 10−5 and 𝑚𝐴′ ∼ 100 MeV. For dark 
oton masses in the range 2𝑚𝑒 < 𝑚𝐴′ < 2𝑚𝜇 ≃ 211 MeV, dark photons 
cay to electrons with 𝐵(𝐴′ → 𝑒+𝑒−) ≈ 100%.
In the 𝐵 −𝐿 model, the properties of the 𝐵 −𝐿 gauge boson 𝐴′

𝐵−𝐿
e determined by the Lagrangian terms [9]

⊃
1
𝑚2 𝐴′ 2 − 𝑔

∑
𝑄
𝑓

𝐴
′ 𝜇

𝑓𝛾 𝑓 , (3)
3

2 𝐴′
𝐵−𝐿

𝐵−𝐿 𝐵−𝐿
𝑓

𝐵−𝐿 𝐵−𝐿 𝜇
an
here 𝑄𝑓
𝐵−𝐿 is the 𝐵 −𝐿 charge of fermion 𝑓 . The parameter space of 

is model is defined by the 𝐵 − 𝐿 gauge boson’s mass 𝑚𝐴′
𝐵−𝐿

and the 
−𝐿 gauge coupling 𝑔𝐵−𝐿.
The 𝐴′

𝐵−𝐿 gauge boson is produced in a similar manner to the dark 
oton, with light meson decays and dark bremsstrahlung the dominant 
oduction mechanisms; the production rates are proportional to 𝑔2

𝐵−𝐿, 
mpared to 𝜖2 as in the dark photon model. The boson can decay to all 
nematically accessible states that possess 𝐵 −𝐿 charge. In this analy-
s, the region of phase space which FASER is sensitive to is confined to 
e mass range 2𝑚𝑒 < 𝑚𝐴′

𝐵−𝐿
< 2𝑚𝜇 ≃ 211 MeV, where the possible de-

ys are to electrons, SM neutrinos, and possibly sterile neutrinos. It is 
sumed that sterile neutrinos have masses greater than half the 𝐴′

𝐵−𝐿
uge boson mass, and so decays to sterile neutrinos are kinematically 
accessible. The visible signal from decays to electrons therefore has a 
anching fraction of 𝐵(𝐴′

𝐵−𝐿 → 𝑒+𝑒−) ≈ 40%. If decays to sterile neu-
inos are allowed, the visible branching fraction could be as low as 
(𝐴′
𝐵−𝐿 → 𝑒+𝑒−) ≈ 25%, slightly reducing the search sensitivity, but 

t to a significant extent.

 The FASER detector

The FASER detector, located approximately 480 m away from IP1 
 the TI12 tunnel that connects the LHC with the Super Proton Syn-
otron (SPS), is aligned with the IP1 LOS. However, due to the crossing 
gle in IP1, the LOS is offset vertically by 6.5 cm with respect to the 
ntre of the detector, which is properly accounted for in the simula-
n. The detector is described in detail in Ref. [10]; a brief description 

 given here. The FASER𝜈 tungsten/emulsion detector is dedicated to 
utrino measurements, and it is not used in this analysis, but the eight 
teraction lengths of tungsten suppress potential backgrounds. Fig. 1
esents a sketch of the detector. In this analysis, the detector com-
nents of interest are the 1.5 m long detector decay volume and the 
acking spectrometer, both of which are immersed in a 0.57 T dipole 
agnetic field, as well as the scintillator system and the electromag-
tic calorimeter. The active transverse area of the detector is defined 
 the circular magnet aperture with a radius of 10 cm.
The scintillator system is composed of four stations, each consist-
g of multiple scintillator counters. At the front of the detector is the 
toNu station, composed of two scintillator counters. Further down-
ream is the Veto station, constructed from three scintillator counters 
 front of the decay volume. Both the VetoNu and Veto stations have 
intillators with a transverse size (30 × 35 cm2 and 30 × 30 cm2 re-
ectively) significantly larger than the active region of the detector, 
hich allows for the rejection of muons entering the detector at an an-
e with respect to the LOS. The next scintillator station is the Timing 
ation with two scintillator counters that separately cover the top and 
ttom half of the detector (with a small overlap) installed in front 
 the tracking spectrometer, used for triggering and timing measure-
ents. Finally, the Pre-shower station is in front of the calorimeter and 
nstructed from two scintillator counters with both a graphite absorber 

d a tungsten radiator in front of each counter.
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The tracking spectrometer is built from three tracking stations, each 
ith three layers of double-sided silicon microstrip detectors, inter-
aved with two 1 m-long 0.57 T dipole magnets. The tracker sensors are 
mi-Conductor Tracker (SCT) barrel modules from the ATLAS experi-
ent [15], which have a hit position resolution of about 20 μm in the 
ecision coordinate, and about 0.6 mm in the other coordinate. Each 
acker plane contains eight SCT modules, arranged as a 24 × 24 cm2

uare in the transverse plane. The magnets bend charged tracks in 
e vertical direction, corresponding to the precision coordinate of the 
acker. The FASER tracker is described in more detail in Ref. [16].
The electromagnetic energy of particles is measured by an electro-
agnetic calorimeter, the most downstream component of the detector. 
e calorimeter is constructed from four outer ECAL modules from the 
Cb experiment [17]. Each module is 12 × 12 cm2 in the transverse 
ane, with 66 layers of interleaved 4 mm thick plastic scintillator and 
mm thick lead plates, corresponding to a total of 25 radiation lengths. 
 module has 64 wavelength-shifting fibres that penetrate the length 
 the module and end in a photomultiplier tube (PMT). The readout 
 the PMTs saturates for large pulses corresponding to energy deposits 
ove 3 TeV. From July to August 2022 the readout was set to saturate 
 300 GeV for commissioning purposes, and these data are excluded 
om the dark photon search. The calorimeter energy resolution has 
en measured with high energy electrons in a testbeam, provided by 
e CERN SPS and carried out in July 2021 [18], to be (1%) in the 
gh-energy range most relevant for this analysis.
Readout is triggered by signals from the scintillators or calorimeter 
stem, with a typical trigger rate of 1 kHz dominated by high energy 
uons from IP1. The average detector deadtime was 1.3%, which is 
counted for when calculating the luminosity collected by FASER. The 
igger and data acquisition systems are described in more detail in 
f. [19].

 Dataset and simulation samples

This search uses 27.0 fb−1 of Run 3 collision data collected by FASER 
tween September and November 2022. The luminosity of the dataset 
 provided by the ATLAS experiment [20–22] and corrected for the 
SER detector dead time.
Monte Carlo (MC) simulation samples are used to evaluate the signal 
ciency, in the estimation of background yields, and to calculate the 
stematic uncertainties. All samples are simulated using GEANT4 [23]
ith a perfectly aligned and detailed description of the detector geom-
ry, including passive material. The samples include a realistic level of 
tector noise, and are reconstructed in the same way as the data.
Signal events are generated using FORESEE [24] with the EPOS-
C [25] generator to model very forward 𝜋0 and 𝜂 meson pro-
ction in the LHC collisions. The production of dark photons via 
rk bremsstrahlung is also included, which is modelled using the 
rmi-Weizsacker-Williams approximation following Ref. [26] with the 
ditional requirement on the dark photon’s transverse momentum, 
(𝐴′) < 1 GeV, to ensure the validity of the calculation. Signal sam-
es for the 𝐴′ and 𝐴′

𝐵−𝐿 models are generated covering the relevant 
nges in both coupling and mass.
A high-statistics high-energy muon sample with 2 × 108 events en-
ring FASER from IP1 is used for several background and systematic 
certainty studies. The sample uses the expected energy and angle 
 the muons as estimated by FLUKA [27–29] simulations of incom-
g muons from IP1. The samples include a detailed description of the 
C components and infrastructure between IP1 and FASER. A simi-
r sample of 8 × 105 large-angle (15-60 mrad) muon events generated 
ightly upstream of the VetoNu scintillators, and with a radius span-
ng 15-30 cm covering the edge region of the scintillators, is produced 
d used to study the background from large-angle muons that miss the 
to system.
Neutrino interactions in FASER [30] are simulated by the GE-
4

E [31,32] generator, following the fluence, energy spectrum and 
Physics Letters B 848 (2024) 138378

vour composition obtained in Ref. [33]. The sample used for the 
utrino background study corresponds to 300 ab−1 of data, and only 
cludes neutrino interactions upstream of the Veto scintillators and in 
e active detector area.

 Event reconstruction

Event reconstruction is performed using FASER’s Calypso [34] of-
ne software system, based on the open-source Athena framework [35,
] from the ATLAS experiment. Charged particle track reconstruction 

 performed using the combinatorial Kalman filter from the ACTS li-
ary [37]. When reconstructing multiple tracks, it is required that they 
 not share more than 6 clusters of hits in contiguous silicon strips on 
ch side of an SCT module; if the number of shared hits exceeds this 
reshold, then the track with the higher 𝜒2 is discarded.
A track-based alignment of the tracking detector is performed us-
g an iterative local 𝜒2 alignment method, and shows an improved 
reement in the hit residual and track 𝜒2 distributions when com-
ring to the perfectly aligned MC. The alignment only considers the 
ost sensitive distortions, translations in the precision tracker coordi-
te (vertical) and rotations around the longitudinal axis, at both the 
dividual module and tracking layer level.
Extraction of the PMT charge from the scintillator and calorime-
r modules is done by summing the digitised waveform values after 
destal subtraction.
The calorimeter charge-to-energy scale calibration is determined 
ing high energy electron and muon beams from the testbeam data de-
ribed in Sec. 3. To take into account differences between the detector 
nfigurations in the testbeam and in collision data, the most probable 
lorimeter charge deposited by muons as minimum ionising particles 
IPs) is used as an in-situ normalisation of the energy scale. Special 
libration runs are performed at high calorimeter gain to measure the 
IP signal. After individually normalising each calorimeter module sig-
l to the MIP scale, the testbeam data are used to estimate the initial 
ectromagnetic energy of the particle entering the calorimeter.

 Event selection

The typical 𝐴′ detector signature, shown in Fig. 1, provides a unique 
gnature to investigate. Since the 𝐴′ is weakly interacting, no signal is 
pected in the veto scintillator systems. The 𝐴′ can then decay in the 
cay volume to a very collimated, high momentum, 𝑒+𝑒− pair, leav-
g two closely-spaced oppositely-charged particle tracks in the tracker. 
e 𝑒+𝑒− then leave signals in both the Timing and Pre-shower scintil-
tors as well as a large energy deposit in the calorimeter. There are no 
gnificant SM processes that can mimic this signature, allowing for a 
ose-to background-free search.
To avoid unconscious bias affecting the analysis, a blinding proce-
re is applied to events where there is both no signal in any veto 
intillator and the calorimeter energy is above 100 GeV. The event se-
ction, background estimation and systematic uncertainties are then 
alised 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 𝜒2/(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;

e efficiency of this selection on a representative signal model in the 
rameter space where the analysis is most sensitive (𝜖 = 3 × 10−5, 
𝐴′ = 25.1 MeV) was found to be about 50% for dark photons that 
cay in the decay volume (where the probability of the dark photon to 
cay while within the volume is (10−3)), with the largest inefficiency 
ising from the two track requirement.
A requirement that the Timing scintillator trigger fired ensures that 
e trigger efficiency, measured using orthogonal triggers on two-track 
ents, is 100% for the 𝐴′ phase space of interest.
The probability to veto a signal event, due to the presence of an un-
rrelated beam-background muon in the same or neighbouring bunch 
ossing, is estimated to be less than 1 per mille.

 Backgrounds

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

1. Background due to veto inefficiency

The inefficiency of each of the five planes of veto scintillators is 
easured independently with data, by selecting events in which there 
 a single good fiducial reconstructed track and then measuring the 
action of such events in which the scintillator charge is below that of 
MIP signal. Thanks to the thick scintillators and tight fiducial track 
quirements, the inefficiencies are at the 10−5 level or smaller. Since 
e planes are independent, this leads to a combined veto inefficiency 
 smaller than 10−20. As (108) incoming muons are observed in the 
22 dataset, the background due to the veto inefficiency is taken to be 
gligible.

2. Background from neutral hadrons

Neutral hadrons produced in muon interactions in the rock in 
ont of FASER can be a possible source of background if, when pass-
g through the veto systems undetected and interacting or decaying 
side the detector decay volume, they produce exactly two recon-
ructed charged particle tracks and a calorimeter energy deposit above 
0 GeV. This background is heavily suppressed by the need for the 
utral hadron to traverse the full eight interaction lengths of the 
SER𝜈 detector, and by the need for the parent muon to scatter to 
iss the veto scintillators.
To determine the fraction of neutral hadron events that deposit at 

ast 500 GeV of energy in the calorimeter, a three-track control region 
 used, where the parent muon enters the detector and is reconstructed 
ong with the neutral hadron decay products. In these three-track 
ents, the ratio of events with low calorimeter energy (𝐸 < 100 GeV) 
 high energy (𝐸 > 500 GeV) is used to scale the number of events 
ith two reconstructed tracks (in which the parent muon is not present 
 the detector) at low-energy (𝐸 < 100 GeV) to estimate the expected 
ckground number of two-track events with 𝐸 > 500 GeV. To allow 
fficient event counts in the two-track low-energy control region, the 
to requirements are relaxed, requiring no signal in the VetoNu scin-
5

lators, but with no requirements on the other Veto scintillator signals. us
Physics Letters B 848 (2024) 138378

Photon conversion events (with the accompanying parent muon) 
nstitute a significant fraction of the three-track sample defined above 
d must be removed. This is done by requiring that the invariant mass 
 the two lowest momentum tracks, where the muon is assumed to be 
e highest momentum track, is greater than 200 MeV, which was found 
 be optimal when separating 𝐾𝑆 events from photon conversions in 
C simulation.
After discarding the photon conversion events, the number of data 
ents in the low- and high-energy three-track regions are 404 and 19 
spectively. This ratio is used to extrapolate the one event observed in 
e low-energy two-track region to the two-track high-energy region, 
sulting in an estimate of 0.047 expected events. This method provides 
 estimate of the number of neutral hadron events that lead to two 
constructed tracks, contain more than 500 GeV of calorimeter energy, 
d leave no signal in the VetoNu scintillators.
To obtain the final background estimate, the results are corrected to 
count for the fact that the signal region selection requires no signal 
 the downstream Veto station as well. The correction is derived by 
udying the signal recorded in the Veto station using three-track events. 
ith a clear separation in the Veto scintillator signal size for when only 
e track (the parent muon) traverses the Veto station versus when the 
her two tracks also leave a signal in the Veto station, the scintillators 
n be used to select both types of events and the ratio of the number 
 events in the two cases is used as the correction.
After correcting for the fraction of events that will decay or inter-
t before the second veto system, a final estimate of (8.4 ±11.9) ×10−4
ents is found; where the 100% statistical uncertainty is driven by 
e single event observed in the low-energy two-track data region, and 
 additional 100% systematic uncertainty is applied to account for 
e assumptions in the method. In performing this estimation, potential 
utrino background to the low-energy two-track data region, predicted 
 be 3.6 ± 3.8 events from GENIE simulation, is conservatively ne-
ected.

3. Background from large-angle muons

Another potential background source arises from large-angle muons 
at miss the veto system and then enter the FASER decay volume. This 
ckground is heavily suppressed by the fact that the tracks extrapo-
ted to the front veto scintillators are required to be within the fiducial 
lume. The MC sample with large-angle muons generated at the edge 
 the scintillators, described in Sec. 4, is used to study this background. 
o two-track events are seen in this sample, even before applying the 
ucial requirements on the extrapolated tracks or the calorimeter en-
gy requirement, suggesting that this background is negligible in the 
al analysis.
This was validated via a data-driven method by using events with a 

gnal in the veto scintillators and calculating the ratio of the number 
 such events with > 500 GeV or < 500 GeV in the calorimeter, which 
 then used to extrapolate from the number of events with no signal in 
e veto scintillators and < 500 GeV in the calorimeter to the number 
 events with no signal in the veto and > 500 GeV in the calorimeter. 
e results of this validation are consistent with those from the MC 
timate, providing confidence that this background is negligible.

4. Background from neutrinos

The large flux of high energy neutrinos, whose interaction cross sec-
n rises with energy, at the FASER location constitutes an important 
ckground, since the neutrinos do not leave any signal in the veto scin-
lators, and can interact to produce high energy particles. To suppress 
is background, the detector was designed to minimise the amount of 
aterial in the main detector volume.
The expected background from neutrino interactions inside the de-
ctor is estimated using the 300 ab−1 (∼ 10000× larger than the data 

ed in this analysis) neutrino MC sample described in Sec. 4. The 
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g. 2. The calorimeter energy in simulated neutrino events passing all signal 
lection requirements, besides that on the calorimeter energy. GENIE is used 
 simulate the neutrino interactions. The figure is scaled to a luminosity of 
.0 fb−1.

C simulation shows that 0.0015 neutrino events (0.0012 electron 
nti)neutrino events and 0.0003 muon (anti)neutrino events) pass the 
gnal region selection when scaled to 27.0 fb−1 of data, with these 
teractions occurring in the Timing scintillator station or the first 
acking station. Fig. 2 shows the calorimeter energy distribution for 
utrino events that pass the signal region selection when disregard-
g the requirement on the calorimeter energy. The figure shows that a 
quirement of ≥ 500 GeV gives a good suppression of the neutrino 
ckground. The uncertainty on the incoming neutrino flux [33] is 
ken to be 100% for electron neutrinos and 25% for muon neutrinos, 
d an additional 100% uncertainty is applied to account for the effect 
 uncertainties in the modelling of neutrino interactions. The total neu-
ino background estimate when scaled to 27.0 fb−1 is (1.5 ± 0.5 (stat.) 
1.9 (syst.))×10−3 events.

5. Background from non-collision events

The background from cosmic rays and the non-colliding beam back-
ound are considered by studying events collected at times when there 
e no colliding bunches in IP1. Cosmic rays are studied during 330 
urs of data-taking with no beam in the machine, which corresponds 
 a similar running time to the full 2022 physics data-taking period. 
uring this time, no event is observed with a calorimeter energy de-
sit above 100 GeV, and no events are found when requiring at least 
e good quality track.
The beam background from LHC beam-1, the incoming beam to AT-
S in the FASER location, is the most relevant for FASER. Beam-1 
teractions with gas or tails of the beam interacting with the beampipe 
erture can lead to particles boosted in the direction of FASER, where 
w-energy activity is observed in correlation with beam-1 bunches 
ssing the back of the detector. This beam background is studied by 
ecking the detector activity in events with the relevant bunch timing, 
t which do not correspond to colliding bunches at IP1. It is found that 
am background events without signal in the veto scintillators do not 
ve a good reconstructed track, and for these events without a track, 
ere are zero events with calorimeter energies above 400 GeV.
The overall contribution from non-collision backgrounds is therefore 
nsidered to be negligible.

6. Summary of the expected background

As background contributions from the veto inefficiency, large-angle 
6

uons, and non-collision events are estimated to provide a negligible m
Physics Letters B 848 (2024) 138378

g. 3. The energy spectrum of dark photons in FASER produced with meson 
oduction modelled by different generators (EPOS-LHC, QGSJET II-04 and

BYLL 2.3d). Also shown is production from bremsstrahlung with a factor of 
o variation in the 𝑝T cut off. The bottom panel shows the ratio between the 
fferent estimates, and the parameterisation of the uncertainty as a function of 
ergy. A representative signal model (with m𝐴′=50 MeV and 𝜖=3 × 10−5) is 
own.

ntribution in the signal region, the total expected background is ob-
ined by combining just the neutrino and neutral hadron estimates, 
ading to a total background of (2.3 ± 2.3) × 10−3 events.

 Systematic uncertainties on the signal yield

Systematic uncertainties on the expected signal yields arise from sev-
al sources. The uncertainty in the integrated luminosity is provided by 
e ATLAS collaboration, and is 2.2% [22], following the methodology 
scussed in Ref. [20]. The statistical uncertainty from the number of 
C simulated signal events is included and ranges from 1 to 3%. Spin 
rrelations between production and decay are not included in the MC 
mulated signal, but their effect on this search is negligible [38]. The 
mainder of the systematic uncertainties, discussed below, arise from 
e signal generator and from the modelling of the detector response in 
e MC simulation.
Uncertainties on the number of signal events decaying inside the 
SER decay volume are derived by comparing the estimates from 
ing different event generators to model very forward 𝜋0 and 𝜂 me-
n production in the LHC collisions. Comparing signal yields from
SJET II-04 [39] and SIBYLL 2.3d [40] with the central estimate 
om the EPOS-LHC [25] generator, where these generators have been 
lidated using LHCf’s forward photon measurements [41], provides an 
velope of estimates as a function of the energy of the signal (𝐸(𝐴′)), 
at is parameterized and used as the uncertainty:

𝑁 =
0.15 + (𝐸(𝐴′)∕4 TeV)3

1 + (𝐸(𝐴′)∕4 TeV)3
. (4)

e parameterization also envelops the uncertainty on the signal 
edictions due to changing the 𝑝T-cutoff in modelling of the dark 
emsstrahlung as described in Sec. 4. Fig. 3 presents the 𝐴′ energy 
stribution as estimated by the different generators for a representa-
e signal model. The parameterisation is checked for numerous signal 

odels spanning the relevant phase space for both the 𝐴′ and 𝐴′

𝐵−𝐿
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g. 4. The Gaussian-fitted peak position of the 𝐸∕𝑝 in data and MC simulation 
 a function of the momentum of photon conversion candidates.

uge bosons, and is found to be in good agreement with the envelope 
 the generators.
The remaining uncertainties arise from the modelling of the detector 
sponse in the MC simulation, which is used to calculate the signal 
eld.

The scintillator efficiencies are measured to be 100% in both data 
d MC simulation for the 𝐴′ signal, based on the scintillator PMT 
arge observed in events with two reconstructed tracks, thus no corre-
onding uncertainty is assigned.
The calorimeter energy scale calibration, as described in Sec. 5, is 
plied to both the data and MC simulation identically. The stability of 
e calorimeter system across the data taking period is tested with reg-
ar calibrations using an LED pulse injected into the calorimeter mod-
es [10]. A conservative analysis taking into account all components of 
e energy calibration leads to a 6% uncertainty on the difference in the 
libration of the energy scale between data and MC simulation. This 
certainty is checked in data by using the 𝐸∕𝑝 distribution in three-
ack events, which are dominated by photon conversions initiated by 
gh-energy muons. Only the two lowest momentum tracks are consid-
ed when calculating the 𝐸∕𝑝 since the highest momentum track is 
sumed to be the muon. The reconstructed 𝐸∕𝑝 peak position in data 
d MC simulation is consistent and well within the 6% uncertainty 
ross the momentum range probed, as shown in Fig. 4.
The uncertainty due to the tracking efficiency of single tracks is as-
ssed by comparing the relative efficiency for finding tracks in events 
ith a single track segment in each of the three tracking stations be-
een data and MC simulation. This yields a 1.5% uncertainty per track.
The track finding procedure is more complex when there are two 

osely-spaced tracks, as in the signal, in particular when the tracks 
are hits. The uncertainty due to this is assessed by overlaying the 
w tracker data from two different events, each of which has a sin-
e reconstructed track. The track reconstruction is then re-run on the 
mbined event, built from the two overlaid events, so that the track-
g efficiency can be calculated. This is performed using both data and 
mulation, shown in Fig. 5, where the ratio of the efficiency between 
e two, as a function of the distance between the two tracks at their 
st measurements, is used to assess the uncertainty. The efficiency in 
ta is up to 7% less than in MC simulation, at track separations com-
rable to that expected in the 𝐴′ signals, hence a 7% correction to the 
o-track tracking efficiency is applied, with a corresponding system-
ic uncertainty, assumed to be the difference between the nominal and 
7

rrected efficiency, applied. w
Physics Letters B 848 (2024) 138378

g. 5. (Top) The two-track reconstruction efficiency versus track separation for 
erlaid tracks in both data and MC events are shown. The distribution of the 
paration in 𝑒+𝑒− tracks of an 𝐴′ sample is also shown in red with the axis 
 the right-hand side. (Bottom) The ratio of the overlay tracking efficiencies 
tween MC and data is depicted.

The track momentum scale and resolution uncertainty is derived by 
mparing the mass peak of photon conversion events in data and MC 
mulation. Upon comparison, both a shift or Gaussian smear of the 
C track momentum by 5% were shown to more than account for the 
fference in the photon conversion mass peak position between data 
d MC, leading to a conservative uncertainty of 5% on both the track 
omentum scale and momentum resolution.
Table 1 summarises the various sources of uncertainty on the signal, 
owing the size of the individual uncertainties, and the range of the 
ect on the overall uncertainty on the signal yield.

 Results

After applying the signal selection described in Sec. 6, zero events 
e observed in the data, which is compatible with the expected back-
ound of (2.3 ± 2.3) ×10−3 events. Fig. 6 shows the calorimeter energy 
stribution for data and three representative signal models at different 
ages of the signal region selection on the veto scintillator and track 
formation. There are events that have no veto signal and at least one 
ack, but the calorimeter energies are well below the 500 GeV thresh-
d; and there are no events upon further requiring two fiducial tracks.
As no significant excess of events over the background is observed, 
e results are used to set exclusion limits in the signal scenarios consid-
ed. The exclusion limits are made using a profile likelihood approach 
plemented via the HistFitter framework [42], and are set at 90% 
nfidence level to allow for direct comparison with constraints from 
her experiments. Hypothesis tests are performed using profile likeli-
od test statistics [43] and the CLs method [44] to test the exclusion 
 new physics scenarios. For dark photons, the analysis excludes signal 
odels in the range 𝜖 ∼ 4 ×10−6−2 ×10−4 and 𝑚𝐴′ ∼ 10 MeV−80 MeV, 
d provides the world-leading exclusion for scenarios in the range 
∼ 2 × 10−5 − 1 × 10−4 and 𝑚𝐴′ ∼ 17 MeV − 70 MeV. Fig. 7(a) shows 
e 𝐴′ exclusion limit in the signal parameter space, where the grey 
gions are already excluded by experimental data from BaBar [45], 
41 [46], NA48 [47], NA64 [48], Orsay [49,50], and NuCal [51,26], 

hich are adapted from DarkCast [52].
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Table 1

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+(𝐸𝐴′ ∕4 TeV)3

1+(𝐸𝐴′ ∕4 TeV)3
15-65% (15-45%)

Luminosity 2.2% 2.2%

MC Statistics
√∑

𝑊 2 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%)

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−1.
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A key reason for investigating dark photons is their potential as 
termediaries between the SM and a dark sector. In particular, they 
low for obtaining the correct value of the dark matter relic density, 
total
𝜒
ℎ2 ≃ 0.12 [53], via the thermal freeze-out mechanism. In Fig. 7(a), 

 example thermal relic contour is included, obtained for the scenario 
here the dark photons couple to a light complex scalar dark matter 
ld 𝜒 [24]. In particular, this line assumes that the mass ratio be-
een the dark matter candidate and the dark photon is always equal 
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 𝑚𝜒∕𝑚𝐴′ = 0.6 and that the dark photon coupling constant to dark al
atter has a fixed value of 𝛼𝐷 = 0.1. This mass ratio guarantees that 
e dark photon decays visibly into the SM species and that the dark 
atter primarily annihilates via 𝜒𝜒 →𝐴′ → 𝑓𝑓 . Variations of both the 
upling and mass ratio in the dark sector are possible and will lead to 
shift of the relic target line. Notably, in the context of this particu-
r dark matter model, the region below the target line would have an 
er-abundance of dark matter and would be excluded cosmologically: 
SER therefore probes a significant fraction of the cosmologically-

lowed 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 
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The exclusion contours for the 𝐵 − 𝐿 gauge boson are shown in 
g. 7(b), where FASER provides the first exclusion for models in the 
nge 𝑔𝐵−𝐿 ∼ 5 × 10−6 − 2 × 10−5 and 𝑚𝐴′

𝐵−𝐿
∼ 15 MeV − 40 MeV, 

ith a total region between 𝑔𝐵−𝐿 ∼ 3 × 10−6 − 4 × 10−5 and 𝑚𝐴′
𝐵−𝐿

∼
MeV−50 MeV excluded. In grey are the regions already excluded by 
perimental data from Orsay [49,50] and NuCal [51,26] as adapted 
om DarkCast [52], as well as from a dedicated search for invisible final 
ates by NA64 [54]. In this model, the region probed by FASER is also 
smologically relevant. Assuming a dark matter particle 𝜒 with a mass 
 the range of 0.5 ×𝑚𝐴′

𝐵−𝐿
< 𝑚𝜒 < 𝑚𝐴′

𝐵−𝐿
and a very large 𝐵−𝐿 charge, 

e region of parameter space favoured by thermal freeze-out includes 
gions of parameter space that are now excluded by the new FASER 
nstraint [55,56]. Alternatively, since the 𝐵 −𝐿 model necessarily in-
udes 3 sterile neutrinos, it is natural to consider the possibility that 
ese sterile neutrinos are the dark matter. These sterile neutrinos may 
 produced through the freeze-in mechanism, and the resulting relic 
nsity may be significant in the regions of parameter space probed by 
SER [57,56,58].

. Conclusions

The first search for dark photons by the FASER experiment has been 
esented, providing a proof of principle that very low background 
arches for long-lived particles in the very forward region are pos-
ble at the LHC. The search applies an event selection requiring no 
gnal in the veto scintillator systems, two good quality reconstructed 
arged particle tracks and more than 500 GeV of energy deposited in 
e calorimeter. No events are observed passing the selection, with an 
pected background of (2.3 ± 2.3) ×10−3 events. At the 90% confi-
nce level, FASER excludes the region of 𝜖 ∼ 4 × 10−6 − 2 × 10−4 and 
𝐴′ ∼ 10 MeV−80 MeV in the dark photon parameter space, as well as 
e region of 𝑔𝐵−𝐿 ∼ 3 ×10−6 −4 ×10−5 and 𝑚𝐴′

𝐵−𝐿
∼ 10 MeV−50 MeV

 the 𝐵 − 𝐿 gauge boson parameter space. In both the dark photon 
d 𝐵 −𝐿 gauge boson models, these results are one of the first probes 
 these regions of parameter space since the 1990’s, and they exclude 
eviously-viable models motivated by dark matter.

eclaration of competing interest

The authors declare that they have no known competing financial 
terests or personal relationships that could have appeared to influence 
9

e work reported in this paper.
ata availability

Data will be made available on request.

cknowledgements

We thank CERN for the very successful operation of the LHC dur-
g 2022. We thank the technical and administrative staff members 
 all FASER institutions for their contributions to the success of the 
SER project. We thank the ATLAS Collaboration for providing us 
ith accurate luminosity estimates for the used Run 3 LHC collision 
ta. FASER gratefully acknowledges the donation of spare ATLAS 
T modules and spare LHCb calorimeter modules, without which 
e experiment would not have been possible. We also acknowledge 
e ATLAS collaboration software, Athena, on which FASER’s offline 
ftware system is based [35] and the ACTS tracking software frame-
ork [37]. Finally we thank the CERN STI group for providing detailed 
UKA simulations of the muon fluence along the LOS, which have 
en used in this analysis. This work was supported in part by Heising-
mons Foundation Grant Nos. 2018-1135, 2019-1179, and 2020-1840, 
mons Foundation Grant No. 623683, U.S. National Science Foun-
tion Grant Nos. PHY-2111427, PHY-2110929, and PHY-2110648, 
PS KAKENHI Grants Nos. JP19H01909, JP20K23373, JP20H01919, 
20K04004, and JP21H00082, BMBF Grant No. 05H20PDRC1, DFG 
C 2121 Quantum Universe Grant No. 390833306, ERC Consolidator 
rant No. 101002690, Royal Society Grant No. URF\R1\201519, UK 
ience and Technology Funding Councils Grant No. ST/ T505870/1, 
e National Natural Science Foundation of China, Tsinghua University 
itiative Scientific Research Program, and the Swiss National Science 
undation.

eferences

1] G. Bertone, D. Hooper, J. Silk, Particle dark matter: evidence, candidates and con-
straints, Phys. Rep. 405 (2005) 279–390, https://doi .org /10 .1016 /j .physrep .2004 .
08 .031, arXiv :hep -ph /0404175.

2] J.L. Feng, Dark matter candidates from particle physics and methods of detec-
tion, Annu. Rev. Astron. Astrophys. 48 (2010) 495–545, https://doi .org /10 .1146 /
annurev -astro -082708 -101659, arXiv :1003 .0904.

3] B. Holdom, Two U(1)’s and epsilon charge shifts, Phys. Lett. B 166 (1986) 196, 
https://doi .org /10 .1016 /0370 -2693(86 )91377 -8.

4] L. Evans, P. Bryant, L.H.C. Machine, J. Instrum. 3 (2008) S08001, https://doi .org /

10 .1088 /1748 -0221 /3 /08 /S08001.

https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1146/annurev-astro-082708-101659
https://doi.org/10.1146/annurev-astro-082708-101659
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1088/1748-0221/3/08/S08001
https://doi.org/10.1088/1748-0221/3/08/S08001


FA

[

[

[

[

[

[1

[1

[1

[1

[1

[1

[1

[1

[1

[1

[2

[2

[2

[2

[2

[2

[2

[2

[2

[2

[3

[3
Physics Letters B 848 (2024) 138378SER Collaboration

5] J.L. Feng, I. Galon, F. Kling, S. Trojanowski, ForwArd search ExpeRiment at the LHC, 
Phys. Rev. D 97 (3) (2018) 035001, https://doi .org /10 .1103 /PhysRevD .97 .035001, 
arXiv :1708 .09389.

6] A. Davidson, 𝐵−𝐿 as the fourth color within an SU(2)𝐿 ×U(1)𝑅 ×U(1) model, Phys. 
Rev. D 20 (1979) 776, https://doi .org /10 .1103 /PhysRevD .20 .776.

7] R.E. Marshak, R.N. Mohapatra, Quark–lepton symmetry and 𝐵 −𝐿 as the U(1) gen-
erator of the electroweak symmetry group, Phys. Lett. B 91 (1980) 222–224, https://
doi .org /10 .1016 /0370 -2693(80 )90436 -0.

8] M. Bauer, P. Foldenauer, J. Jaeckel, Hunting all the hidden photons, J. High 
Energy Phys. 07 (2018) 094, https://doi .org /10 .1007 /JHEP07(2018 )094, arXiv :
1803 .05466.

9] A. Ariga, et al., FASER’s physics reach for long-lived particles, Phys. Rev. D 99 (9) 
(2019) 095011, https://doi .org /10 .1103 /PhysRevD .99 .095011, arXiv :1811 .12522.

0] H. Abreu, et al., The FASER detector, arXiv :2207 .11427, July 2022.
1] C. Boehm, P. Fayet, Scalar dark matter candidates, Nucl. Phys. B 683 

(2004) 219–263, https://doi .org /10 .1016 /j .nuclphysb .2004 .01 .015, arXiv :hep -ph /
0305261.

2] M. Pospelov, A. Ritz, M.B. Voloshin, Secluded WIMP dark matter, Phys. Lett. B 662 
(2008) 53–61, https://doi .org /10 .1016 /j .physletb .2008 .02 .052, arXiv :0711 .4866.

3] J.L. Feng, J. Kumar, The WIMPless miracle: dark-matter particles without weak-
scale masses or weak interactions, Phys. Rev. Lett. 101 (2008) 231301, https://
doi .org /10 .1103 /PhysRevLett .101 .231301, arXiv :0803 .4196.

4] P.A. Zyla, et al., Review of particle physics, PTEP 2020 (8) (2020) 083C01, https://
doi .org /10 .1093 /ptep /ptaa104.

5] A. Abdesselam, et al., The barrel modules of the ATLAS semiconductor tracker, Nucl. 
Instrum. Methods Phys. Res., Sect. A, Accel. Spectrom. Detect. Assoc. Equip. 568 
(2006) 642–671, https://doi .org /10 .1016 /j .nima .2006 .08 .036.

6] The tracking detector of the FASER experiment, Nucl. Instrum. Methods Phys. Res., 
Sect. A, Accel. Spectrom. Detect. Assoc. Equip. 1034 (2022) 166825, https://doi .
org /10 .1016 /j .nima .2022 .166825, arXiv :2112 .01116.

7] LHCb Calorimeters: Technical Design Report, CERN, Geneva, 2000, http://cds .cern .
ch /record /494264.

8] FASER Calorimeter and Tracker Test Beam Characterization, 2024, in preparation.
9] The Trigger and Data Acquisition System of the FASER Experiment, J. Instrum. 

16 (12) (2021) P12028, https://doi .org /10 .1088 /1748 -0221 /16 /12 /P12028, arXiv :
2110 .15186.

0] Luminosity determination in 𝑝𝑝 collisions at √𝑠 = 13 TeV, using the ATLAS de-
tector at the LHC, 2022, arXiv :2212 .09379, https://doi .org /10 .48550 /ARXIV .2212 .
09379.

1] G. Avoni, et al., The new LUCID-2 detector for luminosity measurement and moni-
toring in ATLAS, J. Instrum. 13 (07) (2018) P07017, https://doi .org /10 .1088 /1748 -
0221 /13 /07 /P07017.

2] Preliminary analysis of the luminosity calibration of the ATLAS 13.6 TeV data 
recorded in 2022, ATL-DAPR-PUB-2023-001, 2023, https://cds .cern .ch /record /
2853525.

3] Geant4 – a Simulation Toolkit, Nucl. Instrum. Methods Phys. Res., Sect. A, Accel. 
Spectrom. Detect. Assoc. Equip. 506 (2003) 250, https://doi .org /10 .1016 /S0168 -
9002(03 )01368 -8.

4] F. Kling, S. Trojanowski, Forward experiment sensitivity estimator for the LHC and 
future hadron colliders, Phys. Rev. D 104 (3) (2021) 035012, https://doi .org /10 .
1103 /PhysRevD .104 .035012, arXiv :2105 .07077.

5] T. Pierog, I. Karpenko, J.M. Katzy, E. Yatsenko, K. Werner, EPOS LHC: test of 
collective hadronization with data measured at the CERN Large Hadron Collider, 
Phys. Rev. C 92 (3) (2015) 034906, https://doi .org /10 .1103 /PhysRevC .92 .034906, 
arXiv :1306 .0121.

6] J. Blümlein, J. Brunner, New exclusion limits on dark gauge forces from proton 
bremsstrahlung in beam-dump data, Phys. Lett. B 731 (2014) 320–326, https://
doi .org /10 .1016 /j .physletb .2014 .02 .029, arXiv :1311 .3870.

7] G. Battistoni, T. Boehlen, F. Cerutti, P.W. Chin, L.S. Esposito, A. Fassò, A. Ferrari, A. 
Lechner, A. Empl, A. Mairani, A. Mereghetti, P.G. Ortega, J. Ranft, S. Roesler, P.R. 
Sala, V. Vlachoudis, G. Smirnov, Overview of the fluka code, Ann. Nucl. Energy 82 
(2015) 10–18, https://doi .org /10 .1016 /j .anucene .2014 .11 .007.

8] A. Ferrari, P.R. Sala, A. Fasso, J. Ranft, FLUKA: a Multi-particle Transport Code 
(Program Version 2005), CERN Yellow Reports: Monographs, CERN, Geneva, 2005, 
http://cds .cern .ch /record /898301.

9] T.T. Böhlen, F. Cerutti, M.P.W. Chin, A. Fassó, A. Ferrari, P.G. Ortega, A. Mairani, 
P.R. Sala, G. Smirnov, V. Vlachoudis, The FLUKA code: developments and challenges 
for high energy and medical applications, Nucl. Data Sheets 120 (2014) 211–214, 
https://doi .org /10 .1016 /j .nds .2014 .07 .049.

0] H. Abreu, et al., First direct observation of collider neutrinos with FASER at the LHC, 
Phys. Rev. Lett. 131 (3) (2023) 031801, https://doi .org /10 .1103 /PhysRevLett .131 .
031801, arXiv :2303 .14185.

1] C. Andreopoulos, et al., The GENIE neutrino Monte Carlo generator, Nucl. Instrum. 
Methods Phys. Res., Sect. A, Accel. Spectrom. Detect. Assoc. Equip. 614 (2010) 
87–104, https://doi .org /10 .1016 /j .nima .2009 .12 .009, arXiv :0905 .2517.

[32] C. Andreopoulos, C. Barry, S. Dytman, H. Gallagher, T. Golan, R. Hatcher, G. Perdue, 
J. Yarba, The GENIE neutrino Monte Carlo generator: physics and user manual, 
arXiv :1510 .05494, 2015.

[33] F. Kling, L.J. Nevay, Forward neutrino fluxes at the LHC, Phys. Rev. D 
104 (11) (2021) 113008, https://doi .org /10 .1103 /PhysRevD .104 .113008, arXiv :
2105 .08270.

[34] FASER Collaboration, CALYPSO software framework, https://gitlab .cern .ch /faser /
calypso.

[35] The ATLAS Collaboration Software and Firmware, ATL-SOFT-PUB-2021-001, 2021, 
https://cds .cern .ch /record /2767187.

[36] ATLAS Collaboration, “Athena” [software], release-22, https://zenodo .org /record /
2641997 #.XhWRDC2ZPyI.

[37] X. Ai, et al., A common tracking software project, Comput. Softw. Big Sci. 6 (1) 
(2022) 8, https://doi .org /10 .1007 /s41781 -021 -00078 -8, arXiv :2106 .13593.

[38] J.L. Feng, M. Toman, E. Welch, 2024, in preparation.
[39] S. Ostapchenko, Monte Carlo treatment of hadronic interactions in enhanced 

Pomeron scheme: I. QGSJET-II model, Phys. Rev. D 83 (2011) 014018, https://
doi .org /10 .1103 /PhysRevD .83 .014018, arXiv :1010 .1869.

[40] F. Riehn, R. Engel, A. Fedynitch, T.K. Gaisser, T. Stanev, Hadronic interaction model 
Sibyll 2.3d and extensive air showers, Phys. Rev. D 102 (6) (2020) 063002, https://
doi .org /10 .1103 /PhysRevD .102 .063002, arXiv :1912 .03300.

[41] O. Adriani, et al., Measurement of forward photon production cross-section in 
proton-proton collisions at √𝑠 = 13 TeV with the LHCf detector, Phys. Lett. B 
780 (2018) 233–239, https://doi .org /10 .1016 /j .physletb .2017 .12 .050, arXiv :1703 .
07678.

[42] M. Baak, G.J. Besjes, D. Côte, A. Koutsman, J. Lorenz, D. Short, HistFitter software 
framework for statistical data analysis, Eur. Phys. J. C 75 (2015) 153, https://doi .
org /10 .1140 /epjc /s10052 -015 -3327 -7, arXiv :1410 .1280.

[43] G. Cowan, K. Cranmer, E. Gross, O. Vitells, Asymptotic formulae for likelihood-based 
tests of new physics, Eur. Phys. J. C 71 (2011) 1554, https://doi .org /10 .1140 /epjc /
s10052 -011 -1554 -0, arXiv :1007 .1727, Erratum: Eur. Phys. J. C 73 (2013) 2501.

[44] A.L. Read, Presentation of search results: the 𝐶𝐿𝑠 technique, J. Phys. G 28 (2002) 
2693–2704, https://doi .org /10 .1088 /0954 -3899 /28 /10 /313.

[45] J.P. Lees, et al., Search for a dark photon in 𝑒+𝑒− collisions at BaBar, Phys. Rev. 
Lett. 113 (20) (2014) 201801, https://doi .org /10 .1103 /PhysRevLett .113 .201801, 
arXiv :1406 .2980.

[46] E.M. Riordan, et al., A search for short lived axions in an electron beam dump 
experiment, Phys. Rev. Lett. 59 (1987) 755, https://doi .org /10 .1103 /PhysRevLett .
59 .755.

[47] J.R. Batley, et al., Search for the dark photon in 𝜋0 decays, Phys. Lett. B 746 (2015) 
178–185, https://doi .org /10 .1016 /j .physletb .2015 .04 .068, arXiv :1504 .00607.

[48] D. Banerjee, et al., Improved limits on a hypothetical X(16.7) boson and a dark 
photon decaying into 𝑒+𝑒− pairs, Phys. Rev. D 101 (7) (2020) 071101, https://
doi .org /10 .1103 /PhysRevD .101 .071101, arXiv :1912 .11389.

[49] M. Davier, H. Nguyen Ngoc, An unambiguous search for a light Higgs boson, Phys. 
Lett. B 229 (1989) 150–155, https://doi .org /10 .1016 /0370 -2693(89 )90174 -3.

[50] S. Andreas, C. Niebuhr, A. Ringwald, New limits on hidden photons from past 
electron beam dumps, Phys. Rev. D 86 (2012) 095019, https://doi .org /10 .1103 /
PhysRevD .86 .095019, arXiv :1209 .6083.

[51] J. Blumlein, et al., Limits on the mass of light (pseudo)scalar particles from Bethe-
Heitler e+ e- and mu+ mu- pair production in a proton - iron beam dump 
experiment, Int. J. Mod. Phys. A 7 (1992) 3835–3850, https://doi .org /10 .1142 /
S0217751X9200171X.

[52] P. Ilten, Y. Soreq, M. Williams, W. Xue, Serendipity in dark photon searches, 
J. High Energy Phys. 06 (2018) 004, https://doi .org /10 .1007 /JHEP06(2018 )004, 
arXiv :1801 .04847.

[53] N. Aghanim, et al., Planck 2018 results. VI. Cosmological parameters, Astron. As-
trophys. 641 (2020) A6, https://doi .org /10 .1051 /0004 -6361 /201833910, arXiv :
1807 .06209, Erratum: Astron. Astrophys. 652 (2021) C4.

[54] Y.M. Andreev, et al., Search for a new B-L Z’ gauge boson with the NA64 experi-
ment at CERN, Phys. Rev. Lett. 129 (16) (2022) 161801, https://doi .org /10 .1103 /
PhysRevLett .129 .161801, arXiv :2207 .09979.

[55] A. Berlin, N. Blinov, G. Krnjaic, P. Schuster, N. Toro, Dark matter, millicharges, 
axion and scalar particles, gauge bosons, and other new physics with LDMX, Phys. 
Rev. D 99 (7) (2019) 075001, https://doi .org /10 .1103 /PhysRevD .99 .075001, arXiv :
1807 .01730.

[56] R.N. Mohapatra, N. Okada, Dark matter constraints on low mass and weakly coupled 
B-L gauge boson, Phys. Rev. D 102 (3) (2020) 035028, https://doi .org /10 .1103 /
PhysRevD .102 .035028, arXiv :1908 .11325.

[57] K. Kaneta, Z. Kang, H.-S. Lee, Right-handed neutrino dark matter under the B-L 
gauge interaction, J. High Energy Phys. 02 (2017) 031, https://doi .org /10 .1007 /
JHEP02(2017 )031, arXiv :1606 .09317.

[58] S. Eijima, O. Seto, T. Shimomura, Revisiting sterile neutrino dark matter in gauged 
U(1)B-L model, Phys. Rev. D 106 (10) (2022) 103513, https://doi .org /10 .1103 /
PhysRevD .106 .103513, arXiv :2207 .01775.
10

https://doi.org/10.1103/PhysRevD.97.035001
https://doi.org/10.1103/PhysRevD.20.776
https://doi.org/10.1016/0370-2693(80)90436-0
https://doi.org/10.1016/0370-2693(80)90436-0
https://doi.org/10.1007/JHEP07(2018)094
https://doi.org/10.1103/PhysRevD.99.095011
http://refhub.elsevier.com/S0370-2693(23)00712-8/bibAE65792A8EC1DFE856C2EB2919D8129As1
https://doi.org/10.1016/j.nuclphysb.2004.01.015
https://doi.org/10.1016/j.physletb.2008.02.052
https://doi.org/10.1103/PhysRevLett.101.231301
https://doi.org/10.1103/PhysRevLett.101.231301
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1016/j.nima.2006.08.036
https://doi.org/10.1016/j.nima.2022.166825
https://doi.org/10.1016/j.nima.2022.166825
http://cds.cern.ch/record/494264
http://cds.cern.ch/record/494264
https://doi.org/10.1088/1748-0221/16/12/P12028
https://doi.org/10.48550/ARXIV.2212.09379
https://doi.org/10.48550/ARXIV.2212.09379
https://doi.org/10.1088/1748-0221/13/07/P07017
https://doi.org/10.1088/1748-0221/13/07/P07017
https://cds.cern.ch/record/2853525
https://cds.cern.ch/record/2853525
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1103/PhysRevD.104.035012
https://doi.org/10.1103/PhysRevD.104.035012
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1016/j.physletb.2014.02.029
https://doi.org/10.1016/j.physletb.2014.02.029
https://doi.org/10.1016/j.anucene.2014.11.007
http://cds.cern.ch/record/898301
https://doi.org/10.1016/j.nds.2014.07.049
https://doi.org/10.1103/PhysRevLett.131.031801
https://doi.org/10.1103/PhysRevLett.131.031801
https://doi.org/10.1016/j.nima.2009.12.009
http://refhub.elsevier.com/S0370-2693(23)00712-8/bib1688FB39693994F4844B9BDB985D0F4Ds1
http://refhub.elsevier.com/S0370-2693(23)00712-8/bib1688FB39693994F4844B9BDB985D0F4Ds1
http://refhub.elsevier.com/S0370-2693(23)00712-8/bib1688FB39693994F4844B9BDB985D0F4Ds1
https://doi.org/10.1103/PhysRevD.104.113008
https://gitlab.cern.ch/faser/calypso
https://gitlab.cern.ch/faser/calypso
https://cds.cern.ch/record/2767187
https://zenodo.org/record/2641997#.XhWRDC2ZPyI
https://zenodo.org/record/2641997#.XhWRDC2ZPyI
https://doi.org/10.1007/s41781-021-00078-8
https://doi.org/10.1103/PhysRevD.83.014018
https://doi.org/10.1103/PhysRevD.83.014018
https://doi.org/10.1103/PhysRevD.102.063002
https://doi.org/10.1103/PhysRevD.102.063002
https://doi.org/10.1016/j.physletb.2017.12.050
https://doi.org/10.1140/epjc/s10052-015-3327-7
https://doi.org/10.1140/epjc/s10052-015-3327-7
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1140/epjc/s10052-011-1554-0
https://doi.org/10.1088/0954-3899/28/10/313
https://doi.org/10.1103/PhysRevLett.113.201801
https://doi.org/10.1103/PhysRevLett.59.755
https://doi.org/10.1103/PhysRevLett.59.755
https://doi.org/10.1016/j.physletb.2015.04.068
https://doi.org/10.1103/PhysRevD.101.071101
https://doi.org/10.1103/PhysRevD.101.071101
https://doi.org/10.1016/0370-2693(89)90174-3
https://doi.org/10.1103/PhysRevD.86.095019
https://doi.org/10.1103/PhysRevD.86.095019
https://doi.org/10.1142/S0217751X9200171X
https://doi.org/10.1142/S0217751X9200171X
https://doi.org/10.1007/JHEP06(2018)004
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1103/PhysRevLett.129.161801
https://doi.org/10.1103/PhysRevLett.129.161801
https://doi.org/10.1103/PhysRevD.99.075001
https://doi.org/10.1103/PhysRevD.102.035028
https://doi.org/10.1103/PhysRevD.102.035028
https://doi.org/10.1007/JHEP02(2017)031
https://doi.org/10.1007/JHEP02(2017)031
https://doi.org/10.1103/PhysRevD.106.103513
https://doi.org/10.1103/PhysRevD.106.103513

	Search for dark photons with the FASER detector at the LHC
	1 Introduction
	2 Long-lived particles at FASER
	3 The FASER detector
	4 Dataset and simulation samples
	5 Event reconstruction
	6 Event selection
	7 Backgrounds
	7.1 Background due to veto inefficiency
	7.2 Background from neutral hadrons
	7.3 Background from large-angle muons
	7.4 Background from neutrinos
	7.5 Background from non-collision events
	7.6 Summary of the expected background

	8 Systematic uncertainties on the signal yield
	9 Results
	10 Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


