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The ForwArd Search ExpeRiment (FASER) is a new experiment at the Large Hadron Collider
(LHC) designed to search for light, weakly-interacting particles. Placed 480 m downstream
from the ATLAS interaction point along the beam collision axis, FASER detects particles that
travel hundreds of meters. This paper presents the first physics results from FASER using data
collected during LHC Run 3 in 2022-2023. We report on searches for dark photons decaying
into electron-positron pairs and axion-like particles (ALPs) decaying into photon pairs, both of
which can provide insights into physics beyond the Standard Model. We discuss the first direct
observation of collider neutrinos with FASER and measurements of electron neutrino and muon
neutrino interaction cross-sections in the unexplored TeV energy range using the FASERν emulsion
detector. These results provide new opportunities for exploring both Standard Model and Beyond
the Standard Model physics in the forward region of LHC proton-proton collisions. We also
discuss future prospects, including an upgrade of a preshower calorimeter detector and plans for
the Forward Physics Facility in the High-Luminosity LHC era.

∗Speaker
© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0).
All rights for text and data mining, AI training, and similar technologies for commercial purposes, are reserved.
ISSN 1824-8039. Published by SISSA Medialab. https://pos.sissa.it/

The XVIth Quark Confinement and the Hadron Spectrum Conference (QCHSC24)
19-24 August, 2024
Cairns Convention Centre, Cairns, Queensland, Australia

mailto:daiki.hayakawa@cern.ch
https://pos.sissa.it/


P
o
S
(
Q
C
H
S
C
2
4
)
1
8
1

P
o
S
(
Q
C
H
S
C
2
4
)
1
8
1

First results from FASER at the LHC Daiki Hayakawa

1. Introduction

The ForwArd Search ExpeRiment (FASER) [1–4] is an experiment at the Large Hadron
Collider (LHC) designed to search for light, weakly-interacting particles. These particles include
Standard Model (SM) neutrinos [5, 6] and new particles associated with physics beyond-the-SM
(BSM). The FASER detector is positioned at 480 m downstream from the ATLAS interaction point
(IP1) along the beam collision axis, or line of sight (LOS). Many of charged particles are deflected
by the LHC magnets before reaching the FASER detector, while neutral hadrons are absorbed by
a hundred meters of concrete and rock in front of the FASER detector. The detector is in an ideal
location to study light, weakly-interacting particles produced in the forward direction, offering a
relatively large acceptance and efficiency for long-lived particle (LLP) decays and neutrinos.

One of the primary physics goals of FASER is to search for LLPs that could provide insights
into BSM physics. These LLPs include new particles in a hidden sector that weakly interacting
with SM particles. Such new particles are of great interest in both particle physics and astrophysics,
as they could provide key insights into the nature of dark matter. The region probed by FASER
offers unique sensitivity to the light, weakly-interacting new particles that might be produced in the
decay of mesons, which are abundantly created in the forward direction at the LHC. A search for
dark photons, decaying into electron-positron pairs, was performed using data collected in 2022 [7].
Subsequently, a search for Axion-like particles (ALPs), decaying into photon pairs, was reported
using data collected in 2022 and 2023 [8].

FASER also aims to study SM particles produced in the forward direction. In particular, FASER
includes a dedicated component, FASERν, designed to detect and study high-energy neutrinos
at the unexplored TeV ranges. In 2021, the FASER Collaboration reported the first evidence
of neutrino interaction candidates produced at the LHC, using a 29 kg pilot emulsion detector,
highlighting the potential of discovering collider neutrinos [9]. For the first time, neutrinos from
colliders were directly observed using the electronic component of FASER in 2022 data [10]. The
FASER Collaboration recently reported the first measurement of the muon neutrino interaction cross
section and flux as a function of energy [11]. The interactions of all three neutrino flavours can
be measured by identifying leptons generated through neutrino charged-current (CC) interactions
with the FASERν emulsion detector [4]. For the first time, FASER measured electron neutrino
and muon neutrino interaction cross sections using a 128 kg subset of the FASERν detector after
exposure of 9.5 fb−1 of 13.6 TeV proton-proton (pp) collisions [12].

In this paper, we present the FASER detector, followed by detailed descriptions of these first
physics results from LHC Run 3. We also discuss future prospects, including an upgrade of a
preshower calorimeter detector and plans for the Forward Physics Facility in the High-Luminosity
LHC era.

2. The FASER Detector

Figure 1 shows a sketch of the FASER detector. On the detector upstream side, the right side
in the sketch, there is a neutrino detection part (FASERν). FASERν consists of a front scintillator
veto system, an emulsion detector with approximately 1-tonne tungsten target, and the interface
tracker (IFT) for muon charge separation. On the downstream side, the left side in the sketch, there
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is a detector part to search for new particles. The part is composed of the scintillator veto station,
the decay volume, the timing scintillator station, the FASER tracking spectrometer, the preshower
scintillator system and the electromagnetic (EM) calorimeter system. The detector includes three
0.57 T dipole magnets, one surrounding the decay volume and the other two embedded in the
tracking spectrometer.

3. Search for Dark Photon Decays with FASER

FASER reported a search for dark photons (A′), decaying into electron-positron pairs, using
data collected in 2022 (27.0 fb−1) [7]. If dark photons are light and has a feeble interaction, it
becomes a LLP and can be produced in large quantities in pp collisions at the LHC. The production
in the dark photon analysis is the decay mode of neutral pions, which are abundantly produced in
the forward direction, π0 → A′γ.

The event topology for dark photon detection in FASER requires capturing the electron-positron
pair resulting from the dark photon decay (Figure 2). The selection criteria were: (1) high-quality
data from physics runs, (2) no signals in any of the five layers of Veto detectors (< 40 pC, ∼ 0.5 MIP)
to exclude background events mainly from charged particles like muons from upstream, (3) signals
visible in Timing and preshower detectors (> 1 MIP), (4) two reconstructed tracks with momentum
> 20 GeV within the effective volume of 95 mm radius, and (5) energy deposit > 500 GeV in the
calorimeter. These criteria maintained a 40-50% signal efficiency.

The Veto detector can eliminate charged particles from upstream with 99.9998% efficiency,
leaving two main types of background events. The first is secondary particles from neutrino
interactions in the detector, estimated using MC samples equivalent to 300 ab−1 and scaled to the
27 fb−1 used in the dark photon search, yielding 1.5 ± 0.5stat. ± 1.9syst. × 10−3 events. The second
is neutral hadron decays from muon interactions with rock upstream of the FASER detector. While
most neutral hadrons are suppressed by muon detection and the tungsten in the FASERν detector,

Figure 1: A sketch of the FASER detector, showing the different sub-detector system. The detector coordinate
is also shown [4].
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some survive and leave 2-track or 3-track signatures. Using 3-track events as a control region, the
2-track background in the signal region was estimated to be 8.4 ± 11.9 × 10−4 events. The total
estimated background was 2.3 ± 2.3 × 10−3 events.

After unblinding, no significant excess was observed. A 90% confidence level upper limit was
set as shown in Figure 3. The results exclude a wide parameter space with ϵ ∼ 4× 10−6 to 2× 10−4

and mA′ ∼ 10 − 80 MeV. Particularly for dark photons with masses around 30-40 MeV, the results
exclude models where dark photons could mediate between Standard Model particles and dark
matter in the thermal freeze-out scenario, as represented by the "Relic target" curve in Figure 3.

4. Search for ALPs Decays with FASER

ALPs (a) is a general term for pseudoscalar particles, including axions. Here, we consider a
scenario where ALPs interact with SU(2)L gauge bosons and, after electroweak symmetry breaking,
interact with photons and weak gauge bosons. The Lagrangian L is expressed as

L ⊃ −
1
2

m2
aa2 −

1
4
gaWWaWa,µνW̃a

µν , (1)
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Figure 2: Sketch of a dark photon (A′) decaying into an electron position pair in the FASER detector [7].

Figure 3: Dark photon limit curve [7]. The Relic target in the figure is the theoretical prediction curve
when the current amount of dark matter can be explained. The gray area is the area excluded by previous
researches, and the green band is the area newly excluded.
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where ma and a represent the mass and field of the ALP, respectively, gaWW is the coupling constant
between the ALP and weak gauge bosons, and Wµν represents the SU(2)L field strength.

Using data collected in 2022 and 2023 (57.7 fb−1), FASER searched for ALPs decaying into
two photons [8]. The decay event of ALPs in the FASER detector is illustrated in Figure 4. Since
ALPs have no electric charge, they leave no signal in the veto stations and the tracking detectors.
High-energy photon pairs emitted from ALP decays interact in the preshower and are observed as
EM showers in the calorimeter. Due to the collimated pair of photons, they cannot be resolved by
the FASER detector. Events observed as a single EM shower with the energy of at least 1.5 TeV in
the calorimeter are required. The signal region was defined to require the energy deposited in the
second layer of the preshower scintillator exceeded 10 MIPs, and more than 4.5 times larger than
the energy deposited in the first layer.

The primary background events are charged current interactions of neutrinos in the preshower
calorimeter. Neutrino background events were estimated using Monte Carlo simulations (MC)
and checked with the data, confirming the consistency of the MC estimates. Other background
considerations included inefficiencies in the veto detectors, muons, neutral hadrons, cosmic rays, and
beam background arriving at the FASER detector, all of which were estimated to be negligible. The
most significant systematic uncertainties were the flux uncertainties of forward hadrons production,
followed by uncertainties in the energy scale calibration of the calorimeter. The neutrino background
events in the signal region are summarized in Table 1. One event was observed in the signal region
after unblinding, and an exclusion limit was set as shown in Figure 5, successfully excluding regions
not previously ruled out.

5. First Direct Observation of Collider Neutrinos with FASER

High-energy neutrinos produced at particle colliders had never been directly detected until
FASER’s observation in 2023. FASER reported the first direct observation of neutrino interactions

Table 1: Summary of the MC estimate of the neutrino background in the signal region. Uncertainties on the
flux, as well as experimental uncertainties, are also given. The MC events are normalised to 57.7 fb−1, and
MC statistical uncertainties are given [8].

> 1.5 TeV signal region
Light 0.34 ± 0.33 (flux) ± 0.11 (exp.) ± 0.05 (stat.)

Charm 0.10 ± 0.05 (flux) ± 0.05 (exp.) ± 0.02 (stat.)
Total 0.44 ± 0.39 (88.6%) 8

FIG. 4. Sketch of an ALP event traversing through the FASER detector. As ALPs are electrically neutral,
we expect no signature in any of the veto stations, followed by signal in the preshower and large deposit in
the calorimeter. The dotted lines show that the ALP is leaving no signal in the detector and the white blobs
in the preshower layers and the calorimeter depict energy deposits. The ALP is allowed to decay within the
sensitive detector volume comprising the region across all three magnets, with a total length of 4 m.

Following the above, the event selection requires events triggering the calorimeter and in time
with the collision timing. Hence, only events corresponding to colliding bunches are selected, with
a requirement on the calorimeter timing to be > �5 ns and < 10 ns to ensure consistency with
collision timing. These times are with respect to the expected time, and are calibrated on a run-
by-run basis using muon events.

Since no veto signal is expected from the ALPs signal, the charge deposited in each of the five
veto stations is required to be less than half that expected from a MIP.

With the current detector design, the two photons cannot be resolved and hence selections on the
overall charge deposits in the preshower and calorimeter are applied. A charge deposit is required
in the preshower layers, with the second layer being greater than the charge deposit equivalent of
10 MIPs and the preshower ratio being greater than 4.5. This is because the photons are expected
to shower in the material in the preshower, releasing more energy in the second layer, hence the
preshower ratio is expected to be high. Lastly, a large calorimeter energy deposit above 1.5 TeV
is required for the two-photon ALP signature. For this analysis, the calorimeter energy variable
considered is the summed calorimeter energy across all modules.

The selections applied on data and MC are summarised in Table I. The event selection is designed
to ensure high acceptance of ALPs that decay anywhere in the sensitive detector volume, ALPs
decaying inside the calorimeter will be suppressed by the preshower cuts. Additionally, the two
photons from the ALP decay are generally separated by < 1 mm and the detector resolution cannot
resolve this. To increase sensitivity to such models, an upgrade to the preshower system is planned
[53].

Cutflows showing the fraction of events that pass the above selection are shown in Table II for a
representative ALP model. Across the (ma, gaWW ) parameter space in regions FASER is sensitive
to, the e�ciency of the preshower ratio cut is between 75 and 80%. Across the ALP mass range the
e�ciency of the second preshower layer cut is above 95%. The e�ciency of the calorimeter energy
cut for low mass and high coupling is close to 99%, and at higher mass the e�ciency is between
30% and 90%. At low mass and low coupling this falls to less than 30%, but this region is already
largely excluded.

VI. BACKGROUND ESTIMATION

Various sources of background are considered in the analysis. The primary background is antic-
ipated to result from neutrino interactions within the detector. Other physics-related backgrounds
may arise from neutral hadrons entering the detector, muons that bypass the veto scintillator

Figure 4: Sketch of an ALP (a) traversing and decaying into two photons in the FASER detector [8].
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Figure 10. Interpretation of the signal region yield as ALP-W exclusion limits. Limits are provided
at 90% confidence level in the ALP -W mass (ma) and coupling (gaWW ) plane.

the production rate of ZB is enhanced. The dashed lines represent exclusion limits from other
experiments assuming enhanced rare B and K decays (e.g. K → πZB ). They are referred to
as “anomaly models” [74] because new heavier fields are introduced to resolve divergences
such that meson decay rates increase, making the constraints qualitatively different from
FASER constraints where such an assumption is not made.

The exclusion limit for the up-philic model is shown in the right panel of figure 12 as
a function of the new scalar particle mass and its coupling, gu. For mS > 2mπ0 , higher
LHC energies and boost factors enhance the sensitivity to shorter-lived up-philic scalars,
particularly in the mass range 2mπ0 < mS < 2mπ+ . This range allows probing gu values
between the lower and upper constraints from previous searches. Previous searches sensitive
to S → π+π− decays did not constrain masses below this threshold, despite possible decays to
neutral pions. Estimations for FASER take into account both charged and neutral pion decays.

Finally, figure 13 shows the exclusion limits for the 2HDM models with a CP-even scalar
Higgs decaying to two photons, H → γγ. FASER can probe large values of tan β ∼ 1000
and masses of H up to B-hadron masses of approximately 4 GeV, extending significantly into
previously unconstrained regions. Larger luminosities can extend the reach to larger values of
tan β but the masses that can be probed are limited by the production mechanism, B → KH.

This analysis highlights the complementarity of FASER with other experiments, probing
regions of parameter space that were previously unexplored or poorly constrained. By search-
ing for multi-photon final states, FASER is able to set stringent limits across multiple models.

– 23 –

Figure 5: Interpretation of the signal region yield as ALP-W exclusion limits. Limits are provided at 90%
confidence level in the ALP -W mass (ma) and coupling (gaWW ) plane [8].

at a collider experiment, using data collected in 2022 (35.4 fb−1).

The detection method takes advantage of unique configuration of FASER. Muon neutrinos
(νµ) that reach the detector can undergo charged-current (CC) interactions in the tungsten target,
producing hadrons and a muon. This muon passes through the Interface Tracker (IFT) and Veto
detector, leaving signals, while any hadrons are absorbed by the absorber material. A single
high-energy muon is then detected in the spectrometer and calorimeter.

Several selection criterias were: (1) high-quality data from physics runs, (2) no signals in the
two FASERν Veto detector layers (< 40 pC, ∼ 0.5 MIP), (3) particle detection in at least two of
the three Veto detector layers, (4) calorimeter signal consistent with ≥ 1 MIP, (5) exactly one good
quality track with momentum > 100 GeV in the spectrometer, (6) track within the fiducial volume
with radius < 95 mm, and (7) track extrapolation to < 120 mm in the front Veto scintillator.

The background events for this analysis included: muons produced by neutral hadrons colliding
in the tungsten, and muons entering outside the FASERν Veto detector’s range and scattering in
the tungsten. The former was estimated using GEANT4 simulations to be 0.11 ± 0.06 events. The
latter was estimated using data-driven methods by examining low-momentum muon events and
extrapolating to higher momenta, resulting in an estimate of 0.08 ± 1.83 events.

153 events passed all selection criteria, representing a 16σ significance for the detection of
muon neutrinos. This result constitutes the first detection of neutrinos at a collider experiment.
Figure 7 shows the momentum distribution of the νµ candidate events, with the data points showing
statistical errors only and the blue line representing GENIE simulation results.

Recently, FASER also reported the first measurement of the muon neutrino interaction cross
section and flux as a function of energy [11], using data collected in 2022 and 2023 (65.6 fb−1)
data. In this analysis, 338.1 ± 21.0 νµ interaction events were identified and the contributions of
neutrinos from pion and kaon decays were extracted.
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Figure 6: Schematic side view of the FASER detector with a muon neutrino undergoing a CC interaction in
the emulsion-tungsten target [10].
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Figure 7: Reconstructed momentum pµ for events in the signal region (black markers) and the expectation
from GENIE (blue) [10]. The blue band corresponds to the statistical error of the simulated samples and is
luminosity scaled.

6. First Measurement of νe and νµ Interaction Cross Sections with FASERν

The FASERν detector is a dedicated component of FASER designed specifically for neutrino
detection and measurements. It consists of 730 tungsten plates (1.1 mm thick each) interleaved
with emulsion films, providing a high-density target with a total tungsten mass of approximately 1.1
tonnes. The emulsion detector offers precise tracking capabilities for charged particles produced
in neutrino interactions, with position resolution of approximately 0.3 µm as demonstrated by the
position deviation distribution of muon tracks.

The emulsion detector enables the study of all three neutrino flavors. The detector reconstruct
interaction vertices where five or more tracks converge within 5 µm, and distinguish neutrino flavors
by identifying muons, electrons, and tau decay products based on their characteristic signatures.
Neutrino events are identified using multivariate analysis of the angles and momenta of particles
from the interaction vertices.

For the first cross-section measurement, the analysis focused on the central region of the first
398 layers of the second emulsion module exposed in 2022. To distinguish CC interactions from
hadronic interactions and neutral-current interactions, electron or muon candidates with energies
above 200 GeV from the interaction vertices are required, along with specific angular conditions.

This analysis resulted in the observation of 4 electron neutrino (νe) CC interaction candidates
with 5.2σ significance and 8 νµ CC interaction candidates with 5.7σ significance (Figure 8). This

7
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also represents the first direct observation of electron neutrinos at the LHC.
FASERν also performed the first measurements of neutrino interaction cross sections in the

TeV energy range. The interaction cross section per nucleon is measured over an energy range of
560-1740 GeV for νe and 520-1760 GeV for νµ. In these energy ranges, the neutrino-antineutrino
combined cross sections, σobsEν, are constrained to be 1.2+0.8

−0.7 × 10−38 cm2 GeV−1 for νe and
0.5 ± 0.2 × 10−38 cm2 GeV−1 for νµ. The measured cross sections were consistent with SM
predictions. This analysis is based on only ∼1.7% of the data collected and demonstrates the
capabilities of FASERν for precision neutrino physics at the LHC.

7. Future Prospects

In the search for ALPs with FASER, given that neutrinos are the main background and consid-
ering the uncertainties of the neutrino flux in the forward direction, background will be dominant
for the future analysis. Therefore, the preshower detector is being updated with a new design
incorporating tungsten plates and four detection layers based on Monolithic Active Pixel Sensors
(MAPS) produced in 130 nm SiGe BiCMOS technology [13]. The high position resolution of the
new preshower detector will allow the separation of collimated photon pairs, previously observed
as single electromagnetic showers, significantly reducing neutrino background events. Figure 10
shows the expected sensitivity with the upgraded detector. Thanks to the photon pair separation
capabilities, the sensitivity to ALPs can be significantly enhanced in future analysis.

Building on the success of FASER in demonstrating the physics potential of the forward region,
the Forward Physics Facility (FPF) at the High-Luminosity LHC is proposed to construct a dedicated

Figure 8: Event displays of one of the νe CC candidate events (top) and one of the νµCC candidate events
(bottom) [12]. In each panel, the right-handed coordinate axes are shown in the bottom left, with red, green,
and blue axes indicating the x (horizontal), y(vertical), and z (beam) directions, respectively.
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Figure 9: The measured cross section per nucleon for νe (left) and νµ(right) [12]. The dashed contours
labeled “Bodek-Yang” are cross sections predicted by the Bodek-Yang model, as implemented in GENIE.
Note that the displayed experiments do not all use the same targets.

Stefano Zambito | Université de Genève

What Are We Willing to Detect: Two Photon Signal

Chiara Magliocca | 10th BTTB Workshop 323.06.2022

Φ γ
γ

t1 t2 t3 t4 t5 t6

VETO Decay Volume Tracker
Proposed

pre-shower Calorimeter

Two Photon signal

A′
VETO Decay Volume Tracker

Proposed
pre-shower Calorimeter

Two Fermion signal

t1 t2 t3 t4 t5 t6

7

Desired DetecAon CapabiliAes: Two Fermions / Photons

fine X-Y granularity, 
high dynamic range

Signal: decays
into 2 fermions

(0.1-5 TeV)

Signal: decays
into 2 photons

(0.1-5 TeV)

z

x

y

Upgraded 
pre-shower

Upgraded 
pre-shower

l1 l2 l3 l4 l5 l6

l1 l2 l3 l4 l5 l6

Desired Detection Capabilities

B

• Resolve diphoton events by upgraded 
pre-shower calorimeter with high X-Y 
granularity 
- Improve ν BG suppression in the 

search for ALPs 
• The updated detector could also 

improve the search for dark-photons 
(A’ → e+e- ) or similar final states

Stefano Zambito | Université de Genève 21

Diphoton Signature: SensiAvity
• The new preshower will enable the precise measurement of the di-photon final state ! 

‣ Axion-like particle (a) coupled to photons: Nγ→Na, with a→γγ 
๏ light (ma ~ 100 MeV) and highly boosted (E ~ TeV) ALP ➡ photons from the decay very closely spaced (δγγ  ~1 mm - 200 µm)  

‣ Significant extension of FASER’s sensitivity reach in the ALP phase-space

2. New preshower detector (2/4)
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(the luminosity expected to be delivered by the LHC in 2024) and 3 ab�1 (the expected luminosity
from the HL-LHC). The results are shown for two cases: i) an ideal detector with 100% identification
e�ciency for photon-pairs across the whole energy and separation range (red and blue lines); ii)220

the realistic scenario in which the e�ciencies of the preshower detector from the reconstruction
algorithm described above are applied, with di�erent scenarios of minimal separation between the
photons (black curves). Figure 5 shows clearly that the preshower detector we propose will allow
FASER to significantly extend the sensitivity reach of past experiments already with the 90 fb�1 to
be delivered by the LHC in 2024.225

Figure 5: Sensitivity reach of the FASER W-Si preshower in the ALP parameter space. The blue and red
lines show the reach for an ideal detector with 100% photon-pair reconstruction e�ciency for the Run-3
(90 fb�1) and HL-LHC (3 ab�1) expected integrated luminosities for 14 TeV collision energy. The black
lines show the sensitivity reach for 90 fb�1 of data including simulated e�ciencies for photon-pairs with
⇢W > 200 GeV and various values of XWW . The grey-shaded regions represents the parameter space currently
excluded by experiment [10][6].

The sensitivity reach is calculated for the acceptance of the proposed new FASER preshower.
The preshower will cover an area of 175 ⇥ 134 mm2, which corresponds approximately to 74% of
the total FASER acceptance (a 10 cm-radius circle determined by the magnet aperture).

As well as allowing a robust ALP! WW search, the updated detector could also improve the
search for dark-photons (�0 ! 4+4�) or similar final states. Here the upgraded preshower allows230

more measurements of charged particles at the back of the detector, compared to the existing back
tracking station, and with better position resolution. This could allow to separate very closely
spaced tracks, which can not be separated with the current detector, and may allow to increase
the length of the decay volume, to include the second magnet, increasing the acceptance by 70%.
It will also make the detector more robust to possible ine�ciencies in the back tracking station235

– 9 –
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2.2 Physics potential

variation of the energies of the photon pairs. The same algorithm was also used to study how often
two photons are reconstructed when only one photon is generated. This study gives a fake rate of
about 2% for ⇢W = 1 TeV, raising to about 4% for the highest relevant photon energies.200

To evaluate the preshower performance with a more evolved reconstruction, we have developed
a di-photon event tagging algorithm that uses a convolutional neural network, which treats the event
reconstruction as an imaging problem [13][14]. The preliminary results are very promising: as
shown by the blue curve in Figure 4 the machine-learning-based approach achieves 95% e�ciency
and < 0.5% fake rate, outperforming the more conventional event-reconstruction algorithm.205

Figure 4: Di-photon event tagging e�ciency expected for the upgraded preshower. The orange line shows
the results obtained with the purposely-developed conventional algorithm. The blue line shows the results
obtained with a Machine-Learning-based approach. Photons of 1 TeV energy are considered in this study.

We highlight that a pixel pitch of 100 `m and the longitudinal granularity provided by six
silicon layers allows simultaneous reconstruction of the shower positions of two close by photons
within a large energy range (from 100 GeV to several TeV) and provides a minimum redundancy
for an e�ective operation during data taking. The marginal gain provided by the 50 µm pixel pitch
was not large enough to justify the increase of complexity, power consumption and dead space of210

the resulting ASIC.
The results obtained with the simple reconstruction algorithm were used to assess the discovery

potential for ALPs with the proposed preshower. The di-photon reconstruction e�ciencies as a
function of the photon energies and separation were used together with the ALP predicted cross-
section for the various (<0, 60,, ) points in the ALP parameter space considered. The results are215

shown in Figure 5, where the curves for FASER correspond to the observation of at least 3 signal
events with 100% background rejection, and are calculated for an integrated luminosity of 90 fb�1

– 8 –

Impact of upgrader preshower evaluated for benchmark dark photon (a) model

 =▶︎                        coupling to SU(2)L

 =▶︎ abundant LHC production 
        thanks to coupling with W  
 =▶︎ a exclusively decays to 𝛾𝛾  

2 Physics motivations

2.1 Physics case120

The LHC and the HL-LHC programs o�er a unique opportunity to search for dark matter at the
high-intensity frontier, with an approach that has not been exploited so far. FASER was the first
experiment purposely designed to investigate the production at the LHC of low-mass LLPs decaying
into two leptons, thus extending the LHC physics program. The discovery potential of FASER can
be extended further by enabling the precise measurement of LLPs having photons in the final state:125

the introduction of a new preshower detector made of interleaved layers of tungsten and silicon
pixel sensors will make FASER the first and unique LHC experiment sensitive to low-mass LLPs
with photons in the final state. It will also extend the FASER detection capability to all possible
final states, maximizing the sensitivity to new physics of the experiment.

There are many models that predict LLPs decaying into photons:130

1. The benchmark model that we chose to drive the design of the high-resolution preshower
detector is that of ALPs, a broad class of pseudoscalar particles decaying into photons
[4][5][6].

2. Any model involving LLPs that can decay into final states involving neutral pions, which
then decay into two photons, like in + ! Wc0 ! 3W. A prominent example is a light dark135

scalar boson [4], which decays into two neutral pions. Another example is a sterile neutrino
# decaying via # ! ac0 [7].

3. Any model and extension of the previous cases in which the LLP decays into two charged
pions and a neutral pion. An example is the * (1)⌫ or * (1)⌫�3!C0D gauge boson considered
in [8], which decays in + ! c+c�c0. Another example would be an ALP with coupling140

to gluons, which would decay for example into 0 ! c+c�W or c+c�c0 as considered in
[9]. In these cases the information from the preshower and the one from the tracker would
complement each other to reconstruct the event.

In addition to the above models, the new detector could enable the detection of a dark-sector
consisting of dark matter -1 and another state -2 with mass splitting <-2 � <-1 < 1 MeV, such145

that only decays -2 ! -1 + W are allowed.
In all the cases described, the photons would be highly energetic (O(100GeV � 5TeV)) and

very collimated. In the present FASER preshower and calorimeter, they would be indistinguishable
from any high energy neutral background particle. The high-granularity preshower proposed here
will enable these measurements in FASER. It will increase the sensitivity of the present FASER150

detector, allowing a search that is complementary to the other LHC experiments.

2.2 Expected performance

To characterise the performance of the preshower detector, we consider a model of an ALP which
couples to the field strength tensor of the (* (2)! gauge group via L ⇠ 60,,0,,̃ , as discussed
in [10]. After electroweak symmetry breaking, it acquires couplings to all the electroweak gauge155

bosons, for example ,-bosons and photons. The coupling to ,-bosons allows for an abundant

– 5 –

Figure 10: Sensitivity reach of the FASER W-Si preshower in the ALP parameter space [13]. The blue and
red lines show the sensitivity reach for an ideal detector with 100% photon-pair reconstruction efficiency for
the Run 3 (90 fb−1) and HL-LHC (3 ab−1) expected integrated luminosities for 14 TeV collision energy. The
black lines show the sensitivity reach for 90 fb−1 of data including simulated efficiencies for photon-pairs
with Eγ > 200 GeV and various values of the diphoton separation δγ. The grey-shaded regions represents
the parameter space currently excluded by the other experiments.
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facility to host multiple experiments aimed at exploiting physics opportunities in the far-forward
region [14]. Figure 11 shows the sketch of the proposed FPF. It will provide a larger space with
improved infrastructure, allowing for more sophisticated and large detector systems and expanded
physics programs.

The FPF neutrino detectors (FASERν2 and FLArE) study interactions of all three neutrino
flavors in the TeV energy range. O

(
103
)

tau neutrino (ντ) and anti-tau neutrino(ν̄τ) interactions
are expected in the neutrino detectors. The measurement of the neutrino flux at the FPF provides
unprecedented access to both the very low-x gluon parton distribution function (PDF) regions,
which are sensitive to BFKL effects and non-linear dynamics in Quantum Chromodynamics, and
very high-x PDF regions, including investigation of intrinsic charm. Furthermore, the FPF acts as
a neutrino-induced deep-inelastic scattering (DIS) experiment, offering valuable complementary
data on the partonic structure of nucleons and nuclei to the upcoming Electron-Ion Collider.
The FPF facilitates interdisciplinary studies by improving the modeling of high-energy hadronic
interactions in the atmosphere, reducing uncertainties in air shower measurements and aiding in
the understanding of cosmic ray properties. Additionally, it helps to understand the atmospheric
neutrino flux, which is a crucial background for astrophysical neutrino searches in multi-messenger
astrophysics.

The proposal for the FPF is being developed through a collaborative effort involving members
of the FASER collaboration and other physicists interested in forward physics. The facility would
represent a significant addition to the LHC physics program, complementing the physics potential
of the LHC experiments.

8. Conclusions

FASER has successfully demonstrated its capabilities for both new physics searches and high-
energy neutrino measurements at the LHC. The first results presented in this paper include searchesENGINEERING

DEPARTMENT

4 proposed FPF experiments, diverse detectors for a broad physics program

FPF Experiments

11

FORMOSA

FLArE

FASERnu2

FASER2

01/21/2025 Julien Prosic

Figure 11: A sketch of the FPF, which houses multiple experiments (FASER2, FASERν2, FLArE and
FORMOSA). The FPF is excavated with a new shaft and new cavern, providing 65 m of space along the
beam collision axis.
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for dark photons and axion-like particles, which have set new constraints on these potential mediators
to dark sectors. FASER achieved the first direct observation of collider neutrinos, including both
muon and electron neutrinos. The FASERν detector provided the first measurements of electron
neutrino and muon neutrino interaction cross sections in the TeV energy range. These results
establish techniques for studying forward neutrino production at hadron colliders.

The FPF at the High-Luminosity LHC is a proposed dedicated facility building on FASER’s
success in the far-forward region to host multiple experiments, exploiting physics opportunities in the
far-forward region . The FPF will enable crucial studies of neutrino interactions, fundamental QCD
and weak interaction investigations, and provide complementary data for nucleon structure studies.
Moreover, it will foster interdisciplinary research in astroparticle physics. The FPF represents a
significant enhancement to the LHC physics program, expanding our understanding of fundamental
physics.
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