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RECENT RESULTS FROM THE FASER
EXPERIMENT AT THE LHC'

The ForwArd Search EzpeRiment (FASER), is an LHC experiment that aims to: (1) detect
and study TeV-energy neutrinos, the most energetic neutrinos ever detected from a human-
made source and (2) search for new light and very weakly interacting particles. The FASER
detector is located 480 m downstream of the ATLAS p-p interaction point, along the beam
collision axis. FASER was designed, constructed, installed, and commissioned during 2019—
2022 and has been taking physics data since the start of LHC Run 8 in July 2022. Recently,
FASER reported the first measurement of ve and v, interaction cross sections at the LHC with
its sub-detector FASERv, FASER’s emulsion detector, first results on Azion-Like Particles at
FASER and dark photons limits. These results will be reported in this article.

Keywords: dark photons, Axion-like-particles, 3 neutrino flavor.

1. Introduction

FASER (ForwArd Search ExpeRiment) is a particle
physics experiment located at CERN, designed to de-
tect light, weakly interacting particles that are pro-
duced in proton-proton collisions at the Large Hadron
Collider (LHC). These particles, such as dark photons
or other dark sector candidates, travel in the forward
direction with minimal interaction, making them dif-
ficult to detect with traditional LHC detectors like
ATLAS or CMS. FASER’s main goal is to detect
new physics phenomena, particularly those related to
dark matter and other particles beyond the Standard
Model, such as dark photons, axion-like particles,
or long-lived particles, but flavors emulsion detec-
tor. The experiment is positioned 480 meters down-
stream of the ATLAS interaction point (IP1), in the
forward direction along the beam line, where a signif-
icant number of high-energy particles are produced
in proton-proton collisions. This location maximizes
the probability of detecting certain types of rare par-
ticles that other LHC experiments might miss. Un-
like the main detectors at the LHC (like ATLAS or
CMS), which focus on a wide range of particles and
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physics processes, FASER’s unique placement and
design make it highly specialized for detecting light,
weakly interacting particles that tend to travel along
the beamline. This makes FASER experiment com-
plementary to the larger LHC experiments. FASER
started its official data-taking in 2022 during LHC’s
Run 3, which will continue through 2025. During this
period, FASER will collect data as the LHC operates
at its highest energy levels.

2. FASER Detector

FASER detector [1] is a compact detector, about 7
meters long and 20 centimeters wide, optimized to fit
within the LHC infrastructure (see Fig. 1). Despite
its small size, it is highly sensitive to specific types
of particles. It has a suite of detectors which includes
a front scintillator veto system, FASERvr emulsion-
detector, interface tracker (IFT), FASER scintillator
veto station, decay volume, timing scintillator sta-
tion, FASER tracking spectrometer, preshower scin-
tillator system, and EM calorimeter. The detector in-
cludes three 0.57 T dipole magnets, one surrounding
the decay volume and the other two incorporated the
tracking spectrometer. The first two scintillator sta-
tions are needed to veto charged particles entering
the detector:

I This work is based on the results presented at the 2024 “New
Trends in High-Energy and Low-x Physics” Conference.
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Fig. 1. Experimental set-ups for FASER from LHC

e one is placed in front of the FASERvr emulsion
detector and consists of two scintillator counters;

e the other is located in front of the FASER decay
volume and is made up of four scintillator counters.
Timing scintillator station is placed after the decay
volume and it consists of two scintillator counters,
each read out by two photomultiplier tubes PMTs. A
pre-shower scintillator station is placed at the back
of the tracking spectrometer and is composed of two
scintillator counters, each read out by a single PMT,
interleaved with two tungsten absorbers, and graphite
blocks. The electromagnetic (EM) calorimeter consist
of four spare modules from the LHCb experiment’s
outer electromagnetic calorimeter (ECAL) and is de-
signed to measure the energy of high-energy elec-
trons and photons. FASERy emulsion-detector is an
Emulsion Cloud Chamber (ECC) made by 1.1 mm
thick tungsten plates and nuclear emulsion films, de-
signed to search for muonic, electronic and tauonic
neutrinos.

3. Dark Photons
Search in FASER Experiment

Dark matter particles search is a great field of in-
terest of BSM physics. The most promising candi-
dates is (A’), a hypothetical light and weakly inter-
acting particle. Unlike regular photons, dark pho-
tons interact very weakly with ordinary matter, which
makes them hard to detect. The dark photon is char-
acterized by it’s mass, (A’) and coupling parame-
ter, (e). Since weakly interacting particles like dark
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photons are often produced in the forward direction
(along the beam axis), FASER is ideally placed to de-
tect them. By being positioned far from the main in-
teraction point, FASER operate in a low-background
environment, increasing its sensitivity to new physics
signals, including dark photons. If produced, the dark
proton would travel through the FASER detector and
its decay into charged particles (such as electrons and
positrons).

3.1. Event selection

The discovery of dark photons with FASER detector
is significant due to the simple event selection opti-
mized for the detection of the signature, Fig. 2. The
signal region event selection requires the following:

e event time is consistent with a colliding bunch
at IP1;

® no signal in any of the five veto scintillators, re-
quired to be less than half that expected from a min-
imal ionizated particle (MIP);

e 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 qual-
ity, the cuts on the number of hits, fit x? and recon-
structed momentum are applied;

* total calorimeter energy greater than 500 GeV [4].

The efficiency of this selection on a representative
signal model in the parameter space, where the anal-
ysis is most sensitive e = 3 x 107°, mA’ = 25.1 MeV
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Fig. 2. 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
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Fig. 3. 90% confidence level exclusion contours for dark photons (a) and B-L gauge boson parameter space (b).
The expected limits are shown with green, red line shows the region of parameter space that yields the correct dark
matter relic density and the regions excluded by previous experiments are shown in grey

was found to be about 50% for dark photons that
decay in the decay volume [4].

3.2. Background

Several sources of background are considered in the
analysis. The dominant background arises from neu-
trino interactions in the detector. Other processes
such as neutral hadrons, or muons that enter the
detector volume without firing the veto scintillator
systems, either by missing the scintillators or due to
scintillator inefliciencies, also contribute to the back-
ground. Inefficiencies in the veto scintillators can lead
to an instrumental background from unvetoed muons
entering the detector volume. At the end, non-colli-
sion backgrounds from cosmic rays or nearby LHC
beam interactions are also considered. The analysis
is done using the dataset corresponding to an inte-
grated luminosity of 27 fb~!. Expected background
total is estimated for this statistics by combining just
the neutrino and neutral hadron estimates, leading
to a total background of (2.3 & 2.3) x 1072 [3]. At
the 90% confidence level, FASER excludes the region
of € & 4 x 10752 x 107* and m,» ~ 10-80 MeV
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in the dark photon parameter space, as well as the
region of gg.r, & 3 x 10%-4 x 10~° and m a, 10~
50 MeV in the B-L gauge boson parameter space. In
both the dark photon and B-L gauge boson models,
these results are one of the first probes of these re-
gions of parameter space since the 1990’s, and they
exclude previously-viable models motivated by dark
matter [4].

3.3. Results

After we apply the signal selection are applied to
27fb~! data sample, no events are observed in the
data. This is compatible with the expected back-
ground. As no significant excess of events over the
background is observed, the results are used to set
exclusion limits in the signal scenarios considered. Fi-
gure 3 shows the (A’) exclusion limit in the signal
parameter.

4. Axion-Like-Particles (ALPs)
Search in FASER Experiment

Axion-like particle (ALP) is a particle that looks

like axion particle. It appears from a quark bottom

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 11
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Fig. 4. An ALP event traversing through the FASER detector sketch. 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

that decays into a quark strange and axion-like par-
ticle. This decay into 2 protons (gamma — gamma)
that appear out of nowhere and can decay anywhere
in the FASER. The corresponding Lagrangian for the
ALPs is:
£o—tm2a? — Ly wawernive 1
2maa’ ZQaWWa uo ( )
where m, is the ALP mass, g,ww is the ALP
coupling parameter, and W is the SU(2)L field
strength tensor.

4.1. Event selection

By summing the digitised pulse values post-pedestal
subtraction, the total charge of the calorimeter and
scintillator signals is extracted. In Fig. 4, we show a
typical signature of a signal event in the detector and
can be summarised:

* no signal is observed in the veto scintillators,
since ALPs are electrically neutral;

e preshower charge deposits (measured charge in
the photomultiplier tube (PMT) when particles lose
energy and generate light in the scintillators) con-
sistent with an EM shower arising from the decay
photons;

¢ a large energy deposit in the calorimeter left by
the high-energy photon pairs.

A blinding methodology was implemented, to avoid
any bias in the analysis. In any of the veto scintilla-
tors and calorimeter energy surpassing 100 GeV, a
“blinded” region was defined as events with a lim-
ited deposited charge. To investigate this blind re-
gion, were completed with priority the event selection,
background estimation, and consideration of system-
atic uncertainties. The event selection requires events
triggering the calorimeter and the collision timing
in the same time. We select only events correspond-
ing to colliding bunches, with a requirement on the
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calorimeter timing to be >5 ns and <10 ns to ensure
consistency with collision timing. No veto signal is ex-
pected 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.

4.2. Background estimation

In the analysis, various sources of background are
considered. The dominant background is expected
to result from neutrino interactions within the de-
tector. Other backgrounds may appear from neutral
hadrons that enter the detector, muons that bypass
the veto scintillator systems as they enter the detector
at an angle, or veto inefficiencies, this are negligible.

The neutrino background is evaluated in MC simu-
lations [5] and validated in regions designed to target
neutrinos interacting in different areas of the detec-
tor. MC predictions for the number of signal events
in 57.7 fb~! in the signal region are in Table. One
event was observed in the signal region after unblind-
ing, with the background exception of 0.42 £ 0.38,
probing new parameter space of this ALPs model,
Figure 5. In Figure 6 is show the energy distribution
in the preshower and signal region.

5. Neutrino Studies in FASER Experiment

The LHC p-p collisions are the source of huge num-
ber of (anti)neutrinos of all flavors with the high en-
ergies belonging to the unexplored region. They are

Summary of the MC estimate
of the neutrino background in the signal region

>1.5 Tev signal region

Light 0.237391 (Aux) £ 0.11 (exp.) + 0.04 (stat.)
Charm 0.1973-22 (flux) 4 0.06 (exp.) + 0.03 (stat.)
Total 0.42 + 0.38 (90.6%)
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weekly interacting and escape registration nearby the
p-p IP. Huge number of neutrinos pass through the
FASERv detector and, during Run 3, it is expected
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to register about 103 v, 104 v, and 50 v, which open
the possibility to measure neutrino cross section at
the high energies [3, 6].

5.1. Silicon tracker data analysis

For the first study, we have focused on v,,, ¥, charged
current (cc) interactions at FASERv with silicon
tracker data usage. It is done for the statistics cor-
responding to the luminosity of 35.4 fb~!. The event
selection criteria are the following:

® event time is consistent with a colliding bunch
at IP;

¢ no signal in FASERv scintillator detector any of
the five veto scintillators, required to be less than half
expected from a MIP;

¢ exactly one track with more than 11 silicon hits in
the tracking stations is reconstructed with the three
tracker stations;

¢ a reasonable track fit quality of the reconstructed
203 tracks;

e the track’s extrapolation to the IFT must lie with
in 95 mm of the detector’s central axis, and its ex-
trapolation to the FASERwv scintillator must be at a

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 11
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distance of ryeio, < 120 mm from the FASERv scin-
tillator center;

* reconstructed track momentum to fulfill p, >
> 100 GeV [7].
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(horizontal), y (vertical), and z (beam) directions, respectively

A blind analysis was done where the event selec-
tion, background estimations, and systematic uncer-
tainties were fixed before looking at data in the signal-
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Fig. 13. The measured cross section per nucleon for ve (a) and v, (b)

enhanced region. The main background to v, came
from high-momentum muons. Two additional sources
of backgrounds are relevant: neutral hadrons pro-
duced by muon interactions in the concrete in front
of the FASERv detector and geometric backgrounds
from charged particles missing the FASER scintil-
lator. The backgrounds from cosmic rays and LHC
beam background have been studied using events oc-
curring when there are no collisions, and are found to
be negligible. The expected number of neutral hadron
background for the analyzed statistics is npaq =
= 0.01 &+ 0.06, with the uncertainty denoting the sta-
tistical error and a total geometric background esti-
mate of 0.08+1.83 events. The selected events, as well
as the background-enriched regions with lower mo-
mentum or Tyetoy > 120 mm it is show in Fig. 8. 153
events passing all selection steps are observed. Fi-
gure 9 summarizes additional properties of the signal
category event. A clear charge separation in ¢/ p,, for
the reconstructed tracks, with ¢ denoting the assigned
track charge. In total, 40 events with a positively-
charged track candidate are observed, showing the
presence of 7, in the dataset. There were found:

n, = 153713 (start) "3 (bkg) = 153713 (tot), (2)
with a significance of 16 standard deviations over the
background-only hypothesis and based on the asymp-
totic distribution of the test statistics. The excess is

compatible with the expected number of v, events
ne*P =151 +41 [7].

5.2. FASERv emulsion detector data analysis

FASERv detector have a 1.1 tons with the size of
30 x 25 cm? in the transverse plane to the beam
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and it is 1 m in length. It consists of 1.1 mm tung-
sten plates thick interleaved with emulsion films. Give
the possibility to distinguish all neutrino flavors be-
cause his excellent space and angular emulsion resolu-
tion. The detector is aligned with the LOS and placed
in front of the FASER spectrometer. The emulsion-
tungsten detector has to be replaced every 30-50 fb~!
to have manageable track density, three time per
year. FASERv box is replaced during every LHC
technical stops [8].

For vertex reconstruction, we use the reconstructed
tracks passing through at least 3 plates with an im-
pact parameter less than 5 pm. The number of tracks
with tan 8 < 0.1 relative to the beam direction
is also required to be more than 3 to suppress the
neutral-hadron background. v, CC interactions can-
didate are selected from the initial set of vertices
by requesting an associated high-energy electromag-
netic (EM) shower with a reconstructed energy more
than 200 GeV and tan ¢ > 0.005. For the v, CC in-
teractions candidate require that one of the recon-
structed charged particle tracks is a muon candidate,
the muon reconstructed momentum has to be more
than 200 GeV with tan 6 > 0.005. Selection effi-
ciency cross section are shown in fig. 11 for neutrino
and antineutrino electron and muon, the efficiency of
antineutrino events that pass the vertex selection is
slightly lower that neutrino events [§].

5.3.v. and v, candidate events

Four events are selected by the v, selection on
data. The highest reconstructed electron energy from
the selected v, CC candidates is 1.5 TeV. It is there-

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 11
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fore the highest-energy v, interaction ever detected by
accelerator-based experiments. Eight events are se-
lected by the v, selection on data. The highest recon-
structed muon momentum from the selected v, CC
candidates is 864 GeV, meaning that the v, sample
includes neutrinos with energy likely above 1 TeV, far
higher than from previous accelerator-based neutrino
studies. In Figure 12 are show an example event dis-
plays of v, and v, candidates. Both events exhibit a
back to back topology between the lepton candidate
and the other tracks in the vertex.

The v. and v, CC cross sections are measured in
a single energy bin. The ratio between the cross sec-
tions evaluated with the GENIE simulation (heory)
and with the observed data is defined as a factor
() as described by oops = QO¢heory, assuming that
« is common for neutrino and antineutrino interac-
tions. The energy range for oneory Was defined to con-
tain 68% of reconstructed neutrinos using the base-
line models, which is 560-1740 for v, and 520-1760
for v,.

The energy independent part of the interac-
tion cross sections per nucleon, oups/FEv, is mea-
sured over the considered energy ranges to be for
.1.27007 % 10738 em?GeV ™! and for v,(0.5+0.2) x
1073® ¢cm?GeV~!. The measured cross sections, to-
gether with those obtained by other experiments [8]
are show in figure 10. The blue curved line for v, and
the red curved line for v, are represent o, measure-
ment value [8].

The average of the GENIE predicted cross section,
assuming the ratio of the incoming neutrino to an-
tineutrino fluxes is 1.04 for v, and 0.61 for v, and is
also represented in Figure 13.

5.4. Results

Four electron neutrino interaction candidate events
are observed, with an expected background of
0.02510-015 that lead to a statistical significance of
5.2 standard deviations. This represents the first di-
rect observation of electron neutrinos produced at
a particle collider. Eight muon neutrino interaction
candidate events are found, with an expected back-
ground 0.2270:9% leading to a statistical significance
of 5.7 standard deviations.

6. Summary

FASER is a small experiment but with good poten-
tial of discovery for new physics. The experiment is
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continuing to operate successfully in Run 3 of LHC
approximately 140 fb~! were collected.

The first search for dark photons by the FASER
experiment has been presented, providing a proof of
principle that very low background searches for long-
lived particles (LLPs) in the very forward region are
possible at the LHC [4].

FASER searched for axion-like particles (ALPs)
using data collected in 2022 and 2023. The domi-
nant backgroud source was neutrinos interacting the
preshower detector of FASER. One event was ob-
served in the signal region, with a background ex-
pectation of 0.42 4+ 0.38 [5].

First results from the search for high energy elec-
tron and muon neutrino interactions in the FASERv
tungsten-emulsion detector of the FASER experiment
have been presented and also first results about v,
v, interaction cross sections at TeV energies with
FASERv using the 2022 data [7, §].

The participation of the “New Trends in High-
Energy and Low-x Physics” conference was supported
by the Romanian Ministry of Research, Inmovation
and Digitization under the Romanian National Core
Program LAPLAS VII - contract no. 30N/2023 and
CERN-RO - Contract No. 03/03.01.2022.
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E. Qipy

OCTAHHI PE3VYJIBTATU
EKCIEPUMEHTY FASER HA KOJIAMJIEPI LHC

ForwArd Search ExpeRiment (FASER) — me ekcnepumeHT Ha
kosaiinepi LHC, sikuit mae na Mmeri: (1) gerekryBaTu i BUB4aTH
HeATpuHO B obsiacTi eHepriit nopsiaka TeB — Heiirpuno HaiiBH-
LUX €Hepriif, Koau-HeOy[b 3aPEECTPOBAHUX 3 JIPKEePeJia, CTBO-
DPEHOTO JIIOAMHOIO, 1 (2) HOIIYyK HOBHX JIETKUX 1 Jy»Ke CJIabKO
B3aeMmoziounx dacTuHoK. Jlerekrop FASER posramosanunit Ha
Bigcrani 480 M micas Touku p-p B3aemoil B gerektopi ATLAS
Y3/[I0B2K HAIIPSMKY 3iTKHEHHs IpoTOoHIB. YcraHoBka FASER 6y-

814

J1a po3pobIeHa, BUTOTOBJIEHA, BCTAHOBJICHA 1 BBEJIEHA B €KCILILY-
ararito nporsarom 2019-2022 pokis i 36upae eKcriepuMeHTaJIbHi
nami 3 momenty 3amycky LHC Run 3 y mummi 2022 poky. He-
mopaasHo 3 FASER nosigomuin mpo mepiie BUMipIOBaHHS I1e-
pepisiB B3aemonii ve i v, ma LHC 3a momomororo cy6aerexTo-
pa FASERv — emyusbciitnoro gerekropa FASER Ta npo mep-
i pe3yJsIbTaTH MO0 aKCIOHOMOIIOHOT YACTUHKHU 1 IOJI0 MeXK
nys remuux dorouis. Ii pesynbrarn 06roBoprooThCH B maHiit
pobori.

Katowoei caoea: TeMHi POTOHHU, aKCIOHOIIOAIOH] YaCTUHKY,
3 apoMaTu HEATPUHO.
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