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Introduction

!

• The existing large LHC detectors were designed to find strongly interacting heavy particles. 

• But energetic light particles are primarily produced in the far-forward direction, and all particles with ƞ
> 4.5 escape down the beampipe
• e.g. 1% of pions with E > 10 GeV are produced in the forward 0.000001% of the solid angle (ƞ > 9.2)

• There is therefore a rich and unexplored physics program in the far forward direction for 
weakly interacting light particles.

• SM: TeV neutrinos of all flavours at the highest energies from a human-made source.  Neutrinos also 
enable probes of QCD, proton and nuclear structure. 

• BSM: world-leading sensitivities to LLPs, FIPs, dark sectors, including dark photons, axion-like 
particles, milli-charged particles, dark matter, …

A’, a, mCPs, DM, …

!! , !" , !#, p, K, D, … 

SUSY, top, Higgs, …
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The existing collider detectors (e.g. ATLAS) were designed to find strongly interacting heavy particles

There is a rich and unexplored physics program in the far forward direction!

TeV neutrino measurement
Weekly interacting light particles (BSM) search

FASER

Energetic light particles are 
produced in the far-forward 
direction

Unexplored 
energy region
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arXiv:1812.09139  
Phys. Rev. D 99 (2019) 095011  

Eur. Phys. J. C 80 (2020) 61  
arXiv:2001.03073 

• ForwArd Search ExpeRiment (FASER) at the LHC 
Placed 480 m downstream of the ATLAS IP on the beam axis 
to be installed in the LHC to take data in run3 

•  Physics moGvaGon 
New long lived parHcle search  
High energy Neutrino from p-p collisions 

2Tomohiro Inada (Tsinghua University), VCI 2022 Vienna (online), 21-25.02.2022

The FASER Experiment

• Large Hadron Collider (LHC): KL km ring collider, NO.P TeV proton-proton collisions 

• Energetic particles (π, K, D, etc) produced in the far-forward direction of the collisions 

• FASER(ForwArd Search ExpeRiment) is a new experiment at the LHC  
to search for long-lived BSM particles (dark photon, axion-like-particles)  
and study TeV neutrinos "



FASER at TIP8 Tunnel
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FASER Detector

$

Radius: ~NW cm 
Length: ~L m

X LHCb calorimeter modules

W.PT air-core permanent dipole

N.Zm

K.Zm long tracker ([P ATLAS SCTs)

on the beam collision axis

Scintillators for veto, trigger, and 
preshower (particle ID)

JINST +, (!.!#), P.$.22

P ton

https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05066


FASERν
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FASERν Expected Number of Interactions

Expected CC interaction events (KZW fb-N)

Phys. Rev. D NNW, WNKWW[ 

• ~NW,WWW ν interactions expected in 
 LHC Run O (KWKK-KWKZ)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.012009


Emulsion Detector

• KWW nm diameter silver halide crystals dispersed in gelatin 
• O(NWW) nm position resolution can be achieved

4

~PZ μm

~PZ μm

~KNW μm

emulsion

plastic 
base

track

Double sided emulsion coating

in situ measurements demonstrates the ability to analyze emulsion films in this environment. The1271

detector will be replaced 12 times during LHC Run 3 (three replacements in each of 2022, 2023,1272

2024, and 2025). For the first installation in March 2022, only 210 emulsion films, about 30%1273

of the following replacements, were included since less than a few fb�1 of data is expected in the1274

data-taking period until July 2022, when the full complement of emulsion films will be installed.1275

7.2 Emulsion films1276

The emulsion sensitive layers consist of silver bromide crystals, which are semiconductors with a1277

band gap of 2.684 eV, dispersed in a gelatine substrate. The diameter of the crystals which will be1278

used for FASERa is approximately 200 nm. When a charged particle passes through the crystal,1279

electrons are excited through electromagnetic interaction to the conduction band, trapped in lattice1280

defects, and groups of silver atoms (so-called latent images) are formed with interstitial silver ions.1281

They can then be amplified and fixed by specific chemical development. An emulsion detector with1282

200 nm crystals has a spatial resolution of 50 nm. The two-dimensional intrinsic angular resolution1283

of a double-sided emulsion film with 200-nm-diameter crystals and a base thickness of 210 `m is1284

therefore 0.35 mrad. More details on the emulsion technology are summarized in Ref. [62].1285

The emulsion gel and film production is performed at a large-scale production facility estab-1286

lished in Nagoya University. The left panel of Figure 44 shows an electron microscope photo of the1287

produced silver bromide crystals. The sensitivity of the emulsion layers was checked by exposing1288

the produced emulsion to electrons with several tens of MeV at the UVSOR Synchrotron Facility1289

(Okazaki, Japan), measuring ⇠45 grains per 100 `m for minimum ionizing particles (the right panel1290

of Figure 44). This sensitivity is su�cient for detecting minimum ionizing particles by setting the1291

emulsion thickness to 65 `m. The produced emulsion gel is then used to produce films (65 `m1292

emulsion layers deposited on both sides of 210 `m plastic base) using the coating system shown1293

in Figure 45. The production of emulsion gel and films are scheduled a few months before each1294

installation. The 770 emulsion films produced in each batch correspond to a total area of ⇠58 m2.1295

Figure 44: Left: Microscopic view of silver bromide crystals. Right: V-ray tracks in an emulsion
layer.

7.3 Tungsten target1296

Table 6 shows the properties of possible target materials. Tungsten was chosen as the target material1297

for the following reasons. First, its high density allows for a higher interaction rate, keeping the1298

detector small. Space for the detector along the beam collision axis is limited by the size of the1299
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Microscopic view

Figure 45: A picture of the emulsion film coating system.

FASER trench, and it is important to make the detector size small, which also lowers the cost of the1300

emulsion. Second, its short radiation length is good for a higher performance both in EM shower1301

reconstruction, keeping shower tracks to a small radius, and in momentum measurement using1302

multiple Coulomb scattering. Last, the radioactivity is low and safe for emulsion films.1303

The thermal expansion coe�cient of tungsten is very small, U = 4.5⇥10�6/K. The temperature1304

in the TI12 tunnel was monitored in 2018 and its variation was found to be very small, namely1305

⇠0.1 °C. The linear thermal expansion of 25 cm of tungsten is then expected to be 0.1 `m. Since the1306

thermal expansion coe�cient is very di�erent between emulsion films (U ⇠ 10�4/K) and tungsten,1307

it is necessary to exert a large mechanical pressure on the emulsion films and tungsten plates in1308

such a way that the soft emulsion films follow the thermal expansion of the tungsten plates.1309

A total of 1600 1-mm-thick tungsten plates were purchased to be used for the FASERa detector.1310

A dedicated device for measuring and mapping the thickness was prepared to check the tungsten1311

plate thickness’s uniformity. The thickness was measured semi-automatically at 24 points on each1312

plate, and the maximum di�erence among the 24 points was checked. The plates with a di�erence1313

smaller than 80 `m are used to construct the emulsion detector, corresponding to about 97% of the1314

measured tungsten plates. The average thickness of the qualified tungsten plates is 1093`m, with1315

an RMS of 25 `m.1316

Material Atomic Density Hadronic Interaction Radiation length Thermal expansion
number [g/cm3] [cm] length [mm] U [⇥10�6K�1]

Iron 26 7.87 16.8 17.6 11.8
Tungsten 74 19.30 9.9 3.5 4.5

Lead 82 11.35 17.6 5.6 29

Table 6: Properties of possible target materials.

– 54 –

Emulsion film coating system

• Produced gel and film 
at Nagoya University



FASERν Neutrino Detector

Figure 64: The FASER detector after installation in TI12.

Figure 65: The IFT tracker station, installed at the front of the main FASER detector.
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Interface Tracker: " layer silicon-strip tracker Veto scintillator (! layer)

,

• Global reconstruction with FASER spectrometer 
• Muon charge identification (νμ)

• Emulsion-based detector 
- 3". × [tungsten (+.+ mm thickness) + emulsion film] 
- !$. mm × ".. mm, + m long, +.+ tons (!!. X.) 
- Install (exchange) emulsions " times a year

• ν flavor tagging with topological/kinematical informations

Detector for the LHC Run 3

7
𝜈

FASER spectrometer 
with 0.55T magnets

Interface silicon tracker 
and veto station 

(to be added in the figure)
FASER𝝂

lepton

𝑋

𝜈

𝜈𝑒
𝑒

𝜈
𝜏

𝜈
𝜇

Detection of neutrino interactions in emulsion detector

lepton
�̅�

𝐵
𝑋

𝐷

CC heavy quark production
Emulsion film Tungsten plate (1mm thick)

• Emulsion/tungsten detector and interface silicon tracker will be placed in front of the main 
FASER detector.

• Allows to distinguish all flavor of neutrino interactions.
– 770 1-mm-thick tungsten plates, interleaved with emulsion films
– 25x30 cm2, 1.1 m long, 1.1 tons detector (220𝑋0)
– Emulsion films will be replaced every 30-50 fb-1 during scheduled LHC technical stops (3 times per year)
– Muon identification by their track length in the detector (8𝜆 )
– Muon charge identification with hybrid configuration Æ distinguishing 𝜈 and �̅�
– Neutrino energy measurement with ANN by combining topological and kinematical variables

Emulsion film Tungsten plate (+.+ mm)



FASERν Emulsion Detector

Figure 45: A picture of the emulsion film coating system.

FASER trench, and it is important to make the detector size small, which also lowers the cost of the1300

emulsion. Second, its short radiation length is good for a higher performance both in EM shower1301

reconstruction, keeping shower tracks to a small radius, and in momentum measurement using1302

multiple Coulomb scattering. Last, the radioactivity is low and safe for emulsion films.1303

The thermal expansion coe�cient of tungsten is very small, U = 4.5⇥10�6/K. The temperature1304

in the TI12 tunnel was monitored in 2018 and its variation was found to be very small, namely1305

⇠0.1 °C. The linear thermal expansion of 25 cm of tungsten is then expected to be 0.1 `m. Since the1306

thermal expansion coe�cient is very di�erent between emulsion films (U ⇠ 10�4/K) and tungsten,1307

it is necessary to exert a large mechanical pressure on the emulsion films and tungsten plates in1308

such a way that the soft emulsion films follow the thermal expansion of the tungsten plates.1309

A total of 1600 1-mm-thick tungsten plates were purchased to be used for the FASERa detector.1310

A dedicated device for measuring and mapping the thickness was prepared to check the tungsten1311

plate thickness’s uniformity. The thickness was measured semi-automatically at 24 points on each1312

plate, and the maximum di�erence among the 24 points was checked. The plates with a di�erence1313

smaller than 80 `m are used to construct the emulsion detector, corresponding to about 97% of the1314

measured tungsten plates. The average thickness of the qualified tungsten plates is 1093`m, with1315

an RMS of 25 `m.1316

Material Atomic Density Hadronic Interaction Radiation length Thermal expansion
number [g/cm3] [cm] length [mm] U [⇥10�6K�1]

Iron 26 7.87 16.8 17.6 11.8
Tungsten 74 19.30 9.9 3.5 4.5

Lead 82 11.35 17.6 5.6 29

Table 6: Properties of possible target materials.
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Development plan

• 730 FASERν films.
• 160 muon flux film (1/6th of the size).

• 200 FASERν films → one cycle.
• Racks can hold 25 FASERν films → one chain.
• 4 cycles of 9 chains planned → each takes 3 days.
• Can have 3 chains going at the same time.

4

film surface to be analyzed in FASERa is 174 m2/year implying a readout time of 770 hours/year.1392

Assuming some hours of machine time each day, it will be possible to finish reading out the data1393

taken in each year within a year. The HTS system was also used for the readout of the 2018 pilot1394

detector, which led to the observation of the first neutrino interaction candidates at the LHC [19].1395

Figure 50: The fast emulsion readout system HTS [65], with a readout speed of 0.45 m2/hour/layer.

7.8 Pilot analysis with the 2018 data1396

In 2018, a pilot emulsion detector was installed in the TI18 tunnel. An integrated luminosity of1397

12.2 fb�1 was collected during 4 weeks of data taking from September to October with ?? collisions1398

at 13-TeV centre-of-mass energy. The analysis of the pilot detector allowed demonstrating that the1399

emulsion readout and reconstruction can work in the actual experimental environment. The data1400

analysis is based on the readout of the full emulsion films by the HTS system. Data processing was1401

divided into sub-volumes with a maximum size of 2 cm ⇥ 2 cm ⇥ 25 emulsion films. After the1402

precise alignment procedure, tracks are reconstructed in multiple films with a dedicated tracking1403

algorithm for high-density environments [66].1404

The majority of the tracks observed in the detector are expected to be background muons and1405

related electromagnetic showers. These background charged particles were analysed using a unit1406

of 10 emulsion films. The angular resolution with this condition is expected to be 0.05 mrad.1407

Fig. 51 (left) shows the observed angular distribution peaked in the direction of the ATLAS IP.1408

There are 2 peaks separated by 2.5 mrad. The reason for the 2-peak structure is not understood, but1409

simulation studies are ongoing, which could inform on future data measurements. It’s also clear1410

that the angular resolution should be better than the angular spread of the peaks. For example,1411

the horizontal angular spread of one of the peaks (left in the figure) is 0.6 mrad, equivalent to the1412

multiple Coulomb scattering of 700 GeV particles through 100 m of rock. The charged particle1413

flux within 10 mrad from the peak angle is measured to be (1.7± 0.1) ⇥ 104 tracks/cm2/fb�1, which1414

– 59 –

FASERv DetectorFASERv Detector
FASERv Detector

FASERv Detector

Readout

AlignmentTrack reconstructionVertex reconstructionPhysics analysis

DevelopmentExposureAssemblyFilm production Disassembling

Japan JapanCERN

Offline analysis

+.

FASERv Detector

Kinematical 
analysis, 
Lepton ID, 
etc

HTS-N at Nagoya



• Dataset for current analysis: 
- ,.$ fb-+ in !.!! run 
- ~+.3% of data collected so far 
- Analyzed target mass of +!4.2 kg

++

1. Introduction

To date, neutrino interaction cross sections have not been
measured at energies above 300 GeV for ⌫e and between
400 GeV and 6 TeV for ⌫µ. One of the primary physics goals
of FASER (1; 2; 3), the Forward Search Experiment at CERN’s
Large Hadron Collider (LHC) (4), is the study of high-energy
neutrinos produced in the LHC’s proton-proton (pp) collisions
using the dedicated FASER⌫ detector (5; 6). FASER⌫ is a tung-
sten/emulsion detector that is located in front of the FASER
spectrometer (7). With FASER⌫, charged particle tracks pro-
duced by neutrino interactions in the detector can be recon-
structed with sub-micron precision. This allows us to iden-
tify leptons and measure the energies of electrons and mo-
menta of muons, enabling the identification of electron and
muon charged-current (CC) neutrino interactions and the mea-
surement of neutrino interaction cross sections in the currently
unexplored TeV energy range. In this study, we do not measure
the charge of the outgoing charged leptons; charge conjugation
is implied, and ⌫e/µ represents the sum of both ⌫e/µ and ⌫̄e/µ.

The decays of hadrons originating from LHC pp collisions
produce a large number of neutrinos, which are focused along
the beam collision axis or line of sight (LOS). Neutrinos close
to the LOS are characterised by very high energies up to several
TeV, and they therefore have relatively large interaction cross
sections. Since neutrinos only interact weakly, they are not af-
fected by the 100 m of rock or by the magnetic fields between
the collision point and the detector. These, however, substan-
tially reduce the rate of background particles.

The first evidence for neutrino interaction candidates pro-
duced at the LHC was reported by the FASER Collaboration
in 2021 (8). The first observation of muon neutrinos by means
of the FASER electronic detector components was achieved in
2023 (9). The SND@LHC Collaboration (10; 11) confirmed
this observation in Ref. (12), studying a di↵erent rapidity re-
gion with respect to the LOS. Nevertheless to date no electron
neutrino has ever been directly detected at the LHC.

Neutrinos interact through ⌫e + N ! e� + X (⌫e CC events),
⌫µ + N ! µ� + X (⌫µ CC events), ⌫⌧ + N ! ⌧� + X (⌫⌧ CC
events)1, and ⌫l +N ! ⌫l + X (l = e, µ, ⌧) (neutral-current (NC)
events), where N represents a nucleon in the target, and X repre-
sents interaction products. At FASER, the main background to
neutrino detection arises from neutral hadrons interacting in the
detector. These neutral hadrons are generally lower in energy
than the neutrino signal, and they can therefore be suppressed
with appropriate selections on topological and kinematic vari-
ables related to the reconstructed interaction vertices. The addi-
tional requirement of a high-energy electron or muon signature
further suppresses this background and allows us to distinguish
⌫e and ⌫µ CC interactions.

The current analysis is the first step of a broad physics pro-
gramme on neutrino measurements at the LHC, which will pro-
vide important insights in neutrino and electroweak physics,

?E-mail address: faser-publications@cern.ch
??Corresponding author. E-mail address: ariga@artsci.kyushu-u.ac.jp

1⌫⌧ CC events are not considered in this analysis due to the small number of
expected events in the analyzed sample.

as well as in quantum chromodynamics by probing forward
hadron production and the deep inelastic scattering of high-
energy neutrinos, as detailed in Refs. (13; 14; 15).

2. The FASER⌫ detector and data taking

The FASER⌫ emulsion detector is made of 730 layers of in-
terleaved tungsten plates and emulsion films (16), with a total
target mass of 1.1 tonnes. The tungsten plates are 1.1 mm thick,
and each emulsion film is 0.34 mm thick. The detector is 1.05 m
long and has a transverse area with respect to the neutrino beam
of 25 ⇥ 30 cm2. The detector is aligned with the LOS and
placed in front of the FASER spectrometer, 480 m away from
the pp collision point within the ATLAS experiment (IP1). A
more detailed description of the FASER⌫ detector is provided
in Ref. (7).

FASER⌫ detector, 730 films⌫

Target for this analysis, 291 films

Analyzed volume, 398 films

emulsion film
tungsten plate (1.1 mm)

⌫

emulsion layers (65 µm)

plastic base
(210 µm)

Figure 1: Schematic view of the analysed detector volume (side view). The
FASER⌫ box contains a total of 730 emulsion films and is shown in grey. The
thin green box outlines the reconstructed volume, and neutrino interactions are
searched for within the fiducial volume defined by the blue box.

The analysed dataset was collected between July 26 and
September 13, 2022, corresponding to 9.5 fb�1 of pp collisions
at a centre-of-mass energy of 13.6 TeV. The integrated luminos-
ity is measured by the ATLAS experiment (17; 18; 19) with an
uncertainty of 2.2%. For the analysis presented in this paper,
only 14% of the detector volume, shown in Figure 1, is con-
sidered. In the transverse2 (x-y) plane, a region of 23.4 cm ⇥
9.0 cm is analysed, and in the longitudinal direction, 41.5 cm,
including 31.6 cm of tungsten (291 tungsten plates), is consid-
ered. The corresponding target mass is 128.6 kg. Data from
seven films upstream of the target region are used to check the
absence of charged parent tracks. Data from an additional 100
plates immediately downstream of the target region are used
to measure the energy or the momentum of the particle tracks.
The LOS passes through the centre of the analysed volume in
the horizontal plane and about 2 cm from the bottom of the
analysed volume in the vertical plane.

2A Cartesian coordinate system is used with the z-axis running along the
LOS from the ATLAS collision point to FASER, the y-axis pointing vertically
upwards, and the x-axis pointing horizontally to the centre of the LHC ring.
The angle � is the azimuthal angle in the (x-y) plane, and ✓ is the polar angle
measured from the beam direction.

2

First detection of νe and νμ with FASER𝜈 detector
2022年8月：FASER𝜈 1st moduleの読み出し

• エマルションフィルム210枚、0.5 fb-1を蓄積

• フィルムの表面銀取り、膨潤後、
• 8/15にHyper Track Selector (HTS) システムによる全面読み出しを開始

15

HTS：M. Yoshimoto, T. Nakano, R. Komatani, and H. Kawahara, 
PTEP 2017 no. 10, (2017) 103H01.

30 cm

25 cm



Detector Performance
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FASER𝜈 performances

Electron energy 
reconstruction

𝚫𝑬
𝑬 ∼ 𝟎. 𝟐𝟓 @ 200 GeV

Muon momentum 
measurement

𝚫𝑷𝑹𝑴𝑺

𝑷 ∼ 𝟎. 𝟑 @ 200 GeV

2024/3/29 Akitaka Ariga, FASER, Moriond EW 2024 9

BG muon angular 
distribution (Data)
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Position resolution 
~𝟑𝟎𝟎 𝒏𝒎

Angular spread of 
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∼ 𝟎. 𝟒 𝐦𝐫𝐚𝐝

FASER Preliminary

Angular spread of peaks  
~ W.X mrad

~OWW nm position resolution

Position deviation

Preliminary



Performance of Energy/Momentum Measurement
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reproduce the hit e�ciencies, position and angular resolutions
of the data.

4. Event reconstruction and selection

Candidate ⌫e and ⌫µ CC interactions are selected based on re-
constructed charged particle tracks, forming a neutral vertex in
FASER⌫. As shown in Figure 3, the number of neutral hadrons
drops quickly with increasing energy. Since neutrinos are more
energetic than the neutral-hadron background, the tracks asso-
ciated to the vertex are boosted in the forward direction. A CC
interaction produces a high-energy electron or muon, well sepa-
rated in azimuthal angle from the other particles associated with
the vertex.

4.1. Vertex selection
Using the reconstructed tracks passing through at least three

plates, the vertex reconstruction is performed by searching for
converging track patterns with an impact parameter less than
5 µm. Tracks with tan ✓  0.5 are retained, and converging
patterns with more than four tracks are selected as vertices. The
tracks are required to start within three films downstream of
the vertices. The number of tracks with tan ✓  0.1 relative
to the beam direction is also required to be greater than three
to suppress the neutral-hadron background. Furthermore, the
vertices are required to not have a parent track.

4.2. Electron identification and energy measurement
Candidate ⌫e CC interactions are selected from the initial set

of vertices by requesting an associated high-energy electromag-
netic (EM) shower with a reconstructed energy above 200 GeV
and tan ✓ > 0.005. The latter requirement is used to reduce the
neutral-hadron background. The EM shower is required to start
within two films downstream of the vertices. The EM shower
must have an azimuthal angle, relative to the sum of all other
tracks in the vertex, �� > ⇡/2. This cut is motivated by the
expectation that, for CC interactions, the outgoing lepton and
hadrons are back to back in the transverse plane.

The EM shower is formed by reconstructed tracks in the
emulsion, produced from electron/positron pair production as
the shower develops (34; 35). Given the short radiation length
of tungsten, the EM shower remains compact and can be asso-
ciated with the vertex. The EM shower reconstruction is based
on searching for track segments in a cylinder of radius 100 µm
around the shower axis, defined by iteratively fitting the group
of segments belonging to the shower. The algorithm selections
were defined using the profile of EM showers from electrons
with energy above 200 GeV in simulation and that of back-
ground showers in data and simulation. The number of track
segments in ±3 films around the shower maximum (seven films
in total), which we denote Nseg, is used to identify EM showers
and estimate the electron energy. Several selections on the track
segment position and angle with respect to the shower axis are
applied to reduce the contribution from background segments
not associated with the EM shower. Additionally, the average
residual background is estimated by using randomly positioned

cylinders, whose average number of segments, Nbg
seg is then sub-

tracted from the shower before the energy is estimated. The en-
ergy reconstruction is performed using the relation between the
di↵erence Nseg � Nbg

seg and electron energy which is fitted with
a polynomial, as defined with simulation. The energy recon-
struction algorithm performance was tested for electrons in the
⌫e MC simulation (Figure 4), showing a resolution of around
25% at 200 GeV and between 25-40% at higher energies.
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Figure 4: The reconstructed electron energy versus the true energy in ⌫e CC
MC simulation.

4.3. Muon identification and momentum measurement

Candidate ⌫µ CC interactions are selected from the initial set
of vertices by requiring that one of the reconstructed charged
particle tracks associated with the vertex is a muon candidate.
Muon candidates are defined as tracks that penetrate more than
100 tungsten plates without exhibiting secondary hadron in-
teractions consisting of at least two daughter tracks. Further-
more, the muon reconstructed momentum p has to be greater
than 200 GeV with tan ✓ > 0.005. Simulation studies show
that the probability for a charged hadron with p > 200 GeV
to satisfy the muon candidate requirements is about 20%. The
muon candidate track is then required to have an azimuthal an-
gle �� > ⇡/2.

The track momentum is estimated by measuring multiple
Coulomb scattering using the so-called coordinate method (36).
The performance of the momentum evaluation algorithm is
studied using simulated muon tracks with a flat momentum
distribution from 1 to 2000 GeV, including position and an-
gular smearing to account for residual misalignments between
the emulsion films. The resolution, as quantified by the RMS
of the distribution of the di↵erence between the true momen-
tum and reconstructed momentum, is around 30% at 200 GeV
and reaches 50% at higher energies; see Figure 5. The track
momentum assessment performance is validated with data by
studying the momenta of long tracks: they are split into two
tracks, and the reconstructed momenta of the two halves is com-
pared, resulting in a reasonable agreement.
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Figure 5: Reconstructed momenta versus true momenta in simulated muon
tracks with a flat momentum distribution from 1 to 2000 GeV.

4.4. Selection e�ciencies and systematic uncertainties

The selection e�ciencies for ⌫e CC, ⌫̄e CC, ⌫µ CC, and ⌫̄µ
CC events are shown in Figure 6. Due to the helicity combina-
tion, leptons in anti-neutrino events are more boosted, and the
other particles have less energy, than in neutrino events. Conse-
quently, the e�ciency of anti-neutrino events to pass the vertex
selection is slightly lower than that of neutrino events.
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Figure 6: Selection e�ciencies for ⌫e CC and ⌫̄e CC interactions (left), and for
⌫µ CC and ⌫̄µ CC interactions (right). The statistical uncertainties are shown.

Systematic uncertainties related to the signal expectation are
summarized in Table 2. The systematic uncertainty from tung-
sten thickness is estimated based on the variation of the mea-
sured plate thickness. The systematic uncertainty from the LOS
position is estimated by varying the detector alignment with the
LOS by ±1 cm. The systematic uncertainty from hadroniza-
tion in the neutrino interaction simulation is estimated using
five di↵erent PYTHIA physics tunes, varying the hadronization
parameters (37). The systematic uncertainty related to the re-
construction, including kinematical measurements, is estimated
by varying the track segment e�ciency from the nominal value
of 90% to the worst case of 80%. The relative di↵erence of
the selection e�ciencies is 16% for ⌫e CC and 12% for ⌫µ CC
events. Other systematic uncertainties in the reconstruction are
sub-dominant, and an overall reconstruction systematic uncer-
tainty of 20% is assigned.

The systematic uncertainties listed in Table 2 for ⌫e are domi-
nated by the flux uncertainty, with the hadronization and recon-
struction uncertainties contributing at the 20% level. The flux
uncertainty is dominant for ⌫e since a significant fraction of ⌫e
originates from decays of charm hadrons, which have large un-
certainties in their forward production. For ⌫µ, the flux uncer-
tainty is sub-dominant, with the hadronization and reconstruc-
tion uncertainties dominating.

Table 2: Systematic uncertainties related to the signal expectation.

Source Relative uncertainty

⌫e ⌫µ

Luminosity 2.2% 2.2%

Tungsten thickness 1% 1%

Interactions with emulsions +3.6
�0 % +3.6

�0 %

Flux uncertainty +70
�22% +16

�9 %

Line of sight position +2.1
�2.4% +1.9

�2.5%

E�ciency from hadronization +22
�5 % +23

�5 %

E�ciency from reconstruction 20% 20%

E�ciency from MC statistics 4.9% 2.8%

Total +70
�22% (flux) +16

�9 % (flux)

+30
�21% (other) +31

�21% (other)

5. Backgrounds

The background from neutral-hadron interactions is esti-
mated using MC simulation. The neutral-hadron MC samples
are normalized to the equivalent luminosity of the data by us-
ing the number of observed and simulated muons. The final
neutral-hadron samples are equivalent to ⇠400 times the size of
the data.

The modelling of the neutral-hadron background in the simu-
lation is validated using the initial neutral-vertex sample of data
(before the high-energy electron or muon selection is applied),
which is dominated by neutral-hadron interactions. For this val-
idation study, only a part of the analysed volume (150 tungsten
plates from film 7 to 156) was used. The expected number of
hadron interaction vertices is 246, while the number of neutral
vertices in the data sample is 139. Figure 7 shows a comparison
of the number of tracks in the vertex, and the reconstructed mo-
mentum of the highest momentum track, between the neutral-
hadron MC and the data. For the comparison, the MC distribu-
tions are normalized to the same number of vertices as observed
in the data. The neutrino candidates that satisfy the event selec-
tion are excluded from the data for this comparison. The shapes
of the distributions are well modelled in the simulation, and the
number of interactions is found to be compatible at better than
the 50% level, with more neutral-hadron interactions predicted
in the MC than observed in the data.
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4.4. Selection e�ciencies and systematic uncertainties

The selection e�ciencies for ⌫e CC, ⌫̄e CC, ⌫µ CC, and ⌫̄µ
CC events are shown in Figure 6. Due to the helicity combina-
tion, leptons in anti-neutrino events are more boosted, and the
other particles have less energy, than in neutrino events. Conse-
quently, the e�ciency of anti-neutrino events to pass the vertex
selection is slightly lower than that of neutrino events.
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Figure 6: Selection e�ciencies for ⌫e CC and ⌫̄e CC interactions (left), and for
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Systematic uncertainties related to the signal expectation are
summarized in Table 2. The systematic uncertainty from tung-
sten thickness is estimated based on the variation of the mea-
sured plate thickness. The systematic uncertainty from the LOS
position is estimated by varying the detector alignment with the
LOS by ±1 cm. The systematic uncertainty from hadroniza-
tion in the neutrino interaction simulation is estimated using
five di↵erent PYTHIA physics tunes, varying the hadronization
parameters (37). The systematic uncertainty related to the re-
construction, including kinematical measurements, is estimated
by varying the track segment e�ciency from the nominal value
of 90% to the worst case of 80%. The relative di↵erence of
the selection e�ciencies is 16% for ⌫e CC and 12% for ⌫µ CC
events. Other systematic uncertainties in the reconstruction are
sub-dominant, and an overall reconstruction systematic uncer-
tainty of 20% is assigned.

The systematic uncertainties listed in Table 2 for ⌫e are domi-
nated by the flux uncertainty, with the hadronization and recon-
struction uncertainties contributing at the 20% level. The flux
uncertainty is dominant for ⌫e since a significant fraction of ⌫e
originates from decays of charm hadrons, which have large un-
certainties in their forward production. For ⌫µ, the flux uncer-
tainty is sub-dominant, with the hadronization and reconstruc-
tion uncertainties dominating.

Table 2: Systematic uncertainties related to the signal expectation.

Source Relative uncertainty

⌫e ⌫µ

Luminosity 2.2% 2.2%

Tungsten thickness 1% 1%

Interactions with emulsions +3.6
�0 % +3.6

�0 %

Flux uncertainty +70
�22% +16

�9 %

Line of sight position +2.1
�2.4% +1.9

�2.5%

E�ciency from hadronization +22
�5 % +23

�5 %

E�ciency from reconstruction 20% 20%

E�ciency from MC statistics 4.9% 2.8%

Total +70
�22% (flux) +16

�9 % (flux)

+30
�21% (other) +31

�21% (other)

5. Backgrounds

The background from neutral-hadron interactions is esti-
mated using MC simulation. The neutral-hadron MC samples
are normalized to the equivalent luminosity of the data by us-
ing the number of observed and simulated muons. The final
neutral-hadron samples are equivalent to ⇠400 times the size of
the data.

The modelling of the neutral-hadron background in the simu-
lation is validated using the initial neutral-vertex sample of data
(before the high-energy electron or muon selection is applied),
which is dominated by neutral-hadron interactions. For this val-
idation study, only a part of the analysed volume (150 tungsten
plates from film 7 to 156) was used. The expected number of
hadron interaction vertices is 246, while the number of neutral
vertices in the data sample is 139. Figure 7 shows a comparison
of the number of tracks in the vertex, and the reconstructed mo-
mentum of the highest momentum track, between the neutral-
hadron MC and the data. For the comparison, the MC distribu-
tions are normalized to the same number of vertices as observed
in the data. The neutrino candidates that satisfy the event selec-
tion are excluded from the data for this comparison. The shapes
of the distributions are well modelled in the simulation, and the
number of interactions is found to be compatible at better than
the 50% level, with more neutral-hadron interactions predicted
in the MC than observed in the data.
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Figure 7: MC simulation distributions of track multiplicity (left) and momen-
tum of the highest momentum track (right) from neutral-hadron interactions
vertices. The observed events in the data sample (except for neutrino candidate
events) are shown in black. The MC simulation distributions are normalized to
the number of events observed in the data.

Table 3 shows the selected number of neutral-hadron simu-
lated events when applying the ⌫e and ⌫µ CC selections.

Table 3: The number of MC reconstructed events of neutral-hadron interactions
satisfying the ⌫e and ⌫µ CC event selection. The scaling factor shows the ratio
of the data luminosity to the MC luminosity.

Hadron type KL n ⇤

Events simulated (Eh >200 GeV) 13497 13191 13902
Events selected as ⌫e CC 0 0 0
Events selected as ⌫µ CC 6 11 5
Scaling factor (data/MC) 1/232 1/256 1/423

Hadron type KS n̄ ⇤̄

Events reconstructed (Eh >200 GeV) 7113 5827 5368
Events selected as ⌫e CC 1 0 0
Events selected as ⌫µ CC 3 3 4
Scaling factor (data/MC) 1/436 1/569 1/630

Systematic uncertainties on the neutral-hadron background
estimate are evaluated by varying the incident muon energy dis-
tribution and by varying the physics lists used to model the
neutral-hadron interactions in GEANT4. The incoming muon
energy distribution was scaled up and down by a factor of
1 + E/(3 TeV) to distort the spectrum as a function of muon
energy E, and the e↵ect on the expected neutral-hadron back-
ground was evaluated. In addition, the relative change in the
background was checked using the physics list QGSP BERT (38)
to model the hadron interactions instead of the FTFP BERT
physics list. From these studies, a systematic uncertainty of
100% on the expected background is assigned.

In addition to the neutral-hadron background, there is a con-
tribution to the set of vertices retained by the ⌫e and ⌫µ CC se-
lection from NC neutrino interactions. The background from
NC neutrino interactions is estimated from simulated samples.
None of the simulated NC events passed the ⌫e CC selection,
using a sample equivalent to 150 times the size of the analyzed
dataset. The number of NC events expected in the analysed
dataset after the ⌫µ CC selection is estimated as 0.045+0.004

�0.005
(flux) ±0.003 (cross section) +0.076

�0.024 (others) and 0.008+0.013
�0.004

(flux) ±0.001 (cross section) +0.007
�0.004 (others) for events originat-

ing from light hadrons and charm hadrons, respectively.
The total background estimates are 0.025+0.015

�0.010 and 0.22+0.09
�0.07

for the ⌫e and ⌫µ selections, respectively.

6. ⌫e and ⌫µ candidate events

Four events are selected by the ⌫e selection on data. The
properties of the selected vertices are compared with the expec-
tations from ⌫e CC simulation (Figure 8) and for the properties
of the individual tracks forming the vertices (Figure 9). The
highest reconstructed electron energy from the selected ⌫e CC
candidates is 1.5 TeV. It is therefore the highest-energy ⌫e inter-
action ever detected by accelerator-based experiments.

Eight events are selected by the ⌫µ selection on data. The
properties of these selected vertices are compared with the ex-
pectation from ⌫µ CC simulation (Figure 10) and for the prop-
erties of the individual tracks forming the verticies (Figure 11).
The highest reconstructed muon momentum from the selected
⌫µ CC candidates is 864 GeV, meaning that the ⌫µ sample in-
cludes neutrinos with energy likely above 1 TeV, far higher than
from previous accelerator-based neutrino studies.

In general the simulation describes the data well for both the
⌫e and ⌫µ selections. Example event displays of ⌫e and ⌫µ candi-
dates are shown in Figure 12. As expected, both events exhibit
a back-to-back topology between the lepton candidate and the
other tracks in the vertex.

Figure 8: MC simulation distributions of the track multiplicity (N tracks), lep-
ton angle (tan ✓lep), lepton momentum (plep), and �� for the ⌫e CC signal that
passed the selection criteria. The observed ⌫e CC candidate events in the data
sample are shown in black. The MC simulation distributions are normalized to
the number of observed events.

The expected number of neutrino signal events satisfying the
selections are in the range 1.1–3.3 (for ⌫e CC) and 6.5–12.4
(for ⌫µ CC), where the range covers the uncertainties listed in
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Figure 7: MC simulation distributions of track multiplicity (left) and momen-
tum of the highest momentum track (right) from neutral-hadron interactions
vertices. The observed events in the data sample (except for neutrino candidate
events) are shown in black. The MC simulation distributions are normalized to
the number of events observed in the data.

Table 3 shows the selected number of neutral-hadron simu-
lated events when applying the ⌫e and ⌫µ CC selections.

Table 3: The number of MC reconstructed events of neutral-hadron interactions
satisfying the ⌫e and ⌫µ CC event selection. The scaling factor shows the ratio
of the data luminosity to the MC luminosity.

Hadron type KL n ⇤

Events simulated (Eh >200 GeV) 13497 13191 13902
Events selected as ⌫e CC 0 0 0
Events selected as ⌫µ CC 6 11 5
Scaling factor (data/MC) 1/232 1/256 1/423

Hadron type KS n̄ ⇤̄

Events reconstructed (Eh >200 GeV) 7113 5827 5368
Events selected as ⌫e CC 1 0 0
Events selected as ⌫µ CC 3 3 4
Scaling factor (data/MC) 1/436 1/569 1/630

Systematic uncertainties on the neutral-hadron background
estimate are evaluated by varying the incident muon energy dis-
tribution and by varying the physics lists used to model the
neutral-hadron interactions in GEANT4. The incoming muon
energy distribution was scaled up and down by a factor of
1 + E/(3 TeV) to distort the spectrum as a function of muon
energy E, and the e↵ect on the expected neutral-hadron back-
ground was evaluated. In addition, the relative change in the
background was checked using the physics list QGSP BERT (38)
to model the hadron interactions instead of the FTFP BERT
physics list. From these studies, a systematic uncertainty of
100% on the expected background is assigned.

In addition to the neutral-hadron background, there is a con-
tribution to the set of vertices retained by the ⌫e and ⌫µ CC se-
lection from NC neutrino interactions. The background from
NC neutrino interactions is estimated from simulated samples.
None of the simulated NC events passed the ⌫e CC selection,
using a sample equivalent to 150 times the size of the analyzed
dataset. The number of NC events expected in the analysed
dataset after the ⌫µ CC selection is estimated as 0.045+0.004

�0.005
(flux) ±0.003 (cross section) +0.076

�0.024 (others) and 0.008+0.013
�0.004

(flux) ±0.001 (cross section) +0.007
�0.004 (others) for events originat-

ing from light hadrons and charm hadrons, respectively.
The total background estimates are 0.025+0.015

�0.010 and 0.22+0.09
�0.07

for the ⌫e and ⌫µ selections, respectively.

6. ⌫e and ⌫µ candidate events

Four events are selected by the ⌫e selection on data. The
properties of the selected vertices are compared with the expec-
tations from ⌫e CC simulation (Figure 8) and for the properties
of the individual tracks forming the vertices (Figure 9). The
highest reconstructed electron energy from the selected ⌫e CC
candidates is 1.5 TeV. It is therefore the highest-energy ⌫e inter-
action ever detected by accelerator-based experiments.

Eight events are selected by the ⌫µ selection on data. The
properties of these selected vertices are compared with the ex-
pectation from ⌫µ CC simulation (Figure 10) and for the prop-
erties of the individual tracks forming the verticies (Figure 11).
The highest reconstructed muon momentum from the selected
⌫µ CC candidates is 864 GeV, meaning that the ⌫µ sample in-
cludes neutrinos with energy likely above 1 TeV, far higher than
from previous accelerator-based neutrino studies.

In general the simulation describes the data well for both the
⌫e and ⌫µ selections. Example event displays of ⌫e and ⌫µ candi-
dates are shown in Figure 12. As expected, both events exhibit
a back-to-back topology between the lepton candidate and the
other tracks in the vertex.

Figure 8: MC simulation distributions of the track multiplicity (N tracks), lep-
ton angle (tan ✓lep), lepton momentum (plep), and �� for the ⌫e CC signal that
passed the selection criteria. The observed ⌫e CC candidate events in the data
sample are shown in black. The MC simulation distributions are normalized to
the number of observed events.

The expected number of neutrino signal events satisfying the
selections are in the range 1.1–3.3 (for ⌫e CC) and 6.5–12.4
(for ⌫µ CC), where the range covers the uncertainties listed in
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Figure 9: MC simulation distributions of track angle (left) and momentum
(right) from vertices of the ⌫e CC signal. The observed ⌫e CC candidate events
in the data sample are shown in black. The MC simulation distributions are
normalized to the number of observed tracks.

Figure 10: MC simulation distributions of the track multiplicity (N tracks), lep-
ton angle (tan ✓lep), lepton momentum (plep), and �� for the ⌫µ CC signal that
passed the selection criteria. The observed ⌫µ CC candidate events in the data
sample are shown in black. The MC simulation distributions are normalized to
the number of observed events.

Table 2. The observed number of interactions is consistent with
Standard Model predictions.

The statistical significance of the observation of ⌫e and ⌫µ
is estimated by considering the confidence level for excluding
the null hypothesis (background-only). Based on the Probabil-
ity Density Function (PDF) for the background, 1010 pseudo-
experiments were generated. The neutral-hadron background
was generated following separate Poisson distributions for each
neutral hadron species considered, with a Gaussian-distributed
systematic uncertainty of 100% included as discussed in Sec-
tion 5. The background from neutrino NC events was gener-
ated from a Poisson distribution, with systematic uncertainties
included via Gaussian-distributed nuisance parameters (sepa-
rately for the uncertainties from the light hadron (�light hadron)
and charm hadron (�charm hadron) neutrino flux, and the experi-

Figure 11: MC simulation distributions of track angle (left) and momentum
(right) from vertices of the ⌫µ CC signal. The observed ⌫µ CC candidate events
in the data sample are shown in black. The MC simulation distributions are
normalized to the number of observed tracks.

mental uncertainties (�syst)).
A random value, N, was calculated following the total back-

ground PDF, and the number of pseudo-experiments with N �
Nobs was counted, where Nobs is the number of observed neu-
trino events. Based on the fraction of cases with N � Nobs,
observed p-values of 8.8 ⇥ 10�8 for ⌫e and 5.7 ⇥ 10�9 are ob-
tained, corresponding to significances of 5.2 � for ⌫e and 5.7 �
for ⌫µ for the exclusion of the null hypothesis. The expected
significance is estimated with pseudo-experiments with the sig-
nal expectation from the baseline flux model to be 3.3 � for ⌫e
and 6.4 � for ⌫µ.

7. ⌫e and ⌫µ cross sections

The number of observed neutrino events can be described as

Nobs =
L ⇢ l

mnucleon

Z
�(E) �(E) "(E) dA dE,

where L is the luminosity, ⇢ is the density of tungsten (19.3
g/cm3), l is the thickness of the tungsten plates, mnucleon is the
mass of the nucleon, �(E) is the cross section, �(E) is the neu-
trino flux at the detector integrated over the transverse area A
and the energy E, and "(E) is the detection e�ciency.

The ⌫e and ⌫µ CC cross sections are measured in a single
energy bin. The ratio between the cross sections evaluated with
the GENIE simulation (�theory) and with the observed data is
defined as a factor ↵ as described by �obs = ↵ ·�theory, assuming
that ↵ is common for neutrino and anti-neutrino interactions.
The energy range for �theory was defined as the energy range
containing 68% of reconstructed neutrinos using the baseline
models, which is 560–1740 GeV and 520–1760 GeV for ⌫e and
⌫µ, respectively.

The PDF of ↵ from a Bayesian method (39) can be calculated
by integrating the product of the likelihood, L, and the prior
probability distribution of the nuisance parameters, ⇡. The like-
lihood, L, is defined using the parameters Nobs, ↵, �light hadron,
�charm hadron, and �syst that were defined in the previous section,
the nuisance parameters for each neutral-hadron background
and its systematic uncertainty, and the nuisance parameters for
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• Large uncertainty from neutrino flux
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Figure 12: Event displays of one of the ⌫e CC candidate events (top) and one of the ⌫µ CC candidate events (bottom). 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. The right panels
show views transverse to the beam direction, and so the blue axes are not visible. The left panels are slightly rotated views, with the blue axes barely visible, to
show the longitudinal development of the event. Yellow line segments show the trajectories of charged particles in the emulsion films. The other coloured lines are
interpolations, with the colours indicating the longitudinal depth in the detector.

the NC background. The prior distribution, ⇡, is flat and as-
sumed to be 1 except for unphysical values of the parameters
where it is 0.

The posterior is obtained with a Markov chain MC with the
Metropolis-Hastings algorithm (40). The calculation was re-
peated for 2.03 ⇥ 105 steps, where the first 3000 steps are con-
sidered as the initialization stage and are not used for the final
result.

The ↵ parameter is measured to be 2.4+1.8
�1.3 and 0.9+0.5

�0.3 for ⌫e
and ⌫µ, respectively. The energy-independent part of the inter-
action cross sections per nucleon, �obs/E⌫, is measured to be
(1.2+0.8

�0.7) ⇥10�38 cm2 GeV�1 over the energy range of 560–1740
GeV for ⌫e and (0.5 ± 0.2) ⇥10�38 cm2 GeV�1 over the energy
range of 520–1760 GeV for ⌫µ. Figure 13 shows the measured
cross sections, together with those obtained by other experi-
ments: E53 (41), DONuT (42), MINOS (43), NOMAD (44),
T2K (45; 46; 47), ArgoNeut (48; 49), ANL (50), BEBC (51;
52), BNL (53), CDHS (54), CCFR (55), Gargamelle (56; 57),
IHEP (58; 59), NuTeV (60), SciBoone (61), SKAT (62), and
IceCube (63; 64; 65). The measured value of �obs is shown
as the blue curved line for ⌫e and the red curved line for ⌫µ.
The weighted average of the GENIE-predicted cross section is

also shown, assuming the ratio of the incoming neutrino to anti-
neutrino fluxes to be 1.03 for ⌫e and 0.62 for ⌫µ.

8. Conclusions

First results from the search for high-energy electron and
muon neutrino interactions in the FASER⌫ tungsten/emulsion
detector of the FASER experiment have been presented. The
analysis uses a subset of the FASER⌫ volume, corresponding
to a target mass of 128.6 kg, exposed to 9.5 fb�1 of LHC pp
collisions during the summer of 2022. Selections are applied
to retain reconstructed vertices consistent with high-energy ⌫e
and ⌫µ CC interactions, while minimizing the background from
neutral-hadron interactions. Four electron neutrino interaction
candidate events are observed, with an expected background
of 0.025+0.015

�0.010, leading to a statistical significance for the elec-
tron neutrino signal of 5.2 standard deviations. This represents
the first direct observation of electron neutrinos produced at
a particle collider. Eight muon neutrino interaction candidate
events are also found, with an expected background of 0.22+0.09

�0.07,
leading to a statistical significance for the muon neutrino sig-
nal of 5.7 standard deviations. The interaction cross section
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FIG. 1. Schematic side view of the FASER detector with a muon neutrino undergoing a CC interaction in the emulsion target.

ond veto system (veto scintillator station) is located after
the FASER⌫ emulsion detector and in front of the first
magnet. It is built from three planes of the same plas-
tic scintillators, arranged with a 10 cm-thick lead block
placed between the first and second planes. The lead
acts as an additional target for neutrino interactions and
to absorb or convert high-energy photons from muon
bremsstrahlung.

The tracking system consists of the interface tracking
station (IFT) and the three tracking spectrometer sta-
tions [30]. Each tracking station is composed of three
planes with eight ATLAS semiconductor tracker (SCT)
barrel modules [31] per plane, arranged as two columns
of four modules. Each SCT module consists of a double-
layer of single-sided silicon microstrips with a 40 mrad
stereo angle and an 80 µm strip pitch. To identify muons
from CC interactions, only the tracking spectrometer sta-
tions are used, whereas the IFT’s location after the tung-
sten/emulsion detector makes it ideal to study remnants
and secondary particles of CC deep inelastic scattering
neutrino interactions. A muon candidate traversing the
full length of the spectrometer produces 18 silicon hits.
Adjacent silicon hits in the tracking stations are com-
bined into clusters. Between the three tracking spec-
trometer stations are two 1m-long dipole magnets with
magnetic field of 0.57 T, with a similar 1.5 m-long mag-
net in front of the spectrometer. The magnets have an
aperture of 200 mm diameter, which defines the active
transverse area of the detector, and bend charged par-
ticles in the vertical plane. In addition, signal from the
timing scintillator station, located between the first and
second magnet and in front of the first tracking station
of the spectrometer are also used. The scintillator sta-
tions in combination with the tracking system are ca-
pable of reliably identifying incoming charged particles
passing through the full length of FASER with ine�cien-
cies smaller than 10�7, depending on the momentum and
other requirements on the selection.

Data Set and Simulated Samples For this analysis we
use data from runs with stable beam conditions collected
between July and November 2022, corresponding to a
total luminosity of (35.4 ± 0.8) fb�1 [32, 33] after data
quality selection.

To study the detector response to neutrino interac-
tions, we simulate 4.3⇥104 neutrino events corresponding

to an integrated luminosity of approximately 600 fb�1.
The interaction with the tungsten/emulsion detector is
simulated using the GENIE event generator [34, 35]. The
neutrino energy spectra and relative flavor composition
are based on Ref. [36]. To estimate the number of ex-
pected neutrino events, we adjust several of the assump-
tions of Ref. [36]: we correct the center-of-mass energy,
beam crossing angle, and LOS alignment, and we use
the average of the neutrino flux from the predicted light
and heavy hadron production of DPMJET [37, 38] and
SIBYLL [39]. As an uncertainty we assign their full di↵er-
ence. All interactions of particles traversing the FASER
detector are simulated using GEANT4 [40].

The main background to neutrino signatures origi-
nates from high-momentum muons. We use the energy
and angular spectrum predicted by the FLUKA genera-
tor [41, 42], which includes a detailed description of the
LHC machine elements and infrastructure, to simulate a
sample of 2 ⇥ 106 muons for background studies. Two
additional sources of backgrounds are relevant: neutral
hadrons produced by muon interactions in the concrete in
front of the FASER detector and geometric backgrounds
from charged particles missing the FASER⌫ scintillator.

We use simulated samples to study the neutral hadron
backgrounds. The contamination from geometric back-
ground events is studied using data sidebands and extrap-
olated into the signal region using simulations. The back-
grounds from cosmic rays and LHC beam background
have been studied using events occurring when there are
no collisions, and are found to be negligible.
Selection and Background Rejection We focus on

identifying ⌫µ and ⌫µ CC interactions produced in the
tungsten/emulsion detector. Such interactions will pro-
duce a high-momentum µ that can be reconstructed in
the three stations of the FASER tracking spectrometer.
In addition, we expect increased activity in the veto and
timing scintillator stations and in the IFT tracking sta-
tion from secondary particles produced in the CC inter-
action. To avoid unconscious bias, a blind analysis was
carried out where the event selection, background esti-
mations, and systematic uncertainties were fixed prior to
looking at data in the signal-enhanced region.

We select events triggered by any of the scintillators
downstream of FASER⌫. To discard signals from beam
backgrounds and cosmic muons, we further require a

• No signal (<XW pC) • Signal (>XW pC) 

• Timing and pre-shower consistent with  NMIP 
• Exactly N good fiducial (r < [Z mm) track 

- p > +.. GeV and θ < !$ mrad 
- Extrapolating to r < +!. mm in front veto

≥

• Collision event with good data quality (OZ.X fb-N, KWKK data)

• Expect PYP ± :P events from GENIE simulation 
- Uncertainty from DPMJET vs. SIBYLL 
- No experimental errors

Background 
- Veto inefficiency: negligible 
- Neutral hadrons: W.NN±W.WP events (MC) 
- Scattered large-angle muons: W.Wm±N.mO events 

(sideband)

https://doi.org/10.1103/PhysRevLett.131.031801


Results

• Observed  events (NZN ± XN events expected) 
• Signal significance of P[σ 
• First directory observation of collider neutrinos

153+13
−12

!.
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timing stamp consistent with a colliding bunch crossing
identifier. We use the FASER⌫ scintillator to identify
backgrounds from muons or other charged particles en-
tering the FASER detector and reject events that deposit
a charge of more than 40 pC in the PMTs. Such a charge
deposition would be consistent with the presence of one
or several MIPs. We only look for CC interactions that
produce a muon that traverses the entire length of the
FASER detector. The signal in the scintillators down-
stream of the lead wall in the veto system, and in the
calorimeter, are therefore required to have a signal com-
patible with that of a MIP. With the three tracker sta-
tions we reconstruct events with exactly one track and
require more than 11 silicon hits in the tracking sta-
tions. The reconstructed tracks are required to have a
reasonable track fit quality, and we require the recon-
structed track momentum to fulfill pµ > 100 GeV. To
reject charged particles, whose trajectory geometrically
missed the FASER⌫ scintillator station, we extrapolate
the reconstructed track from the spectrometer back to
the IFT and FASER⌫ scintillator. The track’s extrapo-
lation to the IFT must lie within 95 mm of the detector’s
central axis, and its extrapolation to the FASER⌫ scin-
tillator must be at a distance of rveto ⌫ < 120 mm from
the FASER⌫ scintillator center.

Neutral Hadron and Geometric Backgrounds To esti-
mate the number of neutral hadrons that reach FASER,
we simulate 2.1 ⇥ 109 µ events and use GEANT4 to propa-
gate through the last 8 m of rock in front of FASER. From
this sample we determine the number of neutral hadrons
with a momentum larger than 100GeV that reach the
detector. The selection e�ciency is evaluated with an
additional sample of neutral kaons and neutrons with mo-
menta larger than 100 GeV in front of the FASER⌫ emul-
sion detector. Most simulated hadrons are absorbed in
the tungsten or do not produce a charged track with suf-
ficient momentum to pass the signal selection and only a
small fraction of the simulated hadrons pass all selection
steps. From this we estimate the total neutral hadron
background to be nhad = 0.11 ± 0.06, with the uncer-
tainty denoting the statistical error. Further simulation
studies show that in most cases the parent muon enters
the detector along with the neutral hadron. Such events
would be rejected by the FASER⌫ veto scintillator. The
estimate assumes that all neutral hadrons events are not
already vetoed by the accompanying muon, and is there-
fore a conservative estimate of this background contribu-
tion.

To estimate the geometric background contribution,
we count the number of background events ngeo in a side-
band and apply a scaling to the signal region of fgeo,
which is extracted from simulated samples. The side-
band is defined to enhance the contribution of muons
that miss the FASER⌫ scintillator station, but may be
able to produce a track in the spectrometer, which passes
the selection by scattering in the tungsten and/or bend-
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FIG. 2. The selected signal region in extrapolated radius
rveto ⌫ and reconstructed track momentum pµ is depicted. The
region with lower momenta and larger radii is dominated by
background events consisting of charged particles that miss
the FASER⌫ scintillator station.

ing in the magnetic field. For the sideband, we require a
signature compatible with a single muon traversing the
IFT: at most 8 IFT clusters and an extrapolated radius
rIFT of 90 mm to 95 mm with respect to the IFT cen-
ter. We expect only a small signal contamination for
this region, since neutrinos are centered around the LOS
and usually produce more IFT clusters. Because we do
not find any event that survives the event selection, we
calculate an upper limit on the number of background
events. For this we loosen the requirements on the mo-
mentum and extrapolated track radius until we observe
background events, fit the momentum distribution, and
estimate from the fit the number of events with momen-
tum larger than 100 GeV. The ratio of events with a
radius smaller than 120mm over all events is used to
correct the background yields to take into account the
reduced threshold radius. Since there are no events with
a radius smaller than 120 mm, we use 5.9 as the 3� upper
limit. With this we find ngeo = 0.01 ± 0.23 background
events in the sideband, with the uncertainty denoting the
statistical error. We extract a scaling factor between this
sideband and the signal region from simulations, prob-
ing di↵erent momenta, angles, and position ranges, and
use the resulting deviation from the nominal simulation
scenario as an uncertainty. This results in a scaling fac-
tor of fgeo = 7.9 ± 2.4 and a total geometric background
estimate of 0.08 ± 1.83 events.

Results Figure 2 shows the selected events, as well as
the background-enriched regions with lower momentum
or rveto ⌫ > 120 mm. In total we observe 153 events pass-
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ing all selection steps. Using GENIE we study the compo-
sition of neutrino events passing this selection and find
that 99% originate from muon neutrino CC interactions.

We group the selected events into four categories to
estimate the number of neutrino (n⌫) and background
events (nb). The categorization is determined by whether
the events pass or fail the FASER⌫ veto scintillator selec-
tion criteria. This allows us to determine in a simulation-
independent way the ine�ciencies of the two layers of the
FASER⌫ veto scintillator (p1, p2) under the assumption
that they are uncorrelated.

Besides the signal category, we select:

n10: Events for which the first layer of the FASER⌫ scin-
tillator produces a charge of >40 pC in the PMT,
but no signal with su�cient charge is seen in the
second layer.

n01: Analogous events for which more than 40 pC in the
PMT was observed in the second layer, but not in
the first layer.

n2: Events for which both layers observe more than
40 pC of charge.

Table I lists the observed event yields and their relation to
the expected number of neutrino and background events
and the FASER⌫ veto scintillator ine�ciencies.

We analyze the observed number of events using a
binned extended maximum likelihood fit, implemented
using the iminuit package [43]. We introduce nuisance
parameters to constrain the estimated background events
to their expectations using Gaussian priors. The likeli-
hood is numerically maximized, and we use a discovery
test statistic [44] to determine the significance of the ob-
served signal over the background-only hypothesis. We
find

n⌫ = 153+12
�13 (stat.) +2

�2 (bkg.) = 153 +12
�13 (tot.)

with a significance of 16 standard deviations over the
background-only hypothesis and based on the asymp-
totic distribution of the test statistic. The excess is
compatible with the expected number of neutrino events
nexp

⌫ = 151 ± 41, but note that its error does not include
any systematic uncertainties from simulating the detec-
tor response and selection. The determined ine�ciencies
of the two FASER⌫ scintillators are p1 = (6+4

�3) ⇥ 10�8

and p2 = (9+4
�3) ⇥ 10�8, showing values close to the ex-

pected performance [25].

Category Events Expectation
Signal 153 n⌫ + nb · p1 · p2 + nhad + ngeo · fgeo
n10 4 nb · (1 � p1) · p2

n01 6 nb · p1 · (1 � p2)
n2 64014695 nb · (1 � p1) · (1 � p2)

TABLE I. Observed event yields in 35.4 fb�1of collision data
and their relation to neutrino and background events.
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FIG. 3. Extrapolated transverse position of the recon-
structed tracks of neutrino-like events to the FASER⌫ scintil-
lator station. The ATLAS LOS is indicated with a red marker
and shifted 59 mm in the negative y direction from the center
of the scintillator station.

We expect that the identified neutrino candidates are
distributed around the ATLAS LOS and do not cluster
at a specific point of origin. We test this by using the
extrapolated position to the FASER⌫ scintillator station
from the reconstructed tracks of the neutrino-like events
in the n0 category. Figure 3 shows the extrapolated po-
sitions and we observe the expected behaviour.

Figure 4 summarizes additional properties of the signal
category events. The CC neutrino interactions produce
on average a larger number of particles than MIP inter-
actions, which appear in the IFT as charge depositions.
The number of IFT clusters of the signal category is
very distinct from background-like (n2) events and agrees
well with the expectation from GENIE. We also examine
the polar angles ✓µ of the neutrino candidates and ob-
serve distributions close to the simulated neutrino events
and distinctively di↵erent from muon backgrounds. We
observe a clear charge separation in q/pµ for the re-
constructed tracks, with q denoting the assigned track
charge. In total 40 events with a positively-charged track
candidate are observed, showing the presence of anti-
neutrinos in the analyzed data set. The reconstructed
momentum of the muon produced in a CC ⌫µ interaction
is a good proxy for the incident neutrino energy. Using
the simulated CC neutrino interactions, we estimate that
with our analysis strategy we select neutrino events for
which on average > 80% of the incident neutrino momen-
tum is transferred to the final state muon. This indicates

Category Events

Signal +$"

n+. #

n.+ 2

n! 2#.+#2,$



Neutrino Characteristics

• Only statistical errors are shown 
• Most events at high momentum (Eμ > KWW GeV) 
• Good agreement with expectations from simulation
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FIG. 4. The figures depict the number of reconstructed clusters in the IFT, track polar angle ✓µ, q/pµ, and the reconstructed
momentum pµ for events in the signal region (black markers) and compares them to the expectation from GENIE (blue) and
muon-like events (grey markers). The muon-like events are from the n2 category, for which both layers of the FASER⌫
scintillator observed a signal, and show the expected distributions for non-neutrino backgrounds. The blue bands correspond
to the statistical error of the simulated samples and are luminosity scaled for q/pµ and pµ. The other figures are normalized to
unity.

that a large fraction of the reconstructed neutrino can-
didates have energies significantly larger than 200 GeV.
A detailed study of these properties, which accounts for
systematic e↵ects, is left for future work.

Summary We report the first direct detection of neu-
trinos produced at a collider experiment using the active
electronic components of the FASER detector. We ob-
serve 153+12

�13 neutrino events from CC interactions from
⌫µ and ⌫µ taking place in the tungsten/emulsion detector
of FASER⌫. The spatial distribution and properties of
the observed signal events are consistent with neutrino
interactions, and the chosen analysis strategy does not
depend on the quality of the modeling of detector ef-
fects in the simulation. For the signal events, the recon-
structed charge shows the presence of anti-neutrinos, and
the reconstructed momentum implies that neutrino can-
didates have energies significantly above 200 GeV. This
result marks the beginning of the field of collider neutrino
physics, opening up a wealth of new measurements with
broad implications across many physics domains [45].
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Fig. 1. A sketch presenting a side view of the FASER detector, showing the different detector systems as well as the signature of a dark photon (𝐴′) decaying to 
an electron-positron pair inside the decay volume. The white blobs depict where measurements are taken for the 𝐴′ signal and the solid red lines represent the 
reconstructed tracks produced by the 𝑒+𝑒− pair.

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

In this analysis, it is assumed that 𝑚𝐴′ < 2𝑚𝜒 and that the dark 
photon decays visibly to SM particles. Thermal freeze-out is then de-
termined by the processes 𝜒𝜒 ↔ 𝐴′ ↔ 𝑓𝑓 . For light masses 𝑚𝐴′ ∼
MeV − GeV and loop-induced or otherwise suppressed couplings 𝜖 ∼
10−6 − 10−3, the dark matter particle’s thermal relic density is in 
the right range to be a significant fraction of cosmological dark mat-
ter [11–13]. These values of 𝑚𝐴′ and 𝜖 are therefore cosmologically 
favoured and provide a well-defined thermal relic target in the dark 
photon parameter space for experimental searches.

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

• Neutral pion decay 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].

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

Once produced, dark photons then may travel a macroscopic dis-
tance, leading to a striking signal of high-energy particles far from the 
𝑝𝑝 interaction point. FASER’s dark photon sensitivity is largely deter-
mined by its location. For 𝐸𝐴′ ≫𝑚𝐴′ ≫𝑚𝑒, the decay length for a dark 
photon with lifetime 𝜏 travelling at speed 𝛽 = 𝑣∕𝑐 is [5]

𝐿 = 𝑐𝛽𝜏𝛾 ≈ (80 m)
[
10−5
𝜖

]2 [𝐸𝐴′

TeV
][

100 MeV
𝑚𝐴′

]2
. (2)

For dark photons with TeV energies, FASER can be expected to be sen-
sitive to parameter space with 𝜖 ∼ 10−5 and 𝑚𝐴′ ∼ 100 MeV. For dark 
photon masses in the range 2𝑚𝑒 <𝑚𝐴′ < 2𝑚𝜇 ≃ 211 MeV, dark photons 
decay to electrons with 𝐵(𝐴′ → 𝑒+𝑒−) ≈ 100%.

In the 𝐵 −𝐿 model, the properties of the 𝐵 −𝐿 gauge boson 𝐴′
𝐵−𝐿are determined by the Lagrangian terms [9]

 ⊃ 1
2 𝑚2

𝐴′
𝐵−𝐿

𝐴′ 2
𝐵−𝐿 − 𝑔𝐵−𝐿

∑
𝑓

𝑄𝑓
𝐵−𝐿𝐴

′ 𝜇
𝐵−𝐿 𝑓𝛾𝜇𝑓 , (3)

where 𝑄𝑓
𝐵−𝐿 is the 𝐵 −𝐿 charge of fermion 𝑓 . The parameter space of 

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

and the 
𝐵 −𝐿 gauge coupling 𝑔𝐵−𝐿.

The 𝐴′
𝐵−𝐿 gauge boson is produced in a similar manner to the dark 

photon, with light meson decays and dark bremsstrahlung the dominant 
production mechanisms; the production rates are proportional to 𝑔2𝐵−𝐿, 
compared to 𝜖2 as in the dark photon model. The boson can decay to all 
kinematically accessible states that possess 𝐵 −𝐿 charge. In this analy-
sis, the region of phase space which FASER is sensitive to is confined to 
the mass range 2𝑚𝑒 < 𝑚𝐴′

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

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

𝐵−𝐿gauge boson mass, and so decays to sterile neutrinos are kinematically 
inaccessible. The visible signal from decays to electrons therefore has a 
branching fraction of 𝐵(𝐴′

𝐵−𝐿 → 𝑒+𝑒−) ≈ 40%. If decays to sterile neu-
trinos are allowed, the visible branching fraction could be as low as 
𝐵(𝐴′

𝐵−𝐿 → 𝑒+𝑒−) ≈ 25%, slightly reducing the search sensitivity, but 
not to a significant extent.

3. The FASER detector

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

The scintillator system is composed of four stations, each consist-
ing of multiple scintillator counters. At the front of the detector is the 
VetoNu station, composed of two scintillator counters. Further down-
stream is the Veto station, constructed from three scintillator counters 
in front of the decay volume. Both the VetoNu and Veto stations have 
scintillators with a transverse size (30 × 35 cm2 and 30 × 30 cm2 re-
spectively) significantly larger than the active region of the detector, 
which allows for the rejection of muons entering the detector at an an-
gle with respect to the LOS. The next scintillator station is the Timing 
station with two scintillator counters that separately cover the top and 
bottom half of the detector (with a small overlap) installed in front 
of the tracking spectrometer, used for triggering and timing measure-
ments. Finally, the Pre-shower station is in front of the calorimeter and 
constructed from two scintillator counters with both a graphite absorber 
and a tungsten radiator in front of each counter.

Search for Dark Photons

• KL.W fb−N collected in KWKK 
• Electron-positron pair in a decay volume 
• Selection 

- ! opposite-sign tracks 
- > $.. GeV in calorimeter 
- Nothing in all $ veto scintillator counters 
- Something in downstream scintillators 

• Negligible backgrounds: (K.O ± K.O) ×NW−O events 
- Veto inefficiency, neutral hadrons, large-angle muons, neutrinos, non-collision events !!
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γ
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• Constrained a massive gauge boson from a U(N)B-L model

!"

Physics Letters B 848 (2024) 138378
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FASER Collaboration

Fig. 7. 90% confidence level exclusion contours in (a) the dark photon and (b) the 𝐵 −𝐿 gauge boson parameter space are shown. Regions excluded by previous 
experiments are shown in grey. The red line shows the region of parameter space that yields the correct dark matter relic density, with the assumptions discussed in 
the text.

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

𝐵−𝐿
∼ 15 MeV − 40 MeV, 

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

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

𝐵−𝐿
<𝑚𝜒 <𝑚𝐴′

𝐵−𝐿
and a very large 𝐵−𝐿 charge, 

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

10. Conclusions

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

𝐵−𝐿
∼ 10 MeV−50 MeV

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

Search for ALPs
3

FIG. 1. An example of a quark-level Feynman diagram in which an ALP with W couplings is produced in
the FCNC decay of a b- or s-flavoured hadron.

L � �
1

2
m2

aa
2
�

1

4
gaWWaW a,µ⌫W̃ a

µ⌫ , (1)

where ma is the ALP mass, gaWW is the ALP coupling parameter, and Wµ⌫ is the SU(2)L field
strength tensor. This model can be viewed as a UV completion of the Physics Beyond Colliders [17]
benchmark model BC9, where only couplings to photons were considered.

In the models considered in this study, ALPs arise in decays of b- or s-flavoured hadrons produced
at IP1, primarily via flavour-changing neutral current (FCNC) decays. The underlying quark-level
Feynman diagram is shown in Figure 1. The dominant production processes, at almost equal rates,
include the decays of B0 and B± mesons into ALPs and various possible strange hadrons. Decays
of other B-hadrons, such as Bs mesons, are expected to contribute significantly less to the ALP
production rate. In the low ma range, where kinematically allowed, kaons can also decay into a
pion and an ALP. Once produced, the dominant ALP decay mode is into two photons. The decay
a ! �ee through an o↵-shell photon has a branching fraction at the percent level and is negligible
for this study.

Figure 2 shows the expected acceptance, e�ciency, and signal yield for the ALP model considered
in this note as functions ofma and gaWW . Predictions are obtained using Monte Carlo (MC) samples
generated with the FORESEE [18] package prior to the detector response simulation (referred to as
truth level) and assuming an integrated luminosity of 57.7 fb�1.

Light particles created in B-meson decays are highly collimated around the LOS, leading to a
small spread and good acceptance within the FASER detector volume [9]. In the parameter space
of interest, typical signal acceptances in the FASER detector volume are of the order of 10�6 to
10�7 (Figure 2, top left). Given that FASER covers around 10�8 of the solid angle of the ATLAS
IP and the decay-in-volume probability is < 0.3%, this highlights the beneficial location of FASER
for BSM searches.

Since the forward hadron inherits a sizable fraction of the beam energy, the ALPs reaching
FASER can have multi-TeV momenta [9]. The e�ciency for selecting ALPs with energy above
1.5 TeV (Figure 2, top right) is well above 50% for high coupling values, and is 10% or more for
a large part of the parameter space, for example, around ALP masses of 100 MeV and down to
couplings of 10�5 GeV�1.

Assuming a background-free analysis and a luminosity of 57.7 fb�1, signal yields evaluated at
truth level as a function of ma and coupling gaWW are shown in Figure 2, bottom, where the
e↵ects of the ALP momentum cut and the typical signal selection e�ciency are included. As
evident in this figure, with the current dataset, FASER has the sensitivity to see hundreds of ALP
events in currently unconstrained regions of parameter space. Also shown is a contour highlighting

• ZL.L fb−N collected in KWKK and KWKO 
• Very collimated energetic photon pair produced 

- A high energy deposit in the electromagnetic (EM) calorimeter 

• Selection 
- Nothing in all $ veto counters 
- Evidence of EM shower in preshower 
- > +.$ TeV in calorimeter 
- In time with LHC collision !#

• FASER is sensitive to ALPs coupling to SU(K)L gauge bosons

a
γ

γ

• ALP decays to two photons

Conf note: CERN-FASER-CONF-KWKX-WWN

• Negligible backgrounds 
- Neutral hadrons 
- Large-angle muons 
- Non-collision / cosmics

http://cds.cern.ch/record/2892328


ALPs Results

• Neutrinos produced upstream of FASER through light/charm hadron decays 
- Evaluated with MC simulations and validated in different detector regions 
- Expecting ..#! ± .."4 from ν CC interactions in pre-shower station 

• Observed N event after unblinding 
• Probing new parameter space of this ALPs Model !$
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FIG. 9. Interpretation of the signal region yield as ALP exclusion limits with the assumption of 0.42 neutrino
background events. Systematic uncertainties described in Table V are included.

IX. CONCLUSIONS

This note presents FASER’s first search for new particles decaying into photons and ALPs,
marking its first exploration of BSM physics predominantly produced in heavy-flavour decays. Data
collected by FASER in 2022 and 2023 from proton-proton collisions at the LHC with a center-of-
mass-energy of 13.6 TeV have been studied. A model with an ALP coupling to SU(2)L gauge bosons
has been considered. Multiple SM background sources that can mimic a similar detector signal as
ALPs have been studied. The dominant background stems from neutrinos crossing the FASER
detector volume and interacting with its material. Other backgrounds such as cosmic muons and
interactions of the LHC beam with the beam gas have been studied and can be considered negligible
in the context of this analysis. One data event was observed in the signal region, with a background
expectation of 0.42±0.38. Coupling strengths of the ALP to weak gauge bosons between 3⇥10�5 to
5⇥ 10�4 GeV�1 were excluded in previously unprobed parameter space with ALP masses between
100 and 250 MeV. ALPs as heavy as 300 MeV were excluded for a coupling strength of 7 ⇥ 10�5

GeV�1.

16

Source Event Rate

Neutrino Background

0.42 ± 0.32 (flux)

± 0.14 (calo. energy)

± 0.06 (PS ratio)

± 0.02 (PS 1 nMIP)

± 0.05 (stat.)

Total: 0.42 ± 0.38 (90.6%)

ALP (ma = 140 MeV, gaWW = 2⇥ 10�4 GeV�1) 70.7 ± 42.0 (theo.) ± 6.4 (exp.) ± 1.3 (stat.)

ALP (ma = 120 MeV, gaWW = 1⇥ 10�4 GeV�1) 91.1 ± 52.2 (theo.) ± 16.2 (exp.) ± 3.2 (stat.)

ALP (ma = 300 MeV, gaWW = 2⇥ 10�5 GeV�1) 4.0 ± 2.3 (theo.) ± 0.6 (exp.) ± 0.1 (stat.)

Data 1

TABLE VI. Summary of the expected event rates for the neutrino background and three representative ALP
models, along with the number of events observed in the experimental data. A breakdown of the di↵erent
sources of experimental and theoretical systematic uncertainties is also provided.

FIG. 8. Calorimeter energy distribution in the preshower and signal regions, showing the neutrino background
composition separated according to neutrino production mechanism. The last high-energy bin above 1.5 TeV,
highlighted with a green arrow, presents the signal region and includes the overflow. The neutrino background
contributions, separated by neutrino flavour, are given in Appendix 4.

tion performed within the HistFitter statistical analysis framework [54]. Following a convention of
evaluating the CLs [55] values at 90% confidence level (C.L.), a contour encompassing the excluded
parameter space in the ALP coupling versus mass plane is shown in Figure 9. Shown in grey are
existing experimental limits from a wide range of experiments [14–16]. A detailed breakdown of the
existing limits, shown in Figure 9 as joint excluded parameter space, can be found in Appendix 2.

For ALPs coupled to weak gauge bosons, FASER is sensitive to previously unexplored parameter
space with ALP masses between 100 and 250 MeV and couplings ranging from 3 ⇥ 10�5 to 5 ⇥

10�4 GeV�1. ALPs as heavy as 300 MeV can be excluded for a coupling of 7 ⇥ 10�5 GeV�1. A
complementarity with kaon factory limits [15] is achieved for ALP masses below 100 MeV.
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Monolithic Pixel ASIC: Sensor
• Monolithic active pixel sensor  

‣ 130 nm SiGe BiCMOS technology (SG13G2 by IHP Microelectronics) 

‣ Low resistivity (<1 Ω.cm) ~230 µm-thick p+-substrate  

‣ High resistivity (350 Ω.cm) 50 µm-thick p-epitaxial layer (full depletion at ~120 V) 

‣ Hexagonal pixels of 65 µm sides; pixel capacitance 80 fF 

‣ In-pixel: FE (preamp, driver) and analogue memory to store charge information (ToT) 

๏ triple-well design, deep n-well  

๏ SiGe Heterojunction Bipolar Transistors (HBT) for signal amplification ➡ time resolution < 300 ps

3. Monolithic pixel ASIC (1/5)

Sergio Gonzalez (UniGe) 1023rd iWoRiD Conference - 27.06.2022

3.1 Sensor 

Sensor cross-section and 
technology

FULVIO MARTINELLI – 12TH INTERNATIONAL CONFERENCE ON POSITION SENSITIVE DETECTORS, BIRMINGHAM, 2021

• Monolithic pixel detector.
• 130 nm SiGe BiCMOS

technology provided by IHP 
Microelectronics. 

• Custom high-resistivity 50 μm
EPI layer. HV=-120 V, 
complete depletion. 

• Pixels integrated as triple-
wells. 

• Front-end electronics 
integrated in pixel.deep 

n-well

p-stop

p-well

pmos nmos
HBT • Monolithic ASIC in 130nm SiGe BiCMOS (*)

• Pixel size: hexagonal pixels with 65 μm side (≈ 100 µm pitch) 
• Chip size: 1.5 x 2.5 cm2

• Local analog memories to store the charge
• Ultra fast readout with no digital memory on-chip to 

minimize the dead area 

In between an imaging chip and a HEP detector

Main specifications

Pixel Size 65 μm side (hexagonal)

Pixel dynamic range 0.5 ÷ 65 fC

Cluster size O(1000) pixels

Readout time                         < 200 μs

Power consuption < 150 mW/cm2

Time resolution < 300 ps

Monolithic ASIC Specifications

Selected technology: SG13G2, by IHP microelectronics.

ASIC design in collaboration between
CERN, Univerisity of Geneva, and KIT

Chiara Magliocca | 10th BTTB Workshop 1223.06.2022

(*) See Théo Moretti’s and 
Matteo Milanesio’s talks

Monolithic active pixel sensor 
130 nm SiGe BiCMOS technology (IHP SG13G2)

 =▶︎ High-resisLvity (220 Ω⋅cm) substrate, about 130 μm thickness 

 =▶︎ Hexagonal pixels integrated as triple wells; 80 fF  pixel capacitance

                         
                      

 =▶︎ High dynamic range for charge measurement (0.5÷65 fC); fast readout of many channels

FASER Front-end and analog memory

• BJT-based preamp with MOS 
feedback inside pixel area.

• Analog memory in pixel.
• Low-power discriminator (outside 

or inside the pixel area)
• Memory control circuit outside 

pixel.
• Discriminator output activates 

the charging of the capacitor 
Cmem.

• reset and biasIdle are used to 
discharge Cmem when no hit 
occurs and to deal with leakage 
respecively. 

Fulvio Martinelli 7ASIC for upgrade of the pre-shower detector for the FASER experiment
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New Pre-shower Calorimeter

Detector plane

• Resolve di-photon events by upgraded pre-shower 
calorimeter with high X-Y granularity 
- Improve ν BG suppression in the search for ALPs 

• P detector planes + K scintillators 
- Each plane: tungsten absorber + monolithic SiGe pixel sensors 

• Project approved by CERN: CERN-LHCC-KWKK-WWP 
• Targeting installation in December KWKX 

- Data taking during last year of LHC Run " and HL-LHC

Monolithic pixel sensor: NOW nm SiGe BiCMOS technology

https://cds.cern.ch/record/2803084?ln=en


Forward Physics Facility (FPF)

• FPF is a proposal to create a new facility ~PZW m away on the LOS for HL-LHC era 
• Probes topics that span multiple frontiers including QCD 
• Studies proton/nuclear PDFs 

- Essential input to realizing the full potential of the HL-LHC 

• Provides opportunities for interdisciplinary studies 
- Understanding hadron production related to cosmic-ray experiments !4

FPF White Paper 
arXiv:KKWO.WZW[W

(More details in backups)
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Forward Physics FacilityとFASER𝜈2

• Forward Physics Facility
– 高輝度LHCでの新しいプラットフォームの構想
– 未知粒子探索・ニュートリノ研究・ハドロン研究・宇宙物理にまたがる複数の実験計画

• FASER𝜈2
– 高統計での高エネルギーニュートリノ測定とheavy flavor物理
– 高エネルギータウニュートリノ反応の期待値：∼2300 (SIBYLL) / ∼20000 (DPMJET)

21

FASER𝝂2

FPF papers
• “The Forward Physics Facility: Sites, Experiments, and Physics 

Potential” (short paper), Phys. Rept. 968 (2022) 1-50, arxiv:2109.10905
• “The Forward Physics Facility at the High-Luminosity LHC” (long 

"White" paper), accepted by Journal of Physics G, arxiv:2203.05090

• KW tons target mass emulsion neutrino detector 
• Studying possibility of installing a dedicated sweeper magnet to reduce muon background 

- Emulsion detector replacement: Once per a year 

• ~O(NWWW) expected tau neutrino interactions 
- First detection of Anti-tau neutrino 



QCD at FPF

".

Juan Rojo (Pth FPF workshop)

https://indico.cern.ch/event/1275380/contributions/5379619/attachments/2662969/4613853/rojo-FPF6-WG1.pdf


QCD and Neutrino Physics at FASER

νe e+

neutrino scattering @ 
LHC forward detectors

ATLAS@LHC

FASER

ν

SND@LHC

Small-x gluon & large-x (intrinsic) charm

D-meson fragmentation

Cross-sections for UHE neutrinos (e.g. IceCube)

Cosmic ray modelling, including muon puzzle

Neutrino Production

small-x gluon large-x 

QCD at FPF

"+

Gluon PDF constrained by electron neutrinos,  
K% uncertainty in inclusive event rates

Charm production  
from gluon fusion

rapidity



QCD at FPF

"!

J. Cruz-Martinez et al, “The LHC as a Neutrino-Ion Collider” (KWKO)

strangeness PDF (FASERνK, AdvSND, and FLArENW)

• Impact on proton PDFs quantified by the Hessian profiling of PDF=LHC@A (xFitter) and by 
direct inclusion in the global NNPDF=.G fit

https://link.springer.com/article/10.1140/epjc/s10052-024-12665-1


Summary

""

• FASER is successfully taking data in the very forward region of the LHC from KWKK 
• Obtained physics results 

- Dark photon limits 
- ALPs limits 
- First detection of collider neutrinos 
- First νe, νμ cross section measurements at a TeV range with emulsion detector  

(!% of data collected so far) 

• Pre-shower calorimeter upgrade  
• Discussing extended physics programs in Forward Physics Facility in HL-LHC era
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FASER

• FASER is situated in the TINK tunnel  
• Detectors were installed in KWKN  
• Data taking from KWKK in LHC RunO

"2

TI18

FASER

Digging ~50cm deep trench needed to allow 
5m long detector to be aligned with LOS.

LOS

TI12 tunnel in 2018

FASER Location: TI12 tunnel

5

TI18

FASER

Digging ~50cm deep trench needed to allow 
5m long detector to be aligned with LOS.

LOS

TI12 tunnel in 2020

LOS

FASER Location: TI12 tunnel

6

TI18

FASER

FASER Location: TI12 tunnel

4

Digging ~50 cm  
deep trench



Film Production

• Produced gel and film at Nagoya University 
• Total area of LOW films: ~ZZ mK per replacement

Figure 45: A picture of the emulsion film coating system.

FASER trench, and it is important to make the detector size small, which also lowers the cost of the1300

emulsion. Second, its short radiation length is good for a higher performance both in EM shower1301

reconstruction, keeping shower tracks to a small radius, and in momentum measurement using1302

multiple Coulomb scattering. Last, the radioactivity is low and safe for emulsion films.1303

The thermal expansion coe�cient of tungsten is very small, U = 4.5⇥10�6/K. The temperature1304

in the TI12 tunnel was monitored in 2018 and its variation was found to be very small, namely1305

⇠0.1 °C. The linear thermal expansion of 25 cm of tungsten is then expected to be 0.1 `m. Since the1306

thermal expansion coe�cient is very di�erent between emulsion films (U ⇠ 10�4/K) and tungsten,1307

it is necessary to exert a large mechanical pressure on the emulsion films and tungsten plates in1308

such a way that the soft emulsion films follow the thermal expansion of the tungsten plates.1309

A total of 1600 1-mm-thick tungsten plates were purchased to be used for the FASERa detector.1310

A dedicated device for measuring and mapping the thickness was prepared to check the tungsten1311

plate thickness’s uniformity. The thickness was measured semi-automatically at 24 points on each1312

plate, and the maximum di�erence among the 24 points was checked. The plates with a di�erence1313

smaller than 80 `m are used to construct the emulsion detector, corresponding to about 97% of the1314

measured tungsten plates. The average thickness of the qualified tungsten plates is 1093`m, with1315

an RMS of 25 `m.1316

Material Atomic Density Hadronic Interaction Radiation length Thermal expansion
number [g/cm3] [cm] length [mm] U [⇥10�6K�1]

Iron 26 7.87 16.8 17.6 11.8
Tungsten 74 19.30 9.9 3.5 4.5

Lead 82 11.35 17.6 5.6 29

Table 6: Properties of possible target materials.

– 54 –

Emulsion film coating system

"3

Gel production



Figure 46: Module structure of the emulsion/tungsten detector.

Figure 47: Design of the FASERa box (top) and a picture of the produced box (bottom).

box and installation of the newly assembled FASERa box ; (3) disassembly of the emulsion films1357

and their chemical development.1358

Specific chemical development will amplify the recorded signals in silver bromide crystals. The1359

– 56 –

x73

1.4 cm

• Sub-module: NW films + NW tungsten plates 
• Vacuum-pack to keep alignment for several months 
• NW-NK days  to complete LO packs 
• Apply external force (equivalent to N bar) to the sub-modules in the FASERν box

Module Assembly

Sub-module

"4

Figure 46: Module structure of the emulsion/tungsten detector.

Figure 47: Design of the FASERa box (top) and a picture of the produced box (bottom).

box and installation of the newly assembled FASERa box ; (3) disassembly of the emulsion films1357

and their chemical development.1358

Specific chemical development will amplify the recorded signals in silver bromide crystals. The1359

– 56 –

Assembly FASERν box



Development plan

• 730 FASERν films.
• 160 muon flux film (1/6th of the size).

• 200 FASERν films → one cycle.
• Racks can hold 25 FASERν films → one chain.
• 4 cycles of 9 chains planned → each takes 3 days.
• Can have 3 chains going at the same time.

4

Film Development

• Installed new development chains and drying racks at the renovated CERN darkroom facility 
- Sharing the facility with other emulsion experiments: NA2$/DsTau, SND@LHC, etc 

• NW-NK days to complete LOW films

Development chains Drying racks

",



Readout

• Transport films to Japan after development 
• Readout by Hyper Track Selector-N (HTS-N) 

- Field of view: $.+ mm × $.+ mm 
- 2.-4. minutes per a film

film surface to be analyzed in FASERa is 174 m2/year implying a readout time of 770 hours/year.1392

Assuming some hours of machine time each day, it will be possible to finish reading out the data1393

taken in each year within a year. The HTS system was also used for the readout of the 2018 pilot1394

detector, which led to the observation of the first neutrino interaction candidates at the LHC [19].1395

Figure 50: The fast emulsion readout system HTS [65], with a readout speed of 0.45 m2/hour/layer.

7.8 Pilot analysis with the 2018 data1396

In 2018, a pilot emulsion detector was installed in the TI18 tunnel. An integrated luminosity of1397

12.2 fb�1 was collected during 4 weeks of data taking from September to October with ?? collisions1398

at 13-TeV centre-of-mass energy. The analysis of the pilot detector allowed demonstrating that the1399

emulsion readout and reconstruction can work in the actual experimental environment. The data1400

analysis is based on the readout of the full emulsion films by the HTS system. Data processing was1401

divided into sub-volumes with a maximum size of 2 cm ⇥ 2 cm ⇥ 25 emulsion films. After the1402

precise alignment procedure, tracks are reconstructed in multiple films with a dedicated tracking1403

algorithm for high-density environments [66].1404

The majority of the tracks observed in the detector are expected to be background muons and1405

related electromagnetic showers. These background charged particles were analysed using a unit1406

of 10 emulsion films. The angular resolution with this condition is expected to be 0.05 mrad.1407

Fig. 51 (left) shows the observed angular distribution peaked in the direction of the ATLAS IP.1408

There are 2 peaks separated by 2.5 mrad. The reason for the 2-peak structure is not understood, but1409

simulation studies are ongoing, which could inform on future data measurements. It’s also clear1410

that the angular resolution should be better than the angular spread of the peaks. For example,1411

the horizontal angular spread of one of the peaks (left in the figure) is 0.6 mrad, equivalent to the1412

multiple Coulomb scattering of 700 GeV particles through 100 m of rock. The charged particle1413

flux within 10 mrad from the peak angle is measured to be (1.7± 0.1) ⇥ 104 tracks/cm2/fb�1, which1414

– 59 –
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Fig. 1. Outline of a nuclear emulsion automatic readout system.

Fig. 2. Development of the scanning speed of the track selector series. The values of TS and NTS are the
speeds at the same angular acceptance as UTS.

for the speedup. In addition, a high-frame-rate camera of 3000 fps increased the readout fre-
quency to 50 view/s, which is more than ten times faster than the previous system. FPGA-based
processors for high-speed image processing have also been developed to handle this high data
rate.

Continuous-stage movement with higher-frequency movement of the objective lens to achieve
a further speedup seems unrealistic, because the acceleration becomes ∼100 m/s2 if we intend to
achieve a readout frequency of 500 view/s. Therefore, we changed the strategy from increasing the
readout frequency to widening the field of view (FOV) for a new track selector, HTS. To serve this
purpose, we have developed a dedicated objective lens with an FOV of 5.1×5.1 mm2, which is
approximately 500 times wider than the previous system. To cover this wide FOV with submicron
resolution, a mosaic camera system composed of 72 two-megapixel sensors has been developed.
The wide FOV is read by 72 sensors in parallel, and each captured image must be processed within
the time comparable to that for stage movement. Because the step motion was adapted again, the
vibration bottleneck relapsed as described above. Hence, a counter stage was introduced to cancel the
movement and then hold the center of gravity for the stage, which seems to be the origin of the stage
vibration. A linear motor has been adapted to move the stage at high acceleration and deceleration.
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FASERν Cross-Section Sensitivity

• Three flavors neutrino cross-section measurements for unexplored energy ranges 
• Neutrino energy reconstruction with resolution of OW% expected from simulation studies

(NZW fb-N)

#+

(inner error bars: statistical uncertainties, outer error bars: uncertainties from neutrino production rate)



Momentum Measurement
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Haruhi Fujimori, Neutrino KWKX



Future Prospects
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Dark Photon
• Dark matter from MeV-GeV can be thermal relics 
• Dark photon(A’): U(N) gauge boson, hidden sector particle

##

• Vector portal, contains a new gauge boson, the dark photon  
(A’) with mass mA’ and eQf couplings to SM fermions f

• Produced (very rarely) in meson decays, e.g.,

• ,
,

and also through other processes

• Travels long distances through matter without interacting, 
decays to e+e- , µ+µ- for mA’ > 2 mµ , other charged pairs

• TeV energies at the LHC ! huge boost, decay lengths of 
~100 m are possible for viable and interesting parameters

FASER Physics: Dark Photons

9

Example:

• Mass mA’  
• Kinetic mixing: ε (couplings to SM fermions )

Produced in very rare meson decays:  

Travels long distances through matter without interacting, decays to e+e- (μ+μ-) 

Very large number of dark photons are produced. LHC can be a dark photon factory

TeV energy at the LHC: huge boost, decay lengths of ~P99 m possible

Physics Letters B 848 (2024) 138378

3

FASER 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.

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

In this analysis, it is assumed that 𝑚𝐴′ < 2𝑚𝜒 and that the dark 
photon decays visibly to SM particles. Thermal freeze-out is then de-
termined by the processes 𝜒𝜒 ↔ 𝐴′ ↔ 𝑓𝑓 . For light masses 𝑚𝐴′ ∼
MeV − GeV and loop-induced or otherwise suppressed couplings 𝜖 ∼
10−6 − 10−3, the dark matter particle’s thermal relic density is in 
the right range to be a significant fraction of cosmological dark mat-
ter [11–13]. These values of 𝑚𝐴′ and 𝜖 are therefore cosmologically 
favoured and provide a well-defined thermal relic target in the dark 
photon parameter space for experimental searches.

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

• Neutral pion decay 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].

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

Once produced, dark photons then may travel a macroscopic dis-
tance, leading to a striking signal of high-energy particles far from the 
𝑝𝑝 interaction point. FASER’s dark photon sensitivity is largely deter-
mined by its location. For 𝐸𝐴′ ≫𝑚𝐴′ ≫𝑚𝑒, the decay length for a dark 
photon with lifetime 𝜏 travelling at speed 𝛽 = 𝑣∕𝑐 is [5]

𝐿 = 𝑐𝛽𝜏𝛾 ≈ (80 m)
[
10−5
𝜖

]2 [𝐸𝐴′

TeV
][

100 MeV
𝑚𝐴′

]2
. (2)

For dark photons with TeV energies, FASER can be expected to be sen-
sitive to parameter space with 𝜖 ∼ 10−5 and 𝑚𝐴′ ∼ 100 MeV. For dark 
photon masses in the range 2𝑚𝑒 <𝑚𝐴′ < 2𝑚𝜇 ≃ 211 MeV, dark photons 
decay to electrons with 𝐵(𝐴′ → 𝑒+𝑒−) ≈ 100%.

In the 𝐵 −𝐿 model, the properties of the 𝐵 −𝐿 gauge boson 𝐴′
𝐵−𝐿are determined by the Lagrangian terms [9]

 ⊃ 1
2 𝑚2

𝐴′
𝐵−𝐿

𝐴′ 2
𝐵−𝐿 − 𝑔𝐵−𝐿

∑
𝑓

𝑄𝑓
𝐵−𝐿𝐴

′ 𝜇
𝐵−𝐿 𝑓𝛾𝜇𝑓 , (3)

where 𝑄𝑓
𝐵−𝐿 is the 𝐵 −𝐿 charge of fermion 𝑓 . The parameter space of 

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

and the 
𝐵 −𝐿 gauge coupling 𝑔𝐵−𝐿.

The 𝐴′
𝐵−𝐿 gauge boson is produced in a similar manner to the dark 

photon, with light meson decays and dark bremsstrahlung the dominant 
production mechanisms; the production rates are proportional to 𝑔2𝐵−𝐿, 
compared to 𝜖2 as in the dark photon model. The boson can decay to all 
kinematically accessible states that possess 𝐵 −𝐿 charge. In this analy-
sis, the region of phase space which FASER is sensitive to is confined to 
the mass range 2𝑚𝑒 < 𝑚𝐴′

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

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

𝐵−𝐿gauge boson mass, and so decays to sterile neutrinos are kinematically 
inaccessible. The visible signal from decays to electrons therefore has a 
branching fraction of 𝐵(𝐴′

𝐵−𝐿 → 𝑒+𝑒−) ≈ 40%. If decays to sterile neu-
trinos are allowed, the visible branching fraction could be as low as 
𝐵(𝐴′

𝐵−𝐿 → 𝑒+𝑒−) ≈ 25%, slightly reducing the search sensitivity, but 
not to a significant extent.

3. The FASER detector

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

The scintillator system is composed of four stations, each consist-
ing of multiple scintillator counters. At the front of the detector is the 
VetoNu station, composed of two scintillator counters. Further down-
stream is the Veto station, constructed from three scintillator counters 
in front of the decay volume. Both the VetoNu and Veto stations have 
scintillators with a transverse size (30 × 35 cm2 and 30 × 30 cm2 re-
spectively) significantly larger than the active region of the detector, 
which allows for the rejection of muons entering the detector at an an-
gle with respect to the LOS. The next scintillator station is the Timing 
station with two scintillator counters that separately cover the top and 
bottom half of the detector (with a small overlap) installed in front 
of the tracking spectrometer, used for triggering and timing measure-
ments. Finally, the Pre-shower station is in front of the calorimeter and 
constructed from two scintillator counters with both a graphite absorber 
and a tungsten radiator in front of each counter.

(𝐸𝐴′ ≫ 𝑚𝐴′ ≫ 𝑚𝑒)



Neutrino Background (ALP)
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FIG. 6. Distributions in (z, r) plane of the neutrino (ALP) interaction (decay) vertex within the FASER
detector for the di↵erent regions with di↵erent requirements on the calorimeter energy.

clearly favouring neutrinos interacting within the calorimeter volume. In the second row of Figure 6,
the background composition in the magnet region is given. The last row highlights the preshower
and signal regions, dominated by neutrinos interacting in the preshower and, at higher energies,
dominated by ALP decays.

The magnet and calorimeter regions show high e�ciency (> 80%) and purity among neutrino

10

> 1.5 TeV signal region

Light 0.23+0.01
�0.11 (flux) ± 0.11 (exp.) ± 0.04 (stat.)

Charm 0.19+0.32
�0.09 (flux) ± 0.06 (exp.) ± 0.03 (stat.)

Total 0.42 ± 0.38 (90.6%)

TABLE III. Summary of the MC estimate of the neutrino background in the signal region. Uncertainties
on the flux, as well as experimental uncertainties further discussed in Section VII, are also given. The MC
events are normalised to 57.7 fb�1 and MC statistical uncertainties are given.

FIG. 5. Schematic of the regions used in the analysis. The 1.5 TeV signal region is a high-energy subset of
the preshower region, with an additional energy requirement of at least 1.5 TeV.

after the baseline selection requirements on those charge deposits described in Table I.

Imposing requirements on the preshower variables has been shown to provide selection power
among neutrinos interacting in di↵erent parts of the detector. E↵ective distinction between neu-
trinos interacting in the magnet, calorimeter, and preshower is achieved through selections on the
charge deposited in the second preshower layer and the ratio of deposits of the two preshower layers.
Neutrinos interacting in the magnet material deposit high charges in the second preshower layer
and have a PS ratio around one, whereas neutrinos interacting in the calorimeter material deposit
lower charges in the second preshower layer and have a broader PS ratio range. Those interacting
in the preshower material closely resemble signal events, posing a challenging background. Three
regions are therefore defined on the basis of the above categorization, as illustrated in Figure 5.
A fourth region, labelled as “Other”, is in between the calorimeter and magnet regions with PS
ratio between 1.5 and 4.5. In the design of the validation regions, particularly the magnet and
calorimeter regions, signal contamination was taken into account and is below 30% for the ALP
parameter space not previously excluded.

Figure 6 shows the distribution of the location of the neutrino interaction vertex in the (z, r)
plane in simulation, as well as the decay vertex of a representative ALP signal model with ma =
120 MeV and gaWW = 10�4 GeV�1. The radius r =

p
x2 + y2 is the distance from the central

detector axis. Events with a minimum calorimeter energy deposit of 100 GeV are shown in the
left column of Figure 6, and events with a larger than 1 TeV energy deposit in the right column.
Neutrinos of both electron and muon flavour can be seen interacting throughout the detector
volume, in particular in detector areas with larger material density such as the magnet, preshower
scintillator system, and the calorimeter. The calorimeter region is shown in the first row of Figure 6,



Background Estimation (P)

#2

• Expect ~OWW neutral hadrons with E>NWW GeV 
• Most are absorbed in tungsten 
• Estimated from K-step MC simulations 
• Estimate W.NN±W.WP events

Veto inefficiency Neutral hadrons

• Estimated from events with just 
one veto scintillator firing 

• Negligible background expected 
due to very high veto efficiency

Veto scintillator (K layer)

FASERν

μ

FASERν

μ-

concrete

e+

νe

KL

μ-
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SUPPLEMENTAL MATERIAL

Geometric Sideband

Figure 5 depicts the sideband used to estimate the geometric backgrounds of the analysis. Background events are
required to be consistent with a muon candidate by having  8 IFT clusters and an extrapolated radius rIFT of
90 mm to 95 mm with respect to the IFT center. This selection is dominated by geometric background events that
do not pass the signal selection steps of the analysis. No events with pµ > 100 GeV are observed. To estimate the
number of events within this momentum range, we linearly extrapolate the events between 30 GeV and 100 GeV and
find 0.2 ± 4.1 events, with the error denoting the statistical error. To account for the rveto ⌫ requirement of the signal
selection, we further apply a requirement of rveto ⌫ < 120 mm to the sideband events (orange distribution). No events
with pµ > 30 GeV are observed. We thus use 5.9 as the 3� upper limit and use this to calculate the ratio with
respect to the number of events without any rveto ⌫ selection, to correct the sideband background events for the rveto ⌫

requirement. With this factor we find ngeo = 0.01 ± 0.23 geometric background events. To account for the fact that
this number corresponds to an annulus, the correction factor fgeo = 7.9± 2.4, determined from simulation, is applied.
It is obtained from simulation with the uncertainty spanning di↵erent assumptions about the angle, momenta, and
positions of the geometric background events.
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#
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FASER Preliminary L = 35.4 fb�1

Sideband: 90 mm < r < 95 mm, # Cluster  8
fit: 0.2 ± 4.1 events with p > 100 GeV
no V eto⌫ cut
rV eto⌫ < 120mm
No  selectionrveto �

rveto � < 120 mm

 [GeV]p�

/c
Sideband : 90 mm  95 mm , # IFT Clusters < r IFT < � 8

fit:  events with 0.2 ± 4.1 p� > 100 GeV

FIG. 5. Sideband for geometric background estimation.

Event Display

Figure 6 shows an event display of an example neutrino candidate event. The event has a momentum of pµ =
843.9 GeV, negative charge, ✓µ = 2.5 mrad, rveto ⌫ = 57.2 mm, rIFT = 55.8 mm and produced 57 clusters in the IFT.

Likelihood Fit

The used likelihood has the form

L =
Y

i

P(Ni|ni) ·
Y

j

Gj . (1)

Here P denotes a Poissonian with the index i running over the four event categories with observed event counts Ni and
expectation values ni. We introduce nuisance parameters to constrain the estimated number of background events to
their expectations using three Gaussian priors Gj . The used test statistic has the form

q0 =

⇢
�2 ln �(n⌫ = 0) bn⌫ � 0

0 bn⌫ < 0
(2)

Background Estimation (8)

#3

Scattered muons (geometric BG)

FASERν

μ

• Estimated from sideband 
- Fit to extrapolate to higher momentum 

• Calculate scaling factor using MC simulations to extrapolate to signal region  
• Estimate W.Wm±N.mO events (uncertainty from varying selection)



Event Display of “ALPtrino”
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Event display of 1 selected event: “ALPtrino” event

2024/3/29 Akitaka Ariga, FASER, Moriond EW 2024 16

Pre-shower Calorimeter

1.6 TeVNo signal in veto and timing scintillators

Waveforms of PMTs (ns-mV) Calorimeter energy of N.P TeV



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
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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
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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)
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pre-shower
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Upgraded Pre-shower Calorimeter
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Monolithic Pixel ASIC: Sensor
• Monolithic active pixel sensor  

‣ 130 nm SiGe BiCMOS technology (SG13G2 by IHP Microelectronics) 

‣ Low resistivity (<1 Ω.cm) ~230 µm-thick p+-substrate  

‣ High resistivity (350 Ω.cm) 50 µm-thick p-epitaxial layer (full depletion at ~120 V) 

‣ Hexagonal pixels of 65 µm sides; pixel capacitance 80 fF 

‣ In-pixel: FE (preamp, driver) and analogue memory to store charge information (ToT) 

๏ triple-well design, deep n-well  

๏ SiGe Heterojunction Bipolar Transistors (HBT) for signal amplification ➡ time resolution < 300 ps

3. Monolithic pixel ASIC (1/5)

Sergio Gonzalez (UniGe) 1023rd iWoRiD Conference - 27.06.2022

3.1 Sensor 

Sensor cross-section and 
technology

FULVIO MARTINELLI – 12TH INTERNATIONAL CONFERENCE ON POSITION SENSITIVE DETECTORS, BIRMINGHAM, 2021

• Monolithic pixel detector.
• 130 nm SiGe BiCMOS

technology provided by IHP 
Microelectronics. 

• Custom high-resistivity 50 μm
EPI layer. HV=-120 V, 
complete depletion. 

• Pixels integrated as triple-
wells. 

• Front-end electronics 
integrated in pixel.deep 

n-well

p-stop

p-well

pmos nmos
HBT • Monolithic ASIC in 130nm SiGe BiCMOS (*)

• Pixel size: hexagonal pixels with 65 μm side (≈ 100 µm pitch) 
• Chip size: 1.5 x 2.5 cm2

• Local analog memories to store the charge
• Ultra fast readout with no digital memory on-chip to 

minimize the dead area 

In between an imaging chip and a HEP detector

Main specifications

Pixel Size 65 μm side (hexagonal)

Pixel dynamic range 0.5 ÷ 65 fC

Cluster size O(1000) pixels

Readout time                         < 200 μs

Power consuption < 150 mW/cm2

Time resolution < 300 ps

Monolithic ASIC Specifications

Selected technology: SG13G2, by IHP microelectronics.

ASIC design in collaboration between
CERN, Univerisity of Geneva, and KIT

Chiara Magliocca | 10th BTTB Workshop 1223.06.2022

(*) See Théo Moretti’s and 
Matteo Milanesio’s talks

Monolithic active pixel sensor 
130 nm SiGe BiCMOS technology (IHP SG13G2)

 =▶︎ High-resisLvity (220 Ω⋅cm) substrate, about 130 μm thickness 

 =▶︎ Hexagonal pixels integrated as triple wells; 80 fF  pixel capacitance

                         
                      

 =▶︎ High dynamic range for charge measurement (0.5÷65 fC); fast readout of many channels

FASER Front-end and analog memory

• BJT-based preamp with MOS 
feedback inside pixel area.

• Analog memory in pixel.
• Low-power discriminator (outside 

or inside the pixel area)
• Memory control circuit outside 

pixel.
• Discriminator output activates 

the charging of the capacitor 
Cmem.

• reset and biasIdle are used to 
discharge Cmem when no hit 
occurs and to deal with leakage 
respecively. 

Fulvio Martinelli 7ASIC for upgrade of the pre-shower detector for the FASER experiment
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FIG. 9. Interpretation of the signal region yield as ALP exclusion limits with the assumption of 0.42 neutrino
background events. Systematic uncertainties described in Table V are included.

IX. CONCLUSIONS

This note presents FASER’s first search for new particles decaying into photons and ALPs,
marking its first exploration of BSM physics predominantly produced in heavy-flavour decays. Data
collected by FASER in 2022 and 2023 from proton-proton collisions at the LHC with a center-of-
mass-energy of 13.6 TeV have been studied. A model with an ALP coupling to SU(2)L gauge bosons
has been considered. Multiple SM background sources that can mimic a similar detector signal as
ALPs have been studied. The dominant background stems from neutrinos crossing the FASER
detector volume and interacting with its material. Other backgrounds such as cosmic muons and
interactions of the LHC beam with the beam gas have been studied and can be considered negligible
in the context of this analysis. One data event was observed in the signal region, with a background
expectation of 0.42±0.38. Coupling strengths of the ALP to weak gauge bosons between 3⇥10�5 to
5⇥ 10�4 GeV�1 were excluded in previously unprobed parameter space with ALP masses between
100 and 250 MeV. ALPs as heavy as 300 MeV were excluded for a coupling strength of 7 ⇥ 10�5

GeV�1.

ma [GeV]

g A
W

W
 [

G
eV

-1
]

Ideal detector, 
L=3 ab-1

Ideal detector, 
L=90 fb-1

Realistic efficiencies, L=90 fb-1 

Eγ > 200 GeV, δγγ > 200 µm

coupling to SU(2)L



Impact on BSM Searches at the HL-LHC
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Juan Rojo (LHCPKWKX)

Higgs coupling Direct searches

SMEFT analyses with FPF data

https://indico.cern.ch/event/1253590/contributions/5843970/attachments/2866601/5017627/rojo-LHCP24-LHCneutrinos.pdf


Muon Puzzle
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Subir Sarkar (Lth FPF workshop)

https://indico.cern.ch/event/1358966/contributions/5806440/attachments/2809999/4904237/FPF_Physics.pdf
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Prompt Neutrino Lu Lu (Lth FPF Workshop)

https://indico.cern.ch/event/1358966/contributions/5806509/attachments/2811543/4907430/FPF_charm_icecube_uploaded.pdf


Prompt Neutrino

$$

Lu Lu (Lth FPF Workshop)

https://indico.cern.ch/event/1358966/contributions/5806509/attachments/2811543/4907430/FPF_charm_icecube_uploaded.pdf

