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FASER - New experiment at the LHC Run3

LHC beamline

FASER has started operation since July 2022
2Otranto, Italy, 6th Sep 2024, NOW 2024, LHC-FASER, Tomohiro Inada (CERN)
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Idea and Motivation

Central Region
H, t, SUSY

Forward Region
π, K, D

Light New Physics:
A’, ALPs, DM 

SM Physics: νe, νμ, ντ

One Slide of Motivation.
The LHC produces an intense and strongly collimated beam 

of highly energetic particles in the forward direction. 

1017 π0, 1016 η, 1015 D, 1013 B within 1 mrad of beam

Can we do something with that? 
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1017 π0, 1016 η, 1015 D, 1013 B within 1 mrad of beam

Can we do something with that? 

Idea and Motivation

The LHC produces an intense and strongly collimated beam of highly 
energetic particles in the forward direction.

e.g. 1014 π0 within 1 mrad of beam 

Explore a rich BSM and SM 
physics programs 


in the far farward region
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2The FASER Experiment
FASER is new, small experiment at the LHC
Constructed and installed in 2019-2021
FASER targets light and weakly coupled particles
Exploits large LHC collision rate and highly collimated forward 

production of light particles, for instance in pion decays
1% of pions with E>10 GeV produced at η>9.2
Designed to detect both new long-lived BSM particles, such as dark 

photons and ALPs as well as neutrinos
Located 480m from ATLAS interaction point
LHC magnets as well 100m of rock shields most backgrounds

• ForwArd Search ExpeRiment (FASER) at the LHC

Placed 480 m downstream of the ATLAS IP on the beam axis

Started the operation from July 2022 (LHC run3)


•  Physics motivation

New long-lived particle searches in MeV-GeV masses 

All flavors of neutrinos at the TeV-energy frontier

• Favorable location

• Very low background from collision


• Only high-energy muon at about 
1/cm2/sec


• Low radiation level from the LHC

• 4×106 1-MeV neutron/cm2/year
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FASER
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FASER Detector

$

Radius: ~MV cm 
Length: ~K m

W LHCb calorimeter modules

V.OT air-core permanent dipole

M.Ym

J.Ym long tracker (ZO ATLAS SCTs)
on the beam collision axis

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

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

P ton

FASER detector
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On the beam axis

10cm radius 

7m long


JINST 19 (2024), P05066

Otranto, Italy, 6th Sep 2024, NOW 2024, LHC-FASER, Tomohiro Inada (CERN)

https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05066
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All detector components are successfully installed in T12 in March 2022

Particles 
from ATLAS

6

FASERν
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Neutrino Physics 
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‣ Hadronic EAS physics 
‣ Atmospheric neutrino production 
‣ BSM Physics / Dark Matter

p, A

p, A

‣ Large Hadron Collider (LHC) 

‣ Extensive Air Shower (EAS)

Introduction
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‣ Large Hadron Collider (LHC) 

‣ Extensive Air Shower (EAS)

Introduction

Collider neutrinos w/

8Otranto, Italy, 6th Sep 2024, NOW 2024, LHC-FASER, Tomohiro Inada (CERN)

Click to edit Master subtitle style
Collider Neutrinos

• Neutrinos produced copiously in decays of forward hadrons
• Highly energetic (TeV scale) à high interaction cross section

• Extends FASER physics program into SM measurements
• Targets measurement of highest energy man-made neutrinos
• Energy range complementary to existing neutrino experiments

13Study at colliders originally proposed by Rújula and Rückl in 1984!

For 35 fb-1 ve vμ vτ
Main source Kaons Pions Charm

# traversing 
FASERν

~1010 ~1011 ~108

# interacting 
in FASERν

≈200 ≈1200 ≈4

PRD 104, 113008

 = 13.6 TeV ⇄ lab. frame 100 PeV p-p interaction 

Possible to study hadron interaction models of neutrino flux 
e.g. application into air-showers study like prompt neutrino

s

w/ all flavors

Fill gaps between fixed 
target experiments and 
cosmic-ray experiments

w/ highest energy 
human-made TeV 
neutrinos

GeV-TeV  beam  ν
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https://arxiv.org/pdf/2203.08096.pdf
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Neutrino flux

9

• Two strategies for measurements

• Emulsion-based detector → all flavor sensitive

• “Electric” detector technique →  separation


• 10,000 neutrinos should be collected
ν/ν̄

∼ 3

FASERν Expected Number of Interactions

Expected CC interaction events (JYV fb-M)

Phys. Rev. D MMV, VMJVVZ 

• ~MV,VVV ν interactions expected in 
 LHC Run N (JVJJ-JVJY)

3

FASERν Expected Number of Interactions

Expected CC interaction events (JYV fb-M)

Phys. Rev. D MMV, VMJVVZ 

• ~MV,VVV ν interactions expected in 
 LHC Run N (JVJJ-JVJY)

FASERν (Emulsion-based detector) 

Sensitive to all 3 flavors

In Fig. 7, the distribution of interacting neutrinos is
shown in the ðx;EnergyÞ plane, where x is the horizontal
spatial coordinate; this plot would look similar for the
vertical component. Here a detector is assumed with the
same material as FASERν, centered on the true LOS, but
with dimensions 1 m × 1 m × 1 m, where the larger trans-
verse extension is chosen to show the distribution over a

larger range. As in Fig. 6, muon neutrinos are more
collimated than electron neutrinos, which are more colli-
mated than tau neutrinos, but we also see that the highest-
energy neutrinos of each species are focused along
the LOS.
In Fig. 8 the binned event rate is shown for νe, νμ, and ντ

for Run 3 (upper panels) and Run 3þ Run 4 (lower panels).

FIG. 8. Binned energy spectra for electron (left), muon (center), and tau (left) neutrinos interacting in FASERν at LHC Run 3 with a
total integrated luminosity of 250 fb−1 (upper panels) and at LHC Run 3 + Run 4 with a total integrated luminosity 930 fb−1 (lower
panels). For each bin, the neutrinos are separated by their parent hadrons: pions (red), kaons (green), charm hadrons (blue), and hyperons
(yellow). Hadron production and decay of light (charm) hadrons are modeled by EPOS-LHC (POWHEG+PYTHIA8.3). Also shown are
statistical errors per bin, defined as

ffiffiffiffiffiffiffiffiffi
Nbin

p
, which demonstrate that Run 3 measurements will have sufficient statistics to be sensitive to

components of neutrinos from the different parent hadrons.

FIG. 9. The energy spectra of muon neutrinos and antineutrinos detected through their CC interactions, using only the electronic
detector components of FASER in LHC Run 3 with a total integrated luminosity of 250 fb−1 (left) and in LHC Run 3 þ Run 4 with a
total integrated luminosity of 930 fb−1 (right). For each bin, the neutrinos are separated by their parent hadrons, as indicated. FASER’s
magnets enable charge identification of the outgoing muons, which allows νμ and ν̄μ separation for energies below a TeV.

ROSHAN MAMMEN ABRAHAM et al. PHYS. REV. D 110, 012009 (2024)

012009-10

“Electric” detector technique

Charge separation νμ/νμ̄

Otranto, Italy, 6th Sep 2024, NOW 2024, LHC-FASER, Tomohiro Inada (CERN)

Phys. Rev. D 110, 012009

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.012009
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Neutrino flux
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ROSHAN MAMMEN ABRAHAM et al. PHYS. REV. D 110, 012009 (2024)

012009-10

“Electric” detector technique

Charge separation νμ/νμ̄

Otranto, Italy, 6th Sep 2024, NOW 2024, LHC-FASER, Tomohiro Inada (CERN)

Phys. Rev. D 110, 012009

• Flux uncertainties

• about 10-15% from light hadrons

• 50-100% from charm

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.012009
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Observing Neutrinos in FASER

Possible to make a first observation of neutrinos
using just spectrometer and veto systems

Search for charged-current νµ events with no signal in two 

front veto and one high momentum track in the rest of detector

Simulated neutrino interaction

Observing Neutrino Candidates in FASER spectrometer 


11

• Try to make a first observation of neutrinos using trackers and veto system

• Signal: no signal in two front veto and one high momentum track in the rest of detector 

4. Timing and preshower consistent with ≥1 MIP 
5. Exactly 1 good fiducial (r < 95 mm) track 

• pT>100 GeV and θ<25 mrad 
• Extrapolating to r<120 mm in front veto 


1. Good collision events

2. No signal (<40 pc) in 2 front vetos 

3. Signal (>40 pC) in other 3 vetos 

Expect 151 ± 41 signals 
from GENIE simulation

• Uncertainty from 

DPMJET vs SIBYLL

• No experimental　

errors 

Background

- Veto inefficiency: negligible 

- Neutral hadrons: 0.11±0.06 

events (MC)

- Scattered large-angle muons: 

0.08±1.83 events (sideband)

Otranto, Italy, 6th Sep 2024, NOW 2024, LHC-FASER, Tomohiro Inada (CERN)
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Neutrino Results
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• Upon unblinding find 153 events with no veto signal
• Just 10 events with one veto signal

• First direct detection of collider neutrinos!
• With signal significance of 16σ

Candidate Events

n0 153

n10 4

n01 6

n2 64014695

(151 ± 41)

Neutrino candidate

First detection of collider neutrino
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• Upon unblinding find 153 events with no veto signal

• Just 10 events with one veto signal 


• First direct detection of collider neutrinos! 

• With signal significance of 16σ 


• Candidate neutrino events match expectation from signal 

• see both neutrinos and anti-neutrinos with about the expected
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Neutrino Results
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• Upon unblinding find 153 events with no veto signal
• Just 10 events with one veto signal

• First direct detection of collider neutrinos!
• With signal significance of 16σ

Candidate Events

n0 153

n10 4

n01 6

n2 64014695

(151 ± 41)

Neutrino candidate
Candidate Events

ν enriched Events

(Passed all event selection)

153, (151±41, MC)

Events 

(1 veto signal at the first layer)


)la

4

Events 

(1 veto signal at the second 

layer)

6

Events

 (Veto signals for both layers)

64014695

Otranto, Italy, 6th Sep 2024, NOW 2024, LHC-FASER, Tomohiro Inada (CERN)

Phys. Rev. Lett. 131, 031801 (2024)

Note: no acceptance 
corrections nor any 
uncertainties in the 
plot 


Track momentum distribution 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.031801
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FASERν Detector/Signal
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Forward Physics 
Facility (FPF)

tau neutrinos

FPF length ~35 m
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Detection of neutrino interactions in emulsion detector
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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 (220ܺ଴)

± 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 (8ߣ௜௡௧)
± Muon charge identification with hybrid configuration Æ distinguishing ߥఓ and ҧߥఓ
± Neutrino energy measurement with ANN by combining topological and kinematical variables
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Detection of neutrino interactions in emulsion detector
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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 (220ܺ଴)

± 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 (8ߣ௜௡௧)
± Muon charge identification with hybrid configuration Æ distinguishing ߥఓ and ҧߥఓ
± Neutrino energy measurement with ANN by combining topological and kinematical variables

‣ FASERν detector 
- 770 × [tungsten (1 mm) + emulsion film] 
- 25×30 cm2, 1.1 m, 1.2 tons (220 X0) 
- Spatial (angular) resolution: 0.4 μm (0.1 mrad) 

‣ ν flavor tagging with topological/kinematical informations 
- Muon charge identification by FASER spectrometer

ν

Veto

FASERν

Emulsion/tungsten detector

- 730 x [tungsten plates(1.1 mm thickness) + emulsion films, 

25×30 cm2, 1 m long, 1.1t (220 X0)

- Emulsion films will be replaced every 30-50 f-1       


- (3 times per year)

FASERν Emulsion detector
 flavor tagging with topological/kinematical informations 

Otranto, Italy, 6th Sep 2024, NOW 2024, LHC-FASER, Tomohiro Inada (CERN)
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� 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 (220ܺ଴)

± 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 (8ߣ௜௡௧)
± Muon charge identification with hybrid configuration Æ distinguishing ߥఓ and ҧߥఓ
± Neutrino energy measurement with ANN by combining topological and kinematical variables

‣ FASERν detector 
- 770 × [tungsten (1 mm) + emulsion film] 
- 25×30 cm2, 1.1 m, 1.2 tons (220 X0) 
- Spatial (angular) resolution: 0.4 μm (0.1 mrad) 

‣ ν flavor tagging with topological/kinematical informations 
- Muon charge identification by FASER spectrometer

ν

Veto

FASERν

Emulsion/tungsten detector

- 730 x [tungsten plates(1.1 mm thickness) + emulsion films, 

25×30 cm2, 1 m long, 1.1t (220 X0)

- Emulsion films will be replaced every 30-50 f-1       


- (3 times per year)

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.

– 54 –

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

8
Overview for emulsion analysis 

FASERν Emulsion detector
 flavor tagging with topological/kinematical informations 
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� 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 (220ܺ଴)

± 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 (8ߣ௜௡௧)
± Muon charge identification with hybrid configuration Æ distinguishing ߥఓ and ҧߥఓ
± Neutrino energy measurement with ANN by combining topological and kinematical variables

‣ FASERν detector 
- 770 × [tungsten (1 mm) + emulsion film] 
- 25×30 cm2, 1.1 m, 1.2 tons (220 X0) 
- Spatial (angular) resolution: 0.4 μm (0.1 mrad) 

‣ ν flavor tagging with topological/kinematical informations 
- Muon charge identification by FASER spectrometer

ν

Veto

FASERν

Emulsion/tungsten detector

- 730 x [tungsten plates(1.1 mm thickness) + emulsion films, 

25×30 cm2, 1 m long, 1.1t (220 X0)

- Emulsion films will be replaced every 30-50 f-1       


- (3 times per year)

FASERν Emulsion detector
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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
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flavor tagging with topological/kinematical informations 
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FASERν Analysis toward  and  detections
νe νμ

• Data set:
• 2022 second module → 9.5 fb-1;
• Target mass: 128.6 kg;
• ∼ 1.7% of data collected to date.

• Selection criteria:
• Vertex reconstruction:

• Ntrack ≥ 5
• Ntrack(tanθ ≤ 0.1) ≥ 4

• Lepton requirements:
• Ee or pμ > 200 GeV
• tanθe or tanθμ > 0.005

• Back-to-back topology: Δφ > 90°

New FASERν Analysis

Jeremy Atkinson, Universität Bern 11DIS2024 09/04/2024
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New FASERν Analysis

Jeremy Atkinson, Universität Bern 11DIS2024 09/04/2024

• Vertex reconstruction: (Ntrack ≥ Y, 
Ntrack(tanθ ≤V.M)≥W) 

• Ee or pμ >JVV GeV 

• tanθe or tanθμ >V.VVY 

• φ>ZV°
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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.

5

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

6

Selection Background control

• The modeling of neutral-hadron 
backgrounds are validated using data

Expected 
background

Expected 
signal Observed Significance

νeCC 0.025+0.015-0.010 1.1-3.3 4 5.2σ

νμCC 0.22+0.09-0.07 6.5-12.4 8 5.7σ

First detection of νe and νμ with FASER! detector
Background model
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νe events

Jeremy Atkinson, Universität Bern 13DIS2024 09/04/2024

• Ee = 1.5 TeV, highest νe energy measured!
• MC normalized to number of observed events.

Side View Beam View

 eventsνe
• Ee = 1.5 TeV, highest  measured

• MC normalized to number of observed events.

νe
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νμ events

Jeremy Atkinson, Universität Bern 14DIS2024 09/04/2024

Side View Beam View

• pμ = 360 GeV.
• MC normalized to number of observed events.

 eventsνμ
• pμ = 360 GeV.

• MC normalized to number of observed events.
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• First observation of νe at the LHC!
• First neutrino cross-section measurement in the TeV range!

Results from FASERν:
νμ and νe events!

Jeremy Atkinson, Universität Bern 15DIS2024 09/04/2024

Interaction Expected 
background

Expected 
signal

Observed Significance

νe CC 0.025−0.010+0.015 1.1 – 3.3 4 5.2σ

νμ CC 0.22−0.07+0.09 6.5 – 12.4 8 5.7σ

• Measurement relative to theoretical curve. • Uncertainty dominated by neutrino flux.

arXiv:2403.12520!!!

Results from FASER :

and  events!

ν
νμ νe
• First observation of  at the LHC!

• First neutrino cross-section measurement in the TeV range!

• Large uncertainty from neutrino flux

νe• First observation of νe at the LHC!
• First neutrino cross-section measurement in the TeV range!

Results from FASERν:
νμ and νe events!

Jeremy Atkinson, Universität Bern 15DIS2024 09/04/2024

Interaction Expected 
background

Expected 
signal

Observed Significance

νe CC 0.025−0.010+0.015 1.1 – 3.3 4 5.2σ

νμ CC 0.22−0.07+0.09 6.5 – 12.4 8 5.7σ

• Measurement relative to theoretical curve. • Uncertainty dominated by neutrino flux.

arXiv:2403.12520!!!

Phys. Rev. Lett. 133, 021802 (2024)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.021802
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Dark Photon Searches
Physics Letters B 848 (2024) 138378
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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 (!′) decaying to 
an electron-positron pair inside the decay volume. The white blobs depict where measurements are taken for the !′ signal and the solid red lines represent the 
reconstructed tracks produced by the "+"− pair.

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

In this analysis, it is assumed that &!′ < 2&% and that the dark 
photon decays visibly to SM particles. Thermal freeze-out is then de-
termined by the processes %% ↔ !′ ↔ $$̄ . For light masses &!′ ∼
MeV − GeV and loop-induced or otherwise suppressed couplings ( ∼
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 &!′ and ( 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 )0 → !′* : This mode is accessible for &!′ <
&)0 ≃ 135 MeV. The branching fraction is +()0 → !′*) = 2(2(1 −
&2
!′ ∕&2

)0
)3+()0 → **) where +()0 → **) ≃ 0.99 [14].

• Eta meson decay , → !′* : This mode is open for &!′ < &, ≃
548 MeV. The branching fraction is +(, → !′*) = 2(2(1 − &2

!′ ∕
&2
,)3+(,→ **) where +(,→ **) ≃ 0.39 [14].

• Dark bremsstrahlung -- → --!′: 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 , decay can be comparable 
for &!′ ∼ 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 ,′ or .) and direct Drell-
Yan production ##̄→!′, 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 
-- interaction point. FASER’s dark photon sensitivity is largely deter-
mined by its location. For /!′ ≫&!′ ≫&", the decay length for a dark 
photon with lifetime 1 travelling at speed 2 = 3∕4 is [5]

5 = 421* ≈ (80 m)
[
10−5
(

]2 [/!′

TeV
][

100 MeV
&!′

]2
. (2)

For dark photons with TeV energies, FASER can be expected to be sen-
sitive to parameter space with ( ∼ 10−5 and &!′ ∼ 100 MeV. For dark 
photon masses in the range 2&" <&!′ < 2&6 ≃ 211 MeV, dark photons 
decay to electrons with +(!′ → "+"−) ≈ 100%.

In the + −5 model, the properties of the + −5 gauge boson !′
+−5are determined by the Lagrangian terms [9]

 ⊃ 1
2 &2

!′
+−5

!′ 2
+−5 − 8+−5

∑
$

9$
+−5!

′ 6
+−5 $̄*6$ , (3)

where 9$
+−5 is the + −5 charge of fermion $ . The parameter space of 

this model is defined by the + − 5 gauge boson’s mass &!′
+−5

and the 
+ −5 gauge coupling 8+−5.

The !′
+−5 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 82+−5, 
compared to (2 as in the dark photon model. The boson can decay to all 
kinematically accessible states that possess + −5 charge. In this analy-
sis, the region of phase space which FASER is sensitive to is confined to 
the mass range 2&" < &!′

+−5
< 2&6 ≃ 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 !′

+−5gauge boson mass, and so decays to sterile neutrinos are kinematically 
inaccessible. The visible signal from decays to electrons therefore has a 
branching fraction of +(!′

+−5 → "+"−) ≈ 40%. If decays to sterile neu-
trinos are allowed, the visible branching fraction could be as low as 
+(!′

+−5 → "+"−) ≈ 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 FASER: 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.
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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 (!′) decaying to 
an electron-positron pair inside the decay volume. The white blobs depict where measurements are taken for the !′ signal and the solid red lines represent the 
reconstructed tracks produced by the "+"− pair.

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

In this analysis, it is assumed that &!′ < 2&% and that the dark 
photon decays visibly to SM particles. Thermal freeze-out is then de-
termined by the processes %% ↔ !′ ↔ $$̄ . For light masses &!′ ∼
MeV − GeV and loop-induced or otherwise suppressed couplings ( ∼
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 &!′ and ( 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 )0 → !′* : This mode is accessible for &!′ <
&)0 ≃ 135 MeV. The branching fraction is +()0 → !′*) = 2(2(1 −
&2
!′ ∕&2

)0
)3+()0 → **) where +()0 → **) ≃ 0.99 [14].

• Eta meson decay , → !′* : This mode is open for &!′ < &, ≃
548 MeV. The branching fraction is +(, → !′*) = 2(2(1 − &2

!′ ∕
&2
,)3+(,→ **) where +(,→ **) ≃ 0.39 [14].
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5 = 421* ≈ (80 m)
[
10−5
(

]2 [/!′

TeV
][

100 MeV
&!′

]2
. (2)

For dark photons with TeV energies, FASER can be expected to be sen-
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 ⊃ 1
2 &2

!′
+−5

!′ 2
+−5 − 8+−5

∑
$

9$
+−5!

′ 6
+−5 $̄*6$ , (3)

where 9$
+−5 is the + −5 charge of fermion $ . The parameter space of 

this model is defined by the + − 5 gauge boson’s mass &!′
+−5

and the 
+ −5 gauge coupling 8+−5.

The !′
+−5 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 82+−5, 
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+−5
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+−5gauge boson mass, and so decays to sterile neutrinos are kinematically 
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branching fraction of +(!′

+−5 → "+"−) ≈ 40%. If decays to sterile neu-
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+(!′
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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 FASER: 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

• JK.V fb−M collected in JVJJ 
• 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: (J.N ± J.N) ×MV−N events 
- Veto inefficiency, neutral hadrons, large-angle muons, neutrinos, non-collision events !!

πV

A’

γ

• Dark matter from MeV-GeV can be 
thermal relics 

• Dark photon(A’): U(M) gauge boson, 
hidden sector particle

Phys. Lett. B mWm (JVJW), MNmNKm

- Dark Photon(A’): U(1) gauge-boson, 
hidden sector particles


- Dominant source is neutral pion decay 

- Used 27.0 f-1 obtained in 2022

- Electron-positron pair in a decay volume


• Signal criteria

• Exactly two good quality tracks with p>20 GeV inside fiducial 

volume (r<95mm)

• No signal in any of veto scintillators (<40 pC ~ 0.5 MIP)

• Timing and preshower scintillators consistent with ≥2 MIPs

• Calorimeter E > 500 GeV


• Background :  (2.3 ± 2.3) × 10-3 events

• Veto inefficiency, neutral hadrons, large-angle muons, 

neutrinos, non-collision evens


Analysis was blinded for E>100 GeV 
events without any veto signals 

Otranto, Italy, 6th Sep 2024, NOW 2024, LHC-FASER, Tomohiro Inada (CERN)
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Results

• No events seen in unblinded signal region

• Based on this null results, FASER sets limits in previously unexplored parameter space! 


• Probing region interesting from thermal relic target

• Also, constrained massive gauge boson from U(1)B-L model

Otranto, Italy, 6th Sep 2024, NOW 2024, LHC-FASER, Tomohiro Inada (CERN)

Phys. Lett. B 848 (2024), 138378

Dark photon U(1)B-L gauge boson

https://linkinghub.elsevier.com/retrieve/pii/S0370269323007128
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Axion Like Particles 8

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

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

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

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

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

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

VI. BACKGROUND ESTIMATION

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

Search for ALPs
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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.
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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

• YK.K fb−M collected in JVJJ and JVJN 

• 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(J)L gauge bosons
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• ALP decays to two photons
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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
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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.
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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
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Conf note: CERN-FASER-CONF-JVJW-VVM

• Negligible backgrounds 

- Neutral hadrons 
- Large-angle muons 
- Non-collision / cosmics

- Used 57.7 f-1 obtained in 2022 and 2023

- Very collimated energetic photon pair produced


- A high energy deposit in the EM calorimeter


• Signal criteria

• No signal in all 5 veto scintillators

• EM shower (> 1.5 TeV) in calorimeter

• Good timing along with LHC collision


• Background negligible

• Neutral hadrons, large-angle muons, non-collision / cosmics


Otranto, Italy, 6th Sep 2024, NOW 2024, LHC-FASER, Tomohiro Inada (CERN)

Conf note: CERN-FASER-CONF-2024-001

https://cds.cern.ch/record/2892328
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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 M 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.
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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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Results 

• Main background: Neutrinos produced upstream of FASER through light/charm hadron decays

• Evaluated with MC simulations and validated in different detector regions

• Expecting 0.42 ± 0.38 from ν CC interactions in pre-shower station


• Observed 1 event after unbinding

• Probing new parameter space of ALPs Model

Otranto, Italy, 6th Sep 2024, NOW 2024, LHC-FASER, Tomohiro Inada (CERN)
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Event Display of “ALPtrino”Event Display  
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● This event has a calorimeter energy of 1.6 TeV
● Shows preshower deposits consistent with an EM shower 

Lottie Cavanagh - LHCP 2024 - 6th June 2024

• This event has a calorimeter energy of 1.6 TeV

• Shows Pre-shower deposits constant with an EM shower


• Even consistent with both being an ALP signal event or a  background eventνe

Otranto, Italy, 6th Sep 2024, NOW 2024, LHC-FASER, Tomohiro Inada (CERN)
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Summary

• LHC-FASER is taking data in Run3 of LHC operation, 
~70 f-1 collected


• Providing timely physics results

• First  cross sections (with 2 % of data)


• ALPs limits 

• Dark photon limits


Prospects

• Additional 180 f-1 to be collected in 2024. 2025

• Pre-shower detector upgrade in 2025 to enhance 

ALPs sensitivity

• FASER in Run4 approved 

• Discussing extended physics programs in Forward 

Physics Facility (2031-) in HL-LHC era

νe, νμ

ALPs: Unblinded Results     

16

Unblinded Signal Region:

Observed limit:
In 57.7 fb-1 of data we saw 1 event in our unblinded signal 
region

● Compared to expected background of 0.42 ± 0.38 events
● Shows preshower deposits consistent with an EM shower 
● Calorimeter energy of 1.6 TeV 

Lottie Cavanagh - LHCP 2024 - 6th June 2024

Link to conf paper
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Future upgrade plan for ALPs

28

FASER preliminary

• Upgrade to enable 2-  physics


• enable to measure Axion Like Particles and long live particles 
decaying into two photons 


• current preshower to be replaced with a high-resolution silicon 
pre-shower detector using monolithic pixel ASICs


• hexagonal pixels of 65 μm side 

γ 200 μm between two photons

Distinguishable

Planned to be ready for 2024 

data taking

2-photon pairs with 

E>250 GeV and  > 0.2mmδγγ Ideal


eff. = 100%

Realistic

65-75% eff. for 200μm


85-80% eff. for >300 μm 
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X29

The Forward Physics Facility

Neutrinos at the LHC.

FASERv and SND@LHC will detect O(10k) neutrinos. 

Proposed FPF experiment have potential to detect O(1M) neutrinos. 

LHC provides a strongly collimated beam of TeV energy neutrinos of 
all three flavours in the far forward direction. 

25

FPF Experiments: FASERv2

FPF Experiments: FASER2

FASER2

FASERν2

In LHC HL-era, it is expected to  increase 
statistics (×20 Run3, 3000 f-1) in HL-LHC era

Neutrinos from Charm Decay

The forward future: FASER(n)2
´ We might not see LLPs or NP in Run 3: 

´ Extended coverage needs a bigger detector

´ Thinking ahead: a scaled-up version 
of FASER with ~100 x active area
´ Veto: similar scintillator-based
´ Magnets: Superconducting w/ B = 1 T
´ Tracker: much larger using e.g. SiFI/SiPM
´ Calo/Muon: enhanced PID & position resol.

22 Monica DOnofrio, IPA2022

FASERν2
~20t emulsion + tungsten detector

Focus on ντ

Probing up to higher mass

Broader scope including QCD physics 
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FASERν2
~20t emulsion + tungsten detector

Focus on ντ

Probing up to higher mass

Broader scope including QCD physics 

e.g. Expected Neutrino Flux
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