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14TeV 𝑝-𝑝 collisions

Conventional detectors

Strongly interacting massive particles

FASER (long-lived particle searches) was approved by CERN in Mar 2019
FASER𝝂 (neutrino program) was approved in Dec 2019
Data taking started in 2022! Continue in Run3

Forward Physics Facility (FPF) in HL-LHC era

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

arXiv:1812.09139

More → FASER web page: https://faser.web.cern.ch/

https://doi.org/10.1140/epjc/s10052-020-7631-5
https://arxiv.org/abs/1812.09139
https://faser.web.cern.ch/


• No neutrino detected 

all previous collider 
detectors

building-size, decades 
~$1B

𝟎 neutrinos

FASER Detector

Tabletop size, 2 years
~$1M

𝟏𝟓𝟑 neutrinos



100 m of rock
480 m

Neutrinos and LLPs

LHC magnets

p-p collision at ATLAS

Neutral hadrons

Charged particles

FASER
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https://arxiv.org/abs/1901.04468
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* arXiv:2105.07077

https://arxiv.org/abs/2105.07077


FASER𝝂 coverage

Beam size 
≃O(10) cm

Unexplored energy regime for all three flavors Collimated beam

• Neutrinos by collider method = High energy frontier ~ TeV
• Study of production, propagation and interactions of high energy neutrinos
• Dominant BG for dark photon search



FASER 
probes unexplored energy range.

QCD 
(low-x PDFs, intrinsic charm, saturation) and 
astroparticle physics (prompt atmospheric neutrinos, 
cosmic ray muon puzzle)

Neutrinos from charm 
decay dominates above 1 
TeV for 𝝂𝒆 and 𝝂𝝉

Charm𝑲

𝑬𝝂 > 500 GeV𝝂𝒆 in FASER𝜈

Neutrino energy (GeV)

𝝂𝒆 𝝂𝝉

Projected cross section sensitivities
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0.57 T Dipoles
1.5 m decay volume 

10mm thick + dual PMT 
readout (σ = 400 ps)

2 x 20 mm thick
30 x 30 cm area

2 x 20 mm thick
35 x 30 cm area

3 x 3 layers of ATLAS SCT strip modules

730 layers of 1.1 mm 
tungsten + emulsion
(8 interaction lengths)

4 LHCb Outer 
ECAL modules

FASER Detector

8

(1.1 ton)

• Small, inexpensive detector
• 10 cm radius
• 7 m long

(ariXiv:2207.11427)

2023/3/15 Akitaka Ariga, DMNet, Sep 2023

https://arxiv.org/abs/2207.11427


Interface tracker veto

FASER𝜈
Emulsion/tungsten

FASER
Decay volume & trackers

Dark Photon

FASER preliminary

Ideal
eff. = 100%

Realistic
65-75% eff. for 200μm
85-80% eff. for >300 μm 

ALPs

Sensitivities



Interface tracker veto

FASER𝜈
Emulsion/tungsten 
neutrino target

FASER
Decay volume & trackers

• Emulsion films = trackers with sub-micron spatial 
resolution, 𝜎𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 ≃ 50 𝑛𝑚, 𝜎𝑝𝑟𝑎𝑐𝑡𝑖𝑐𝑎𝑙 ≃ 0.3 𝜇𝑚

• 730 1.1-mm-thick tungsten target and emulsion films
• 25x30 cm2, 1.1 m, 1.1 tons (8 𝜆𝑖𝑛𝑡, 220𝑋0)
• Sensitive to 3 flavor neutrinos
• Muon ID in track length in tungsten
• Replace emulsions 3 times a year

charm beauty

5m long detector



Interface tracker veto

FASER𝜈
Emulsion/tungsten 
neutrino target

FASER
Decay volume & trackers

• Global reconstruction with FASER spectrometer 
→muon charge identification
→ 𝜈𝜇/ ҧ𝜈𝜇 separation

• Improve energy resolution

Interface tracker



ATLAS
FASER



8/2019 4/20208/2018

11/2020 4/2021 4/2022
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FASER𝜈



Emulsion films produced in Japan

Silver bromide crystals

8 × 1014 detection 
channels

Anti proton annihilation in emulsion



•Long history: First charm, 𝜈𝜏 observation 

(DONUT), 𝜈𝜇 ↔ 𝜈𝜏 oscillations (OPERA)

•Contributing to neutrino and hadron physics, 

astroparticle, muography

•World-leading facilities

Wide range of projects, many more

Emulsion gel production Film production Emulsion read-out (scanning)

𝛾 ray imaging

Muography



Dark room operation
Assembling of FASER𝜈 and SND@LHC

Asbestos floor removed, new shiny 
floor, modern climate control, card 
lock system…

Temperature controlled developer bath

Development room
13 x 100L tanks
Easy disposal system

Development timer

Film drying

Disposal

Microscope
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FASER 2022 Operations

• Successfully operated throughout 2022
• All detector components working as 

expected

• Up to 1.3 kHz 

• Recorded 37 fb−1 of data
• Dead-time of 1.3%

• 3 emulsion detectors
• Needed to manage occupancy

• First box only partially filled

182023/3/15 Akitaka Ariga, DMNet, Sep 2023
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FASER 2022 Operations (2)

• All detector components performing excellently

• More than 350M single-muon events recorded
• Example: muon leaving track passing through full detector 

+ scintillator/calorimeter deposits consistent with MIP 

192023/3/15 Akitaka Ariga, DMNet, Sep 2023



• Track density and angular distributions 
Consistent with FLUKA simulation

• Excellent hit resolution (0.2 μm) after detailed 
film alignment

0.5 fb−1



First direct observation of 𝜈𝜇 interactions at the LHC 
by the FASER electronic detectors

21

Selection: No veto, P>100 GeV, 𝑟veto<12cm

Unblinded results: 

153 events in the signal region 

(significance of 16𝜎)

First direct observation of 𝜈𝜇 interactions at the LHC  

using FASER𝜈 as a target

Phys. Rev. Lett. 131, 031801 (2023)

2023/3/15 Akitaka Ariga, DMNet, Sep 2023

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.031801


     

      

• Vertex with 11 tracks

• 615 µm inside tungsten

• e-like track from vertex

• Single track for 2X0

• Shower max @ 7.8Χ0

• θe = 11 mrad to beam

• Back-to-back topology

• 175° between e & rest

Beam View

Side View

𝐸𝑒 = 1.5 TeV



Beam view

      

Side view

• Vertex with 11 tracks

• 615 µm inside tungsten

• e-like track from vertex

• Single track for 2X0

• Shower max @ 7.8Χ0

• θe = 11 mrad to beam

• Back-to-back topology

• 175° between e & rest

Try an interactive display! http://physics.s.chiba-u.ac.jp/lepp/pika-nu.html𝜈𝑒 candidate

3 observed 𝜈𝑒 events with 0.002 
expected BG (5 𝜎)

First direct observation of electron-
neutrino CC interactions at the LHC

http://physics.s.chiba-u.ac.jp/lepp/pika-nu.html


Simple and robust A’ → e+e- selection, optimised for discovery 
No veto signal, two tracks and E(calo) > 100 GeV 
Efficiency of ~50% in region of space where dark photon can act as dark mater mediator

• Total background prediction 
(dominated by neutrinos)

NBG= (2.3 ± 2.3) x 10-3

• No events in unblinded signal 
region



Forward experiment 
in HL-LHC

Physics run will start in 
2022 (~250 fb-1)

BG measurement, 
pilot run in 2018



The Forward Physics Facility
The FPF is a proposed facility that would house a suite of experiments to 

fully exploit the LHC’s physics potential in the forward direction. 
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Detectors at the FPF

AdvSND
electronic detector 

near detector at η~5 
far detector at FPF

FLArE
liquid noble gas detector 

FASERv2
20 tons emulsion neutrino detector
followed by FASER spectrometer

FASER2
LLP searches

FORMOSA
Milli charged particle



Meetings and Documentation

FPF workshop series:

FPF1, FPF2, FPF3,

FPF4, FPF5, FPF6

FPF Paper: 

2109.10905

~75 pages, ~80 authors

Snowmass Whitepaper:

 2203.05090

~450 pages, ~250 authors

FASER Collaboration, 1811.12522 (2018)

https://indico.cern.ch/event/955956/
https://indico.cern.ch/event/1022352
https://indico.cern.ch/event/1076733/
https://indico.cern.ch/event/1110746/
https://indico.cern.ch/event/1196506/
https://indico.cern.ch/event/1275380/
https://arxiv.org/abs/2109.10905
https://arxiv.org/abs/2203.05090


FPF in Snowmass

Auxiliary forward-physics facilities will further extend the physics potential of the HL-
LHC both for SM measurements and BSM discoveries. In view of all these 
considerations, the EF supports continued strong U.S. participation in the success of 
the LHC, and the HL-LHC construction, operations, and physics programs, including 
auxiliary experiments.

The FPF was prominently featured in many Snowmass Reports
(Thanks to the efforts of many of you!) 

Additionally, auxiliary experiments and facilities are proposed to take advantage in 
far forward kinematic regions. Forward physics facilities allow to further extend the 
breadth of the HL-LHC physics: they can study regions of parameter phase space for 
BSM, for example in LLPs and DM searches, that would otherwise remain uncovered, 
and can perform novel QCD and neutrino measurements in the very forward region

Vision Section of Energy Frontier Report

Energy Frontier Section of Snowmass Summary Report

https://www.slac.stanford.edu/econf/C210711/reports/Energy.pdf
https://www.slac.stanford.edu/econf/C210711/reports/Summary.pdf


FPF in Snowmass

Executive Summary (10 pages)

A new aspect of the proposed LHC program is the 
emergence of a variety of auxiliary experiments that 
can use the interactions already occurring in the 
existing collision … to explore regions of discovery 
space that are not currently accessible. These typically 
involve observing particles in the far forward direction 
or long-lived particles … decaying far outside the 
existing detectors.  These are mid-scale detectors in 
their own right and provide room for additional 
innovation and leadership opportunities for younger 
physicists at the LHC.  The EF supports continued 
strong U.S. participation … including auxiliary 
experiments.
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• First direct detection of collider neutrinos! 

• Detected 𝜈𝑒 CC interactions in FASER𝜈

• Excluded A’ in region of low mass and kinetic mixing

     

Preliminary



•

To be updated





• arXiv:2308.05587

• PhysRevLett.131.031801

• arXiv:2207.11427

• CERN Document Server

• NIM 166825 (2022)

• JINST 16 P12028 (2021)

• PRD 104 L091101 (2021)

• arXiv:2001.03073

• EPJC 80 61 (2020)

• arXiv:1901.04468

• PRD 99 090511 (2019)

• arXiv:1812.09139

• : arXiv:1811.10243

To be updated

https://arxiv.org/abs/2308.05587
https://doi.org/10.1103/PhysRevLett.131.031801
https://arxiv.org/abs/2207.11427
https://cds.cern.ch/record/2803084/
https://www.sciencedirect.com/science/article/pii/S0168900222003096
https://iopscience.iop.org/article/10.1088/1748-0221/16/12/P12028
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.L091101
https://arxiv.org/abs/2001.03073
EPJC%2080%2061%20(2020)
https://arxiv.org/abs/1901.04468
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.095011
https://arxiv.org/abs/1812.09139
https://arxiv.org/abs/1811.10243


FASER Collaboration, 1811.12522 (2018)

Dark 
photon

Dark higgs
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Collider Neutrinos

• Neutrinos produced copiously in decays of forward hadrons
• Highly energetic (TeV scale) → 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

37Study 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

2023/3/15 Akitaka Ariga, DMNet, Sep 2023

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.113008
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• Event selection
• Collision event with good data quality (35.4 fb-1)

• No signal in two front veto scintillators (<40 pC∼0.5 MIP)

• Signal in last two veto layers

• Signal and pre-shower scintillators consistent with ≥1 MIPs

• Exactly one good quality spectrometer track with 𝒑>100 

GeV

• Track in fiducial tracking volume, 𝑟<95 mm

• Track extrapolate to 𝑟<120 mm in front veto scintillator

• Track polar angle less than 25 mrad

• Signal expectation

• 151 ± 41 events

• Uncertainty from DPMJET vs SIBYLL

• Background estimate

• Neutral hadrons: 0.11 ± 0.06 events

• Scattered muons: 0.08 ± 1.83 events

• Front veto inefficiency: negligible

First direct observation of 𝜈𝜇 interactions at the LHC 
by the FASER electronic detectors

38

Phys. Rev. Lett. 131, 031801 (2023)

2023/3/15 Akitaka Ariga, DMNet, Sep 2023

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.031801
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Neutrino Characteristics

• Candidate neutrino events match 
expectation from signal
• High occupancy in front tracker station

• Most events have high μ momentum

• More νμ than anti- νμ

• Note: no acceptance corrections nor any
systematic uncertainties in these plots

39

+ve muons 
→ anti νμ

-ve muons 
→ νμ

2023/3/15 Akitaka Ariga, DMNet, Sep 2023
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Neutrino results from FASER𝜈

Expected background
Expected signal Observed

Hadron int. 𝜈 NC int.

νe CC
0.002

±0.002(stat)±0.002(syst)
- 1.2 +4.0

-0.6 3

νμ CC
0.32

±0.15(stat)±0.16(syst)
0.19±0.15 4.4 +4.2

-1.4 4

3 𝜈𝑒 CC candidate events are observed.

→ Probability to be explained by background is 1.6 × 10−7, corresponding to 5𝜎 exclusion 

of the background-only hypothesis.

First direct observation of electron-neutrino CC interactions at the LHC

40

FASER𝝂 Preliminary

𝑝 = 5.2 × 10−3 (2.5𝜎)

𝑝 = 1.6 × 10−7 (5.1𝜎)

The performance of 𝜈𝜇 detection will be improved in future analysis using a longer range for 𝜇 ID.

2023/3/15 Akitaka Ariga, DMNet, Sep 2023



• Neutrino cross section measurement at unexplored energy range

𝝂𝒆 𝝂𝝁 𝝂𝝉

Projected precision of FASER𝜈 measurement at 14-TeV LHC (150 fb-1)

inner error bars: statistical uncertainties, outer error bars: uncertainties from neutrino production rate 
corresponding to the range of predictions obtained from different MC generators.

FASER Collaboration, 
Eur. Phys. J. C 80 (2020) 61, 
arXiv:1908.02310

𝝂𝒆 𝝂𝝁 𝝂𝝉



• Measure charm 

• Search for Beauty 

ҧ𝜈𝑁 → ℓ ത𝐵𝑋

𝜈𝑁 → ℓ𝐵𝐷𝑋

ℓ = 𝑒, 𝜇

𝜈𝜏 𝜏

𝑑 𝑐𝑉𝑐𝑑

𝑊±



• Pion, Kaon, charm contribute to different part of 
rapidity and energy spectra and flavor

• FASER𝜈
Muon excess, 

prompt neutrinos

43

𝜈𝜇

𝜋

𝐾

𝐷

𝜈𝑒

𝜈𝜏

𝐾 𝐷

𝐷𝑠

𝜈𝜇𝜋

𝐾

𝐷



• Asymmetric gluon-gluon interaction
• small-𝑥 × large-𝑥.

• Neutrinos from charm decay

atmospheric prompt 
neutrinos FASER𝜈: 𝜂>8.8

by F. Kling

𝑝

𝑝

Large-x

Small-x

forward beam

prompt atmospheric neutrinos



𝜈𝑒 disappearance 𝜈𝜇 disappearance
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Neutrino Backgrounds

• Neutral hadrons estimated from 2-step simulation
• Expect ~300 neutral hadrons with E>100 GeV reaching FASERν

• Most accompanied by μ but conservatively assume missed

• Estimate fraction of these passing event selection
• Most are absorbed in tungsten with no high-momentum track

• Predict N = 0.11 ± 0.06 events

• Scattered muons estimated from data SB
• Take events w/o front veto radius requirement and single

track segment in first tracker station with 90 < r < 95 mm
• Fit to extrapolate to higher momentum

• Scale by # events with front veto cut
• Use MC to extrapolate to signal region

• Predict N = 0.08 ± 1.83 events
• Uncertainty from varying selection

• Veto inefficiency estimated from final fit
• Fit events with 0 (SR) and also 1 (1st or 2nd) or 2 front veto layers firing
• Final negligible background due to very high veto efficiency

462023/3/15 Akitaka Ariga, DMNet, Sep 2023
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Neutrinos: Geometric Background

• Measure geometric background by counting # events in SB and scale to SR

• SB defined to enhance muons missing FASERν veto that still give a track in the spectrometer
• Single IFT segment in 90 < r < 95 mm anulus
• Loosened momentum requirement 
• No FASERv veto radius requirement 
• Negligible neutrino background

• Fit mom. to extrapolate to p > 100 GeV

• Scale to rate of events with rVetoNu < 120 mm
• 0 events so use 5.9 events as 3σ upper limit

• Scale from anulus to full acceptance 
• Using large angle muon simulation

• Expect 0.08 ± 1.83 events

472023/3/15 Akitaka Ariga, DMNet, Sep 2023
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Neutrinos: Neutral Hadron Background

• Simulated 109 μ+ and μ- events 
• Start from FLUKA Spectra

• G4 propagation through last 8 m of rock 

• Number of hadrons with  p > 100 GeV
reaching FASER ≈ 300.

48

• Estimate fraction of these passing event selection
• Simulate kaons (Ks/Kl) and neutrons with 

p > 100 GeV following expected spectra

• Most are absorbed in tungsten with no high-
momentum track → only small fraction pass

• Scale neutral hadrons produce by muons reaching FASER by fraction passing selection
• Predicts N = 0.11 ± 0.06 events

2023/3/15 Akitaka Ariga, DMNet, Sep 2023
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Neutrinos: fit

• Fit to events with 0, 1 or 2 front veto hits
• Splitting those were 1 hit is in 1st/2nd layer

• Construct likelihood as product of Poissions
• With additional 3 Gaussian constraints for

Neutral hadron background, Geometric 
background and the extrapolation factor

• Determine number of in each category
• Along with inefficiencies of 2 forward vetos, 

which are found to be close to expected vals.

49

obs exp

34

2023/3/15 Akitaka Ariga, DMNet, Sep 2023
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Dark Photon Selection

• Simple and robust A’ → e+e- selection, optimised for discovery 
• Blind events with no veto signal and E(calo) > 100 GeV 

• Efficiency of ~40% across region sensitive to 

50

A’

e+

e-

Calorimeter

Decay volume

Magnet Magnet Magnet
Veto Veto

Tracker Tracker Tracker Tracker

Timing Preshower

1. Collision event with 
good data quality

2. No signal (< 40 pc) in 
any veto scintillator

4. Exactly 2 good fiducial tracks 
• p > 20 GeV and r < 95 mm 
• Extrapolating to r < 95 mm at vetos

3. Timing and preshower
consistent with ≥2 MIPs

5. Calo E > 500 GeV

2023/3/15 Akitaka Ariga, DMNet, Sep 2023



• Great progress in the readout speed, throughput of 48 GBytes/sec

Start 
year

Field of view 
(mm2)

Readout speed 
(cm2/h/layer)

S-UTS 2006 0.05 72

HTS-1 2015 25 4700

HTS-2 2021 50 25000

HTS paper: M. Yoshimoto, T. Nakano, R. Komatani, H. 
Kawahara, PTEP 10 (2017) 103H01.



Readout

AlignmentTrack reconstructionVertex reconstructionPhysics analysis

DevelopmentExposureAssemblyFilm production Disassembling

Nagoya NagoyaCERN

Offline analysis

5
2

𝑒, 𝜇 ID
𝜏 decay search
charge ID
E𝜈 reco
charm/beauty
etc. 



Interface tracker veto

FASER𝜈
Emulsion/tungsten

FASER
Decay volume & trackers

Dark Photon ALPs



• Pion, Kaon, charm contribute to different part of energy 
spectra and flavor 

• FASER𝜈
Muon excess, prompt neutrinos

𝜈𝜇
𝜈𝑒

𝜈𝜏

𝜋

𝐾

𝐷

𝐾
𝐷

𝐷𝑠



to make precise measurements of 
the cosmic neutrino flux

measurement 
of the prompt neutrino production at FASER𝝂

cosmic ray 
experiments have reported an excess in the 
number of muons 

New 
input from LHC is crucial to reproduce CR data 
consistently

prompt atmospheric neutrinos

K.H. Kampert, M. Unger, Astropart. Phys. 35, 660 (2012), 
H.P. Dembinski et al., EPJ Web Conf. 210, 02004 (2019)

IceCube Collaboration, 
Astrophys. J. 833 (2016)



Benchmark Model FASER FASER 2 References

V1/BC1: Dark Photon √ √ Feng, Galon, Kling, Trojanowski, 1708.09389

V2/BC1’: U(1)B-L Gauge Boson √ √
Bauer, Foldenauer, Jaeckel, 1803.05466

FASER Collaboration, 1811.12522

BC2: Invisible Dark Photon ⎼ ⎼ ⎼

BC3: Milli-Charged Particle ⎼ ⎼ ⎼

S1/BC4: Dark Higgs Boson ⎼ √
Feng, Galon, Kling, Trojanowski, 1710.09387
Batell, Freitas, Ismail, McKeen, 1712.10022

S2/BC5: Dark Higgs with hSS ⎼ √ Feng, Galon, Kling, Trojanowski, 1710.09387

F1/BC6: HNL with e ⎼ √
Kling, Trojanowski, 1801.08947
Helo, Hirsch, Wang, 1803.02212

F2/BC7: HNL with m ⎼ √
Kling, Trojanowski, 1801.08947
Helo, Hirsch, Wang, 1803.02212

F3/BC8: HNL with t √ √
Kling, Trojanowski, 1801.08947
Helo, Hirsch, Wang, 1803.02212

A1/BC9: ALP with photon √ √ Feng, Galon, Kling, Trojanowski, 1806.02348

A2/BC10: ALP with fermion √ √ FASER Collaboration, 1811.12522

A3/BC11: ALP with gluon √ √ FASER Collaboration, 1811.12522



105 𝜈𝑒, 
106 𝜈𝜇, 103 𝜈𝜏 CC events



14TeV 𝑝-𝑝 collisions

TI-12

TI-18

http://doi.org/10.1140/epjc/s10052-020-7631-5
https://arxiv.org/abs/2001.03073
https://arxiv.org/abs/2002.08722


FASER𝝂 SND@LHC

Target mass 1100 kg 800 kg

Location On axis Off axis

Features High energy & 
high statistics

More neutrinos 
from charm 
decay

Expected CC interactions with 150 fb-1

10.1103/PhysRevD.104.113008

𝜂 =

⟨𝐸𝜈𝜇⟩ ∼ 900 GeV

⟨𝐸𝜈𝜇⟩ ∼ 500 GeV

https://doi.org/10.1103/PhysRevD.104.113008


Projected cross section 
sensitivities (FASER𝜈, plot 
for 150 fb-1)

Three flavors neutrino cross 
section measurements at 
unexplored energies
O(10,000) ν interactions expected 
in LHC Run 3 
Test Lepton Universality in CC-int
Also NC interaction studies

10.1103/PhysRevD.104.113008

250 fb-1

https://doi.org/10.1103/PhysRevD.104.113008


p p

𝜈𝜇
𝜈e
𝜈𝜏

● Hybrid detector design.
● Optimized for the 

identification of three 
neutrino flavours and 
feebly interacting 
particles.

Emulsion/W target and SciFi planes

Scintillator strips + iron



3/2022
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