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• New opportunities for neutrino 
researches

• No neutrino detected 

Slide from J. Feng



• Highest neutrino energy made by man-kind

νe νμ ντ



100 m of rock
480 m

Neutrinos

LHC magnets

𝑝-𝑝 collision at ATLAS

Neutral hadrons

Charged particles

Neutrino detector



XSEN group investigated locations around CMS
10.1088/1361-6471/ab3f7c
Background levels were too high for emulsion detectors

FASER group investigated those at very forward of ATLAS, TI-18 and TI-12
10.1140/epjc/s10052-020-7631-5
Background levels were reasonably low!

TI-12

TI-18

https://iopscience.iop.org/article/10.1088/1361-6471/ab3f7c
https://doi.org/10.1140/epjc/s10052-020-7631-5


≃ 3 × 105 tracks/cm2
6 weeks, 12.2 fb-1

2 x 2 mm2 data 

𝜇 and 𝑒
neutrinos

30 kg
12.2 fb-1

• First neutrino candidates at 2.7 𝜎

30 kg detector 

10 cm

Phys. Rev. D 104, L091101 (2021)

1000 𝜇𝑚
𝜇𝑚

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L091101


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)

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

Expected CC interactions with 150 fb-1

10.1103/PhysRevD.104.113008

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


• Measure charm 
Charm factory!

• Search for Beauty 

ҧ𝜈𝑁 → ℓ ത𝐵𝑋

𝜈𝑁 → ℓ𝐵𝐷𝑋

ℓ = 𝑒, 𝜇, 𝜏

𝜈𝜏 𝜏

𝑑/s 𝑐𝑉𝑐𝑑/𝑉𝑐𝑠

𝑊±

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

https://doi.org/10.1140/epjc/s10052-020-7631-5


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

• FASER𝜈 and SND@LHC 

Muon excess, prompt neutrinos
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• Neutrinos from charm decay

FASER𝜈: 𝜂>8.8

𝑝

𝑝

Large-x

Small-x

forward beam

A

B

B

CC

SND@LHC

FASER𝜈



g,q

g,q

intrinsic 

charm

cc

D

BFKL dynamics

large x PDFs: 

x~1

ultra low-x 

PDFs: x~10-7

forward charm 

color glass 

condensate

charm

fragmentation

p

p

Forward Particle Production

q

neutrino DIS at 

TeV scale

nuclear PDFs

shadowing

strangeness

hadronization in 

nuclear medium

color 

transparency

EMC effect

184W

l

TeV Energy Neutrino Interaction

QCD using LHC Neutrinos

𝜈



● SND@LHC, FASER is sensitive to new dark sector particles

○ Scattering in SND@LHC

■ E.g.,  scalars interacting with nucleons via a 

leptophobic portal

○ Decaying in SND@LHC, FASER

■ Dark scalars, heavy neutral leptons or dark photons 

decaying into a pair of charged tracks

Elastic Inelastic

p bremmstrahlung Meson decay Drell-yan

Scattering

Decay

10.1007/JHEP03(2022)006

https://doi.org/10.1007/JHEP03(2022)006




Emulsion films produced in Japan

Silver bromide crystals

both

8 × 1014 detection 
channels



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



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



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



FASER

SND@LHC
0.5 𝑓𝑏−1 10.6 𝑓𝑏−1 30.2 𝑓𝑏−1

21.1 𝑓𝑏−1 9.2 𝑓𝑏−1

Emulsion films 
were exchanged 
3-4 times 

38.5 𝑓𝑏−1 of data delivered
Run 3 total expected (2022-2025) = 250 fb-1



500 
μm

FASER𝜈 (2022 first module)

𝝈 = 𝟎. 𝟒𝟐𝐦𝐫𝐚𝐝

FASER𝜈 position resolution
𝝈 = 𝟎. 𝟏𝟖 𝝁𝒎

𝜇 track in electronic detectors

1.4 × 104 tracks/fb-1



2
4

Measured rates on BRICK1 surface

1.4x104 fb/cm2

SciFi

EMULSIONS

PEAK1  Mean 5.7 mrad
Sigma 3.0 mrad 

PEAK2  Mean 10.4 mrad 
Sigma  4.1 mrad 

Measured rates in BRICK1  

1.5 x104 fb/cm2

PEAK1  Mean 3.4 mrad
Sigma 1.6 mrad 

PEAK2  Mean 7.9 mrad 
Sigma  3.1 mrad 

∂x = 4.5 mrad 

∂x = 4.7 mrad 

SciFi Muon system



● Analysis of  full 2022 data set (~40 fb-1)

○ ~1010 events

● Signal selection based on topological and 

calorimetric information  

○ No activity in veto or first SciFi station

○ Event does not start in last SciFi station

○ Large activity in calorimeters

○ Tight fiducial volume in target center

○ Event corresponds to IP1 colliding bunch

○ Event is isolated in time from previous and 

following event

● Identification a few 𝜈𝜇CC-like 

● Detailed estimation of background performed  

SND@LHC PRELIMINARY

𝜈𝜇CC-like event in Run 3 data

Top view

Side view
2
5



2
6

- Charged vertex

- Neutral vertex

Note: there are more hadron interactions 
than neutrino interactions



     

𝑒-like track from vertex
Single track for 2 𝑋0
Back-to-back topology
615 𝜇m inside tungsten
𝜃𝑒 = 11mrad w.r.t. beam

      

Side view
Beam view



      

Side view

Beam view

Annimation

𝑒-like track from vertex
Single track for 2 𝑋0
Back-to-back topology
615 𝜇m inside tungsten
𝜃𝑒 = 11mrad w.r.t. beam



FPF
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FPF White Paper (2022/3) 
http://arxiv.org/abs/2203.05090

FPF 5th workshop (2022/11) 
https://indico.cern.ch/event/1196506/

FPF Facility studies (2023/3)
https://cds.cern.ch/record/2851822

http://arxiv.org/abs/2203.05090
https://indico.cern.ch/event/1196506/
https://cds.cern.ch/record/2851822


Neutrino Detector 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



• Neutrinos at the LHC, a new domain of particle physics research!

FASER and SND@LHC neutrinos and LLPs
“collider neutrinos”

neutrino, flavor, QCD, cosmic-ray physics

• Detection of neutrinos was demonstrated with FASER𝜈 pilot run in 2018

• 2 experiments are taking data! First results show an excellent performance 
of detector. 
• 40 fb-1 collected in 2022

• Future projects (FPF) at the HL-LHC 
• Strong and broad physics motivation with significant interest from the community
• We invite people from neutrino and wider fields! 





FASER Collaboration 
74 collaborators, 21 institutions, 9 countries (as of Jan. 2022)



CERN document server arXiv

CERN document server arXiv

Physical Review D arXiv

arXiv

European Physical Journal C arXiv

CERN document server arXiv

• First neutrino interaction candidates at the LHC arXiv

http://cds.cern.ch/record/2642351
https://arxiv.org/abs/1811.10243
http://cds.cern.ch/record/2651328
https://arxiv.org/abs/1812.09139
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.095011
https://arxiv.org/abs/1811.12522
https://arxiv.org/abs/1901.04468
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-7631-5
https://arxiv.org/abs/1908.02310
https://cds.cern.ch/record/2702868?ln=en
https://arxiv.org/abs/2001.03073
https://arxiv.org/abs/2105.06197


FPF
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FPF
• FPF White http://arxiv.org/abs/2203.05090

https://indico.cern.ch/event/1196506/

https://cds.cern.ch/record/2851822

http://arxiv.org/abs/2203.05090
https://indico.cern.ch/event/1196506/
https://cds.cern.ch/record/2851822


Neutrino Detector at the FPF

AdvSND
electronic detector 

near detector at η~5 
far detector at FPF

FLArE
liquid noble gas detector 

FASERv2
emulsion neutrino detector
followed by FASER spectrometer



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



Neutrino Fluxes and Rates

Large spread in current generator predictions 

Event rates at LHC neutrino experiments
estimated with two LO MC generators: SIBYLL / DPMJET

LHC Run3

HL-LHC 

Challenge: 
For neutrino physics measurement we need to 
quantify and reduce neutrino flux uncertainties

Opportunity: 
Forward neutrino flux measurement can help to 

improve our understanding of underlying physics.



Run 3
Delivered:
41.25 fb-1

Recorded:
39.74 fb-1 (96%)

0 1 2 3



Integrated 
luminosity

per module (fb-1)

N 𝝂 int. 
expected

2022 1st module Mar 15 – Jul 26 0.5 ∼7

2022 2nd module Jul 26 – Sep 13 10.6 ∼530

2022 3rd module Sep 13 – Nov 29 (∼30) (∼1500)

based on “F. Kling and L.J. Nevay, 

Forward Neutrino Fluxes at the LHC, 

Phys. Rev. D 104, 113008”

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.113008


Readout

AlignmentTrack reconstructionVertex reconstructionPhysics analysis

DevelopmentExposureAssemblyFilm production Disassembling

Japan JapanCERN

Offline analysis

4
2

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



BDSim result for TI12, Lefebvre ICHEP2020
Muon energy (at 409m from IP, pilot run)
Simulated by CERN-STI group with FLUKA



Particles from 
ATLAS IP

Particles from the 
LHC beamline

Normalized flux 
(tracks/fb-1/cm2)

TI18 (2.6 ± 0.7) × 104

TI12 (3.0 ± 0.3) × 104

TI18

TI12

ATLAS IP

Emulsion detector can work at the 
actual environment! 
(up to ~106/cm2 ≃ 30 fb-1 of data)

TI18

TI12



particles from the 
LHC beamline

Angular distributions of beam backgrounds

emulsion films, 0.3 mm
tungsten plates, 0.5 mm

Close up to the main peak (TI-18)

Projection X

particles from 
ATLAS IP

beam detector 
structure

Data and the FLUKA 
prediction agrees within 
their uncertainties.

3 mrad

𝜎 = 0.6 𝑚𝑟𝑎𝑑

After 100 m of rock, it 
scatters only 0.6 mrad.
→ ~700 GeV

2 peak structure

Flux in main peak [fb/cm2]

TI18 data 1.7 ± 0.1 × 104

TI12 data 1.9 ± 0.2 × 104

FLUKA MC 2.5 × 104 (uncertainty 50%)



• Muons neutral hadrons 

doesn’t have lepton ID 
Separation from neutral hadron BG (produced by 

muons) is challenging

Production rate per muon (Ehad>10 GeV)

𝜇 𝜇

neutral 
hadrons

detector
rock

Phys. Rev. D 104, L091101 (2021)

Vertex detection efficiency

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.L091101


• Sum of visible energy (model 
independent) already gives a 
reasonable resolution

• ANN can solve problem at high 
energy and gives about 30% 
resolution at relevant energy 
range.

…

inputs for ANN, simulated by GENIE (MC truth) 

(smeared)

Angular info Momentum



SCT module from ATLAS, 80 
um silicon strip detector

Tracking layer = 8 SCT modules

Calorimeter module from 
LHCb Scintillators 



• 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.



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)



new light 
weakly coupled gauge bosons

neutrino non-standard interactions

• Sterile neutrinos

DM scattering.

F. Kling, Phys. Rev. D 102, 015007 (2020), arXiv:2005.03594

A. Ismail, R.M. Abraham, F. 
Kling, arXiv: 2012.10500

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

B. Batell, J. Feng, S. Trojanowski, 2020, in preparation



𝜈𝑒 disappearance 𝜈𝜇 disappearance





Physics Motivation

• The FPF has a rich and broad physics programme

• Three main physics motivations
• Beyond Standard Model (BSM) “dark sector” searches

• Neutrino physics

• QCD physics

• In order to fully benefit from the increase in luminosity from the HL-LHC, 
the FPF will allow:
• Longer detectors to increase target/decay volume

• Wider detectors to increase sensitivity to heavy flavour produced particles

• Space for new detectors with complementary physics capabilities



Forward experiment 
in HL-LHC

FASER’s physics run 
(~150 fb-1 or more)

Pilot run & background 
measurements in 2018

2022-25 physics run in LHC RUN3,
1.1 tons, a total area of film 720 m2

2031- FASERν2＠FPF

in HL-LHC, 10-20 tons



A huge number of high-energy neutrinos of all 
flavours will be detected by experiments at the 
FPF.

Species #evts
(20tn, 3/ab)

𝜈𝑒 64k ~100k
𝜈𝑒 36k

𝜈𝜇 430k ~500k
𝜈𝜇 120k

𝜈𝜏 2k ~3k
𝜈𝜏 0.8k

_

_

_

Tau neutrino: 
• FPF experiments will increase this number by over two orders of magnitude, enabling precision 𝜈𝜏 studies:
• Measure high energy 𝜈𝜏/ 𝜈𝜏 charge-current cross sections 
• Study 𝜈𝜏 → heavy flavour – towards probing same diagrams as LHCb lepton-flavour violation anomalies

Large sample of 𝜈𝑒, 𝜈𝜇:

• Sterile neutrino, NSI, constrain SM EFT, s-channel resonance,,,
QCD studies →Cosmic-ray

_

Neutrinos at the FPF
https://arxiv.org/pdf/2105.08270.pdf (F. Kling)

https://arxiv.org/pdf/2105.08270.pdf


FPF workshop series:
FPF1, FPF2, FPF3, FPF4

FPF Paper:
2109.10905

~75 pages, ~80 authors

Snowmass Whitepaper:
2203.05090

~450 pages, ~250 authors

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://arxiv.org/abs/2109.10905
https://arxiv.org/abs/2203.05090
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