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‣ Main focus of  LHC are heavy particles: Higgs, SUSY, … . 

‣ Their decay products have high  and are distributed almost isotropically 

‣ ATLAS/CMS were constructed to catch them
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‣ The LHC produces a huge number of  hadrons in the forward direction: 

‣ , , , …,  within 1 mrad of  the beam in Run 3 (low  but large energy!) 

‣ What opportunities are we currently missing from a lack of  coverage of  far-forward physics? 
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The LHC produces an intense and strongly collimated beam 
of  neutrinos with TeV energies in the forward direction!

2
[A. De Rujula, R. Rückl, CERN-TH-3892/84 (1984)]

https://inspirehep.net/files/c99e888b23badec0f0f7d6b7b3a16050
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This may also be true for many interesting  
new particle candidates!

The LHC produces an intense and strongly collimated beam 
of  neutrinos with TeV energies in the forward direction!
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‣ These particles escape down the beam pipe and remain undetected! 

‣ Indeed, the existing big LHC detectors are perfectly designed NOT to see them…

Physics Motivation
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‣ CR properties inferred from 
measurements at the ground!

‣ Strong connection to astroparticle physics!

Physics Motivation



What happens  
 between here  
   and here? 

Extensive Air Showers
‣ CR properties are inferred from the (secondary) particles measured at the ground.
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‣ Observation: We see the complex       
"mess" after multiple collisions. 

‣ Goal: Find out what initiated the collision. 
‣ Not trivial… actually, pretty hard!

Extensive Air Showers
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EAS Simulations

‣ Simulated gamma, proton, and iron showers at  

‣ Challenge: description of  particle interactions / particle production in the atmosphere

E0 = 1015 eV [https://www.iap.kit.edu/corsika/]
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https://www.iap.kit.edu/corsika/


p, A

p, A

Collider vs. EAS

‣ Mainly particles in the            
forward direction!

‣ "Blind" in the forward region

8

‣ Large Hadron Collider (LHC) 

‣ Extensive Air Shower (EAS)



The Muon Puzzle

[J. C. Arteaga-Velázquez, D. Soldin (WHISP), PoS ICRC2023 (2023) 466]

‣ Indirect cosmic-ray measurements: 

‣ Properties of  the initial cosmic ray inferred from simulations of  extensive air showers 

‣ ~30% more muons observed than expected at the highest energies! 

‣ z-scale: 

‣ : proton 

‣ : iron 

‣ Large uncertainties                                                                                                                                       
in EAS measurements,                                                                                                                               
e.g. composition!

z = 0

z = 1

z =
ln(Nμ) − ln(Nμ,p)

ln(Nμ,Fe) − ln(Nμ,p)

9

https://arxiv.org/abs/2108.08341


Atmospheric Neutrinos
‣ Atmospheric high-energy neutrino flux: 

‣ Neutrinos from EAS are background for astrophysical neutrino searches, e.g. IceCube / KM3NeT 

‣ Prompt neutrino flux (charm) dominates at high energies 

‣ Large associated uncertainties for astrophysical neutrino fits!

[C. Kopper (IceCube Collaboration), PoS(ICRC2017)981 (2018)] [PROSA Collaboration, JHEP 04 (2020)] 10



Challenges in EAS Physics
‣ Extensive air showers: 

‣ Particle production in the                                                                                                                                    
far-forward region 

‣ Low momentum transfer 

‣ Non-perturbative regime 

‣ Complex particle composition 

‣ Energies range over many                                                                                                                                                       
orders of  magnitude

η = − ln [tan(θ/2)]

Modeling of  particle interactions in EASs based on phenomenological models!

Pseudorapidity:

11
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[D. Soldin et al., PoS ICRC2025 (2025) 1182]

Modeling of  particle interactions in EASs based on phenomenological models!

η = − ln [tan(θ/2)]

11

https://arxiv.org/abs/2105.06148
https://arxiv.org/abs/2509.15426


‣ Hadronic interaction models are based on known particle physics (and beyond) 

‣ Interactions in EAS at LHC energies and beyond 

‣ Various types of  hadron interactions in EAS 

‣ Particle production in EAS in the forward region  

‣ Not accessible by current accelerator experiments 

‣ Not calculable within perturbative QCD 

‣ Extrapolations into unknown phase space required!

vs.
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Hadronic Interaction Models

How can we test hadronic interaction models in the far-forward region at accelerators?
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Forward Physics at the LHC

central region
H, SUSY, …

forward region

forward region

Proposal: Build experiment on the line-of-sight (LOS) of  interaction point (IP)!

detector

13



Possible Location

Is there already an existing tunnel?

14



Overview

2

25 Oct 2021 Feng  5

FAR FORWARD EXPERIMENTS AT LHC RUN 3

CERN GIS

UJ12

UJ18

SPSATLAS

LHC

LOSFASER: approved March 2019
FASERn: approved December 2019

SND@LHC: approved March 2021

• There are currently 3 detectors underway to exploit this potential in the 
upcoming LHC Run 3.Is there already an existing tunnel? YES!



‣ In 2018:  

FASER  pilot detector                         vs. 

‣ Suitcase size, 4 weeks of  data 
‣ Costs: $0 (recycled parts) 
‣ 6 TeV neutrino candidates   

ν

Physics Potential

All previous collider experiments 

‣ Building size, decades of  data 
‣ Costs: ~ $  
‣ 0 TeV neutrino candidates

109

ALEPH ALICE ATLAS CDF OPAL

CMS DELHI D0 L3 SLD

[FASER Collaboration, Phys. Rev. D 104 (2021)]
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‣ Complementary probe of                             
forward particle production 

‣ Light and charm hadrons

Physics Potential

‣ Unique laboratory probe of  TeV 
energy neutrino interactions 

‣ Cross sections and nuclear structure

FASER/SND

18



Location: UJ12/TI12
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Location: UJ12/TI12
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Location: UJ12/TI12
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Location: UJ12/TI12
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FASER/FASERν

23



‣ Pseudorapidities:  

‣ FASER: 
‣ Multiple electronic detector components 
‣ Veto scintillators 
‣ Tracking spectrometer                            

(  position resolution) 
‣ Electromagnetic calorimeter                  

(~1% energy resolution) 

‣ FASER : 
‣ 730 tungsten plates, interleaved                   

with nuclear-emulsion films 
‣ 1,100 kg target mass

η > 8.8

30μm

ν

FASER/FASERν

24[FASER Collaboration, JINST 19 (2024)]

https://arxiv.org/pdf/2207.11427


Location: UJ18/TI18

25



SND@LHC

26



‣ Pseudorapidities:  
‣ Multiple electronic detector components 
‣ Veto scintillators 
‣ Scintillating bars (scintillating fiber, SciFi) 

station for tracking                                        
(  position resolution) 

‣ Five emulsion cloud chambers, each 
‣ 60 nuclear emulsion films 
‣ Interleaved with 59                                                  

tungsten plates 
‣ 800 kg tungsten target

7.2 < η < 8.4

100μm

SND@LHC

27[SND@LHC Collaboration, JINST 19 (2024)]

https://arxiv.org/pdf/2210.02784


Expected Fluxes (Run 3) [A. Ariga et al., arXiv:2501.10078]

28

350 fb−1

https://arxiv.org/pdf/2501.10078


Example Events

29



‣ Search strategy: 
‣ Charged current  events through muon appearance 
‣ Electronic detector only 

‣ FASER: 

‣ Background:  +  
‣ Result: 153  events ( ) 

‣ SND@LHC: 

‣ Background:  
‣ Result: 8  events ( )

νμ

(0.11 ± 0.06) (0.08 ± 1.83)
νμ 16σ

(0.076 ± 0.031)
νμ 7σ

First Collider Neutrinos!

[FASER Collaboration, Phys. Rev. Lett. 131 (2023)]

[SND@LHC Collaboration, Phys. Rev. Lett. 131 (2023)]

30

31.8 fb−1

https://arxiv.org/pdf/2303.14185
https://arxiv.org/pdf/2305.09383


‣ First search for charged current  and  events in emulsion detector (FASER ) 

‣ 128.8 kg subset of  volume analyzed ( )

νe νμ ν

9.5 fb−1

First Collider Neutrinos!

[FASER Collaboration, Phys. Rev. Lett. 133 (2024)] 31

https://arxiv.org/pdf/2403.12520


‣ First search for charged current  and  events in emulsion detector (FASER ) 

‣ 128.8 kg subset of  volume analyzed ( )

νe νμ ν

9.5 fb−1

First Collider Neutrinos!

[FASER Collaboration, Phys. Rev. Lett. 133 (2024)] 31

https://arxiv.org/pdf/2403.12520


‣ First search for charged current  and  events in emulsion detector (FASER ) 

‣ 128.8 kg subset of  volume analyzed ( ) 

‣ Result:  
‣ 4  candidates ( ) 
‣ 8  candidates ( )

νe νμ ν

9.5 fb−1

νe 5.2σ
νμ 5.7σ

First Collider Neutrinos!

[FASER Collaboration, Phys. Rev. Lett. 133 (2024)] 32

Eν ∼ 1.5 TeV

Eν ∼ 864 GeV

https://arxiv.org/pdf/2403.12520


Neutrino Cross Sections

[FASER Collaboration, Phys. Rev. Lett. 133 (2024)]
[FASER Collaboration, Phys. Rev. Lett. 134 (2024)]

33

https://arxiv.org/pdf/2403.12520
https://arxiv.org/pdf/2412.03186


Neutrino Forward Fluxes

34
[FASER Collaboration, PoS ICRC2025 (2025) 349]

https://arxiv.org/abs/2507.23552


‣ Number of  neutrino interactions from pion and kaon decays  

‣ In strong tension with all MC generators tested!

Neutrino Forward Fluxes

35
[FASER Collaboration, Phys. Rev. Lett. 134 (2024)]

https://arxiv.org/pdf/2412.03186


How to further extend this program into the HL-LHC era? 

Run 4 Detector Upgrades

36

‣ HL-LHC luminosities make it challenging to use emulsion detector efficiently 
‣ Several detector upgrades under investigation…

[A. Ariga et al., arXiv:2501.10078]

https://arxiv.org/pdf/2501.10078
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purpose built facility



‣ Purpose built facility to house dedicated experiments in the far-forward region 

‣ In line-of-sight to ATLAS interaction point (separated by several 100 m of  rock) 

‣ Currently four proposed experiments

Forward Physics Facility

[J. L. Feng, ..., D. Soldin et al., J. Phys. G: Nucl. Part. Phys. 50 (2023) ] 38

https://arxiv.org/abs/2203.05090
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The Facility

39



Forward Physics Facility

40[J. L. Feng, ..., D. Soldin et al., J. Phys. G: Nucl. Part. Phys. 50 (2023) ]

‣ Pseudorapidities:  

‣ Four proposed experiments: 

‣ FASER2 
‣ Magnetic tracking spectrometer             

(search for light and weakly-interacting states) 
‣ FASER 2 
‣ Emulsion detector                                   

(detection of  TeV neutrinos) 
‣ FLArE 
‣ 10-ton noble liquid fine-grained TPC 

(detection of  neutrinos and light dark matter) 
‣ FORMOSA 
‣ Scintillating bars (detection of  millicharged particles)

η ≳ 7.5

ν

[J. Adhikary, ..., D. Soldin et al., Eur. Phys. J. C 85 (2025) ]

https://arxiv.org/abs/2203.05090
https://arxiv.org/abs/2411.04175


Physics Opportunities

41[J. L. Feng, ..., D. Soldin et al., J. Phys. G: Nucl. Part. Phys. 50 (2023) ]

https://arxiv.org/abs/2203.05090


Physics Opportunities

[J. L. Feng, ..., D. Soldin et al., J. Phys. G: Nucl. Part. Phys. 50 (2023) ]

‣ LHC neutrinos uniquely cover unexplored TeV energy range 

‣ Thousands of  neutrino interactions in current detectors 

‣ Millions of  neutrino interactions expected at FPF detectors 

‣ Including several thousands of  tau neutrinos!

42

https://arxiv.org/abs/2203.05090
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FPF Physics Program
‣ Large (multi-)community effort! 

‣ Comprehensive physics program: 

‣ Long-lived particles 

‣ Dark Matter and BSM scattering 

‣ Quantum Chromodynamics 

‣ Neutrino physics 

‣ Astroparticle physics 

‣ More information: 

‣ https://fpf.web.cern.ch

[J. L. Feng, ..., D. Soldin et al., J. Phys. G: Nucl. Part. Phys. 50 (2023) ] 43

https://fpf.web.cern.ch/
https://arxiv.org/abs/2203.05090
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FPF Physics Program
‣ Large (multi-)community effort! 

‣ Comprehensive physics program: 

‣ Long-lived particles 

‣ Dark Matter and BSM scattering 

‣ Quantum Chromodynamics 

‣ Neutrino physics 

‣ Astroparticle physics 

‣ More information: 

‣ https://fpf.web.cern.ch

[J. L. Feng, ..., D. Soldin et al., J. Phys. G: Nucl. Part. Phys. 50 (2023) ]

This talk!
43

https://fpf.web.cern.ch/
https://arxiv.org/abs/2203.05090


Astroparticle Physics
‣ Example: Neutrino fluxes at FASER 2ν

44
[D. Soldin et al., PoS ICRC2025 (2025) 1182]

[J. Adhikary, ..., D. Soldin et al., Eur. Phys. J. C 85 (2025)]

https://arxiv.org/abs/2509.15426
https://arxiv.org/abs/2411.04175


Astroparticle Physics
‣ Example: Neutrino fluxes at FASER 2ν

45
[D. Soldin et al., PoS ICRC2025 (2025) 1182]

[J. Adhikary, ..., D. Soldin et al., Eur. Phys. J. C 85 (2025)]

https://arxiv.org/abs/2509.15426
https://arxiv.org/abs/2411.04175


Astroparticle Physics
‣ Example: Neutrino fluxes at FASER 2ν

46
[D. Soldin et al., PoS ICRC2025 (2025) 1182]

[J. Adhikary, ..., D. Soldin et al., Eur. Phys. J. C 85 (2025)]

https://arxiv.org/abs/2509.15426
https://arxiv.org/abs/2411.04175


Astroparticle Physics
‣ FASER measurement:  
‣ Number of  neutrino interactions from pion and 

kaon decays  

‣ FPF data and improved methods will put strong 
constraints on the kaon/pion ratio! 

‣ Constraints for hadronic interaction models!

47

[FASER Collaboration, Phys. Rev. Lett. 134 (2024)]

[D. Soldin et al., PoS ICRC2025 (2025) 1182]
[J. Adhikary, ..., D. Soldin et al., Eur. Phys. J. C 85 (2025)]

https://arxiv.org/pdf/2412.03186
https://arxiv.org/abs/2509.15426
https://arxiv.org/abs/2411.04175


Prompt Neutrinos
‣ FLArE measurement:  
‣ Small-x gluon PDFs

48[J. Adhikary, ..., D. Soldin et al., Eur. Phys. J. C 85 (2025)]

https://arxiv.org/abs/2411.04175


Neutrino Cross Sections

49

‣ Neutrino cross section measurements: 

[J. Adhikary, ..., D. Soldin et al., Eur. Phys. J. C 85 (2025)]

https://arxiv.org/abs/2411.04175


Muon Fluxes
‣ Muon fluxes at the FPF: 

50



Muon Fluxes

[J. L. Feng, ..., D. Soldin et al., J. Phys. G: Nucl. Part. Phys. 50 (2023) ]

‣ Muon fluxes at the FPF: 

‣ Temporary detectors? Simulation studies ongoing…
51

https://arxiv.org/abs/2203.05090


FPF Documentation
‣ FPF "Short Paper" (77 pages, ~80 authors) 

‣ Phys. Rep. 968 (2022) 

‣ Snowmass White Paper (~430 pages, ~250 authors) 
‣ J. Phys. G: Nucl. Part. Phys. 50 (2023) 
‣ Recent update 

‣ EPPSU Scientific Program (25 pages, 26 authors) 
‣ Eur. Phys. J. C 85 (2025) 

‣ Technical documents 
‣ Facility technical study 
‣ Muon flux study 
‣ Vibration study 
‣ Geotechnical report 

‣ Many more 
‣ https://fpf.web.cern.ch

52

https://arxiv.org/abs/2109.10905
https://arxiv.org/abs/2203.05090
https://pbc.web.cern.ch/sites/default/files/2023-04/FPFSummary_final.pdf
https://arxiv.org/abs/2411.04175
https://cds.cern.ch/record/2851822/
http://cds.cern.ch/record/2884754
https://cds.cern.ch/record/2886326
https://edms.cern.ch/document/2910442/1
https://fpf.web.cern.ch/


More…

[A. Ariga et al., arXiv:2501.06142 (2025)]

‣ Proposal for medium-baseline detectors 

‣ Forward LHC Observatory Underwater for 
Neutrinos and the Dark sEctoR (FLOUNDER) 
‣ Water Cherenkov detector in lake Geneva 

‣ Lake Emulsion Detector (LED) 
‣ Water emulsion detector in lake Geneva 

‣ Electronic detector in Jura Mountains

53

https://arxiv.org/abs/2501.06142


SINE / UNDINE

[N. W. Kamp et al., arXiv:2501.08278 (2025)]

‣ Proposal for medium-baseline detectors 

‣ Surface-based Integrated Neutrino 
Experiment (SINE) 
‣ ~18 km from CMS IP 
‣ Surface-based scintillator panel 

detector (  detection) 

‣ UNDerwater  Integrated Neutrino 
Experiment (UNDINE) 
‣ ~30 km from LHCb IP (lake Geneva) 
‣ Water Cherenkov detector (all flavors)

νμ

54

https://arxiv.org/abs/2501.08278


Exciting Forward Physics Opportunities with Collider Neutrinos!

55
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FPF Physics Program

[J. L. Feng, ..., D. Soldin et al., J. Phys. G: Nucl. Part. Phys. 50 (2023) ]

https://arxiv.org/abs/2203.05090


FPF Timeline

R&D Services

LHC Run 3

2024

๏  

20292026

๏  
Long Shutdown 3 HL-LHC

2040s

Civil Engineering
๏  

2026
2029

2031/2032

๏  
Physics

2040s

๏  
Pre-CDR 
(end 2024)

Experiments

Detector Construction

[J. Adhikary, ..., D. Soldin et al., arXiv:2411.04175 (2024) ]

https://arxiv.org/abs/2411.04175


FPF Cost

~$43 million [J. Adhikary, ..., D. Soldin et al., arXiv:2411.04175 (2024) ]

https://arxiv.org/abs/2411.04175


FPF Cost

[J. Adhikary, ..., D. Soldin et al., arXiv:2411.04175 (2024) ]

~$50 million

https://arxiv.org/abs/2411.04175


Neutrino Forward Fluxes

‣ Mild excess over prediction ‣ Model inconsistent with data

[FASER Collaboration, Phys. Rev. Lett. 134 (2024)]

https://arxiv.org/pdf/2412.03186

