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- Large production rate in the forward region along the beam line  
   * many hadrons: 1017 π, 1016 K, 1015 D, 1014 B with E~TeV  
   * even extremely weakly-coupled particles may be produced sufficiently  
   * low pT ~ ΛQCD → particles are collimated θ ~ ΛQCD/E ~ mrad
 

- FASER is located 480m downstream along beam collision axis   
   * placed in beam of light weakly interacting particles
   * well shielded from  ATLAS IP
   * small, fast and relatively cheap detector design
   * sensitive to LLP decays and neutrinos
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Detecting and Studying High-Energy 
Collider Neutrinos at FASERv

Part 3

Motivation

Neutrino Flux and Interactions

The FASERv Detector  
Background and Measurements 

Physics Potential
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FASERv Motivation
 - neutrinos detected from many sources, but not from colliders 
 

 - many neutrinos at LHC produced in π, K, D meson decay  
   → ATLAS provides intense energetic collimated neutrino beam towards FASER
       * intense: ~1012 neutrino in LHC Run 3  
       * energetic: E~TeV  
       * collimated: θ ~ ΛQCD/E ~ mrad 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Felix Kling Detecting and Studying Neutrinos at FASERv

FASERv Motivation
 - neutrinos detected from many sources, but not from colliders 
 

 - many neutrinos at LHC produced in π, K, D meson decay  
   → ATLAS provides intense energetic collimated neutrino beam towards FASER
       * intense: ~1012 neutrino in LHC Run 3  
       * energetic: E~TeV  
       * collimated: θ ~ ΛQCD/E ~ mrad 
 - dedicated FASERv neutrino detector in front of FASER  
       * small: 25cm x 25cm x 1m emulsion detector  
       * tungsten target with 1.2 ton mass  
       * expected interaction rate during LHC Run 3
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    * ~ 20000 νμ 
    * ~ 2000 νe  
    * ~ 20 ντ
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FASERv Motivation
 - neutrinos detected from many sources, but not from colliders 
 

 - many neutrinos at LHC produced in π, K, D meson decay  
   → ATLAS provides intense energetic collimated neutrino beam towards FASER  
 - dedicated FASERv neutrino detector in front of FASER

 - TeV energy range currently unconstrained
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FASERv Motivation
 - neutrinos detected from many sources, but not from colliders 
 

 - many neutrinos at LHC produced in π, K, D meson decay  
   → ATLAS provides intense energetic collimated neutrino beam towards FASER  
   - dedicated FASERv neutrino detector in front of FASER

 - TeV energy range currently unconstrained 
    * FASERv allows to probe neutrino cross sections at TeV for all 3 flavors 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Neutrino Flux and Interactions
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First Neutrino Flux Estimate  
 - neutrinos at FASER produced in forward hadron decays

 - prompt neutrinos from heavy hadrons decay 
     * charm, bottom  
     * simulated using SIBYLL, PYTHIA8
 - displaced neutrinos from light hadron decay 
     * pions, kaons, hyperons
     * simulated using EPOS-LHC, QGSJET, SIBYLL

 - long lived hadrons: modeling  
   propagation through LHC
     * deflection by magnets 
     * absorption in beam pipe
     * use simplified simulation 

 - obtained neutrino flux through  
    FASERv

 - first estimate of flux uncertainties 
     * range of simulator predictions

Neutrino Flux and Interactions
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Neutrino Flux and Interactions
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Neutrino Interaction Rate  
 - for Ev>100GeV: deep inelastic scattering qν→q’ℓ 

  
    * proton momentum carried by the quark q:   x~0.1  
    * fraction of the neutrino energy transferred:  y~0.5  
    * transferred four-momentum:  Q2~(10 GeV)2 

    * cross section grows linear with energy: σ~E 
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Neutrino Interaction Rate  
 - for Ev>100GeV: deep inelastic scattering qν→q’ℓ

 - FASER measures scattering on tungsten (Z=74, A=184)  
    * without nuclear effects: σvN = Zσvp + (A-Z)σvn 
    * for heavy nuclei, nuclear effects become important  
    * treated using nuclear PDFs → only mild changes in cross section 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Neutrino Flux and Interactions
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Neutrino Interaction Rate  
 - for Ev>100GeV: deep inelastic scattering qν→q’ℓ

 - FASER measures scattering on tungsten (Z=74, A=184)
    * without nuclear effects: σvN = Zσvp + (A-Z)σvn 
 - calculate events rate at FASERv during LHC Run 3 (150 fb-1)
    * interaction probability = σvN * (Number of Nuclei) / (Detector Area)

    * average energy ~TeV

    * ~ 20000 νμ 
    * ~ 2000 νe  
    * ~ 20 ντ 
 

    * highest neutrino flux  
      along beam axis 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Neutrino Flux and Interactions
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Neutrino Flux and Interactions

[TOTEM: 1205.4105] [LHCf: 1703.07678]

Neutrino Flux Modelling Uncertainties 
- cross section measurements limited by neutrino flux uncertainty  
  * we need to quantify and reduce these uncertainties 
- forward particle production not described by pQCD, but soft physics 
  * use hadronic interaction models 
- simulators based on sophisticated modeling of microscopic physics 
  * phenomenological parameters need to be tuned  
  * include tuning uncertainties (similar to PDFs)  
       → develop dedicated forward physics tune using forward data
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Neutrino Flux and Interactions
Dedicated LHC simulations: Beam Delivery Simulation 
 - full Geant4 based LHC simulation: BDSIM  
 - allows to study  
   * effect of beam configurations, crossing angle 
   * additional secondary neutrino production (for example in TAN)
   * sources of uncertainties associated with the simulation  
   * muon flux at FASER
 - study ongoing
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The FASERv Detector
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FASERv Detector
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Cross-sectional view

Plastic base (200 µm)

Emulsion layer (44 µm)

Emulsion layer (44 µm)

200 nm

Emulsion film

20 µm

AgBr crystal Track in emulsion film

Detector Technology  
 - emulsion detector  
   * 3D tracking device with   
      50 nm precision  
   * no time resolution  
 - 1000 emulsion films interleaved
    with 1mm tungsten plates
   * allows flavor identification
   * vertex finding efficiency about 80% 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FASERv Detector
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Example: Tau neutrino event in Opera

Tau

Vertex

Photon
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FASERv Detector
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Vacuum-packed module Mechanical support design

Detector Technology  
 - emulsion detector  
   * 3D tracking device with   
      50 nm precision  
   * no time resolution  
 - 1000 emulsion films interleaved
    with 1mm tungsten plates
   * allows flavor identification
   * vertex finding efficiency about 80%

-  replace every 15-30 fb-1 to maintain track low density



Felix Kling Detecting and Studying Neutrinos at FASERv

FASERv Detector
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Sum of visible energy

ANN

FASERv Detector

Plastic base (200 µm)

Neutrino Energy Reconstruction
 i) use visible energy measurement   
   * track: multiple coulomb scattering 
   * γ/e: EM shower  
 ii) multivariate analysis 
   * topological + kinematic observables
   * use ANN   
       30% energy resolution achievable

Topological Variables related to
ntr charged tracks multiplicity Ehad

n� photon multiplicity Ehad

|1/✓`| lepton angle E`P
|1/✓had| sum of inverse hadron track angles Ehad

1/✓median inverse of median of all track angles Ehad, E`

Kinematical Variables
pMCS
` lepton momentum from MCS E`P
pMCS
had charged hadron momenta from MCS EhadP
E� energy in photon showers Ehad

TABLE I: Inputs for the ANN algorithm. For the momentum estimates using the MCS method,
we assume a position resolution of 0.4 µm. For the energy measurement in photon showers we
assume an energy resolution of 50%.

1
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FASERv Detector
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 Interface Detector  
 - possibility for future: global reconstruction with the FASER detector    
  * interface FASERν to the FASER spectrometer  
  * additional tracking layer to allow matching 

 - muon charge identification  
  → distinguish neutrino / anti-neutrino 
 -  momentum of charged tracks
  → improve neutrino energy reconstruction
 - timestamp events and identify  
   additional activity (muon) 
  → background rejection

1 TeV neutrino

1 TeV muon
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Backgrounds and Measurements

FASER
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 FASERv Backgrounds 
 

 - neutrino interaction signal is striking  
  * neutral vertex identified with >5 tracks      
  * points back to IP    
  * high energy event                                      
  * charged lepton identified
 

 - neutral hadrons could mimic neutrino signal  
  * simulated with FLUKA  
  * rejection based on energy,  
     lepton ID and kinematics 
  

 - lepton identification  
  * νμ: highest momentum particle  
         without interactions   
  * νe: single-electron initiated EM shower  
  * ντ: kink from displaced τ-decay vertex
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FLUKA Simulation
 - only muons/neutrinos can pass 100m rock 
 - muon flux simulated by CERN STI group  
 - FASER in “shadow of LHC magnets“
 
 

2018 In Situ Measurements  
 - test of detector environment in TI12 and TI18  
 - flux and angular measurements 
 - data/simulation agree

FASER

Tunnel

emulsion films

beam

detector structure

tungsten 

from  
ATLAS IP

from LHC 
beam line
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Backgrounds and Measurements
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2018 Pilot Detector Run 
 - 30 kg detector was installed in TI18  
 - it collected 12.5 fb-1 of data collected  in Sep./Oct. 2018  
 - ~30 neutrino events expected

15 kg with lead 
15 kg with tungsten

Backgrounds and Measurements
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1000 µm

reconstructed tracks in  
2mm x 2mm x 10 films

reconstructed neutral  
vertex

 - most readout performed 
 - emulsion detector works in actual environment  
 - several vertex candidates found so far 
 - no muon ID in pilot detector  
   → more background than in FASERv due to neutral hadrons 

 - analysis is on-going 
 - goal: first detection of neutrinos from the LHC

Backgrounds and Measurements
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FASERv Physics Potential

FASER
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Many Physics Opportunities for FASERv
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First Goal: Observe first Neutrino at the LHC 
  - no collider neutrino observed so far  
  - ongoing analysis of pilot neutrino detector used in 2018

 

 

Study Tau Neutrinos  
  - only ~10 have been directly measured at DONuT and OPERA,  
  - ~20 events expected at FASERv in LHC Run 3  
 

Neutrino Event Shapes and Kinematics
  - high spatial resolution: FASERv resolves shape of neutrino events
    * multiplicity, charged particles momentum distributions, …  
  - use as input to tune MC tools

FASERv Physics Potential 
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Measure Neutrino Interaction XS  
  - use observed neutrino spectrum to measure neutrino interaction XS
  - sensitive to all 3 neutrino flavors         
  - broad beam, unique reach around E~TeV  
 

  - first sensitivity estimate  
    * systematic uncertainty: range of simulator predictions 
    * applies: geometrical acceptance, vertex detection and lepton ID efficiency  
    * assumes background free environment
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Heavy Flavor associated Processes 
 - FASERv is sensitive to heavy flavor  
 

 - study charm associated neutrino interactions 
    * ~10% of events have charm in final state  
    * was used at CHORUS to 
       - probe strange PDF  
       - measure Vdc 
       - measure charm fragmentation functions 
    * sensitivity to NP? 

 - bottom associated neutrino interactions 
     * strongly suppressed in SM 
     * O(0.1) events expected  
     * sensitivity to NP?  
     → motivated by BSM models  (W’, H+, LQ)
          and b-physics anomalies  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Measure Neutrino Production Rate  
 - use observed neutrino spectrum to measure neutrino production rate
 - validate/improve/constrain hadronic interaction models or PDFs 
    * used for LHC and cosmic rays physics     
    * example: intrinsic charm  
 - important input for HE neutrino observatories
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Sterile neutrino oscillations  
 - no oscillations in SM 
 - use FASERv as short-baseline experiment 
 - ~40 eV sterile neutrino can cause oscillations 
    * changes shape of energy spectrum
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FASERv Physics Potential 
Neutrinos at the LHC
 - LHC produces intense high energy neutrino beam
 - no neutrino detected so far  
 - all 3 flavors, E~TeV

FASERv
 - emulsion based detector  
 - 25cm x 25cm x 1m with 1.2 ton target mass
 - take data during Run 3 (2021-23, 150 fb-1)  
 - expect ~ 20000 νμ, 2000 νe and 20 ντ  
Physics Applications  
 - neutrino cross section measurement at TeV energies 
 - neutrino production rate measurements 
 - flavor physics, neutrino oscillations

 - probably more unexplored opportunities! 
                          For more information, see faser.web.cern.ch

 We look forward to feedback and suggestions         

Mitsubishi  
Foundation 

http://faser.web.cern.ch/

