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I’m here!



Long-Lived particles 

neutrinos
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Branching to 𝑒±

𝜖: kinematical mixing 
parameter

𝐴′ → ҧ𝑓𝑓



F A S E R

light and weakly interacting (e.g. dark 
photon)

Approved 
by CERN in March 2019

divergence

𝒪
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1TeV
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particles from IP1

Decay Volume

Detector schematic (original one without FASERnu) Sensitivity for dark photon search in Run 3
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Leptogenesis/ 
Baryogenesis

Neutrinos
3 flavor

Left-handed
Massless

Neutrino 
oscillations

Non-zero mass

Matter dominant 
universe

Lepton 
Universality
(Violation)SM BSM

Right-handed 
neutrino

Majorana particle
Heavy

CPV

CPV

New mediators

Leptoquark
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𝑅 𝐷 =
ℬ 𝐵 → 𝜏𝜈𝜏𝐷

ℬ 𝐵 → 𝜇𝜈𝜇𝐷

Possible contribution from new physics in heavy flavors!?



SM NP𝑏
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𝜈𝜏
W-

W’, H-, LQ
B decays

?
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𝜏𝜈𝜏
Neutrino CC beauty 
production



𝜈𝜏
𝜏

B

High energy neutrinos (𝐸𝜈 > 100GeV) is 
required to access heavy flavor channels

→Need high statistics and high 
energy beam experiment!Poor constraint for 𝜈𝜏



Large Hadron Collider
27 km circumference

7 TeV + 7 TeV 

Let’s open new domain of research!  Neutrino

Wait! There is no neutrino beamline!!



14 TeV p-p collision Intense neutrino beam (+ long 
lived particles, LLPs) here!

FASER (new particle searches) was approved by CERN in Mar 2019
FASER𝝂 (neutrino program) was approved by CERN in Dec 2019

No experiment has s0ught 
neutrinos at the LHC so far!



100 m of rock
480 m

Neutrinos

LHC magnets

p-p collision at ATLAS

FASER
Neutral hadrons

Charged particles

F𝐀𝐒𝐄𝐑𝝂

Negligible cost for infrastructure



350 GeV    Tevatron (US)Past

Current 10 GeV           T2K (Japan)
20 GeV          DUNE (US)

Future 150 GeV        SHiP (CERN)

FASER𝜈
Up to 6 TeV    (𝜈𝑒 , 𝜈𝜇, 𝜈𝜏)

Neutrino energy

Unexplored energy range



FASER𝝂 coverage

Beam size 
≃O(10) cm

Unexplored energy regime for all three flavors Collimated beam



collider method

• High energy frontier 

Production
14 TeV p-p collision ≡ 100 PeV int 

in fixed target ( 𝑠 ∼ 10TeV)

Prompt neutrino production →
Input for neutrino telescopes

QCD (charm/gluon PDF, 
intrinsic charm)

Propagation

Unique energy and baseline, 
𝐿/𝐸~10−3 m/MeV

Neutrino oscillation at 
Δ𝑚2~1000 eV2

Interaction

3-flavor neutrino cross sections 
in unexplored energy range

Neutrino induced heavy quark 
productions

New physics effects



Cross-sectional view

Plastic base (≃ 200 m)

Emulsion layer 

Emulsion layer (≃50 m)

200 nm

Emulsion film

20 m

10 GeV/c 
beam

Sensitivity 36 grains/100 m

Residual from fitted track 
s = 50 nm

AgBr crystal = detector
1014 channels/film or 1014 channels/cm3



Glass base
1 mm

Emulsion 
layer 
(50 micron)

Focus

antiproton

200 microns

Emulsion 
layer 
(50 micron)

Antiproton annihilation taken in AEgIS 2012



150 m x 120 m x 50 m

• 3D high resolution hits
• Work as tracker
• dE/dx proportional to 

darkness (Number of grains)



150 m x 120 m x 50 m

ATLAS-IBL pixel sensor
FE-14

1 pixel =  

250 m x 50 m x 200 m 

1.2x108 channels (crystal) in this volume.
1 film = 1014 channels

Sum of all channels in ATLAS = ~108

High density of detection channels, O(1014) channels/cc, 
makes emulsion attractive for many purposes. 



Emulsion-based neutrino detector

An event from OPERA



Emulsion-based neutrino detector

𝜏

𝜈𝜏



Physics run will start in 
2022 (~150 fb-1)

BG measurement, 
pilot run in 2018

We are in LS2. Pilot run was performed in 2018.
Physics run will start in 2022.



• April, first discussion with FASER project

• June, install emulsion detectors for BG 
measurement

• July, Found that emulsions can work!

• Sep-Oct, install a pilot neutrino detector and 
data taking

2018, in Run 2 of LHC operation

• Jan, First neutral interactions

• Aug, FASERnu LOI

• Oct, FASERnu Technical proposal

• Dec, FASERnu Approval

2019

• Aug, FASER LOI

• Nov, FASER TP

• Mar, FASER approval

10.1140/epjc/s10052-020-7631-5

• Nov, FASER TP



Pilot run
(TI18) FASER (TI12)

LHC



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

Projection X

particles from 
ATLAS IP

beam detector 
structure

Data and the FLUKA 
prediction agrees within 
their uncertainties.

(uncertainty 50%)

3 mrad

Flux all
[fb/cm2]

Flux in main peak
[fb/cm2]

TI18 data 2.6 ± 0.7 × 104 1.2 ± 0.4 × 104

TI18 pilot 1.7 ± 0.1 × 104

TI12 data 3.0 ± 0.3 × 104 1.9 ± 0.2 × 104

FLUKA MC 2.5 × 104

𝜎 = 0.6 𝑚𝑟𝑎𝑑

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

2 peak structure



≃ 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

Aiming to demonstrate the feasibility of 
detection of collider neutrinos

30 kg detector 

10 cm



Side view Beam view

arXiv:2105.06197

https://arxiv.org/abs/2105.06197


Production rate per muon (Ehad>10 GeV)

𝜇 𝜇

neutral 
hadrons

detector
rock

arXiv:2105.06197

https://arxiv.org/abs/2105.06197


11 kg

Separation from neutral hadron BG (produced by 
muons) is challenging

2.7 sigma 

• This result demonstrates the detection of neutrinos 
from the LHC

Vertex detection efficiency

arXiv:2105.06197

https://arxiv.org/abs/2105.06197


𝜈

FASER spectrometer 
with 0.55T magnets

FASER𝝂

1.2 tons 



1.1 tons, 220 X0, 8 𝜆𝑖𝑛𝑡

charm beauty

770 layers
25 cm x 30 cm x 1.1 m

Emulsion films + tungsten plates

Exchange emulsions 9 times
２０２２ ３ex ~80 fb-1

２０２３ ３ex ~80 fb-1

２０２４ ３ex ~80 fb-1



All charged particles P>0.3 GeV

200 tungsten plates (27 cm)
~ 57 𝑋0, ~ 2 𝜆𝑖𝑛𝑡𝜇𝑚 𝜇𝑚𝜇𝑚



I/F tracker



• Small detector, but a lot of interactions (~𝟏𝟎𝟒 CC) are expected 
during Run3

• Neutrino fluxes are being cross-checked among different simulations

hadron generators beamline infrastructure reproduction 

SIBYLL Pythia 8 DPMJET
(used in FLUKA)

𝜈𝑒 , ҧ𝜈𝑒 800, 452 826, 477 3390, 1024

𝜈𝜇 , ҧ𝜈𝜇 6571, 1653 7120, 2178 8437 , 2737

𝜈𝜏 , ҧ𝜈𝜏 16, 6 22, 11 111 , 43

Expected number of CC interactions in FASER𝝂 in Run3 (14 TeV LHC, 150 fb-1)

𝜈𝑒 from charm decays (SYBYLL, DPMJET, Pythia8)

• Work in progress for quantifying and reducing these uncertainties

– Creating a dedicated forward physics tune with Pythia8, using forward data 
(LHCf, FASER’s muon measurements, etc.)

Large variation between different hadron production 
models (at p-p collision)



• 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±



neutrinos flux 
measurements

test 
transition to small-x factorization, constrain low-x 
gluon PDF and probe intrinsic charm.

• It is also interesting to probe (nuclear) PDFs 
via . In particular, 
charm associated neutrino events (𝜈 s→ 𝑙 𝑐) 
are sensitive to the poorly constrained 
strange quark PDF.

By F. Kling
By F. Kling

ln x

(𝑉𝑐𝑑)

PDF in proton (neutrino production) PDF in target (neutrino interaction)



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



Film production 
facility

Tungsten plate

Emulsion film

electron microscopic view

electron tracks (~100 MeV)



ATLAS
FASER



8/2019 4/20208/2018

11/2020 4/2021



2021 March 24th,
ALL equipment for the new particle
searches are installed,,, except for FASERnu

FASERnu comes here

Calorimeter

Magnets and silicon trackers



Transportation over the LHC beam pipe



Cosmic-ray tracks at the experimental site (TI12 tunnel).
Rate of such tracks is 1 every 2 minutes.



Forward experiment 
in HL-LHC

Physics run will start in 
2022 (~150 fb-1)

BG measurement, 
pilot run in 2018



• LHC is currently the high energy frontier, and in next 15 years. 

100 mb far forward direction 

Forward Physics Facility



Forward Physics 
Facility (FPF)

tau neutrinos

FPF length ~35 m

Original FPF idea

FASER

off-axis 𝜈

FASER𝜈2          FASER2                     MilliQan LArFASER𝜈
+ FASER

Existing tunnel

Forward 
beam

Extended 
tunnel



Forward Physics Facility at the HL-LHC
HL-LHC provides x20 proton collisions

Extending sensitivities for new particle searches and neutrino 
physics by two orders of magnitude

Wide discussion in periodical workshops indico.cern.ch/event/1022352

CERN GIS

FASER2

FASER𝜈2
SND2 LArMilliQan

65m

Option 1: 
Extend existing tunnel

Option 2:
New shaft 
and hall

https://indico.cern.ch/event/1022352


https://indico.cern.ch/category/7885/

https://doi.org/10.5281/zenodo.4059893
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF6-NF3_NF6-RF6_RF0-CF7_CF0-

AF5_AF0_FASER2-038.pdf

https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF6-EF6_EF9-IF0_FASERnu2-006.pdf

https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF0-EF0_EF0_Ariga-072.pdf

https://indico.cern.ch/event/955956

https://indico.cern.ch/event/1022352/

• HL-LHC is going to start 2027. Now is the time to discuss physics and feasibility of FPF.

LoIs

https://indico.cern.ch/category/7885/
https://doi.org/10.5281/zenodo.4059893
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF9_EF6-NF3_NF6-RF6_RF0-CF7_CF0-AF5_AF0_FASER2-038.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF6-EF6_EF9-IF0_FASERnu2-006.pdf
https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF10_NF0-EF0_EF0_Ariga-072.pdf
https://indico.cern.ch/event/955956
https://indico.cern.ch/event/1022352/


FASER

• Detection of neutrinos from the LHC was demonstrated with the pilot 
detector in 2018



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

Neutrinos at CERN
FASERnu

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
https://indico.fnal.gov/event/43209/contributions/187819/attachments/130268/158691/20200624_tariga_Neutrinos_at_CERN.pdf
https://indico.cern.ch/event/868940/program






200 times 

105 𝜈𝑒, 106 𝜈𝜇, 103 𝜈𝜏 CC events

• Tau neutrino physics



FASER Collaboration, 1811.12522 (2018)

Dark 
photon

Dark Higgs



DONUT



channel Lepton universality

W decay 𝑊 → 𝜏𝜈𝜏 △(2.8 𝜎)

B decays full leptonic 𝐵 → 𝜏𝜈𝜏 △

𝑅𝐷: semi leptonic 𝐵 → 𝐷(∗)𝜏𝜈𝜏 × (3𝜎)

𝑅𝐾: neutral semileptonic 𝐵 → 𝐾ℓ+ℓ− × (3𝜎)

𝐵𝑠 decay 𝐵𝑠 → 𝐷𝑠𝜏𝜈𝜏 △

𝐵𝑐 → 𝐽/𝜓𝜏𝜈𝜏 / 𝐵𝑐 → 𝐽/𝜓𝜇𝜈𝜇 △ (2𝜎)

Charm decay full leptonic 𝐷𝑠 → 𝜏𝜈𝜏 / 𝐷𝑠 → 𝜇𝜈𝜇 O (1𝜎 excess)

Lepton leptonic decay 𝜏 → 𝜇𝜈𝜈/𝜇 → 𝑒𝜈𝜈 ⊚

Kaon decay 𝐾 → 𝑒𝜈/𝐾 → 𝜇𝜈 ⊚

Pion decay 𝜋 → 𝜇𝜈/𝜋 → 𝑒𝜈 ⊚

tau CC interaction never measured -

𝜈𝜏 CC interaction 𝜈𝜏𝑁 → 𝜏𝑋 △ (too few statistics)



Eur. Phys. J. C77 (2017) 367

lepton

𝑋

𝜈
lepton

ҧ𝜈
ത𝐵

𝑋
𝐷

CC heavy quark production

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

A. Ismail, R.M. Abraham, F. Kling, 
Phys. Rev. D 103, 056014 (2021), 
arXiv:2012.10500

(95% allowed region) 

𝑟𝑠 =
𝑠 + ҧ𝑠

2 ҧ𝑑

https://link.springer.com/article/10.1140/epjc/s10052-020-7631-5
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.056014


But, forward particle production 
is poorly constrained

• Neutrinos from charm 

FASER𝜈: 𝜂>8.8

prompt atmospheric 
neutrinos

by F. Kling

IceCube Collaboration, 
Astrophys. J. 833 (2016)



• Could also be a hint of new physics!?

SM process,
charm production 
via mixing

𝜈𝜏 𝜏

𝑑 𝑐𝑉𝑐𝑑

𝑊±

Well measured for 𝜈𝜇



• No experimental data on the Ds differential cross section
• Large systematic uncertainty (~50%) in the ντ flux 

prediction 

• Statistical uncertainty 33% in DONUT 
• Will be reduced to the 2% level in future 

experiments

𝜈𝜏 detector

high energy 
proton

𝜈𝜏 production target
(e.g. tungsten)

charged particle sweeping,
neutron absorption

𝜈𝜏 beam

𝐷+

𝐷𝑠 𝜏

𝜈𝜏

𝜈𝜏 𝑋

𝑋′

proton

𝜈𝜏 source: 𝐷𝑠 → 𝜏 → 𝑋 decays

𝜏𝜈𝜏
𝑋

𝜈𝜏 detection

≃5mm

ντ detection: e.g. DONuT, SHiP, FASER𝝂ντ production study: DsTau (NA65)



Expected distributions of the variables

area-normalized

Conceptually why these variables are good: 

Variable 1, 2: The neutrino energy is higher than the neutral hadron energy. Higher energy, more particles are 
produced in forward direction, i.e. tan(theta)<0.1 (var 1), and higher ratio of var1/var2.

Variable 3: Momentum in the transverse plane is more balanced in hadron interactions than neutrino CC and NC 
interactions. Outgoing leptons in neutrino interactions take a major energy, which distorts this variable.

Variable 4, 5: For CC interactions, we expect the outgoing lepton and hadron system are back to back in the 
transverse plane.

Δ𝜙

Multiplicity and
Pseud rapidity 
distribution

Momentum 
balance

Back-to-back 
kinematics at 
vertex



FPF
Larger-scale experiment 

with HL-LHC

Flavor anomaly 

Run 3

Run4

Run 2

LHC schedule

LS2

LS3

LS4
Run5

High energy neutrino

Future Circular Collider

Belle IILHCb

What’s 
next?

2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029

FASER𝝂
Collider neutrinos

with flavor sensitivity

Production
Propagation

Interaction



Benchmark Model FASER 1 FASER 2 References

BC1: Dark Photon Feng, Galon, Kling, Trojanowski, 1708.09389

BC1’: U(1)B-L Gauge Boson Bauer, Foldenauer, Jaeckel, 1803.05466; 1811.12522

BC2: Invisible Dark Photon ⎼ ⎼ ⎼

BC3: Milli-Charged Particle ⎼ ⎼ ⎼

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

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

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

BC7: HNL with  ⎼
Kling, Trojanowski, 1801.08947
Helo, Hirsch, Wang, 1803.02212

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

BC9: ALP with photon Feng, Galon, Kling, Trojanowski, 1806.02348

BC10: ALP with fermion 1811.12522

BC11: ALP with gluon 1811.12522

1811.12522



105 𝜈𝑒, 
106 𝜈𝜇, 103 𝜈𝜏 CC events



Muons are swiped away by the magnet

2 mm x 2mm 
x 10 films

~3x104 particles per fb-1

FASER data in 
2018



FASER𝜈: 𝜂>8.8

𝜈 flux at FASER𝜈に寄与するパートン



𝜙~3𝑚
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FASER TRACKER
• FASER Tracker needs to be able to efficiently separate very closely spaced tracks 

• The FASER Tracker is made up of 3 tracking stations

• Each containing 3 layers of double-sided silicon micro-strip sensors

• Spare ATLAS SCT modules are used

• 80μm strip pitch, 40mrad stereo angle (17μm / 580μm resolution)

• precision measurement in bending (vertical) plane

• Many thanks to the ATLAS SCT collaboration!

• 8 SCT modules give a 24cm x 24cm tracking layer

• 9 layers (3/station, 3 stations) => 72 SCT modules needed for the full tracker 

• 105 channels in total

SCT module
Tracking layer
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CALORIMETER 

• FASER EM calorimeter for:
• Measuring the EM energy in the event

• Electron/photon identification

• Triggering

• Uses 4 spare LHCb outer ECAL modules
• Many thanks to LHCb for allowing us to use these!

• 66 layers of lead/scintillator, light out by wavelength shifting fibers

• 25 radiation lengths long

• Readout by PMT (no longitudinal shower information)

• Only 4 channels in full calorimeter

• Dimensions: 12cm x 12cm – 75cm long (including PMT)

• Provides ~1% energy resolution for 1 TeV electrons

• Resolution will degrade at higher energy due to not containing full shower in 
calorimeter; Energy scale will depend on the calibration



All charged particles P>0.3 GeV

200 tungsten plates (27 cm)
~ 57 𝑋0, ~ 2 𝜆𝑖𝑛𝑡𝜇𝑚 𝜇𝑚𝜇𝑚



Vertex detection efficiency
(charged multiplicity>=5)

Tau decay detection efficiency 
=75% (𝜏 → 1 prong)

Mean flight 
length ≃ 30 mm



𝑠

𝑥 𝑥

𝑦0

𝑦1

𝑦2
particle trajectory

Performance with position resolution of 
0.4 μm, in 100 tungsten plates (MC)

Measurable energy vs 
position resolution



• 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



𝜈𝑒 disappearance 𝜈𝜇 disappearance
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