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Tomohiro Inada  
ICRR UTokyo and Tsinghua University 

WIMP or WIMPless miracle? :  
Searches for TeV-scale WIMPs Dark Ma9er with Gamma-ray telescopes  

and MeV-GeV Long-Lived ParDcles with the LHC forward beam
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MoDvaDon for Dark Ma9er

• DM is in thermal equilibrium. 
• DM is diluted by the cosmic expansion  
• DM cannot find each other and stop annihilaMon 
• The DM number in comoving volume is freeze-out

Thermal freeze-out : 

How dark maPer was produced  
in the early universe?

 (observable) 
if,  (100 GeV-1 TeV), 
ΩDM ∼ 0.24

mDM ∼ mEW g ∼ gw
WIMP Miracle  
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The landscape of new particles @ colliders

8

• Simple mechanism for 
DM generation: “freeze out”
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Hidetoshi Otono

WIMP: Weakly InteracDng Massive parDcles 
very well-moMvated DM model

WIMP 
m ∼ mw, g ∼ gw

Phys.Rev.LeP.101:231301,2008
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WIMP or WIMPless miracle?

Deak Sectors 
m < mw, g < gw

Let’s try to search for DM in the unexplored energy-scale!

Today’s topic

Today’s topic
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Imaging Atmospheric Cherenkov Telescopes 
(IACTs) would be useful to search for DM at 
TeV-scale due to the good sensiMvity for high-
energy gamma-ray

arXiv:1605.02016

Complementarity of WIMP DM Searches DM
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Why indirect way?
・Test of parDcle DM 

・informaMon on the parameter (DM mass, a coupling constant…) 

・Complementary to direct detecMon and collider searches. 

・Test of DM producDon via thermal freeze-out (Unique!!) 

・DM interacMon rate equals the Hubble expansion rate of the universe. 

・DM is in thermal equilibrium. 

・DM is diluted by the cosmic expansion  

・DM cannot find each other and stop annihilaMon 

・The DM number in comoving volume is freeze-out 

<σv> ~ 3 × 10-26cm3s-1

So-called “thermal relic” cross-secDon
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Gamma-ray detectors MeV-GeV range  
Satellite-borne detectors

TeV-PeV range  
Compact Ground based detectors 

(parMcles)

>PeV range  
Wide Ground-based detectors (parMcles)

TeV range  
Ground-based detectors (light)

credit: Richard White, MPIK
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Gamma-ray detectors

credit: Richard White, MPIK

MeV-GeV range  
Satellite-borne detectors

TeV range  
Ground-based detectors (light)

TeV-PeV range  
Compact Ground based detectors 

(parMcles)

>PeV range  
Wide Ground-based detectors (parMcles)
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Imaging Atmospheric Cherenkov Telescopes



MAGIC 
Dia. 17m × 2 tels. 

CTA-LST 
Dia. 23m × 4 (1) tels. 

H.E.S.S. II  
Dia. 12m × 4 tels. 

+ 
Dia. 28m tel

VERITAS 
Dia. 12m × 4 tels. 

Imaging Atmospheric Cherenkov Telescopes (IACTs)

IPMU-APEC seminar 14th Dec 2022 Tomohiro Inada (ICRR, Tsinghua) 9



MAGIC 
Dia. 17m × 2 tels. 

CTA-LST 
Dia. 23m × 4 (1) tels. 

VERITAS 
Dia. 12m × 4 tels. 

Imaging Atmospheric Cherenkov Telescopes (IACTs)

H.E.S.S. II  
Dia. 12m × 4 tels. 

+ 
Dia. 28m tel
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Typical performance 
• Energy range: 20 GeV - 100 TeV 
• Energy resoluMon:  10 - 15 % 
• Angular resoluMon: 0.1 deg 
• Field of view: 3 - 5 deg 
• Duty cycle: about 10 - 20 % 

• dark Mme: about 1000 h/year
10



Sky coverage 

Figure from http://tevcat.uchicago.edu/

Galactic coordinate

Sky coverage depends on telescope locaDon 
• Northern hemisphere: MAGIC and VERITAS 

• e.g. Crab Nebula 
• Southern hemisphere: H.E.S.S.  

• e.g. The GalacMc Center

IPMU-APEC seminar 14th Dec 2022 Tomohiro Inada (ICRR, Tsinghua) 11



IACT  technique

Radius ~ 120 m

Camera 
image

Camera 
image

Gamma (signal) Hadron(background)

MC proton shower MC gamma shower 

Gamma/Hadron = 1:103-104 

very huge background at trigger level 

CORSIKA simulation

IPMU-APEC seminar 14th Dec 2022 Tomohiro Inada (ICRR, Tsinghua) 12



IACT  technique

Radius ~ 120 m

Camera 
image

Camera 
image

Gamma/Hadron = 1:103-104 

very huge background at trigger level 
Image analysis with shower images  

• OrientaMon 
• Size/length/width 
• Time gradient 

Output on primary parDcles info 
• Energy, direcMon, arrival Mme 
• Types of parMcles 
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IACT  technique

Radius ~ 120 m

Camera 
image

Camera 
image

Gamma/Hadron = 1:103-104 

very huge background at trigger level 

Machine learning based 
classificaMon

gamma hadron

Nucl.Instrum.Meth.A588:424-432,2008

Image analysis with shower images  
• OrientaMon 
• Size/length/width 
• Time gradient 

Output on primary parDcles info 
• Energy, direcMon, arrival Mme 
• Types of parMcles 
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Source detection on huge bkg

From M. Doro

Weak source
Strong source

Signal

Background

For IACT observaMons, always huge proton background exists (except for transient sources like Gamma-ray burst) 
Note that this is difference from analysis with satellites (e.g. Fermi-LAT) 
・γ-ray event list ≠ photon list

IPMU-APEC seminar 14th Dec 2022 Tomohiro Inada (ICRR, Tsinghua) 15



Current dark matter searches with IACTs



AnnihilaMon

Decay

ρ : dark maPer density 
J-factor : Integrated DM density along the 
line of sight

σv : annihilaMon cross-secMon, τ : lifeMme 
mχ : Mass of DM parMcle 
BRi : branching raMo of each channel 
dNi/dE : differenMal gamma-ray yield of each channel 
 

Expected gamma-ray flux from DM annihilation/decay

ParDcle physics term Astrophysics term
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Gamma-ray spectra from DM 

Cirelli et al. (2011)

mDM = 10 TeV

ConDnuum spectra 
• Sharp cut off  at DM masses  

Line-like emission 
• clear peak, no contaminaMon astrophysical component

TeV DM parMcles: most energy 
deposited in GeV-TeV final state 
parMcles: 
→High energy astronomy regime
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Observational targets

Simulated all-sky map of gamma-rays from DM annihilaMon 
(GalacMc coordinates) PRD 83, 023518 (2011) 

GalacDc Center and Halo 
・The largest J-factor  
・Extended  

・src confusion, diffuse bkg and 
　Cuspy/core differences in DM profiles

J-factor

DM density profile
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K. Hayashi et al (2020) ApJ 904 45

J-factor Observational targets
Dwarf Galaxies (dSph) 
・DM dominated system  

　・less bkg, low J-factor,small extension 

　・Lower uncertainMes in J-factor

Simulated all-sky map of gamma-rays from DM annihilaMon 
(GalacMc coordinates) PRD 83, 023518 (2011) 
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The Galactic Centre case



The Galactic Centre
The most complex source 

• many bright sources 
• different obs. condiMons between S and N 
• the largest DM density expected 

visible very close to the zenith
e.g. from H.E.S.S. (south)

MAGIC collaboraMon A&A 642, A190 (2020)
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The Galactic Centre
The most complex source 

• many bright sources 
• different obs. condiMons between S and N 
• the largest DM density expected 

visible very close to the zenith
e.g. from H.E.S.S. (south)
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MAGIC collaboraMon A&A 642, A190 (2020)
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A 
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0 
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02
0)

large zenith angles  
e.g. MAGIC (north)
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The Galactic Centre
Key experimental fact: 

• IACT performance depends on zenith angles 
• because of difference in a shower distance 

• Nominal setup: verMcal observaMon 
• Large zenith angle observaMon 

• energy threshold ↑ 
• energy resoluMon ↑ 
• EffecDve collecDon area ↑ 

• good for higher energeMc events
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ConDnuum spectra  
• Currently, only provided by H.E.S.S. 
• Very close to the thermal cross-secMon  

• Good sensiMvity with Einasto profile

Cutoff at a DM mass

Phys. Rev. LeP. 129, 111101 (2022)

The Galactic Centre (Continuum spectra)
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The Galactic Centre (Continuum spectra)
• key analysis technique: ON-OFF analysis 

• gradient of DM slope is used for signal extracMon 
• make use of cuspy profile, difficult for cored one 

• assume isotropic background and foreground components
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The Galactic Centre (Line search)
• clear signal, no contaminaMon 
• less flux expected than conMnuum spectra, in general 

• due to loop-suppression 
• Some heavy DM (e.g. SUSY) models enhance their annihilaMon rate 

• Sommerfeld enhancement
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©  L.Bergström

arXiv:1708.08358 [astro-ph.HE]

power-law bkg E -2.7 assumed
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The Galactic Centre (Line search)

 [TeV]DMm
1−10 1 10 210

/s
]
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30−10

29−10

28−10

27−10
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25−10

24−10

23−10

GC (Einasto)
This work (223 h)
H.E.S.S. (254 h)
Fermi-LAT (5.8 y)
DAMPE (5.0 y)

GC (cored) and dSphs
This work (cored Zhao, 223 h)
Fermi-LAT (isothermal, 5.8 y)
HAWC (dSphs, 1038 days)
MAGIC (dSphs, 354 h)

assumed DM density profile

1 10 210
 [TeV]DMm
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>
σ
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%

 <

This work
Median
68% containment
95% containment

γ γ →DM DM 

Einasto Profile

H.E.S.S. (cuspy) and MAGIC (core and cuspy) 
・MAGIC shows the best sensiMvity beyond about 10 TeV (cuspy) 

・comparable results with dwarf  (core) 
　

MAGIC (2022) in prep MAGIC (2022) in prep
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Constraints on SUSY-Wino with DM line

• H.E.S.S. (cuspy) and MAGIC 
(core and cuspy) 

• Exclude well-moMvated SUSY-
Wino models  

• with both cuspy and core 

• Thermal higgsino DM  = 
1.0×10-28 cm3 s-1@1 TeV would 
be the next target

⟨σv⟩

assumed DM density profile

e.g. Phys. Rev. D 103, 023011 (2021)

MAGIC (2022) in prep
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Dwarf galaxies (dSphes) case



IACT observations at dSphs

• about 30 sources observed for 15 years  
• total observaMon Mme: more than 1000 hours 
• the deepest observaMon: 158 hours

arXiv:2111.01198 [astro-ph.HE]
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Combination of dSph results: five experiments

arXiv:2108.13646v1

• combinaMon of 20 dSph observaMons 
• 20 from Fermi-LAT: 10 yrs 
• 9 from IACTs: 500+ hrs 
• 12 from HAWC: 1000+ days  

• 5 exp. covers 5 GeV to 100 TeV of DM masses
IPMU-APEC seminar 14th Dec 2022 Tomohiro Inada (ICRR, Tsinghua) 32



Comparison of the limits with 2 sets of J-factors
Plots are from D. Kerszberg’s talk at γ2022

• Limits  2-6× more constraining with the J-factors of Bonnivard et al.  
• Below 10 TeV - DM limits largely dominated by Fermi-LAT 
• above 10 TeV - IACTs and HAWC take over 

IPMU-APEC seminar 14th Dec 2022 Tomohiro Inada (ICRR, Tsinghua) 33
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Future prospects 



Cherenkov Telescope Array

in operation

North site, La Palma

Southern site,Chile

4 Large-Sized Telescopes 
15 Medium-Sized Telescopes 

4 Large-Sized Telescopes 
25 Medium-Sized Telescopes 
70 Small-Sized Telescopes 

Next generaMon ground-based gamma-ray 
telescope: Two arrays of Cherenkov 
telescopes in Chile/ La Palma 

• Over 100 telescopes 
• About 1500 scienMsts and engineers 
• About 200 insMtutes

CTA, G. Pérez, IAC, SMM
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Sensitivity 

Energy range: 20 GeV − 300 TeV

ΔE/E < 10%
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CTA: Sensitivity to DM signal from Galactic Center

Core

Cuspy

GalacDc center observaDons with CTA can  
test the thermal relic cross secMon of 500 GeV - 10 TeV WIMPs

IPMU-APEC seminar 14th Dec 2022 Tomohiro Inada (ICRR, Tsinghua) 37



CTA: Sensitivity to popular SUSY models with the GC Phys. Rev. D 103, 023011 (2021)

Higgsino

Wino

• CTA with the GC can constrain SUSY-Wino, Higgsino 
• Wino@3 TeV: with both core and cuspy 
• Higgsino@1 TeV: with up to 1kpc core size 
• The channel considered, mainly 

• line emission + conDnuum spectra from W, Z decay
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The landscape of new particles @ colliders

8

• Simple mechanism for 
DM generation: “freeze out”
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FASER - New experiment from the LHC Run3

LHC beamlines

FASER joined the LHC family
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Idea and Motivation
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Idea and Motivation

The LHC produces an intense and strongly collimated beam of highly 
energeDc parMcles in the forward direcMon. 
1017 π0, 1016 η, 1015 D, 1013 B within 1 mrad of beam

Explore a rich BSM and SM 
physics programs  

in the far farward region

IPMU-APEC seminar 14th Dec 2022 Tomohiro Inada (ICRR, Tsinghua) 41



X

FASER
• ForwArd Search ExpeRiment (FASER) at the LHC 

Placed 480 m downstream of the ATLAS IP on the beam axis 
Started the operaDon from the beginning of the LHC Run3 

•  Physics moDvaDon 
New long-lived parMcle search in MeV-GeV masses  
All flavors of neutrinos at the TeV-energy fronDer 

• Favorable locaDon 
• Very low background from collision 

• Only high-energy muon at about 
1/cm2/sec 

• Low radiaDon level from the LHC 
• 4×106 1-MeV neutron/cm2/year 
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FASER collaboration
75 members from 22 insDtuDons and 9 countries
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FASER history 
The first theoreDcal proposal in 2017

Submi9ed LOI to CERN in Nov. 2018 -> Approved in Mar. 2019

Submi9ed LOI for Neutrino program in Dec. 2019 -> Approved

The project was just approved 3.5 years ago
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Search for new light weakly-coupled partciles  
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暗㯮䝣䜷䝖䞁䜈䛾感度
25

• 䛣䜜䜎䛷䛾実㦂䛷䚸弱䛔⤖合㡿
域䛿排㝖䛥䜜䛶䛔䜛

• FASER䛿10-4~10-5䛾⤖合㡿域䛻
感度䜢持䛳䛶䛔䜛

• 2022年䛾䝕䞊䝍(~20 fb-1)䛰䛡䛷
䜒䚸新䛧䛔䝟䝷䝯䞊䝍㡿域䜢探⣴
䛷䛝䜛

• LHCb䛸Belle II䛿強䛔⤖合㡿域
䛻感度䜢持䛴

Æ FASER䚸LHCb䚸Belle II䛿┦⿵
ⓗ䛷䚸䛣䜜䜙䛾⤖果䜢合䜟䛫䜛䛸
1GeV以下䛾探⣴㡿域䜢䜋䜌䜹
䝞䞊䛷䛝䜛

暗㯮䝣䜷䝖䞁䛻対䛩䜛感度䛾ぢ✚䜒䜚

How to explain the DM relic density? 
• WIMP:  

• no signal yet  
• WIMPless DM:  is free and   

• dark sector:  (long-lived with weak  )

mχ ∼ mw, gχ ∼ gw

m gχ ≠ gw

mχ < mw, gχ < gw gχ

• with already 10 y-1 (LHC luminosity) starMng 
to explore unconstrained space 

• Significant discovery potenMal with 150y-1  
• Expected Run-3 dataset

Gray area:  
already constrained

FASER is the first dedicated far-detector collider 
experiment for long-lived parMcle search 
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Exploring neutrinos at the TeV-energy frontier  

• High-energy neutrino interacDons 
• Cross-secMon measurements of different flavors 

at TeV energies 
• NC measurements, constraining neutrino 

nonstandard interacMons 
• Neutrino CC interacMon with charm producDon 

(𝜈𝑠 → 𝑙𝑐) and heavy (e.g. beauty) quark 
producDon

• Forward parDcle producDon 
• Neutrinos produced in the forward direcDon at the 

LHC originate from the decay of hadrons, mainly pions, 
kaons, and charmed mesons. 

• Neutrinos from charm decay is relevant for neutrino 
telescopes (such as IceCube) for understanding the 
prompt atmospheric neutrino producMon. 

100 PeV in lab. frame energys = 13.6 TeV → ∼

FASER𝜈 physics studies

• High-energy neutrino interactions
– Cross section measurements of different flavors 

at TeV energies
– NC measurements, constraining neutrino non-

standard interactions
– Neutrino CC interaction with charm production 

(𝜈𝑠ї𝑙𝑐)

• Forward particle production
– Neutrinos produced in the forward direction at the 

LHC originate from the decay of hadrons, mainly 
pions, kaons, and charm particles.

– FASER𝜈’s measurements provide novel input to 
validate/improve generators.

– First data on forward charm, hyperon, kaon

3

Neutrinos from 
charm decay is 
relevant for neutrino 
telescopes (such as 
IceCube) for 
understanding the 
prompt neutrino 
production.

𝝂𝒆 in FASER𝝂

A. Ismail, R.M. Abraham, F. Kling, 
Phys. Rev. D 103, 056014 (2021), arXiv:2012.10500
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FASER detector  
7 m long, 20 cm diameter 

Click to edit Master subtitle style
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FASER signature for LLPs

7 m long, 20 cm diameter 
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FASER detector  
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FASERν signatures for 
high energy neutrinos

Page:

FASERν Detector/Signal

3

Forward Physics 
Facility (FPF)

tau neutrinos

FPF length ~35 m

Original FPF idea

FASER

off-axis !

FASER!2          FASER2                     MilliQan LArFASER#
+ FASER

LHC beam pipe
Existing tunnel

Forward 
beam

Extended 
tunnel

FASERν

Interface Silicon Tracker: 24 siliconstrip tracker

FASER
Detector for the LHC Run 3
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FASER spectrometer 
with 0.55T magnets
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and veto station 

(to be added in the figure)
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Detection of neutrino interactions in emulsion detector

lepton

ҧߥ
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ܺ
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CC heavy quark production
Emulsion film Tungsten plate (1mm thick)

� Emulsion/tungsten detector and interface silicon tracker will be placed in front of the main 

FASER detector.

� Allows to distinguish all flavor of neutrino interactions.
± 770 1-mm-thick tungsten plates, interleaved with emulsion films

± 25x30 cm2, 1.1 m long, 1.1 tons detector (220ܺ଴)

± Emulsion films will be replaced every 30-50 fb-1 during scheduled LHC technical stops (3 times per year)

± Muon identification by their track length in the detector (8ߣ௜௡௧)
± Muon charge identification with hybrid configuration Æ distinguishing ߥఓ and ҧߥఓ
± Neutrino energy measurement with ANN by combining topological and kinematical variables

Veto
Detector for the LHC Run 3
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FASER spectrometer 
with 0.55T magnets

Interface silicon tracker 
and veto station 

(to be added in the figure)
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Detection of neutrino interactions in emulsion detector

lepton

ҧߥ
തܤ

ܺ
ܦ

CC heavy quark production
Emulsion film Tungsten plate (1mm thick)

� Emulsion/tungsten detector and interface silicon tracker will be placed in front of the main 

FASER detector.

� Allows to distinguish all flavor of neutrino interactions.
± 770 1-mm-thick tungsten plates, interleaved with emulsion films

± 25x30 cm2, 1.1 m long, 1.1 tons detector (220ܺ଴)

± Emulsion films will be replaced every 30-50 fb-1 during scheduled LHC technical stops (3 times per year)

± Muon identification by their track length in the detector (8ߣ௜௡௧)
± Muon charge identification with hybrid configuration Æ distinguishing ߥఓ and ҧߥఓ
± Neutrino energy measurement with ANN by combining topological and kinematical variables

‣ FASERν detector 
- 770 × [tungsten (1 mm) + emulsion film] 
- 25×30 cm2, 1.1 m, 1.2 tons (220 X0) 
- Spatial (angular) resolution: 0.4 μm (0.1 mrad) 

‣ ν flavor tagging with topological/kinematical informations 
- Muon charge identification by FASER spectrometer
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FASER Tracking: components and layout
Composed two distinct parts: the tracking spectrometer (3 tracking stations) and the Interface 
Tracker (1 tracking station), placed after the FASERv emulsion detector   

Monica DOnofrio, IPA202210

Hybrid assembly

Silicon sensors

Washers

BeO facings

ABCD3T ASIC

Figure 6: Photograph of a SCT barrel strip module.

coordinate. The flex hybrid with six ABCD3TA chips per side is bridged over the sensors via a522

carbon-carbon substrate. The hybrid is attached to beryllia (BeO) facing plates located on the two523

ends of the baseboard made of Thermal Pyrolytic Graphite (TPG) with an excellent in-plane thermal524

conductivity and low radiation length, which provides the mechanical support to the sensors and525

allows for the heat generated by the ABCD3TA chips to be dissipated.526

The strip modules used for the FASER tracker have been selected among the existing spares527

of the SCT barrel modules. Since completion of the production in 2014, the modules were stored528

in individual sealed bags. Electrical tests were performed to select the modules to be used in the529

FASER tracker. The modules were selected based on the behaviour of the leakage current as a530

function of bias voltage (High Voltage, HV) applied to the sensor, and to minimise the number of531

strips with large noise, low e�ciency and cross-talk. In total, 96 modules are used for the four532

tracker stations.533

2.2 Tracker plane534

Figure 7 shows a schematic view of the tracker plane. Each plane consists of eight SCT barrel535

modules within an AW-5083 aluminium frame. Four modules are located on each side (front and536

back) of the frame as shown in Fig. 8. The distance between closest sensors in the modules along537

the out-of-plane direction is 2.4 mm, and the active area overlap along the strip-length is 2 mm. A538

flexible printed circuit board (called the "pigtail") is attached to each module and routes the electric539

lines to the outside of the frame. Four pigtails (one per module) on each side of the tracker plane540

are connected to a single patch panel. The patch-panel is used as the interface between the DAQ541

– 14 –

Figure 7: Schematic view of the tracker plane. The pigtail is connected to each hybrid on the
SCT module. Note that adjacent SCT modules are mounted on di�erent side of FASER module
frame. The four pigtails in one side are connected to one patch panel. The circle represents the
200 mm-diameter magnet aperture.

and powering systems.542

Figure 8: Photograph of a tracker plane with all eight SCT modules installed. The beam axis is
perpendicular to the plane.

The aluminium frames were produced with CNC (Computer Numerical Control) machining.543

The size of the frame is 320 mm ⇥ 320 mm ⇥ 31.5 mm. The frame is cut out for most of the544

active area within the acceptance of the magnet aperture to minimize the material (Fig. 7). An inner545

– 15 –

Figure 9: (left) Exploded CAD view of a tracker station and (right) photograph of a fully assembled
station. The black cover on top of the station is a carbon-fibre plate. The cooling loops of each
plane are connected together, so that per station there is only one inlet and one outlet for the cooling
fluid.

cooling channel with 5 mm diameter was integrated into the frame for the water cooling which546

extracts heat generated by the ABCD3TA chips on the modules. Details of the water cooling system547

are described in Section 6.2. A heat conducting thermal paste (Electrolube HTCP-20S) is used at548

the contact surface between the BeO facing plates of the SCT modules and the aluminium frame549

for a good thermal contact. An inlet for dry-air is also included in the frame to keep a low relative550

humidity inside.551

2.3 Tracker stations552

The tracker station is an assembly of three planes as shown in the computer-aided drawing (CAD)553

view and picture of Fig. 9. The distance between the sensor cut edge and the sensitive region is554

1 mm. For an individual plane, this results in a dead region of about 2 mm in between modules555

along the vertical direction. To overcome this, the three planes are staggered along the vertical556

direction with a relative shift of the middle (last) plane of +5 mm (�5 mm) with respect to the first557

plane. This ensures that there are at least two 3D reconstructed hit points for a track crossing the558

station. An additional dead region corresponds to the vertical slice in the centre of each module.559

This represents 1.6% of the active area, and is accounted for in the detector description in the560

simulation and reconstruction.561

Each station volume is closed by two end-covers made of carbon-fibre plates with 400 `m562

thickness (standard T300 fibres). To prevent corrosion by the corona discharge processes that563

might occur after putting the frames in contact during the station assembly, a post-treatment with564

a SURTEC-650 was performed for all aluminium parts. In addition, an O-ring sealing joint was565

attached between the frames for a good tightness and to keep the humidity inside the station as low566

as possible (typically ⇠ 1%). The total weight of one station is about 15 kg without cables.567

The thermal performance was investigated with various Finite Element Analyses (FEA) sim-568

ulations. The temperature measured with a thermistor on the flex hybrid of the SCT module is569

required to be less than 35 �C, which corresponds to the glass transition of the epoxy glue used570

for the module assembly. Keeping the coolant temperature at 15 �C, a water flow of 3 ✓/min571
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Basic component: SCT Module 
à 8 modules per tracker plane 

3 Tracker planes per station (12 total)

Low material central region: 2.1% radiation length  

Tracker Plane 

Tracking 
Station

(considering a heat transfer coe�cient for water of 500 W/m2), and the outside air convection at572

23 �C, the FEA gives a maximum temperature on the ABCD3TA chips of ⇠ 28 �C, neglecting the573

temperature rise within the water channel due to the heat load. The latter is estimated to be +0.6 �C574

for 3 ✓/min. These results are in good agreement, within 2-3 �C, with measurements taken during575

commissioning, hence validating the simulation. The FEA simulation was then used to estimate the576

temperatures on the silicon sensors and predicted 21-23 �C, which is well within the specifications577

for the epoxy glue.578

Table 2 summarizes the material budget in a tracker station. The central region with the least579

amount of material in the station, i.e., six silicon sensors and two carbon-fibre covers, accounts for580

a total of 2.1% radiation length (X0). The worst case is when the particle penetrates the edge region581

that consists of six SCT modules including sensors, TPG baseboard, flex hybrid with carbon-carbon582

bridge and ABCD3TA chips as well as the aluminium frames and station covers. In such a case,583

the material budget becomes 21.5% X0.584

Simulation results based on a dark photon benchmark model with m�0 = 100 MeV and n =585

10�5 show that 70% of the dark photons are contained within the low-material central region of the586

tracker. Finally, given the high-momentum spectrum expected for the signals of interest the e�ect587

of multiple scattering from the traversed material will be negligible.588

Component Material Number -0 (%)
/ station Central region Edge region

Silicon sensor Si 6 1.8% 1.8%
Station Covers CFRP 2 0.3% 0.3%
SCT module support TPG 3 - 0.6%
C-C Hybrid C (based) 3 - 2.2%
ABCD chips Si 3 - 6.5%
Layer frame Al 3 - 10.1%
Total / station - - 2.1% 21.5%

Table 2: Amount of material in -0 in the active area of a tracking station for three regions: i) the
central region with only the silicon sensor material and ii) the edge region. Details of the material
in the SCT module are given in Table 8 of Ref. [23]. The numbers are calculated directly from the
CAD description of the tracking station.

The three spectrometer tracker stations are mounted into the FASER detector with an AW-5083589

aluminium structure (called the "backbone") whilst the IFT is fixed on an independent support590

structure. The details are described in Section 8.591

2.4 Alignment and metrology592

Metrology was performed for all assembled planes and stations at the University of Geneva using a593

Mitutoyo CRYSTA-Apex S CNC coordinate-measuring machine with an automatic probe changer594

(Fig. 10). Measurements were performed with a mechanical touch-probe and an optical camera.595

There are four stainless steel targets on each frame (one in each corner) to define the plane596

reference coordinate system. The targets are visible from both sides, allowing measurements done597

on each side of the plane separately to be correlated. The silicon sensors of the SCT modules have598
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NIMA 166825 (2022)FASER Tracking components  
3 tracker staDons + Interface tracker placed 
a�er the FASERν emulsion detector

Semiconductor Tracker (SCT) modules 
→8 modules per tracker plane

spare modules 
given by ATLAS  

Tracker Plane

Tracker 
StaDon

3 Tracker planes per staDon (12 in total)
• 80μm strip pitch, 40mrad stereo angle 

(17μm / 580μm resoluMon) 
• precision measurement in bending 

(verMcal) plane 
• 8 SCT modules give a 24cm x 24cm 

tracking layer 
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FASER calorimeter, pre-shower and scintillator systems FASER calorimeter, pre-shower and scintillator systems 
´ Four scintillator stations with multiple scintillator layers in each 

station 

´ (a) FASER! Veto, (b) Interface Veto, (c) Timing, & (d) Preshower

´ >99.98% efficiency, sufficient to veto all incoming muons 

´ Installed mu-metal shield to reduce noise, light leaks, and discharge 

´ photo-multiplier tubes to detect the scintillation signals. 

´ Electromagnetic calorimeter made of spare LHCb modules 

´ 66 layers of lead-scintillator plates read by 2x2 array of PMTs

12

LHCb
(3x3 version)

Monica DOnofrio, IPA2022
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Figure 14: Design of a FASER (LHCb outer) calorimeter module.

Figure 15: Design of a FASER PMT assembly with voltage divider and optical filter holder.

plates and 64 wavelength shifting fibers penetrating through the whole module and delivering the732

scintillation light to a single PMT situated in a steel tube at the centre of the calorimeter’s modules.733

A single clear fiber penetrates through the middle of the calorimeter in order to provide a light734

path for the LED calibration system, see Section 3.3. The modules are 754 mm long, including the735

PMT, and have transverse dimensions of 121.2 mm ⇥ 121.2 mm. Each module has a total depth of736

25 radiation lengths and consists of 66 layers of 2 mm lead and 4 mm plastic scintillator, and 120737

mm-thick Tyvek reflective paper.738

The light from a calorimeter module is measured using the same Hamamatsu R7899-20739

PMT [42] type as used by LHCb. This is a ten dynode-stage head-on PMT with a cathode diameter740

of 22 mm and a typical gain of up to 2⇥ 106. The voltage divider for the PMT was custom-built for741

FASER following the Hamamatsu recommendations for a tapered voltage-divider circuit in order742

to maintain good linearity for large pulses. The PMT and the voltage divider are situated inside the743

steel tube as illustrated in Fig. 15. The PMT is in addition surrounded by a permalloy protection744

tube to reduce the impact of magnetic fields. In front of that is a 32 mm long, 8 mm wide rectangular745

polystyrene light mixer to reduce the non-uniformity of the PMT response. An absorptive neutral746

density filter with 10 % transmission e�ciency can be installed in the PMT assembly in front of the747

light mixer. This allows the PMT to be operated at higher gain where the non-linearity is small, see748

Section 3.4.1, without saturating the readout electronics for energy deposits up to 4 TeV.749

The full FASER acceptance is covered by four calorimeter modules in a 2⇥2 configuration. To750

avoid insensitive regions along the scintillating fibers and the gaps between modules, the modules751

are tilted horizontally and vertically by 50 mrad with respect to the LOS. To avoid light ingress into752

the calorimeter modules, all sides of the calorimeter are covered in 0.5 mm thick aluminium plates753

and gaps between the modules at the end are covered in aluminium tape as shown in Figure 16.754

After installation in TI12, it was found that a measurable amount of electronics noise was picked up755
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Note: Preshower scintillator to be replaced by silicon pixel detector (tech. 
proposal) in 2023/2024 To detect 2-photon axion-like particle signals 

FASER calorimeter, pre-shower and scintillator systems 
´ Four scintillator stations with multiple scintillator layers in each 

station 

´ (a) FASER! Veto, (b) Interface Veto, (c) Timing, & (d) Preshower

´ >99.98% efficiency, sufficient to veto all incoming muons 

´ Installed mu-metal shield to reduce noise, light leaks, and discharge 

´ photo-multiplier tubes to detect the scintillation signals. 

´ Electromagnetic calorimeter made of spare LHCb modules 

´ 66 layers of lead-scintillator plates read by 2x2 array of PMTs

´ Simulated deposits for electrons and muons 

13

LHCb
(3x3 version)

Electron Muon

Monica DOnofrio, IPA2022
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Note: Preshower scintillator to be replaced by silicon pixel detector (tech. 
proposal) in 2023/2024 To detect 2-photon axion-like particle signals 

• Four scinDllator staDons  
• (a) FASERν (b) Interface Veto, (c) Timing, & (d) Preshower 
• >99.98 % efficiency, sufficient to veto all incoming muons 
• photo-mulMplier tubes to detect the scinMllaMon signals. 

• ElectromagneDc calorimeter made of spare LHCb modules 
• 66 layers of lead-scinMllator plates read by 2x2 array of PMTs 
• 12 cm x 12 cm (25 X0) 
• Simulated deposits for electrons and muons
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FASERν Emulsion/Tungsten detector 
• 730 layers of an emulsion film and 1.1 mm tungsten plate 

25 cm × 30 cm × 1.1 m, 1.1 tons, 220 X0 

• In 2018, pilot detector (30 kg) exposed in TI18 for 1.5 month 
• Observed (2.7σ) first collider neutrino candidates! 

• FASERν will be exchanged frequently during Run 3 
• ParMal detector (~30% films): 15th March - 26 th July 
• First full detector (TS1): 26 th July – 13 th Sept 
• Second detector (TS2): 13 th Sept – 8 th Nov 

• Regularly exchanged ( every 3 months) to keep a 
manageable occupancy

∼

FASERν detector 
´ 700 layers of an emulsion film and 1.1 mm tungsten 

plate: 25 cm×30 cm×1.1 m, 1.1 tons, 220 !0 

´ Pilot detector (30 kg) exposed in UJ12 for 1 month

´ Observed (2.7σ) first collider ν candidates!

´ FASERn will be exchanged frequently during Run 3

´ First full detector (TS1): 26th July – 13th Sept

´ Second detector (TS2): 13th Sept – 8th Nov

´ Frequently exchanged (~ every 3 months) to keep a 
manageable detector occupancy. Procedure:

15

Emulsion Film 
Production

Detector 
Assembly Exposure Development Full Area 

Readout Reconstruction

Ship to 
CERN

DisassembleInstall 
in Ti12

Ship to 
Japan

Monica DOnofrio, IPA2022
Replacements: ~ 11 times, every 30-50 fb-1

Phys. ReV. D 1004, L091101

FASERν detector 
´ 700 layers of an emulsion film and 1.1 mm tungsten 

plate: 25 cm×30 cm×1.1 m, 1.1 tons, 220 !0 

´ Pilot detector (30 kg) exposed in UJ12 for 1 month

´ Observed (2.7σ) first collider ν candidates!

´ FASERn will be exchanged frequently during Run 3

´ First full detector (TS1): 26th July – 13th Sept

´ Second detector (TS2): 13th Sept – 8th Nov

´ Frequently exchanged (~ every 3 months) to keep a 
manageable detector occupancy. Procedure:
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Detector 
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Readout Reconstruction
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CERN

DisassembleInstall 
in Ti12

Ship to 
Japan

Monica DOnofrio, IPA2022
Replacements: ~ 11 times, every 30-50 fb-1

Phys. ReV. D 1004, L091101
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All detector components are successfully installed in T12 in March 2022

ParMcles 
from ATLAS
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Run 3 data-taking and early performace  

Benedikt Vormwald 10benedikt.vormwald@cern.ch

Detector Hit Efficiency

● Operation point indicated with dashed lines
● No radiation damage expected at the detector location in TI12
● Very likely no need to adjust operation point in the future
● Hit efficiency of 99.64 ± 0.10% at threshold 1.0 fC and sensor bias 150V
● Very well in agreement with early ATLAS SCT results (https://doi.org/10.1088/1748-0221/9/08/P08009)

Efficiency evaluation:
● Track reconstruction per 

station with 1 of 6 strip 
sensor layers blinded

● Efficiency = find strip in 
blinded sensor layer 
compatible with track 
(∆y=500μm)
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Benedikt Vormwald 8benedikt.vormwald@cern.ch

Detector Calibration and Stability

● Gain = relation between comparator voltage and effective threshold charge
● Noise = threshold dispersion at charge injection of 2fC 
● Measurement of key properties of the ABCD chip in very good agreement with design 

specifications (https://doi.org/10.1016/j.nima.2005.07.002)

● Very stable tracker performance over first month of beam operation

FASER 
preliminary

FASER 
preliminary

Since July 2022  = 13.6 TeV collision data has been collected 
• More than Lint= 24 �−1 data has been recorded to date 
• Maximum trigger rate is about 12 kHz 
• With early data, trying to check the detector performance 

• Finalize the configuraDon for the detector operaMon 
• Keep monitoring the performance by regular calibraDon runs 

• very stable operaMon since the data-taking started 

s
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Run 3 Data: August 2022 Event Displays Run 3 Data: August 2022 Event Displays 

15Lottie Cavanagh - University of Liverpool

3 x 2

� Waveform fits consistent with MIP Waveform fits consistent with MIP
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FASERν installation, operation and readout  

Schedule of the 2022 runs

8

Integrated 
luminosity

per module (fb-1)

N 𝝂 int. 
expected

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

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

2022 3rd module Sep 13 ʹ Nov 29 (∼20) (∼1000)

Since March 2022, we keep collecMng data with FASERν 
• Detector is assembled in dark room at the emulsion 

facility in CERN 
• InstallaMon to TI12 can be done within a single day 
• A�er exposures, films are developed and dried at CERN 
• Scanning films are performed by the facility at Nagoya 

University in Japan a�er transportaMon
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Reconstructed tracks (above ∼1 GeV) in 1 mm ൈ 1 mm ൈ 20 emulsion films from 
the 2022 first module of the FASER𝜈 detector, which collected 0.5 fb-1 of data. 
Yellow line segments show the trajectories of charged particles in the emulsion 
films. The other colored lines are interpolations, and the colors change 
depending on the depth in the detector. The track density measured in the data 
sample is 1.2ൈ104 /cm2, corresponding to 2.3ൈ104 /cm2/fb-1.

500 μm

FASER𝜈 data 
(2022 first module)

The first FASERν data!!

56

Reconstructed tracks (above ∼1 GeV) in 1 mm × 1 mm × 20 emulsion films from the 2022 1st module of the 
FASER𝜈 detector, which collected 0.5 �-1 of data. 

The track density measured in the data sample is 1.2 × 104 /cm2, corresponding to 2.3 × 104 /cm2 /�-1 
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Reconstructed tracks (above ∼1 GeV) in 1 mm ൈ 1 mm ൈ 20 emulsion films from 
the 2022 first module of the FASER𝜈 detector, which collected 0.5 fb-1 of data. 
Yellow line segments show the trajectories of charged particles in the emulsion 
films. The other colored lines are interpolations, and the colors change 
depending on the depth in the detector. The track density measured in the data 
sample is 1.2ൈ104 /cm2, corresponding to 2.3ൈ104 /cm2/fb-1.

500 μm

FASER𝜈 data 
(2022 first module)

The first FASERν data!!
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Reconstructed tracks (above ∼1 GeV) in 1 mm × 1 mm × 20 emulsion films from the 2022 1st module of the 
FASER𝜈 detector, which collected 0.5 �-1 of data. 

The track density measured in the data sample is 1.2 × 104 /cm2, corresponding to 2.3 × 104 /cm2 /�-1 

First data: Position deviation

FASER𝝂
preliminary

• Distributions of the position deviation between the track hits and the straight-line fits to 
reconstructed tracks.

• The distributions show position resolutions of ∼0.2 𝛍m for the case dedicated alignment 
is applied to 10 emulsion films.

FASER𝝂
preliminary

15

First data: PosiMon deviaMon

∼0.2 𝛍m for the case dedicated alignment is applied to 10 emulsion films
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Data analysis readiness
´ On-going tests on full production chain from generation all the way through to analysis 

´ Representative background and signal processes have been produced 

´ Full FASER detector geometry implemented and validated in offline software 

´ Calypso software package based on ATLAS framework (Gaudi and Athena) 

´ Genie & FLUKA used for neutrinos studies and muon-induced background 

20 Monica DOnofrio, IPA2022

Single muon

Calorimeter

Preshower

Trackers

FASERν

IFT

A(100 MeV) à e+e-

Good tests for track 
reconstruction methods, 
momentum resolution and 
calorimeter deposits 
measurements

Readiness of data analysis 

• FASER offline analysis so�ware,  Calypso 
• Based on “Athena” for ATLAS offline reco. 

• Enable to test several types of generators 
• Genie & FLUKA used for neutrinos studies 

and muon-induced background 
• The geometry is validated and analysis pipeline 

is fully ready.

Event displays of simulated neutrino interaction vertices for 433 GeV 𝜈𝑒 CC, 664 GeV 𝜈ఓ CC, and 831 GeV 𝜈ఛ CC 
in tilted views. Yellow line segments show the trajectories of charged particles in the emulsion films. The other 
colored lines are interpolations, and the colors change depending on the depth in the detector.

𝜏

200 μm

𝜈ఛ CC
FASER simulation

500 μm

FASER simulation

𝑒

𝜈𝑒 CC

500 μm

𝜇

FASER simulation
𝜈ఓ CC
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Future upgrade plan 

FASER preliminary

• Upgrade to enable 2-  physics 

• enable to measure Axion Like ParMcles and long live parMcles 
decaying into two photons  

• current preshower to be replaced with a high-resoluDon silicon 
pre-shower detector using monolithic pixel ASICs 

• hexagonal pixels of 65 μm side 

γ 200 μm between two photons 
DisMnguishable

Planned to be ready for 2024  
data taking

2-photon pairs with  
E>250 GeV and  > 0.2mmδγγ Ideal 

eff. = 100%

RealisMc 
65-75% eff. for 200μm 

85-80% eff. for >300 μm 

IPMU-APEC seminar 14th Dec 2022 Tomohiro Inada (ICRR, Tsinghua) 59



X60



X

Forward Physics Facility in the HL-LHC era
Forward Physics Facility 
・submiPed white Paper(>400 pages!!) towards snowmass 

　・236 authors, 156 endorsers 

・Aimed at physics with the LHC forward beam 

　・increase staMsMcs (×20 Run3, 150 y-1) in HL-LHC era 

　・Plan to have a new experimental cavern

h9p://arxiv.org/abs/2203.05090 
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X6262

h9p://arxiv.org/abs/2203.05090 

Allow us to access variety of physics with unexplored the LHC forward beam region!!

Forward Physics Facility in the HL-LHC era
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The Forward Future: FASER(ν)2 
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FPF Experiments: FASERv2

FPF Experiments: FASER2

FASER2

FASERν2

In HL-era, it is expected to  increase staMsMcs 
(×20 Run3, 150 y-1) in HL-LHC era

Neutrinos from Charm Decay

The forward future: FASER(n)2
´ We might not see LLPs or NP in Run 3: 

´ Extended coverage needs a bigger detector

´ Thinking ahead: a scaled-up version 
of FASER with ~100 x active area
´ Veto: similar scintillator-based
´ Magnets: Superconducting w/ B = 1 T
´ Tracker: much larger using e.g. SiFI/SiPM
´ Calo/Muon: enhanced PID & position resol.

22 Monica DOnofrio, IPA2022

FASERν2
~20t emulsion + tungsten detector

Focus on ντ

Probing up to higher mass

Broader scope including QCD physics 

The forward future: FASER(n)2
´ We might not see LLPs or NP in Run 3: 

´ Extended coverage needs a bigger detector

´ Thinking ahead: a scaled-up version 
of FASER with ~100 x active area
´ Veto: similar scintillator-based
´ Magnets: Superconducting w/ B = 1 T
´ Tracker: much larger using e.g. SiFI/SiPM
´ Calo/Muon: enhanced PID & position resol.

22 Monica DOnofrio, IPA2022

FASERν2
~20t emulsion + tungsten detector

Focus on ντ

Probing up to higher mass

Broader scope including QCD physics 

e.g. Expected Neutrino Flux
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https://indico.cern.ch/event/1137276/contributions/4950688/attachments/2542150/4378787/FPF_PBCworkshop_Nov22.pdf

Do we all agree on this basic timeline as realistic?

hPps://indico.cern.ch/event/1137276/contribuMons/4950688/aPachments/2542150/4378787/FPF_PBCworkshop_Nov22.pdf

Slide from M.Diwan and A. De Roeck
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• FASER is the new exeperiment from LHC-Run3  
•Explore the LHC forward physics 

•Physics potenMal: covering mulM-energy scales  
•Long-lived parMcle searches in MeV-GeV masses  
•All flavors’ neutrino cross-secMon measurement in TeV-scale 

•LHC Run3 got started. Data-taking is ongoing very well 
•UnMl now the integrated luminosity from the LHC is about 

20�-1. Analysis is ongoing. 

•Started design studies for Forward Physics Facility in HL-LHC 
era from 2028

Summary

• Indirect DM searches with gamma-ray is complementary 
with other WIMP searches 
• In parMcular, good tool to access heavy DM models 

• Ground-based Gamma-ray telescopes (IACTs) has a 
good sensiMvity on TeV gamma-ray 
• constrain WIMPs with variety of targets 

• the GalacDc Centre: the most progressive  
• constrain on SUSY models with different DM 

density profiles 
• dSphs: the robust  

• all gamma-ray instruments are combined for the 
legacy result 

• Current IACTs generaMon are making legacy results. 

• Next generaMon: Cherenkov Telescope Array  
• The first Large-Sized Telescope is in operaDon

Thank you so much for your attention! 
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