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https://indico.cern.ch/event/1205624/contributions/5240170/

Energy frontier at the LHC

The LHC collisions with the highest center-of-mass energy in the world.

e [t was designed to search for heavy strongly produced new particles, and to
study heavy Standard Model physics
e Existing experiments well suited for this, and performing extremely well

SUSY, top, Higgs, ...




Intensity frontier at the LHC

The LHC collisions with high luminosity for study of intensity frontier physics

e The huge number of light SM hadrons that are produced in the LHC collisions
opens the window for LHC to study this domain normally studied by the fixed
target experiments.




Forward Search ExpERiment at the LHC

e Many light particles at LHC produced in 11, K, D meson decay
o N~ 10'® pions/10"? neutrinos in LHC Run 3 (2022-2025)
o E~TeV, ebeam anis mrad

e Unique opportunities to search long-lived particles and measure energetic neutrino
o 480m downstream from ATLAS, placed directly into the beam

o 100m rocks shield most of the background

charged particles (p<7 TeV) e ¥s m
)
ot forward jets W\
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neutrino, dark photon

LHC magnets \ &y
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FASER Location: TI12 tunnel
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Dark Sector Search with FASER



Dark Photon oy

Spin 1, couples weakly to SM fermions

_ij v L2y
i QF,WF +2m X .

Mainly from decays of light mesons, 1, n, 1075

dark bremsstrahlung and hard scattering
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Axion-like Particles

ALPs only couple to photons
1 1
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Neutrino Physics with FASERv



Exploring neutrinos at the TeV energy

Sensitive to new physics by W' H",LQ - ()

measuring scattering cross v interaction  * ') X
(NP)  d/s (u/c) c (b)

sections and studying each flavor
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Exploring neutrinos at the TeV energy

Sensitive to new physics by

o(E)/E [10~38cm~2/GeV]
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FASER/FASERv Detector
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arxiv: 2207.11427

DeteCtOF 3 Trac::E:Stasté‘fl_“sz Scintillator
. ° --Veto
EM Calorimeter: *
e LHCD
ATLAS IP
Scintillator:

e Trigger/presho

\

/‘ FASERv:
- e  Emulsion/Tungsten
/ Interface tracker:
e ATLAS SCT
! Scintillator station:
Magnets: e Trigger ~5 m long, 20 cm diameter

055T

Calorimeter Tracking spectrometer Decay volume emulsion


https://arxiv.org/abs/2207.11427

LOIl arXiv:1811.10243

FASER |n T|12 TDR arXiv:1812.09139

Winter 2021



https://arxiv.org/abs/1811.10243
https://arxiv.org/abs/1812.09139

Complete Installation in TI12

Mdrch 2022
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FASER spectrometer (magnets and tracker), trigger Emulsion/Tungsten, IFT and veto 15
scintillators and calorimeter scintillator



Run 3 Data Taking

rdSer

Run: 7733
Event: 214231
2022-07-05 16:42:03
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;

16



First collider neutrino candidates already published
from Run2 “pilot run” PRD 104, L.091101 (2021)



https://arxiv.org/abs/2105.06197

Operation and Detector Performance

18



Smooth operation since July 2022

No major issues observed so far. Detector time in with the first collision data.
> 35/fb data recorded (<2.5% of data lost due to operational issues).
Maximum trigger rate is ~1.2 kHz (physics deadtime < 2%).
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Collision Muon Event g e ()

J. Boyd
Collision event with a muon traversing FASER
— - Run 8336
@ Event 1477982 Reconstructed momentum 22 GeV.
2022-08-23 01:46:15 : ; : ;
Signal consistent with MIP seen in all
<TOATLASIP scintillators and calorimeter.
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Tracker stable performance since 2022

e More than 99.5% strips are active
e Calibration periodically performed to achieve performance as good as the

ATLAS SCT
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Energy Resolution o/E

Calorimeter and Scintillator
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Track based alignment in progress

Significant improvement of hit residuals and track chi2

. Three tracker stations are connected to the backbone,
mechanically decoupled from fourth tracker station (IFT)
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FASERNuU performance in the first 2022 collisions

e 10/fb data (~500 neutrinos, films installed in July 26 and removed in Sep 2)
e Measured track multiplicity consistent with FLUKA simulations

(1.2 x 10* tracks/cm?/fb™")
e Excellent track resolution measured in first data!
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Run 3 and Beyond
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Pre-shower upgrade for 2025 (3rd year of run 3)

e Preshower scintillator will be replaced by e Upgrade to enable detecting
hybrid pixel detector ALPs— vyv searches (2 photon

e |Installation by the end of 2023, and separation by ~200um)
data-taking from 2024

100um pitch hexagonal

ot
Trigger / preshower

130nm SiGe BiCMOS stion

e Approved by CERN research board in April 2022 CERN-LHCC-2022-006 26



https://cds.cern.ch/record/2803084

Snowmass White paper
arXiv:2203.05090

Forward Physics Facility toward HL-LHC |
5th FPF meeting

A new dedicated facility 617 m to west of ATLAS (IP1) for https://indico.cern.ch/even
5 experiments

Rich and broad physics programs:
e Dark sector searches
e Neutrino physics
e QCD

t/1196506/

FASER 2
e 2m diameter (FASER x10)

QP T 7 N - NPT 5 7 gy » _W|

e Sensitive to particles —- _ [Mssna] [roswosa] | |
produced from heavy flavor .]ﬁ‘ﬁil ] sy '
decay =0 A ItEiE: L

= il 1
- — ool AGVSND { FLARE]— |
FASERv2 v oh s =

e ((20tn) emulsion/tungsten 65m x 9.7m x 7.7m |
detector (FASERV x20) 88m high shaft 7


https://arxiv.org/abs/2203.05090
https://indico.cern.ch/event/1196506/
https://indico.cern.ch/event/1196506/

Summary

e FASER - a new forward experiment at the LHC in the unused tunnel, TI12

o  Give access to light weakly-coupled particles in MeV-GeV range
o Probe TeV-energy neutrino in all flavors - First collider neutrino candidate is published!

e Smooth data taking in LHC Run 3 from 2022:

o Great progress of operation and performance matching expectation
o Simulation and data analysis on-going

e Upgrade toward enhancing forward physics program
o Near term preshower upgrade for ALP search
o Longer term Forward Physics Facility enabling broad physics programs
m Tight timeline for construction
m More discussions in Seattle Snowmass
Community Summer Study July 17-26 2022

Snowmass 2021 |
http://seattlesnowmass2021.net/



http://seattlesnowmass2021.net/
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Backup
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Beam Backgrounds

e FLUKA simulations and in situ measurements have been used to assess the backgrounds expected in FRASER

e FLUKA simulations studied particles entering FASER from:

o — IP1 collisions, off-orbit protons hitting beam pipe aperture, beam-gas interactions

e Expect a flux of high energy muons (E>10 GeV) of 0.5 cm™s™ at FASER for 2x103cm™s™ luminosity from IP1

collisions
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In Nov 2021 pilot run, beam-1 bunches pass the back of FASER with interactions in Q12 magnet was observed.

This background is ~3.2us (127 BCs) too early compared to particles coming from IP1 to FASER

33



Beam-1

concrete shielding
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Events Per BCID

Beam-1 background observation

Trigger rate versus BCID in 600b fill
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Colliding bunches When LHC running with small
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no colliding bunch in IP1.
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Events per 100 ps

Beam-1 background removal using calorimeter timing

~ Preliminary

Collision events

10° Beam 1 background events
Cavern/cosmic ray events
107
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: 11 In
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TE LAl ).Hx'u iy 1111
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Calorimeter PMT
Excellent timing resolution
for large energy signals
(<300ps)

36



FASER neutrino sensitivity

150/fb @14TeV AR T | R

Main production source kaon decay pion decay charm decay
# traversing FASERv 0(10%) 0(10%?) 0(10°)

25cm x 30cm

# interacting in FASERv ~1300 ~20000 ~20

(1.1tn Tungsten)
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Exploring neutrinos at the TeV energy

Sensitive to new physics by

measuring scattering cross

sections and studying each flavor
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Neutrino Flavor Detection with Emulsion

po—

' Emulsion film Tungste
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DeteCtO r 3 Tracker stations:

Scintillator
. . e Each has 3 layer of 8 silicon strip modules e Veto charged
EM Calorimeter: e Measure track trajectory particles &
e 66 scintillator + lead planes e More details in NIMA166825(2022)
e -25Xo ‘ ATLAS IP

Scintillator:
e Trigger/presho

e 770emulsion + tungsten plate
/ Interface tracker: o =8k .
e Measure track trajectory,

St v 3 layers of 8 silicon stri ;
scintillator station: * y P neutrino flavor

Magnets: ‘ o : modules (SCT)
e Triggger/timing
055T e More details in [NST16.212028 (2021)
~5 m long, 20 cm diameter

= -“In____

Calorimeter Tracking spectrometer Decay volume Veto emulsion Veto



Magnet

0.57T permanent dipole magnets based on the Halbach array design. Designed,

)

constructed and measured by CERN group.

|

Guiding profile (extruded aluminium)

Pushing plate (stainless steel)

Permanent magnet (Sm,Co,;)

430 mm

External ring (construction steel)
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Silicon Tracker

Based on ATLAS SCT modules:

8 modules x 3 layers x 4 stations = 96 modules
o Resolution: 17 um x 580 um
o Good separation for two collimated tracks

SCT module
Tracking layer

80 um pitch, 768 strips/side 24 cm x 24 cm
40 mrad stereo angle sensitive area

NIMA (2022) 166825

4 stations commissioned and installed

O

(@)
(@)
(@)

99.9% strips are active

Expected noise/gain are confirmed
Thermal performance looks good
Interlock/safety are carefully verified

Tracker Station

42


https://www.sciencedirect.com/science/article/pii/S0168900222003096?via%3Dihub

Scintillator

Scintillator function
e Vetoing incoming charged particles - Very high efficiency needed (¢{108) incoming
muons in 150/fb)
e  Triggering
e Timing measurement - ~0.5 ns resolution
e  Simple pre-shower for calorimeter

Four scintillator stations are commissioned and installed
e > 09.9% efficiency, enough to trigger LLP decay inside the FASER detector
e  Confirmed by in situ measurements in 2018.

2 Vgto stations

Trigger/Timing Station
Trigger/Preshower Station \

Calorimeter &

Photon Shield

Preshower &
backsplash stopper
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Calorimeter

Calorimeter is based on four LHCb ECAL module.

Calorimeter function One module has:

e EM energy of fU'! evehf[ _ e 12cmx12cmx 75 cm (25 X, including PMT)
e Electron/photon identification e 66 layers of (2mm lead and 4mm scintillator)
e Triggering e Resolution ~1% for 1 TeV electron energy deposits

Module under test

LHCb PMT
(with their PS

137 Cs-source
and readout)

662 keV ~

44



Trigger and Data acquisition

* Tracker: Custom General purpose 1/0 (GPI1O)
board

+ Scintillator and Calorimeter: CAEN digitiser
* Trigger: Custom GPIO board

e 1 KHz expected rate (dominant by muon
flux, 1 Hz/cm? for L=2x103%4 cm2s™)
Event size (~25 KB)

Clock and bunch taken from LHC

» Ethernet switch -> Servers on surface

Simplified system
p Y. Data storage

Data acquisition
software

Detector Control .
System PC EthernEWltch

Detector Control

L LHC clock &
N Trigger Logic Board s =

EEE]

Tracker Readout Board i
E‘ﬁa CustomGPIO [ o i YT

. Data

Tracker

All components are installed and pass 1KHz test
Paper is published: 2021 JINST 16 P12028
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https://iopscience.iop.org/article/10.1088/1748-0221/16/12/P12028/meta

FASERv Emulsion/Tungsten

Charged particle ionization recorded and can be amplified and fixed &% g @ oo \\
] —45~

29 kg detector

by chemical development of film

Angular resolution ~0.35 mrad

770 emulsions interleaved with 1-mm-thick tungsten plates (1.1 tonnes) § : &
Track position resolution ~50 nm L e . &b .
No Timing information : E—

Pilot detector (29 kg) exposed in TI118 for 1 month in 2018

e Observed first collider v candidates (2.70) with 12.2 fb" data! , s¢ e ———
£ E ———— ata (18 ev
e Phys. ReV.D 104, L091101 24.5E
3 4:_ - neutrino signal (6.1 ev, best fit)
o =
g 3'55_ background (11.9 ev, best fit)
£ _E
S 3 L &
Z £
2.5F-
2;— -+ | . oo
15F
:
1000 um 05;—

0.3 464
BDT output



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

Test Beam Summer 2021
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FASER Preliminary
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before alignment
mean = 0.008 + 0.001
¢ =0.034 +0.001

after alignment
mean = 0.002 + 0.001
¢ =0.027 + 0.001

=&~ before alignment

~&— after alignment

Fit with Gaussian

Local X residual [mm]
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Reasonable energy resolution confirmed
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= FASER Preliminary
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Calorimeter

Beampipe
Trigger

Six calorimeter
modules

(4 from TI12,

2 spares)

On top of large
scissor table

Energy Resolution o/E

0.06

0.05

0.04

0.03

0.02

0.01

ll1III11IITIII[TII1[II]]]TTT]

LASER
Preliminary '
® Daa O '-?éﬁ@‘ 1% @ 0.65%
@ Simuiation =S % ©02%
[not ncluding edectronic noise] N

LHCb 9-“—"2'9-%@-‘3‘ @ 0.8%
E

1 10? 10°
* g 9 Beam Energy [GeV]

e Calorimeter energy resolution measured with SPS test beam in summer 2021

e Confirming &A1%) resolution for high energy electrons.
Testbeam also used to demonstrate calibration method using muon MIP peak to set energy scale at
low energy, and LED calibration pulses to scale this to high energy as PMT gain changed.
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Scintillator and Calorimeter

(=]

Normalized # of Events
]

Normalized # of Events

FASER. T
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10° Fill # 8220 ey
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+ s
10° VetoNu Layer 1
- 1 ﬂ H_I I MIP efficiency = 99.9968+ 0.0006%
0 : 50 100 150 200 250

300
Charge (pC)

Veto efficiency measurement in data, for
events with track that extrapolates into the
scintillator. Each individual scintillator
efficiency >99.99%.
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0.04 f
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0.06 ~FASEAR oy
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charge (pC)
Scintillator noise measured in random triggered
events, observed noise ~0.15pC and dominated
by digitizer noise. Noise much less than MIP
signal (~70pC)
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Tracker timing-in

01X Fraction

Station 0

o
l

o
|

I
©
|

0.4

0.2

0.0t

FASER
preliminary

=%
*

X~

=== mean: (-1.9 = 0.2)ns

SRR

Timing Offset [ns]

Used early collision data tracks to
set fine timing delay in the readout
of each SCT module, in order to
optimize fraction of hits on track in
middle of three 25ns time bins read
out.
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Tracker noise and hit efficiency
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Forward Physics Facility

e The Forward Physics Facility (FPF) is a
proposal to create a new facility to enable a
suite of new experiments to be situated on
the LOS

sterile
neutrinos

A\xnon:l.;he lepton
il PO universality

. . . . photons , p s&:\\o;\; tau
e Three main physics motivations RN

particles MCs

o Beyond Standard Model (BSM) “dark sector”
searches

nuclear
PDFs

dark
sectors

. . 2l s BFKL
Neutrino physics G . r -  Gymamics
o QCD physics — g S Ll e
Inflaton prompt ':;::::

pm  atmospheric
Indirect  Neutrinos  myon
detection puzzie

production
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FPF Location

% : N\ & After several studies by CERN civil
engineering team, looking at options

1 around both the ATLAS and CMS
interaction points have now converged
on the dedicated new facility in the
SM18 area as the baseline proposal.
This is “600m from the ATLAS IP (to the
west), and is situated on CERN land.

PM18

R18
RT18

] Line of Sight vJ18

K
g
v S 4 e SN ST AT T e B S U S TR R s T ——
i | S—Y
- N 617.23 (distance to IP1)
% CAVERN < — J
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FPF Facility:

65m long, 9.7m wide, 7.7m high
cavern.

Connected to surface through
88m high shaft (9.1m diameter):
617m from IP1.

a8

By suair FASER 2 jac FASERV2 /AGVEND,

FORMOSA

!ur!\

L1

Trasagort
e ~

|
3

r Y. < ry
A N > A
L » N 2 -
1! \
' 1y tareisee kD Eﬂ
Plan view - Cavern
1:100
0365.98? T
E365.17
—
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BSM particles can be
detected in various ways
e Giving access to wide P
range of models
weakly interacnng. o % k / .
particle beam [_ . | 7 .
RS = m — T aser, I

Neutrinos can be used to gl W neytrifos', ¥ B

~.. Forward Physics Facility

search for BSM effects

BN
R

v self
interactions

e Production , : F ; ‘
i ) / sterilevy ™\

e Propagation oscillation

e [nteraction
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FPF experiments

At the moment there are 5 proposed experiments to be situated in the FPF. With
different capabilities and covering different rapidity regions:

* FLArE
* ¢{10tn) LAr TPC detector
* DM scattering

* Neutrino physics (vu/ve , capability for vz under study) ¢ Full view of
neutrino interaction event

* FASERv2
* ({20tn) emulsion/tungsten detector (FASERv x20)

* Mostly for tau neutrino physics  Interfaced to FASER2 spectrometer
for muon charge ID (vt/ vz separation)

* AdvSND
* Neutrino detector slightly off-axis

* Provides complementary sensitivity for PDFs from covering different
rapidity to FASERv2

® FASER 2

* Detector for observing decays of light
dark-sector particles

* Similar to scaled up version of FASER
(1m radius vs 0.1m)

* Increases sensitivity to particles
produced in heavy flavour decay

* Larger size requires change in detector and
magnet technology: Superconducting magnet

* FORMOSA
* Milli Charged particle detector

« Scintillator based, similar to current
milliKan experiment
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FASER 2 RIm] 0.1

scaled up version of FASER2 DV [m} 1.5 10
with ~100 x active area siml | 26 10

* \Veto: similar
scintillator-based

—_.20m

» Magnets: Superconducting
w/B=1T

« Tracker: much larger using
e.g. SiFIl/SiPM

* Calo/Muon: enhanced PID &

position resol. /«““‘" :
-

[ Magnets

I Scintillators
[ Tracker stations
[ Preshower

I Calorimeter
I Iron

I Muon detector
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Run3 (2022-2025) HL-LHC (2029-)
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FASERV2

» ~20t emulsion + tungsten detector

* Focus on vt

\et©

de‘ec‘o‘

FLArE: Forward Liquid Argon Experiment

10-8
1o « ~10t LAr TPC
All Ehannels combined . )
10-+ N * DM scatters + v physics
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m, = 20 MeV, agq?, = 0.5

Other experiments 10|

Vg\tneé :Ia Mklij:g g|:r S
AdvSND -
i 1078
« Off-axis v detector
10-10 P o P w e ow o opw g L T
* Forward charm prod. + low-x gluon PDF 0.2 05 1 2 5
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« Scintillator/tungsten detector 1071
* For milli-charged particles
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