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The main purpose for the ForwArd Search ExpeRiment (FASER) is to searching for LLPs
with mass around ~100 MeV and couplings ~10~* and measuring the cross section of
neutrinos ~TeV.

 Introduce the location and layout of FASER and FASER 2.
« Show the typical signal for ALPs and possible backgrounds.

* Newest measurement and result on ALPs at FASER with an integrated luminosity of
57.7 fb~1. See Xin Chen'’s talk on 9t August for details.

» Estimated future potential at FASER and FASER 2 during LHC Run 3 and HL-LHC
separately.


https://indico.in2p3.fr/event/33124/contributions/141968/

Forward Physics at the LHC

« On LHC, searches for new physics primarily focused on the relatively high p; region (large angle to the
beam line) at large experiments, e.g. CMS, ATLAS and LHCb.

» The inelastic cross section of p-p collision at the LHC is still considerable at extremely small angle to the
beam line.

« FASER (ForwArd Search ExpeRiment) is designed to search for new physics (mainly for searching for
LLPs and neutrino cross section measurement) in the very forward region (< 1 mrad).
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within 0.2 mrad (2 mrad) of the beam
collision axis, which is the angular
acceptance for FASER and (FASER 2)

105 10* 103 1072 10> 10*% 103 1072 3
97’( BB
Meson production rate in the (0, p) plane, with £ = 150 fb~1 arXiv: 1811.12522



https://arxiv.org/abs/1811.12522
https://arxiv.org/abs/1811.12522

FASER Location FASER is located ~500 m downstream from the ATLAS interacting point (IP).
Interested particles are produced at the IP and transferred 500 m to FASER.

An on-axis cylindrical detector with the beam line across the center of it, which covers the region of angles 6 < 0.2 mrad from the beam line.
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FASER Layout
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FASER 2 Location « The FASER 2 experiment is in Forward Physics Facility (FPF) at CERN
» Facility is proposed to be built during Long Shutdown 3 from 2026-2028
« Experiment begin taking data during Run 4 (after 2029)
« The facility is ~600 m west of ATLAS, and shielded from IP by 200 m of rock
Long Whitepaper: arXiv:2203.05090 « . The cavernis 75 m-long, 8.75 m-high, 12.5 m-wide

Updates: CERN-PBC-Notes-2024-004



https://arxiv.org/abs/2203.05090
https://cds.cern.ch/record/2904086

FASER 2 Detector « FASER 2 is a scaled up version of FASER detector.
«  With ~100x larger transverse area and ~10x longer decay

volume.
« An extra muon chamber in the end, which is used to identify

arXiv:2203.05090 muon events.
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https://arxiv.org/abs/2203.05090

Expected ALPs Signal

After production in IP (TAN), an ALP travels L = 480 (340) m to FASER and decay to a pair of
opposite charged particles or diphoton in the 1.5 m long decay volume. Then measured
momentum and energy in the tracking spectrometer and EM calorimeter.

pp > ALP + X,  ALP travels ~0(100) m, ALP - ete ,u*u -, n*n",yy,..
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Background Shielding

In the searching for rare events, background needs to be carefully considered.
Fortunately, FASER is well shielded from high-energy particle fluxes, e.g.:

LHC infrastructure: TAS and TAN absorber, D1 and D2 magnet dipole.
100 m of Rock: absorb a huge number of backgrounds
Side concrete shielding: protect FASER away from the radiation induced by the

beam line

Only muons and neutrinos from the IP can
pass through the shielding and arrive FASER.

"""""""""""""""""""""""""""""""""""""""""" neutrino, dark photon

~100 m of rockr
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Muon Background

» High energy muon produces photons and showers due to
bremsstrahlung in rock.

« The primary muon will pass through FASER together with the
background caused by showers and photons.

« So background can be rejected by vetoing events with muon entering the
scintillators.

« Each scintillator has an efficiency > 99.99%, making all the backgrounds
listed in the table negligible.

« The lead layer between scintillators is used to convert single photon to
EM shower and making the event vetoed by the scintillator.

Process Expected Number of Events
540M

M + “Ybrem Two layer of scintillators with a layer
[ 1+ (’Ybrem S ete™ )] [74K] of lead before the decay volume
i+ EM shover

4+ hadronic shover :

Radiative processes associated with muon’s energy = 100 GeV (with integrated luminosity 150 fb~1)




Neutrino Background

Neutrino can produce background through double simultaneous charged-current (CC) events or one
single pion event. Both have two energetic charged track, which can be mistaken as signal:

CC events: 2v;2N — 21X single pion event: v, N » u~ "X

Number of events per kilogram of detector mass Ratio of energies between two charged tracks A numerical estimation is made for
both events, both are possible to be
discriminated from LLP signal:

» The possibility for double
simultaneous CC events is
negligible.

* Inv,N - pu~n*X process, the mis
much softer than p (energy of i is
small), while the energy of two
charged track decaying from ALPs
is similar. So requiring the ratio of
energies to be E,/E; > 0.1 can
remove almost all of the
background, while sacrif1i1cing little
of the signal.

Neutrino Event Yield per kg Energy ratio E,/E;4

for E,>E\ min between softer and harder track

VN AT X
’ E,=100GeV

N, [Events/kg]

0
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arXiv: 1708.09389



https://arxiv.org/abs/1708.09389

Searching for LLPs

Due to the similar properties, the constrain on parameter space to many LLPs can be extended by
FASER and FASER 2. A lot of efforts were made for these models, the result is collected in arXiv:
1811.12522

Ability to extend the current
constrain on parameter space

Benchmark model Label Section Refs. FASER FASER 2

Dark photons V1 IVA [7] e
B — L gauge bosons V2 IVB fe [30] v
L; — L; gauge bosons V3 IVC o [30]

Dark Higgs bosons S1 VA [26,27]
Dark Higgs bosons with ASS S2 VB [26]

HNLs with e F1 VI [28,29]
HNLs with u F2 VI [28,29]
HNLs with F3 VI [28,29]

ALPs with photon Al VII A [32]
ALPs with fermion A2 VIIB
ALPs with gluon A3 VIIC

Dark pseudoscalars Pl VIII fe [36]

v
v

NS SSS NSNS AN



https://arxiv.org/abs/1811.12522
https://arxiv.org/abs/1811.12522

Production of ALPs

In the most general case, ALPs can have arbitrary couplings to photons; gluons, fermions and W bosons, with
mass m, being independent parameter. They can be produced at the LHC in several different processes as

followed:

Rare decay of SM hadrons

Dominant when ALPs couple
to quarks. The leading
production mechanism is
typically the decay of lightest
mesons that are kinematically
allowed to decay to the ALPs.

Beam dump production from
SM particles hitting the TAN

The Primakoff process
dominant in the case of ALPs
coupling to two photons.

Hard scattering of partons

Decay from B meson

|14

t/c/u

JaWWw =~

Dominant when ALPs couple
to gluons. The production
mode suffers from large
uncertainties, so not take into
account when presenting the
FASER reach.

Dominant when ALPs couple to
weak gauge boson. The leading

production mechanism is
typically the decay of B mesons.
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Candidate Event for ALP

One candidate event for ALP was observed using 2022 and 2023 LHC p-p collision data at /s =
13.6 TeV, corresponding to an integrated luminosity of 57.7 fb~ ! with the summarized event
selection:

* No signal is observed in the veto scintillators, since ALPs are electrically neutral.

« The pre-shower charge deposits consistent with an EM shower arising from the decay diphoton.
« Alarge energy deposit in the calorimeter left by the high-energy photon pairs.

|y Run 8834
rAd5cr Event 44421456
~—— 2022-10-13 16:09:44
Preliminary

pre-shower -
calorimeter

veto scintillators

tttttttt
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CERN-FASER-CONF-2024-001



https://cds.cern.ch/record/2892328?ln=en
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The measurement result has also been used to evaluate the constrain on parameter space
for ALPs coupling with weak gauge boson and decaying mode to diphoton.

The acceptance for ALP events with the ALP The efficiency of selecting ALP events
decay inside FASER’s decay volume with ALP energies above 1.5 TeV
Signal Acceptance E>1.5 TeV Efficiency
FASER LASER
Einil_ul_ati?yn S’i-mula"t.ion
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https://cds.cern.ch/record/2892328?ln=en
https://indico.in2p3.fr/event/33124/contributions/141968/

Other ALP Couplings

Not only the coupling to W boson, the physics reach for other couplings
models has also been estimated for FASER and FASER 2. The detector

Parameters of FASER and FASER 2 used for simulation:
FASER: A=15m, R=10cm, L =150 fb!
FASER2: A=5m, R=1m, L=3abl.

efficiency is assumed to be 100% for convenience.

Couplings Effective Lagrangian

| £o-tmar_ Lty apw
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Gluon Dominance

Production Mode

Primakoff Process with differential
cross section:
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Flavor-changed heavy meson decay,
with branch ratio :

2 2\ 3
B(B > Xsa) ~ [3.1(1 —m—2> +3.7(1 —m—z) ]
mp mg

X Gates (:

Mix with the neutral pseudoscalar
mesons, with cross section:

o(a) = |0’ 0(7) + 0y >0 (1) + Oy Po ().

Flavor-changed heavy meson decay,
with branch ratio:

2 2\ 3
B(B — Xsa) ~ {33(1 —'"—2) +40<1 —m—z) }
mp mp
XUV X (gaqq - GeV)?,

arXiv: 1811.12522

Decay Mode

Dominant:

2 3
gayyma

C(a = yy) = 6dn

Subdominant:

B(a - yete” )~ 1%
Dominant, decay to quarks and
leptons: f —e 1, cC, b

m, m} 4m}%

_ nf
F(a—’ff)—Nc!Jiff 8702 l_mﬁ’

Subdominant: a — Yy

Low mass, decay to photon pair:

2 3
ga ma
I(a—>yy) = —672”

High mass, hadronic decay:
a—3n. a—Narw

a — px, for,agr, KK*



https://arxiv.org/abs/1811.12522
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Photon Dominance
ALPs with dominantly photon couplings

arXiv: 1811.12522
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Decay branching fraction (bottom left panel)
FASER’s expected reach (right panel)
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https://arxiv.org/abs/1811.12522

 FASER is designed to search for LLPs including ALPs in the far-forward region on LHC.
« FASER 2 is a scaled up version of FASER, and is planned to collect data during LHC Run 4.
« Backgrounds are very low, making FASER sensitive to signals.

 FASER has already completed its first ALP search using 2022 and 2023 LHC p-p collision data
at /s = 13.6 TeV, corresponding to an integrated luminosity of 57.7 fb~!. See Xin Chen'’s talk
on 9th August and the paper CERN-FASER-CONF-2024-001.

« Both FASER and FASER 2 have discovery prospects for ALPs coupling to photons, fermions,
gluons and weak gauge bosons in some unconstrained parameter space.
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