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Overview

Motivation for far detectors
The ForwArd Search ExpeRiment

— Pilot run & first candidate neutrinos

— Detector installation and commissioning
— Physics prospects for Run-Ill and beyond

Scattering and Neutrino Detector @LHC * \

FASER

SvnwneUVrnagaﬂne

— SND@LHC complementary to FASERv
The milliQan experiment

— Searching for milli-charged particles any detectO
e
Future proposals: W Sp\\(?;eaw N “c.):::_')
. L. o\ ‘ 4
_ ANUBIS, CODEX-b, FORMOSA, Mathusla, = coWisio™® ,

FASER2...
— Forward Physics facility
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https://www.symmetrymagazine.org/article/a-tiny-new-experiment-at-the-lhc

Motivation for far detectors

* An alternative search strategy for BSM Physics:

— Heavy (TeV scale), strongly interacting new particles are sought by their high p; decays in the

established detectors at LHC, albeit with relatively low production rates.

— Light (MeV to GeV), feebly-interacting and long lived particles, however, currently evade detection

along the beam axis, despite the enormous inelastic cross section:
* ~75mb => 1.1 x 10*° collisions with 150 fb at 13 TeV, giving high meson production rates.

— By plugging the gap in the far-forward region we can be potentially sensitive to very weak couplings!
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* Low p; blind spot from inelastic collisions:

— Highly boosted new particles produced in pion or B meson decays are well collimated:
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— At 500m downstream the transverse spread is 10cm —1m
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- only need small, inexpensive far-detector(s)
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Motivation 1: LLPs, e.g. Dark Photons __ FASER

------------

* Astrophysical observations motive terrestrial searches for N U B 5
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long lived DM particles at LHC, e.qg. Dark Sector mediator: \ T e
. . . W '\:::\J Seaéluest ; §

— U(1) extensions give rise to a new gauge boson of mass m, that g S
couples weakly to SM fermions )\ 118
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— Ifmy<2m,: A" can only decay to SM and becomes long lived. my [GeV]
[(A—ee) ~ 2ma . FASER and FASER 2
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— Loop suppressed A’ production is more than compensated by the huge 3
meson rate in TeV inelastic collisions: is LHC a Dark Photon factory? g

A
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Motivation 2: First detection of collider-produced neutrinos

* Incredible rates of forward neutrinos are expected at LHC:

ngh energy ( Te V) neutrino fIUX iS 10™ Yg going through | FASERv [N,/bin] 10% Yy going through F1ASEBV [N,/bin] 10* yi.going through F; FASERV [N,/bin]
concentrated in far-forward region """ tlonDecey KeonOecay  yparonecay | 10" plonbucay  kaon Docay  yporonDocay | 17 PlonDecey  aenecay_ typron Docay
10"2f 10" 10"t
— Aim at cross-section measurements of .| i -
different flavours in an unexplored - - -
energy range. 10°] 10° 10°}
For 150 fb* in Run-Iil m
1030 107 10° 10+ %0 102 10° 10+ %0 102 10° 10¢
Generators FASERv E, [GeV] E, [GeV] E, [GeV]
light hadrons | heavy hadrons Ve + Ve vy + Uy Vr +Ur o] — K B @:{fffi“fff:':tﬁhﬂ [Pt r i%g::&;ﬁjn
SIBYLL SIBYLL 1343 6072 21.2 L | B ST e
DPMJET DPMJET 4614 9198 131 S, s | T
EPOSLHC | Pythia8 (Hard) || 2109 7763 48.9 : 777777
QGSJET | Pythia8 (Soft) || 1437 7162 245 £ e,
Combination (all) 2376728 | Thagtite | s64TREE I L ] R =ss iaely
Combination (w/o DPMJET) || 1630135 | 7000735 | 31.5717-3 mf LU L ,,,,,l,bBLJ B il llo 1 ‘m L LTI 40
Neutrino Energy [GeV] Neutrino Energy [GeV] Neutrino Energy [GeV]
FASER Collaboration: 2105.08270 FASER Collaboration: Eur. Phys. J. C80 (2020) no.1, 61
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https://arxiv.org/abs/2105.08270
https://doi.org/10.1140/epjc/s10052-020-7631-5

The ForwAard Search ExpeRiment

charged particles (P<7 TeV)

forward jets

o LHC magnets
p-p collision at IP

neutrino, dark photon

100 m of rock
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The FASER experiment is installed 480m from IP1, directly
in the line-of-sight and low p; blind spot of ATLAS.

— The detector is housed in a disused side-tunnel, Tl12, just after

the start of the LHC dipole arc.

— Most charged particle backgrounds are swept aside by the
accelerator lattice magnets, while LLPs and neutrinos reach FASER.

— ~100m of rock provides additional shielding.
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77 collaborators, 21 institutes, 9 countries
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The phases of FASER rdScra

* FASER Pilot

Letter of Intent

§ — Test runin 2018, 12.2 fb! recorded: 30 kg Pb/W emulsion detector 1811.10243
= — First collider neutrino candidates and background measurement Result 2105.06197 PRD
* FASER - new particle searches OEET ae e rsRess
— Approved in March 2019 and installed by March 2021 in TI12 CDS  1812.09139
— Ready for data-taking in Run Ill, from 2022 (>150 fb) & Physics Reach for LLPs
PhysRevD.99.095011
2y — Decay volume: R=0.1 mand L =1.5m
>
= FASER YV - first neutrino measurements FASERV technical proposal
— Approved Dec 2019 for Run-Ill & funded by HSF, ERC, JSPS and Mitsubishi Foundation. CDS 2001.03073
— 25x30cm? 1.1t tungsten / emulsion detector, interface silicon tracker, and veto & neutrino physics EPJC
station placed in front of the main FASER spectrometer.
- * FASER2
c pess
% — Potential upgrade for the HL-LHC era (3 ab™) a2 e I :l? o e
< : .

— Decay volume: R=1 mand L =5m

TI18
FASERv

/ pilot run
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https://arxiv.org/abs/2001.03073
https://cds.cern.ch/record/2702868?ln=en
https://arxiv.org/abs/1812.09139
https://cds.cern.ch/record/2702868?ln=en
http://cds.cern.ch/record/2651328
https://arxiv.org/abs/1811.10243
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.095011
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-7631-5
https://arxiv.org/abs/2105.06197
https://journals.aps.org/prd/accepted/e2074Y32R5318e87e16321f586791bfd3f70aa520

FASER Pilot run @IL

* Run Il data recorded by pilot detector in TI18 tunnel, symmetric to FASER location.

— 2 halves: Pb (Imm x 100 layers) + W Blank (0.5mm x 120 layers). ‘§4Z_ —e— FASER data (18 ev)
— 12.2 fb'* data collected in 1.5 months during Sep/Oct 2018. 5 4F M oo signal (51 o best )
— Neutral hadron background arises from muon decays in rock. éaz: 1 e
— BDT discriminates signal and background using 5 input variables. 22-52—
— 18 neutral vertices were identified in a 11kg target mass; 6.1 1: T1d

signal events (2.7 o) obtained from the fit, while 3.3{3 expected. £
> Detection of first neutrino interaction candidates at the LHC. 0.5

0~ 0 0.1 0.2 0.3 0.4
BDT output

: ~30 kg detector P 4 —T FASER Collaboration: 2105.06197
— —_— accepted in PRD

UCI-TR-2021-04, KYUSHU-RCAPP-2020-04, CERN-EP-2021-087

First neutrino interaction candidates at the LHC

Henso Abreu, ' Yoav Afik,' Claire Antel,? Akitaka Ariga,®* Tomoko Ariga,” * Florian Bernlochner,® Tobias

~ beam axis

/
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https://arxiv.org/abs/2105.06197
https://journals.aps.org/prd/accepted/e2074Y32R5318e87e16321f586791bfd3f70aa520

Accelerator modelling dSca

* A full Geant4 model from IP1 to the FASER detector (pilot shown here) developed in BDSIM

Neutral absorber

— Aim to understand propagation of the signal through accelerator
optics, assess contributions from secondary showers, and identify
the source of backgrounds:

'shadow' of
» The majority of muons come from < 150 m and machine in flux
i i TI18 tunnel
along the beam line axis LHG accelerator
« Many interesting 'sources' to be understood
including the TAN and collimators FASER pilot 10

detector location
Origin of 4~ / p-p collision @ 6.5TeV

all energies; all Y iy .,. | .Wm"hm N 1o

| Id l'lllhl I

I 1 | i |I Illllli I‘

Y (m)

T e + ]rl.% ||Il
l ! ll llfl "

| 2] lllll:rxl'lll ||IIl ‘ I| IIl[ )

ol B |||“|‘ -'-_{ME'“I: 1076

-10 -8 -6 -4 -2 0 2 4 o
X (m) 10

Model of accelerator components o | _
. L. . pilot detector plane simulated
with magnetlc fIEIdS fOr partICle : - — ' = 10°¢ distribution per p-p collision at 6.5 TeV

. . . . ATLAS
traCklng’ and mate”al Interactions. Laurie Nevay, 32" Recontres de Blois, 20t October 2021
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FASER detector layout and installation rdS5ch

* Combined FASER and FASERv detectors prepared for Run-Iil
— Rapid development possible thanks to spares donated by ATLAS and LHCb
— 20cm aperture, 1.5m long magnetised decay volume + 2x 1m spectrometer magnets
— 4 x 3-plane tracker stations, each plane using 8 ATLAS SCT modules
— Scintillator veto of charged particles
— Calorimeter donated by LHCb

Tracker stations

Tracker “backb 3

Pre-shower and e i
backsplash stopper \
—

-~ e |
R \ . \‘r ,

é\-.

Veto Emulsion
stations detector

X
Trigger / timing
station

FASERvV

Calorimeter x
Trigger / pre-shower
station

Magnets

/
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Detector commissioning prior to installation

Oct 2020: assembly and system test in Prévessin

Completed by March 2021, CERN Courier:
/ . \ Nov 2020 begin installation in TI12 LS2 Report: FASER is born

FASER, the Forward Search Experiment, has been installed in the LHC tunnel during
Long Shutdown 2. It is currently being tested and will start taking data next year

24 MARCH, 2021 | By Anais Schaeffer

2
eVl

F aier == Si strip tracker stations

— Surface cosmic studies
achieved 25um resolution A
With Simple Corrections The final elements of FASER were put into place this month. (Image: CERN

FASER* (Forward Search Experiment), CERN’s newest experiment, is now in place in the LHC tunnel, only two

years after its approval by CERN’s Research Board in March 2019. FASER is designed to study the interactions of
high-energy neutrinos and search for new, as-yet-undiscovered light and weakly interacting particles. Such
/ particles are dominantly produced along the beam collision axis and may be long-lived particles, travelling
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In situ commissioning: first cosmics + tracks from LHC events!

First cosmic rays measured by FASER in TI12

E' 200 Sagitta = -393.7 ym
. ST % loE] | N S
During automatic alignment of the LHC 1% | l_-
collimators on 27t" October 2021: 50 H
: . , 9Bl I N
— Trigger rate increase in FASER; observed -200

500 events.

— Lower energy events show track curvature

S e S—— S mm—
o |
Event displays thanks to Brian Petersen - —‘ I

in magnetic field.

/
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FASER

Looking forward to new physics

Commissioning data recorded from 12 days of
beam operations in the LHC, 20 Oct — 1 November:
Top-view - Run 4993, Event 2606868
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FASER Preliminary o, e\ - pun 4993, Event 2606868

Sagitta = -12049.3 ym
= -6,
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& Jamie Boyd 250
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FASERv physics potential rdScrl

.

Vl/ly]r v
UV v
U
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Aim for cross-section measurements
in an unexplored energy regime.

FASERv

| q{

~,-n-——ﬂi\-*—:‘:_}l" .
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FASER spectrometer
with 0.55T magnets

) 7 .| |
\ VetO ', Spectrum (a.u .
station _
3 [ E energy ranges of
9 ! E- oscillated v, measuremen

%;0 - ments
e . . Dl vl
v, 4 4 v, I3 gﬂ v. bl LB = Emulsion/tungsten detector I I | ey
H % » 770 1-mm-thick tungsten plates,  $°7F 5. | ASE F <t OPERA v e
p x interleaved with emulsion films u\{z'sg‘ ' 3%
. . . © 0.5 & 0.5F
Emulsion film Tungsten plate (Tmm thick) * 25x30 cm? 1.1 mlong, 1.1 tons 2 5 o DONUT v, {
detector (220X,) 0.35_ § ik
All neutrino flavours can be distinguished ‘;21 o
1 0.1
* Muons identified by track length (8\;,;) and charge in FASER spectrometer B T T
* Neutrino energy with ANN by combining topological and kinematical variables = (e S5

FASER Collaboration: Eur. Phys. J. C80 (2020) no.1, 61

Funded by the Heising-Simons Foundation, ERC, JSPS and the Mitsubishi Foundation.

/
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https://doi.org/10.1140/epjc/s10052-020-7631-5

Scattering and Neutrino Detector at LHC

— Approved 17 March 2021 by CERN.
— 24 institutes from 13 countries

Full details see C. Betancourt, SND@LHC,

32nd Recontres de Blois 2021

— To be installed in TI18 tunnel (symmetric to FASER)
Off-axis location

— Probes region: 7.2 <n < 8.6

— Tungsten target in cold box

Complementary

* A standalone experiment to probe neutrino production at the LHC in the forward direction

particles

to on-axis FASERv
— Passive iron in muon system

FRONT
VIEW

magnets

480 m
Emulsion+ SciFy

target tracker

ATLAS
pp collisions

Muon system

H8 Beam tests in
Sept 1-5 & Oct 1-6

John Adams Institute for Accelerator Science
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Slides thanks to Jim Brooke & Joel Goldstein

\
The Ohio State University, New York University,
L L I A N UC-Santa Barbara, UC-Irvine, University of Chicago,
University of Nebraska, University of Bristol,
The Lebanese University, Vrije Universiteit Brussel

THE

sub-detector

* A search for millicharged particles:
— Uses a simple detector shielded by large depth of rock from the LHC IP.

— 1% scale demonstrator operated in Run 2 and used to extract physics.

< LHC beam

c(a:\ll\g?n ‘b(b(:\.lr" & b
: K = 43° L
63 | a;\ | | | o
e | ==
NEEE T
i To
- ! - surface

LHC beam

/
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/N JLLIGAN

Slides thanks to Jim Brooke & Joel Goldstein

Run 3 detector

sub-detector

* Proposal to LHCC (last week) that MilliQan become a sub-detector of CMS
* Add “slab detector” to existing bar detector design

— Complementary physics coverage

* Re-use of R878 PMTs from decommissioned LANL neutrino expt reduced cost
— Run 3 detectors fully funded

Run 3 Slab Detector

/

John Adams Institute for Accelerator Science

Run 3 Bar Detector
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Slides thanks to Jim Brooke & Joel Goldstein

Ml'- LIQAN Sensitivity

sub-detector

milliQan

* MilliQan Run 2 result in red
. -
— arXiv:2005.06518 i SO
L . 10~1 (37.5/fb)
* Run 3 sensitivity in green/blue
— arXiv:2104.07151 .
 Original bar detector o
— High mCP flux / low efficiency 352
* New slab detector , | §
— Low flux / high efficiency / __________________ ,'r.’ — = HL-LHC slab (3000/fb)
| = i = Run 3 bar (200/fb)
SLAC MilliQl. . = = i - == = HL-LHC bar (3000/fb)
~== 2016 milliQan LOI (3000/fb)
103 S —— R —— ———
10— 109 10! 102
mass [GeV]

/
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https://arxiv.org/abs/2005.06518
https://arxiv.org/abs/2104.07151

Related proposed experiments ARATL S S A

MAssive Timing Hodoscope for Ultra-Stable neutral pArticles
100 x 100 m? large detector proposed above GPDs:

Build an IKEA near ATLAS or CMS and put trackers in the ceiling. LLPs
that stop to buy furniture will be reconstructed as displaced vertices.

* ANUBIS

— an ambitious
chandelier in the
ATLAS service shaft

Idea 1909.13022

hep.phy.cam.ac.uk/ANUBIS
Oleg Brandt et al

D. Curtain

DELPHI CODEX-b box

=1 * CODEX-b
=S e — In LHCb cavern
T_" i ¢ \"'\&,’ﬁ', Ul |gea 1708.09395 IKEA-like probe of the

lifetime frontier
1901.04040

EOl  1911.00481

UXA shield Pb shield P8

FORMOSA: FORward MicrOcharge SeArch
Recently proposed for UJ12 or TI12 tunnel
PhysRevD.104.035014

Mathusla test stand
2005.02018

/
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https://arxiv.org/abs/1708.09395
https://arxiv.org/abs/1911.00481
hep.phy.cam.ac.uk/ANUBIS
https://arxiv.org/abs/1909.13022
https://arxiv.org/abs/2005.02018
https://arxiv.org/abs/1901.04040
https://link.aps.org/doi/10.1103/PhysRevD.104.035014

Potential Forward Physics Facility (FPF)

* Physics reach would benefit from larger detectors than can fit in the ex:stmg mfrastructure.

- Community would profit from a W CEEN 'flr_'d ,

dedicated forward physics facility | ATLAS iP

* Two options considered:

— Alcoves in UJ12
— Dedicated new cavern behind UJ18

FASER 2 FASERNnu 2 SND 2 MilliQan-like LAr
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FASERvV2: ~2300 (SIBYLL) / ~20000 (DPMJET) v, interactions expected.
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AL | ROYAL
ummary B s

* A range of agile, small detectors are being developed to complement searches at the
established LHC detectors and probe the unexplored forward intensity frontier.

* Such detectors can be rapidly developed, thanks to spare hardware from the main
experiments.

* Run-lll experiments should enable major advances:
— First detection of first collider neutrinos in a new energy regime
— Searches for long lived, feebly-interacting particles that may be abundant in the far forward region

* Exciting new ideas in development, including a Forward Physics Facility for the HL-LHC era.
~dScr

Looking forward to new physics

Thanks to the UK HEP organisers and all
colleagues who contributed slides!
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