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Neutrinos and the long-lifetime frontier

The LHC is the highest energy collider in the world

— Its large-scale experiments were designed to search for heavy
and strongly produced new particles

— Their design optimal to search for heavy BSM and probe SM physics

SUSY, WIMPs, ...

Both produced
with high pt

(transverse to the beam)
v

W, Z, top, Higgs



Neutrinos and the long-lifetime frontier

The LHC is the highest energy collider in the world

— were designed to search for heavy
and strongly produced new particles

— Their design optimal to search for and probe

But: also produce
Immense number of
light SM hadrons with | A a, Yors - -

low Py / —
/ /

Weakly coupled, light new particles

7,K,D,D,v, Uy Ups - - T
T maybe very rarely
produced & long-lived?

Neutrinos produced in hadron decays



Neutrinos and the long-lifetime frontier

about 1% of all pions with £ > 10GeV are produced in the forward
10-6% of solid angle

— small detector in this region would have impressive sensitivity
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FASER: the ForwArd Search ExpeRiment

- JSEE)' : small, inexpensive experiment at LHC with goal to

— Search long-lived particles (LLPs) —» etactor ot the LG o508 05587

“First Direct Observation of Collider Neutrinos with FASER
at the LHC”, arXiv:2303.14185

First Emulsion Analysis,
https://cds.cern.ch/record/2868284/files/ConferenceNote.pdf

— Study collider Neutrinos —

LHC Magnets Rocks

Inside TI-12 tunnel, FASER situated ca. 500 m downstream from the ATLAS collision point

— Shielded by ca. 100 m rock ; LHC magnets deflect charged patrticles, creates low bkg. environment

FASER aligned with
ATLAS line-of-sight (LOS)
maximizes neutrino flux



https://cds.cern.ch/record/2868284/files/ConferenceNote.pdf
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The FASER DeteCtOr See “The FASER Detector”

Neutrino-nucleon cross section increases with energy — even small (1.1 ton) target

From front to back: | .
produces large number of interactions

Front Scintillator veto = FASERvr — Interface tracker — Scintillator veto system

Front Scintillator

veto system
Two 20mm scintillators

Tracking spectrometer stations Scintillator 350x300mm wide
3 layers per station with 8 ATLAS SCT veto system
barrel modules in each layer Three 20mm scintillators 7o KTLAS \P
Electromagnetic 300x300mm wide g | Y
' —

Calorimeter
4 LHCb outer
EM calorimeter
modules

\

FASERvV emulsion
detector
‘ 1.1-ton detector
Trigger / timing 730 layers of 1.1-mm-thick
scintillator station tungsten + emulsion

10-mm-thick scintillators Jrcweutkr.ino;clatcge;c a”gl
Trigger / pre-shower Magnets with dual PMT readout racking detector (84n;)
S 0.57 T dipoles for triggering and timing
RERRIALEr SyEEE 200 mm aperture measurement (o =400 ps)

1.5 m decay volume

Interface
Tracker (IFT)



https://arxiv.org/abs/2207.11427

The FASER DeteCtOr See “The FASER Detector”

From front to back:

. Decay Volume in magnetic field = 3 Tracking stations — Electromagnetic cal.

Front Scintillator

veto system
Two 20mm scintillators

Tracking spectrometer stations Scintillator 350x300mm wide
3 layers per station with 8 ATLAS SCT veto system
barrel modules in each layer Three 20mm scintillators 7o KTLAS \P
Electromagnetic 300x300mm wide g | v
' —

Calorimeter
4 LHCb outer
EM calorimeter
modules

\

[

Interface
Tracker (IFT)

FASERvV emulsion
detector

‘ 1.1-ton detector
Trigger / timing 730 layers of 1.1-mm-thick
scintillator station tungsten + emulsion

10-mm-thick scintillators neutkr.ino;clarget a”gl
Magnets with dual PMT readout tracking detector (84;,,;)

0.57 T dipoles for triggering and timing

Trigger / pre-shower
scintillator system 200 mm aperture measurement (¢ =400 ps)
1.5 m decay volume



https://arxiv.org/abs/2207.11427




FASER Operations
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Continuous and largely automatic data taking in 2022 and 2023 :

Trigger rate of ~ 1.3 kHz

Recorded more than 350 M single muon events

Recorded 96.1% of delivered Luminosity :

Limited by DAQ dead-time (1.3%) and instabilities

Dark photon analysis used 27 fb-1

To ATLAS IP

Tracking spectrometer

" Trigger
Interface  Veto rag Magnets stations

Tracker QET) station Decay volume station

FASERv
veto station
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1. vLLPs Searches
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Why study collider Neutrinos?

Prior FASER, not a single neutrino produced in a beam-beam collision has ever
been directly detected

\

Uy Uy s Uy

pp-collisions copiously produce neutrinos & anti-neutrinos & at very high energies for which
neutrino interactions are not well studied.

— Energies in the range of TeV, highest human-made energies

— Neutrino interaction cross section: o ~ £

— All flavors are produced : K = v, , 7 = v, D) = 1,



Why study collider Neutrinos?
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[llustration from
arXiv:2305.01715
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Why study collider Neutrinos?

Forward direction very relevant for the simulation and understanding of
extensive air showers (EAS)

LHC

EAS Particle cascade in EAS initiated

by high-energy cosmic ray

# 14



Why study collider Neutrinos?

* 1. Cross sections of different neutrino flavors at TeV energies unexplored

Neutrino CC interactions with charm vs — £ ¢ ; Nuclear PDFs

1 1
3 09k 3 09k accelerator d
8 0.9 y 80 accelerator data
T 0.8F € T 0.8
ooo C coo
‘o 0.7F % 0.7
x F EB3v v
B>0'5;_HDONUT Ve Ve LL;>O_5
04F E53 7, FASERv
0.3F Vv, spectrum (a.u.) 03EF
0.2F 0.2
0.4F 0.1
ot 0

* 2. Neutrinos probe forward hadron production;
provide new input for QCD (though low-x PDFs, charm)

& astroparticle physics (e.g. atmospheric neutrinos )

l

Neutrinos produced in charm important to improve precision
of atmospheric neutrino and air-shower measurements
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How can FASER study collider Neutrinos?

ATLAS LoS

FASER has a dedicated emulsion detector (FASERv) with 1.1-ton of tungsten

— ==

/ 730 layers of emulsion films interleaved with 1.1mm thick tungsten plates

Tracker 1

Tracker 2  Tracker 3

Charged-current (CC) Interactions

e
ve——>< vu_a,k
ba X

Emulsion film Tungsten plate (1mm thick)

The incoming
neutrino transforms
the down quark into
an up quark and
may cause a “spray”
of hadronic activity

Neutron in the
Tungsten target of
d u d FASERv




How can FASER study collider Neutrinos?

FASER has a dedicated emulsion detector (FASERv) with 1.1-ton of tungsten

W N | -

/ IFT Tracker1 Tracker2  Tracker 3

Charged-current (CC) Interactions

730 layers of emulsion films interleaved with 1.1mm thick tungsten plates e
‘ v 1 §_< S : !
1] VH_>

Emulsion film Tungsten plate (1mm thick)

Two measurement strategies:

1. Use FASERUV as target and electronic components of FASER to detect CC u

+ : High sensitivity ; can separate v and U ; fast turn-around time

- : Can only study v | o | | | | | | o
H “Neutrino detection without neutrino detectors: Discovering collider neutrinos at FASER with electronic signals only”

by J. Arakawa, J. L. Feng, A. |, F. Kling, M. Waterbury, Phys.Rev.D 106 (2022) 5, 052011



How can FASER study collider Neutrinos?

FASER has a dedicated emulsion detector (FASERv) with 1.1-ton of tungsten

W N | -

IFT Tracker1 Tracker2  Tracker 3
Total 1000 emulsion films interleaved with 1-mm-thick tungsten plates e u
: I ] VH_> )
->
| b X
Emulsion film Tungsten plate (1mm thick)

Two measurement strategies:

\/
2. Scan and analyze FASERr emulsion films

New Summer
+ : Can study all neutrino flavors ; excellent spatial resolution —

- : Time intensive as each film has to be scanned and processed 2023 result! *.F

Conference Note: https://cds.cern.ch/record/2868284/files/ConferenceNote.pdf



https://cds.cern.ch/record/2868284/files/ConferenceNote.pdf

1. First Direct Observation of Collider Neutrinos

for 35.4 fb™ v, v v

U T
Main source Kaon decay Piondecay Charm decay
# Traversing O(10'9) o(10™) O(108)
FASER
# Interactions  ~200 ~1200 ~4

in FASERv

ow/E, [cm?/GeV]

#19

Neutrino - Nucleon Cross Section

CC:e,u CC:T NC
L ctor |74
ca.offzto (V _____
10—36
1077}
10 102 103 104

E, [GeV]
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1. First Direct Observation of Collider Neutrinos

Neutrino - Nucleon Cross Section

for 35.4 fb' v v v
e u T CC:e,u CC:T NC
|4
. _ v
Main source Kaon decay Pion decay Charm decay
>~
- 10 11 8 S 103}
# Traversing O(10™) O(10") 0O(10°) E :
FASER S
W
Z
. e}
# Interactions ~200 ~1200 ~4
in FASERv
1077t
T [ )
E, [GeV]
U,f~u—pu"+d v,+d—>u +u
Y PASERY IFT Veto scintillator Timing scintillator Tracking spectrometer stations Pre-shower
L Scslpetll[li?:]or station station scintillator station
x l CC interaction vertex l l l
% —
—> @ ey
ATLAS LOS Tungsten target

Calorimeter
FASERv tungsten/emulsion detector : L : Magnets & decay volume




Reconstruct track and extrapolate back to the veto station, only select tracks that

fall within 120 mm of the center of the station and have p, > 100 GeV

FASERv tungsten/emulsion detector

Timing scintillator

Require no hits in the veto station:

Category Events
Signal 153

N10 4

o1 6

Ny 64’014°695

Pre-shower
scintillator station

Tracking spectrometer stations
station

FASER L£=2354fh!
140 4 102
| | .I | |
= 120 O ot A i
€ « | Signalregion
£ m =
~ 100 1 .- m_" L ]
g "=l
o '- : I |
~ 1 -. 8]
80 T [ | 1 qc)
° " 4' e
O n ! 101 W
= n ' mn m =
© B = u
8- 60 T 1
n ! EEEE
g L o | .b [
L>|J< 404 ™ i n .
1 L
i (] n
20 = ] .
| | f. [ ]
[ |
0 —————rr} — 10°
10! 102 103
p, [GeV]
FASERv
Y scintillator IFT  Veto scintillator
| station station
Z l
g )
CC interaction vertex
__> B
ATLAS LOS

Calorimeter

Magnets & decay volume



1. First Direct Observation of Collider Neutrinos -

3 Background types :

R
i Veto inefficiency _~/eutrama;rons ~ Scattered muons
Al I —| s 11— (15 >
\\\\\\\\ .
\\\\\\\\\\ -
\.;Z‘Vu s
FASERv emulsion detector FASERv emulsion detector FASERv emulsion detector
1) Front-veto inefficiency 2) Background from neutral hadrons 3) Geometric muons
Estimated from hit difference Estimated using simulations; Estimated from control region
of 1st and 2nd layer of veto most of the expected ca. 300 neutral
hadrons with E > 100 GeV absorbed
in tungsten
Expect this to be negligible, Most parent muons will hit veto

as inefficiency is ~ 10~/ per
layer Expect 0.11 +/- 0.06 Events Expect 0.08 +/- 1.83 Events




Observation:

n, = 153713

(stat.) 75 (bkg.) = 153

+12
—13

(tot.)

with more than 16 sigma significance

FASER L =35.4fh~!

150
Extrapolated track positions e Data
T ® LOS
100 1
=
£ oo
50
_ )
@] °
*q—‘) o o0
= ol
o 01 S ae
e
Y
8
E _50_
<
Ll
—100 1 .
_150 T T T T T
—150 —100 —50 0 50 100 150
Extrapolated X, [mm]
y FASERv
scintillator

station

L.

12
— BN
ATL]S LOS TU|gsten target

FASERv tungsten/emuls




# Events

FASER L =23541f"! FASER L =354fh"!

— GENIE — GENIE
¢+ Neutrino-like Events ¢+ Neutrino-like Events
50 1

FASERv

40 - . U | v Y scintillator
I_> z station

w - 1
g 30 - . CC inter:
L
#* _”#_ N D
__’ ...........................
20 1 - - ATLAS LOS Tulhgsten target
Previous limit of l I
highest human-made
muon neutrino energy FASERv tungsten/emuls
10 1 I }
o L AZLITLL P - : | . AL TET 1 0+ - I — I Note that no experimental
—-1.00 -0.75 —-0.50 —0.25 0.00 0.25 0.50 0.75 1.00 10 10 .y .
2 [Gev-] «10-2 o, [GEV] uncertainties are included on the

simulated sample (e.g. assume

q / p U p U perfect alignment, no errors on

efficiencies, etc.)
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7 ¥  LHC Fill 8315, Event 47032829,
%&—’L 2022-10-27 08:52:45

B

AR
—_—

Muon track in tracker system
p, = 843.9 GeV

Activity in IFT (interface tracker)
from the remnants of the CC interaction

. . 57 clusters
No signal in front veto
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2. First Observation of Collider Electron-Neutrinos

Strategy: i) Analyze 150 / 730 films of the 2022 2nd module

module name installed period Eﬁ\ integrated luminosity
e \ N\ Per module (fb_l)
II) FOCUS on I‘eglOn 2022 1st module (F221) | Mar 15 - Jul 26 | 30% 0.4705
2022 2nd module (F222) | Jul 26 - Sep 13 | 100% 9.523
CloseSt tO LOS 2022 3rd module (F223) | Sep 13 - Nov 29 | 100% 28.0082
Front view Scanned volume (255 films) (this time)

Hi : [ |
zone7 H zone8 E

..........................

FASERv
730 films and

tungsten plates

Target volume for the first analysis
(150 tungsten plates)

Target mass (zone 3+4)
~ 9 cmx 24 cm x 0.1087 cm x 150 x 19.3 g/cm3 = 68.0 kg

Select events with at least 5 tracks from common vertex and
without parent track, at least 4 tracks closely clustered and with

6 > 0.28° ; require sufficient penetration depth (100 plates)




2. First Observation of Collider Electron-Neutrinos "

IV) Even classification:
U, long track, no secondary particles

. - short track that produces electromagnetic
shower with identifiable maximum

Lepton and CC remnants typically ‘k&b u

have large A¢ separation (equire A¢ > %) / -
@® v beam

1%

Selection efficiencies: Ue Lo~ 23 % I///t .Y 19 %

(simulated)
Selection ve CC | ¥ NC | K n A Selection v, CC|l v NC| Ky n A
1.000 | 1.000 | 1.000 1.000 1.000 1.000 | 1.000 | 1.000 1.000 1.000
Vertex reconstruction 0.516 | 0.336 | 0.813 0.803 0.753 Vertex reconstruction 0.446 | 0.336 | 0.813 0.803 0.753
E =200 GeV 0.340 | 0.001 | 0.000 0.000 0.000  p =200 GeV 0.284 | 0.071 | 0.028 0.026 0.018
FE =200 GeV, tanf >0.005 0.270 | 0.001 | 0.000 0.000 0.000  p =200 GeV, tanf >0.005 0.236 | 0.051 | 0.007 0.013 0.007
E >200 GeV, tanf >0.005. A¢>90deg | 0.226 | 0.000 | 0.000 0.000 0.000  p >200 GeV, tanf >0.005. A¢>90deg | 0.192 | 0.004 | 0.002 0.006 0.004
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2. First Observation of Collider Electron-Neutrinos

Momentum Reconstruction via multiple Coulomb

scattering (MCS) method

Leverages excellent spatial resolution of emulsion

films (~ 0.28 um after 100 plates)

D reco [GEV]

AP/P at 100 GeV < Ptrue < 300 GeV

hdPoverP

FASER Entries 13208
Preliminary | Mean 0.06781
: : RMS 0.361
Simulation 42/ ndl G371 4
Prob 3.93e-12

Constant 2153 £ 28.6

Mean  -0.05258 + 0.00327

Sigma 0.22 + 0.00

A .
~20% ?p resolution

6 7
(Prec-Ptrue)/Ptrue

Electron momentum
measurement

Use 7 films around
shower maximum
to estimate electron
energy

T
\v

—
-~

»~ N
¢ =

-
~—

# of segments .
. . Shower maximum
in the cylinder >

depth :

L reco [GeV]

Zj +lncell Z§+ 2Ncell

Neeil Neell

2000

18005— FASER
Preliminary
E Simulation

1600
1400 F
12005
1ooof

800
600

200F

ol

L
L)
400F" o Jped ?’
-

0

ol by b by by s byna byn g byva by
200 400 600 800 1000 1200 1400 1600 1800 200!

E. ... [GeV]



2. First Observation of Collider Electron-Neutrinos

Require electron or muon to have p > 200 GeV

# 29
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2. First Observation of Collider Electron-Neutrinos

Dominant background: neutral hadrons K¢, K;, n, i1, A\, A

Background source

Neutral

hadrons
Concrete

Detector

SHs s | XN

Interaction rates of neutral hadrons
with E, >200 GeV in 150 tungsten plates
per incident muons

2.1x107°
2.5x 1074
2.0 x 107*
2.3 x107%
3.1x107°

Estimated from simulation (20 x data sample) with muon energy spectrum

from dedicated FLUKA simulation

Validation sideband:

Use Vertices that fail the v selection

Expectation : 216 vertices from
K¢, K;,n,n, A\, A

Data : 133 vertices

Agreement with simulation
within ca. 50%

—

60
N MC (hadron int.)
50
40 :_ Data except for nue cand
30 : | Normalized to
:_l + the number of events
- Ty
10F
z T,
0 B 1 1 1 l 1 1 1 | 1 1 1 ' L 1 I-_'_
8 10 12 14 16
N tracks

|||||||||||||

FASER Preliminary
Simulation

—— neutral hadrons
— Ve

— Yy

IIII
500

| =
1000 1500 2000 2500 3000

Energy (GeV)

50
- FASERY
- ’» Preliminary
40_—
30-%
A
10[- +
I-l 1 1 1 l L l+l+l .-*-l I-+I I-F*I I+I 1 l L L Ll l l+l Ll
& "50 100 150 200 250 300

p (GeV)

highest



2. First Observation of Collider Electron-Neutrinos "o

FASERv Preliminary

7 Slgnal Expected background Expected

. . ) Observed
Candidates: Hadron int. v NCint. SIgfiel
Ve CC 0.002+0.002 - 1.2 740 ¢ 3
Vy CC 0.32+0.16 0.194+0.15 4.4 %42 ., 4

3 Electron-Neutrino candidates observed ;
prob. for this to be a background fluctuation

~1.6x107" = 50

Front view Vertex Plate

100000 Preliminary
Zone 3 Zone 4 FASERV .
80000 b Preliminary
0.8
0
= 60000 o 0.6
3 g ® e v, CCcand .
D 4
SUI00 e v, CC cand
0.2
20000 - i
0
< C N NNV AT RN OMONNINBALTNOMOANDNRDATN O MO QN
0 B N e L L LT T e e e ety
0 50000 100000 150000 200000 2000 8888858¢s

X (pm)



New results from FASERv: Titedview __——  FASERv Preliminary
one of the v, CC candidates

Back-to-back / .
topology * 11 tracks at the vertex, 615 pm inside tungsten

e-like track from vertex

« Single track for 2 X,

" _ ~+ Shower max at 7.8 X,

]\“ « 175° between e-like track and others

/ \\\\\ * 0, =11 mrad w.rt. beam
/ NS
100 ym / \\ \\\
. 18

\

=




2. LLPs Searches
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Dark Photons at FASER

Dark Photons neat candidate for “hidden sector” extension of SM:

1 / /. -
§Z=Emj,A e Y q A, fr'f
f

— FASER sensitive to parameter space of 1, ~ 10 — 100 GeV & ¢ ~ 107> - 1074

10-3 Expected Number of Signal Events

103
Dark Photon decay length: rAScn
Preliminar 02
9) ) 104 L=27 fb_ly .
107> E, ] [100MeV > 101
L=cfyr=(80m) =

E TGV mA/ i 10> - 10°

.E 1071

107°4 [

) — A’ y dominant production mechanism ; 102
Ity < 2m, — BA’ — e*e”) = 100 % w07 Lo

Dark Photon Mass my [GeV]
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Dark Photon Modeling

Dark photon signal events modeled using FORESEE [arxiv:2105.07077]

EPOS-LHC used to model very forward 7" and n production and also include sub-dominant
dark-bremstrahlung contribution ; Drell-Yan and other production modes are negligible.

My
N _
! ) m=0.0501GeV, £=3.0-1075
0 v % 1.01 A" from meson decays
nim----- b b —— EPOSLHC
p p 084 — SIBYLL

Al A’ from Bremstrahlung
—— FWW for pT<1GeV
0.6 -
FASER
Systematic uncertainties from signal 0.41 Preliminary
modeling are dominant contribution: .

o
o

— Mainly from poorly known forward
hadron production

[
un

. I -
/BVPOSLHC / FWW for pT<1GeV .7
Ifarameterisation of e

.
.
.
.
.
-
.
----
.
-----

...Signal uncertainty ...
— |_I_|_I_

©  H\ !
o

----------
.........
"
"
.
3
-
£
L
-
£

Use envelope from EPOS-LHC and
QGSJET/SIBYLL

Lo
.
3
95
.
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Event Selection

Event selection optimized for significance (cut-based) :

3. Timing and pre-shower signals
consistent with = 2 MIPs

-
-
= -
-

. 1. Nosignalin any
s> Ll veto scintillator

.....

4. E___>500GeV

cal

.....

2. Exactly 2 good fiducial tracks

p > 20 GeV, radius <95 mm
[llustration from Jack C. MacDonald

Require additionally LHC collision events with good quality data ; Analysis cuts
optimized fully blinded

— results in ca. 40% signal efficiency in FASER m1,. : € param. space




Simulated dark photon decay in FASER :

FﬂS:-ﬂ Calorimeter Energy: 645.2 GeV

Momentum: 420.4 GeV, 21.5 GeV
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Backgrounds

Various Backgrounds to consider :
1) Veto station inefficiency
Measured layer-by-layer with muon tracks pointing to veto layers

— Layer efficiency > 99.9997%

w ; T T T ‘ T I T I ; w E I T I T ‘ T T T T T E
< - rdserd . . = = - LAdScA . .
> 10—1:— - - _ 2 1o0'e - -~ - . =
© = Preliminary . E ) = Preliminary - E
kS - e ] © 2 T ]
— e 107 E T R
H 2 — _ * = . =
- 10°: ——— = haa - o~ ~
g 8 10t =
< 107 = I = ‘© = | =
= = | - E 107 | =
§ 1074 _ i ] § = i -
10°= | =
-~ 3 - — E
107° = | Veto Nu Station 0 = 108 = | Veto Station 2, plane 2 -
- | MIP efficiency = 99.99805(5) % - - | MIP efficiency = 99.99986(1) % -
—6 - | — —7 = I =
L | | J_+_|! ‘ | | | | | 1 | | | l | | | | ‘ | | | | | 1 | | ] 1 0_8 ;J | \‘H l | | | | ‘ | | | | l | | 1 | l | | | | ‘ | | 1 J;

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Charge [pC] Charge [pC]

With 5 layers, reduced expected 10® muons to negligible level and expect

— 0 background events due to this.
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Backgrounds

Various Backgrounds to consider :

2) Non-collision backgrounds

Cosmics measured in runs without Nearby beam debris measured
beam iIn non-colliding bunches
= i 10t EF E
103;_ < rﬂ;ﬂﬂ > _; - < :‘.,'.;:ﬂ > S
) _E. — No Veto Signal ; 0 o é_ — No Veto Signal _g
"E 107 =2, No Veto Signal, >= 1 Track — "E -t No Veto Signal, >= 1 Track 7]
O E t — No Veto Signal, =2 Tracks E DO 102 i — No Veto Signal, =2 Tracks —
> = > g i =
LU P +1. . Wl rc f 7]
10 == | — — -
E r E 10 —
Lo - i z
e 1| g—HHH\l Ll .
I T T R R~ 5 100 200 0 s 6o
calo [GGV] calo [G@V]

No events observed with 1 or

more tracks and E_,_ > 500 GeV — 0 background events due to this.



Backgrounds

Various Backgrounds to consider :

3) Collider Neutrinos (main background)

We just found them, so time to treat them as a background ;-)

x107° %107
E 16/
22 FASEAR . Simulation Prelim - FASEAR . Simulation Prelim
20— 14
* —~ o L —~
-&) 18— Locaiea = 27.0 fb 1 'E N Lscalea = 270 fb 1
GC) oF GENIE o GENIE
> aF > 1 fiducial track Lﬁ N 2 fiducial tracks
LL] C u
12- O o0s8—
9 NG = 0.0092 @ NG o = 00018
I~ ]
"5 = QO 06
@ - @ -
o 6 Q o4
X 4 n -
LL] - j_\_‘_\_fl—r W, —
2— i -
7\\\\\ \j_;_‘ﬁ—'_‘—'_\—‘_l_f%_\—'—#_)—t_‘: R HHH
% 200 400 600 800 1000 1200 1400 % 200 400 600 800 1000 1200 1400
E.,, [GeV] E.,, [GeV]

— 1.5 x 10-3 background events due to this.
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Backgrounds

Various Backgrounds to consider :
4) Neutral Hadrons
From upstream muons interacting with the rock in front of FASER

Heavily suppressed : muon typically continues through FASER what would trigger the
veto station; neutral hadron must pass through 8 interaction lengths of material before it

decays ; decay products must have high energy

Use sidebands with 2 or 3 tracks and different veto conditions

— 0.84 x 10-3 background events due to this.

Background Summary:

Background Central Value Error (%)

Background due to veto inefficiency - -
Background from neutral hadrons or muons missing veto| 0.22 x10™3 | 0.31 x1072 (141%)
Neutrino background 1.8 x1073 2.4 <1073 (133%)

Non-collision background - -
Total 2.02 x1073 2.4 x1073 (119%)
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Time to unblind

I|Il||| I | 1T T T 1

-
o
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IIIIHW ||||||||‘ [T
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Preliminary > 1 Track

A'M = 25 MeV, e = 3E-5 (87.3 events)

# of Events

A'M =50 MeV, < =3E-5 (2.7 events)

A'M =100 MeV, < =1E-5 (1.0 events)
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Time to unblind
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-
~
ﬂ‘ |||||I||’ |l||||||

A'M = 25 MeV, < =3E-5(87.1 events)
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||||||||‘ ||||||||‘ ||||||||‘ IIIIIIII‘ ||||||||‘ ||||||||‘ ||||||||‘ ||||||||‘ IIIIIIII’ ||||||H‘ ||||||||‘ ||||||||‘

—
-

||||I|||‘ |||||I||’ IIIIIIII‘ l||l||||’ |||H-? |||||||I‘ IIIIIIII‘ ||||||II‘ l|||||||’ LTI
+-¢

T 0—4 | I I | |
10° 10° 10*
Calorimeter Energy (GeV)



Time to unblind
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2. Exactly 2 good fiducial tracks #

p > 20 GeV, radius <95 mm

U) p 8 [ [ [ [ 1T T | [ I [ T 11 | [ [ [ [ LT T
€ "= = == | } 1 =
— ,, " Data 27 fb ™ (0 t —
5 107 L43Ed [ No Veto Signal | | o 271" (0 verte =
> = . . , =
LLJ ) 05 —  Preliminary 2 F|d uc|a| Tracks : A'M =25 MeV, c=3E-5(41.6 events) —
“— = =
O 05 - : A'M =50 MeV, c=3E-5(1.3events) _ _|
+= 7 = I =
4 o Data [ : ]
y 0 —— Cut Fvents Efﬁciency : A'M =100 MeV, < =1E-5(0.5 events) =
103 B~ | Good collision event  [151750788|  — | —
5 — No Veto Signal 1235830 | 0.814% | =
I O = | Timing/Preshower Signal| 313988 | 0.207% : =
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= = 2 good tracks 0 0.000% : %
1= | Track radius < 95 mm 0 0.000% | —
_1 — Calo energy > 500 GeV 0 0.000% : —
107 = | =
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= I =
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Limit Setting

No events observed in signal region — set 90% CL limit

AN DL A A
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Exclude new region relevant for dark matter thermal relic target
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Summary and Outlook




Summary of current Status
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FASER directly observed collider neutrinos ( v, ) for the first time ( 16 0)

“First Direct Observation of Collider Neutrinos with FASER at the LHC” Phys. Rev. Lett. 131, 031801

FASERv observed collider v, for the first time (5 o) New Summer 202

8
result!
Conference Note: https://cds.cern.ch/record/2868284/files/ConferenceNote.pdf

Observations are just the beginning; more studies underway

VIEWPOINT

The Dawn of Collider Neutrino Physics

Elizabeth Worcester
Brookhaven National Laboratory, Upton, New York, US
July 19,2023 - Physics 16, 113

The first observation of neutrinos produced at a particle collider opens a new field of study and offers ways to
test the limits of the standard model.

Figure 1: The Forward Search Experiment (FASER) is installed in a service tunnel that connects the Large
Hadron Collider (LHC) and the Super Proton Synchrotron (SPS). Proton collisions at the ATLAS
experiment’s interaction point (red star) generate beams of ne... Show more

https://physics.aps.org/articles/v16/113

Viewpoint on:
Henso Abreu et al. (FASER Collaboration)
Phys. Rev. Lett. 131, 031801 (2023)

R. Albanese et al. (SND@LHC Collaboration)
Phys. Rev. Lett. 131, 031802 (2023)

The future is forward ;-)

rerilysis My

Proposed facility at CERN to host suite of
experiments

FPF white-paper
https://arxiv.org/abs/2203.05090


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.031801
https://cds.cern.ch/record/2868284/files/ConferenceNote.pdf
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Summary of current Status

First FASER limits on dark photon production

“First Results from the Search for Dark Photons with the FASER Detector at the LHC”, https://arxiv.org/abs/2308.05587

We probes new regions

[

) - Ldoen We have 40 fb-1 more
03 Preliminary :
;§ L = 27.0 fb™ on disk
z === Expected Li-mi.t(ir1 Gexpr 90% CL)
S10* . o Other searches for e.g.
B cmm ALPs and multiphoton
B o signatures in preparation
B ci41Limit
| OrsaylLimit
B i Stay tuned !
E 1 1 1 1 L1 1 II | [ T
10 10° 10°
m,. [MeV]



https://arxiv.org/abs/2308.05587

Looking Forward to the FPF

Preferred Location: ca. 620 m west of the ATLAS IP

Cavern dimensions: 65 m long x 8.5 m wide
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Looking Forward to Neutrinos

# 50

Estimated uncertainties on neutrino flux from FFP :

S 15 < 1 E energy ranges of
& 0.9F $ 0.9F accelerator data - oscillated v, measurements
‘E 0.8f Q:\E) 08 _H Icgiube Ve v.
S 5 Q f < I Vo Vo
o 07k ‘o 07 - (10ton) F<— OPERA
x F < . F ’
u\fo'6; FPF (10ton) Eo.a . 4, > 0.65— — —+_+‘._._
& 0.5F s T <05 % $ 0.5F DONUT
: " © o § F vV, FPF (10ton)
O4§ DONUT Ve, \—)e 04 | é} L\ c?g 045'_ L
0.3F 0.3 “ p x 0.3F
g /))/""@ u o oF h_+—
0.2:— 0.2 e = 0.2:—
0.1 FPF 1mx1m 0.1 FPF 1mx1m ° 0.1k FPF 1mx1m
- v, spectrum (a.u.) v, spectrum (a.u. ; v, spectrum (a.u.)
ok 11 ol L [ =TT S S AT — i 1l m ok i vl ' S
102 10° 10* 102 10° 104 10° 10° 10? 10° 10*
E, (GeV) E, (GeV) E, (GeV)
Detector Number of CC Interactions
Name Mass Coverage | Luminosity Vet Ve vty 7
FASERv | 1 ton n > 8.5 150 fb~! || 901 / 3.4k | 4.7k / 7.1k | 15 /97
SNDQLHC | 800kg | 7<n <85 | 150 fb~! 137 /395 | 790 / 1.0k | 7.6 / 18.6
FASERv2 |20 tons n = 8.5 3 ab! 178k / 668k |943k / 1.4M | 2.3k / 20k
FLArE |10 tons n=>7.5 3 ab! 36k / 113k | 203k / 268k | 1.5k / 4k
AdvSND | 2tons [7.2<1n<9.2| 3ab! 6.5k / 20k | 41k / 53k | 190 / 754
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Looking Forward to Neutrinos

# of neutrino interactions [1/bin]

Unique physics reach:

T 3 baseline
el |

104

~ Morarilysics oty I__:

kaon production - Ly
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_____

- ]
charm production -, °
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===l

]
. H
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s incl. statistical
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Significant impact on constraining PDFs
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Something to look forward to ;-)

FPF white-paper
https://arxiv.org/abs/2203.05090

https://indico.cern.ch/event/1275380/contributions/5379619/attachments/2662969/4613853/rojo-FPF6-WG1 .pdf



Looking Forward to Dark Photons

Estimated sensitivities for dark photon signals
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Looking Forward to other LLPs
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The FASER Collaboration
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Alr showers

Extensive Air Showers (EAS):

* Particle prod. in the far-forward region

 Low momentum transfer

* Non-pert. regime

« Complex particle composition

* Energies range over many orders of
magnitudes

Modeling of particle interactions based on
phenomenological models for EAS simulations

# 57

EPOS-LHC pp 13 TeV — N L dn/dy  ---- A ELY?)/dy (au.)
_ | | | | | o | |
10 7’ /M O 8 \
o S = \
84 n+ = TS al [
n Z 1 ! FASER(2)
hadrons (> 30ps) = /
61 O ! 1 -
y+leptons ﬁ

215 —-12 -9 —6 -3

0 3
n (pseudorapidity)

FASER & FPF provide unique laboratory to test and tune hadronic interaction models

EPOS-LHC

Status: Large discrepancies
observed between data & MC

QGSJet-11.04 SIBYLL-2.3d

SIBYLL-2.1

| W-

“Muon puzzle”

—0— Auger FD+SD

—&— Auger UMD+SD

—— Telescope Array

—&— IceCube [Preliminary]
Yakutsk [Preliminary]

—e— NEVOD-DECOR
SUGAR
KASCADE-Grande*

—>— EAS-MSU“
AGASA [Preliminary]
HiRes-MIA“
Expected from Xpax

---- GSF

—— GST

POt BT H4a

Strangeness enhancement?
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“ not energy-scale corrected

[D.Soldin et al., PoS ICRC2021

(2021) 349]
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Neutrino flux as a function of beam axis displacement
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Neutrinos [1/bin] Neutrinos [1/bin]

Neutrinos [1/bin]
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Neutrino Flux [1/bin/cm?]
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Pseudorapidity Coverage of FASER and FFP experiments
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Expected Sensitivity after Run 3
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Signal Extraction

Likelihood [ — H P(N;|n;) - H G, .
i J

Test statisti q {_QIH)‘(nV:O) n, >0
est statistics 0 = ~
0 n, <0
FASER L =2354fb!
6
2 statlstlcal error full error
N O
(\g
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.
=
b
0_
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# of v Candidates: n,



# Events

Geometric sideband

FASER L =354fh"
Sideband : 90 mm < rypp < 95 mm , # IFT Clusters < 8
---= fit: 0.2 = 4.1 events with p, > 100 GeV
102 - N I—I—l No 7,4, , Selection
E |—I—'_I_I|_I_|—I;§|_F\I\_I Fvetoy < 120 mm
\\I\\l i I
10" T i
—— ~ E
10° N
3 x 10 4 x 10! 6 x 10? 102




Expected number of neutrino events

Volume Type | 0 < E, < 500GeV 500 < E, < 1000GeV  E, > 1000 GeV S E, [GeV]

FASERv v, 359 / 379 239 / 273 291 / 790 890 / 1442 | 880 / 1376

FASERv 7, 116 / 130 62 / 85 49 / 151 227 / 367 | 657 / 1028

r<9mm | v, 147 / 154 105 / 118 141 / 375 394 / 647 | 943 / 1477

r<9mm | 7, 48 / 53 28 / 37 23 / 67 99 / 157 | 687 / 1057
Alignment

Data-driven alignment corrections are applied to the positions and orientations of the modules of the tracking
spectrometer stations using a sample of reconstructed muons. In the case of perfect alignment of the FASER tracking
detectors, we expect a momentum resolution of 2.1% at 100 GeV, 4.7% at 300 GeV, and 16.4% at 1 TeV. The accuracy
of the alignment is validated using a photon conversion sample for momenta up to 250 GeV.



Efficiency Genie [%)]

Efficiency data [%]

Timing colliding BCID — 100.0
good time range

Trigger triggered by veto, trigger or pre-shower scintillator — 100.0

FASERV veto station charge in both layers < 40 pC 72.5 —

Veto station charge in both downstream layers > 40 pC 100.0 98.9

Trigger station total charge of modules hit by track > 20 pC 100.0 99.9

Pre-shower station charge in both layers > 2.5 pC 99.3 99.9

Calorimeter charge > 0.1 pC for runs without optical filters or — 96.1
with high gain configuration

Tracker exactly one long track 95.1 99.9
> 12 hits on track 93.7 97.0
x’ /nDoF < 15 91.9 94.3
p > 100 GeV 75.8 54.9
r < 95mm in all tracking stations (extrapolation to IFT) 46.5 56.8
r < 120mm at FASERv veto scintillator 50.7 62.8
6 < 25 mrad 86.1 95.7

Combined 28.7 34.2
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FPF Experiments

FLArE Detector Preliminary Sketch

S

Brookhaven

National Laboratory

Hamamatsu Volume |11.5 m”3
S14160 SiPM LAr 16 ton
. . 6X6 mm
TPC-side view 2 2800 units LKr 27.5 ton
L 10m . menbran| 05m
heatloss| 290 W

1.0 111

S
Q

Detail

A

-—0.5mL0.5ma

1.2m

Anode Cathode Anode

=

7.0m
TPC anode plane -side view 1

Cryostat Insulation

DUNE Front End Motherboard
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FPF Experiments

FASERL 2

AdvSND

Magnet

Muon filter
Vertex det Had Cal
EM Cal

0.4m I

08m>>

Tracking Stations

FASER FORMOSA

I Magnets
I Scintillators
[ Tracker stations
[ Preshower
I Calorimeter

I Iron
I Muon detector




FASER NC Sensitivity

Feasibility explored in https://arxiv.org/pdf/2012.10500.pdf

beam collision axis

top view
ATLAS IP 0% 5.112
S LHC :
S = B T oy SR st = I

.

J : + FASER Experiment
: FASERv neutrino detector FASER spectrometer side view
peam collsien )«IHH\HH_lﬂ_l_lﬁﬂ """"""""""""""" :
: axis  emulsion T N ' AN 4 2 N
E detector . :interface tracker  veto station magnet tracking station  scintillator  calorimeter
e P
; emulsion ﬁlms\ final state neutrino  through-going muons electron track with EM shower muon track
: tungsten target —» /{
: / v
T Trrrrrrrurr == B
T N N S oy |4 | L1 U= Yl L 4t+T1
o vYbhersm 0 L Lo |~ - ///
; oVobeam | et o e ||
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' AN | SN < BN e S ~J— ]
: /// RN RSN §<Q\ \EQ\\
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. charged hadron track—] N T RERS 3
+ with hadronic shower
: NC interaction neutron interaction Ve CC interaction vu CC interaction
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FASER NC Sensitivity

LD —V2GrY  [Ba" Prvgllely fyuf + elg fru’

f’aﬂB
1.0 1.0 = FASERY
. @ CHARM
- = Oscillations + COHERENT
0.5/ 0.5/
<3
3= 0.0
-0.5;
- ® FASERv
40l = CHARM
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FASERy Detector Performance

1st FASERv detector installed for

FASERv preliminary . .
(2022 first module) _ first 4 weeks of data taking,

recording about 0.5/fb of data

Used to commission the assembly,
development and scanning
reconstruction, analysis chain.

Measured track multiplicity:
ca. 104 cm-2/ fb-1

« 10000 « 10000
{(é 9000;— FASERv _2:% 90005_ FASERv
= - preliminary = - preliminary
] = Very good tracking performance
7000F- o =0.18 um 7000F- YJ gp .
6000F- 6000F-
5000F- 5000
i 1 - Two other FASERvY detectors
fzzz‘ fZZZ‘ collected ca. 10 and 30/fb of data
qg'“-'1'.é“'-1 R R A 95'“-'11.5“'-1 SR R - R with about 2000 neutrino
AX (um) Ay (um)

interactions — Analysis in progress



Can distinguish flavors using the emulsion films excellent position / angular
resolution for charged particles.

Detector needs to be replaced every ca. 30/fb to keep track multiplicity
manageable

Total 1000 emulsion films interleaved with 1-mm-thick tungsten plate

L N

T ________
ve_->_% VM-->u< VT——><

A X

Emulsion film Tungsten plate (1 mm thick)
(25 cm x 25 cm)

Lepton Lepton
V=> é Vv -> é
N B S

N IO/\‘X"
Sh AT

—




Simulated events :

FASER simulation FASER simulatio
Vu CC g , ',., e i




FASERy Workflow

*  NINJA (J-PARC)

* NAG65/DsTau (CERN)
N FASERv (CERN)

* GRAINE (Balloon)

* Radiography

In Japan At CERN In Japan
Emulsionfilm Retector Exposure Disassemblin Development Fullarea
production assembling P g P readout

Off-line analysis

Kinematical Search for Vertex Track .
; tau/charm uw/elD . : Alignment
analysis decays reconstruction reconstruction

Interface tracker data

Spectrometer data

500-1000 TB/Rn3 ~500 TB/Run3

200 um




New results from FASERv: Titedview __——  FASERv Preliminary
one of the v, CC candidates

Back-to-back / .
topology * 11 tracks at the vertex, 615 pm inside tungsten

e-like track from vertex

« Single track for 2 X,

" _ ~+ Shower max at 7.8 X,

]\“ « 175° between e-like track and others

/ \\\\\ * 0, =11 mrad w.rt. beam
/ NS
100 ym / \\ \\\
. 18

\

=
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FASER Detector : Global Timeline

From proposal to data taking in five exciting years :

Slide from A. Sfyrla

FASER - GLOBAL TIMELINE
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Needed 50 cm'deep trench
to allow 5 m long detector

to be aligned v‘LOS




to allow 5 m long detector
to be aligned with LOS
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November 2020

T2




~Tracker station installation begins T112- March 2021

built from ATLAS SCT barrel modules)









ik o W, Ve
! N / i V// — = L u./» (y\ "\ X

‘ % & k
< // |
R A

R/

[

R



First Collision Muon Event
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August 23, 2022
@ 01:46 :

— Signal consistent with MIP seen in )
all scintillators and calorimeter

Run 8336
Event 1477982
2022-08-23 01:46:15

FASEA .

To ATLAS IP
Interface Veto
Ve@i@t‘fm Tracker (\LFT) station Decay volume

1st collision muon traverses
FASER with momentum of 21.6 GeV

Zoom in 1st

Tracking spectrometer

Trigger stations

‘ Magnets
station

1 " | !

i
il 7 NN

tracking station

Pre-shower
station

Calorimeter
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FASER LLP Physics Program :

FASER is sensitive to unprobed coupling / mass regions for dark photons,
ALPs, Neutral Heavy Leptons

E.g. Dark Photons A’ are mainly produced in decays of light mesons or via dark
Bremsstrahlung

n® at 14TeV LHC [pb/bin]
EPOSLHC

71 p >
%’Y* 103
>

A/

momentum p [GeV]
'—I
o

2 Aspects: decay length & angular coverage:

=
(@)
-

P —572 2TE, y - e ?
Decay length d = 80m [%} [1027'\’1‘”] [ A } = kit =
A

1102 10~ 100
angle wrt. beam axis 6 [rad]

— With just 10/fb of data FASER can explore new coupling / mass ranges



FASER LLP Physics Program :
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