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FASER Location

FASER is a small experiment FASER +'FASERV

designed to search for new long-lived
particles (LLPs), and to study high
energy neutrinos, produced at the
ATLAS Interaction Point.

Located 480m downstream of ATLAS,
shielded with 100m of rock and
concrete.
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Physics Motivation
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The FASER Detector

Electromagnetic
Calorimeter

Front Scintillator

Yy 4 Yy 4
10 cm active radius /rﬂ5:ﬂ
7m long \ (\ veto system -y g
Scintillator 2x 20 mm thick “"'———rﬂS‘,:ﬂ

Detector paper ) )
Tracklng spectrometer stations
3 x 3 layers of ATLAS SCT strip modules

35x30cmarea

To KIS ¥

veto system

3 x 20 mm thick
30x30cmarea

4 LHCb Outer
ECAL modules

FASERvV emulsion

Interface
detector

Tracker (IFT)
730 layers of 1.1 mm

Trigger / timing tungsten + emulsion
scintillator station (8 interaction lengths)

10mm thick + dual PMT
Magnets readout (o = 400 ps)
0.57 T Dipoles

1.5 m decay volume
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Trigger / pre-shower
scintillator system
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https://arxiv.org/pdf/2207.11427.pdf

FASER Operations
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Dark Photons and Muon Neutrinos in FASER Previous Results

S U LA LA NI LA .
e  Search for A’ — e*e using 2022 data (27 fb™") " § SR EdSER.
o No signal in vetos, 2 good tracks with timing € o b > e

station/preshower signal, Calo E > 500 GeV gl s éwd — |
o Small background from neutrino events . ) N, = R e

———— Observed Limit (90% CL)

Liverpool: Analysis contact (Carl), Background estimation (Monica
and Lottie), Calorimeter systematics studies (Lottie)

Relic Target m  =0.6m,, a;=0.1

PhysLetB.848 10°

Sinead: Currently working on tracking performance using A’ MC samples , e e
Link to her slide at this meeting 0 " me [MeV]
"""""""""""""""""" c-ssamt
e  Muon neutrinos in FASERv produce a - ol = s
muon that can be detected in FASER’s F’;:/“ener ——— o .
tracking spectrometer (35.4 fb™") = —-l» g Signal fegion
o No signal in front veto, signal in L 1=. L.
second veto station, 1 good track £ k: - :'. . )
with timing/preshower MIP signal ~ ~ = s, =]y l:JJ "
o  Background from neutral hadrons o 5 o Rk -
o  and large-angle muons —+- g P :
e ) [GeV]m- 5 404 - Ir o
e First observation of collider neutrinos! Muon momentum 20 -
PhysRevlett.131.031801 5 : N w7
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https://indico.ph.liv.ac.uk/event/1628/#b-969-thursday-pm-1
https://arxiv.org/abs/2303.14185
https://arxiv.org/abs/2308.05587

Neutrinos in FASERv (Emulsion Detector) New Results

v FASERv detector, 730 films
e Analysed a fraction of 2022 exposure (9.5 fb™") 5’ _ |
o  Candidate CC vertices reconstructed and selected by —| Qi
scanning emulsion films — |l ]
o  Can detect v, (momentum from RMS of multiple scattering) - Analyzed volume, 398 films
and v, (energy from shower multiplicity) i

o Background from muon interactions in rock

plastic base
(210 pm)

tungsten plate (1.1 mm)

e Cross-section measurements for both v”and v, in unexplored region

emulsion film enmlsmn layers ( 65 )
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https://arxiv.org/abs/2403.12520

Neutrinos in FASERv Event Displays New Results

Rotated view Sy Ve Beam view LASER
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ALPs in FASER New Results

B t K Y 10-3 Signal Acceptance 10-¢
S B a FASEA
W a----- %‘ Simulation
S Q Preliminary 10-7
e = 10
o/a "~
! :
e FASER is sensitive to axion-like particles (ALPs) - 1078
H C
o  Coupling to SU(2)L gauge bosons 3 10-5
o a
. . . . o -9
e  Primarily produced in B meson decays in our o 10
sensitivity range <
e Can decay anywhere in FASER spectrometer 1084 | ‘ 10-10
e Decays to 2 high energy photons 1071 10°
o Cannot be distinguished in our calorimeter ALP mass m, [GeV]
Faserv - Pre-shower
scintillator Vetq scintillator o . scintillator
station (2 layers) |FTStat/'?n (3 layers) i station (2 layers)
a ‘
N — - - ——— -
""" ATLASLOS | 1 B . 5
- s | Calorimeter
Faserv tungsten/emulsion detector Timing “ 4
scintillator
station Tracking spectrometer stations
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ALP Analysis: Event Selection

Trigger and Data Quality

Selecting events with calorimeter triggers

Calorimeter timing (> —5 ns and < 10 ns)

Baseline Selection

Timing Scintillator to have no signal (< 0.5 MIPs)

Veto/VetoNu Scintillator to have no signal (< 0.5 MIPs)

Signal Region

Second Preshower Layer to have signal (> 10 MIPs)
Calorimeter to have a large deposit (> 1.5 TeV)

Preshower Ratio to have EM shower in the Preshower (> 4.5)

non-negligible charged-current neutrino
interactions.

The main background in this analysis arises from

/

Liverpool-led analysis:

Event selection and signal optimisation (Lottie)

ALP signal grid MC generation (Carl)

Geometric muon background estimation (Lottie + Monica)
Signal systematics (Lottie)

Statistical interpretation of results (Lottie)

Neutrino MC Prediction for 57.7 fb™"

Light 0.23*09% (flux) + 0.11 (exp.) + 0.04 (stat.)
Charm 0.19%9:32 (flux) + 0.06 (exp.) + 0.03 (stat.)
Total 0.42 + 0.38 (90.6%)

11
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ALP Background Estimation

>
e Neutrino background evaluated using MC simulations 8 ob AdSER . Calorimeter Region
. . . . ) /= v. T syst.® stat.
° _Valldated in datg coqtrol regions defined based on where 5 Prefiminary v, —e— cata s st
in FASER neutrinos interact e
. . . . . 1072
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. . 0=
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Systematic Uncertainties

The various sources of systematic uncertainty in this analysis can

be defined in 3 categories: Experimental uncertainties evaluated using test

beam data/MC

e Theory :
o  The uncertainty associated with flux modelling and e From 2021 calorimeter test beam
generator variation e Test beam paper in progress (Lottie: paper
e Experimental editor) oo

Lottie Cavanagh

o  The uncertainty on luminosity measurement FASER Simuigtion

o  The uncertainty associated with our preshower and
calorimeter cuts
e  Statistical uncertainty 003

0.05
’
@ Calorimeter + Preshower — &VEA ®0.2%

0.04 [not including electronic noise]

Energy Resolution o/E

LHCh 24% g 10.8% ¢ 089,
E O E

0.02

The dominant source of uncertainty is the uncertainty

\\\I‘\\\\‘\\\I‘\I\\‘\\\\‘\\\\

derived from the different MC generators oo
P Ll | P
. . 10 102 103 eam Ener e'
Signal systematics: eam Eneroy (GeY)
Signal Sample Flux |Stat. || Luminosity | Calorimeter | Second Preshower Layer | Preshower Ratio
« =140 M
Mo = LOMeV: 1159 406 1.8% | 2.2% 3.6% 0.6% 7.9%
Jaww =2 x 107* GeV
o« =120 M
m 94 2y . 157.3%|3.5%|  2.2% 16.3% 0.6% 6.9%
Jaww = 10 GeV
mg = 300 MeV
¢ 58.0%|2.9%| 2.2% 15.8% 0.6% 8.4%
daww =2 x 10-5 GeV-1 N ’ ’ ’ ?
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ALP Unblinded Results New Results

Observed limit: In 57.7 fb™! of data we saw 1 event in our unblinded signal

— N : region
S [ I
2 = 1557 | e Compared to expected background of 0.42 + 0.38 events
= ol LLIER > | o Shows preshower deposits consistent with an EM shower
z £ Preliminary = e Calorimeter energy of 1.6 TeV
s F L=57.7fb" =
N ]
> ¥ ]
£ - .
% 10 = | Unblinded Signal Region:
o e =
5 s e ] Ems | _‘15'_’7 P[reshow;zr Regic;n/Signlal Regioln | |
__________ . Z10* LLAdIEnm
< L ; 4 P 183 A my=140MeV, g =2 x10*/GeV
A Expected Limit (1.6,.,, 90% CL) §102 Preliminary [ v, my=120MeV, g =1x10"/GeV
10°E = W g WY syst@stat— - m,=300MeV, g_ =2 x10°/GeV
E Observed Limit (90% CL) E 1 —e— data + stat.
: Existing Limits : 1 0—1
. -2
" Lottie Cavanagh - 183 PR -
10—6 1 | | | 1 1 10—4
10
m, [MeV] Q. g
Lottie: ALP analysis contact =
_' . i s W ////
Monica: ALP paper editor Link to conf paper 805 % %/
. . . . 0
Carl: Signal generation and validation 1000 1200 1400 1600 1800 2000

Calorimeter EM Energy [GeV]
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https://cds.cern.ch/record/2892328

FASER's Preshower Upgrade

Upgraded
WEFG'  Decay Yotlume il pre-shower  Calorimeter o Resolve diphoton events by upgrading
Signal: decays @ pre-shower with high X-Y granularity
into 2 photons  ---- e Improve sensitivity and background
(0.1-5 TeV) suppression in ALPs and other LLP
searches

6 planes in total (silicon detector + tungsten plate) 6 ASICs per module, 208x128 pixels each

Wire bond
protection cap

Module flex ——— 4
Glue interface ————>
Asics ——>

Thermal glue ———>

base
plate

Thermal interface
sheet

Planned upgrade ‘
Current (YETS 2024) 12 modules per plane, on cooling plate A

preshower

15
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FASER's Preshower Upgrade (2)

e Liverpool: involvement in hardware and chip o - .

testing since September 2023 T sm HV current (HV=-200 mV) o 1u
. s & .8 m = o =
o Lottie: Recently returned from a month = 3" v L : o 2| 20 2
i H m v I digital 96m &=

at CERN/University of Geneva 4o s M s i osm 40

4m 94m -Su

cleanroom i %3m i

. 40m 92m lu
S Bm 9lm -
T %m N 9m § Su Eg
34m Threshold current (Vr1r=820 mV) 8I9m T =
2m 88m Q00

760u 2k 4k 6k 8k 10k 12k 14k 16k 18k 20k 22k 24k 26k 28k 31k
Time (s) 2.00 k /div

e Production chip characterisation at probe station:
o Electrical tests: HV, LV, threshold tests
o  ASIC masking and pixel matrix readout
o  Testing and debugging firmware
o  Gain measurements

16
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Forward Physics Facility and FASER?2

e Proposed dedicated forward-physics facility at HL-LHC, aiming
for LOl in early 2025
o New ~65 m long cavern, 620 m from ATLAS
e 54 dedicated experiments including FASER2 and FASERv2

° loP half-day meeting hosted by Liverpool last October
o Monica and Carl: Feasibility studies, optimisation of

tracker layout
m  Sinead completed her MPHYS project on FASER?2

FASER2 FASERv2

. . FORMOSA
o  Eva Vilella-Figueraz

m  Contributions to FASERZ2 tracking system

FASER2

Downstream EM Hadronic Iron Muon
(racker Calori mete Calonmeter Detector

| l
l I .l.l.— e Kostas Mavrokoridis
o FLArE TPC based on ARIADNE

1 /) - optical readout technology

0 ” 1 10 17 1I7s zols z|1 2 s M 17
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https://indico.cern.ch/event/1328003/

FPF Physics Potential

e Hidden Sector e Millicharged particles

o
[ Benchmark Model FASER | FASER 2 (e s
Dark Photois v v //
B — L Gauge Bosons V N 10-! i . y
!., - !‘) (;illl‘,'_(' Bosons Super-K FORMOSA-l || e imgracdns. g
- ‘ 2m off- : {
Dark Higgs Bosors v | » . 2m of-ads ) i i | i
Dark Higgs Bosons with 2SS N S 102 | preer=] = — f— e Ro DR
> - | 1l
T 7 I ; - ;
HNLs with ¢ v | TogoNeaT neutririos i ; e v =
HNLs with n \."‘ P ’ . ; ; \ ' * Forward Physics Facility
HNLs witl p p - ¢ SUENE] /. rorRMOsAI \ g : -
ik v v 10° M\“‘BW“ SLAC — full detector \ ; N 8 )
ALPs with Photon P s ! ' J -
ALPs with Fermi ' \" ] L A sterile v v self
ALPs with Fermion V v — b interactions
ALPs with Gluon y i J0-4 =MD i i , 3
Dark Pseudoscalars N 1072 107! 10° 10! 10° A
my[GeV] S
L4

e Light DM scattering : 3 &

~ — ' T~ energy ranges of
1078 7 @ 0 @ 0.9 accelerator data lceCube| @ 0.9f oscillated v, measurements
BABAR & o vl Yy e g )
i 7 0. 08 0.8f<— lceCube v, ¥,
All channels combined ‘E “E d l % E SK -
% 805 8 8 0 FPF (10ton) 8 L 1KY,
10~ o 0.7 o 0.7t B, © 0.7F<— OPERA},
X 3 # e X o6k
. £ 08 FPF (10ton) > 0.6 ] - W °'6E ——
o 205 = il S >0.5 '3 0.5F DONUT
€ 10w S ey S ] 2 VAN, FPF (10ton)
3 . 0.4 0.4E7, 0.4F
3 3
€ .k B 0. 03 . 0.3F s
p 10 =. Belle-i (50 abT)
- 0.2 0.2 0.2F
0. 0.1 FPF 1imx1m 0.1 FPF 1imx1m
1012 £— —— FASERV2 0 o v, Spectrum (a.u.) B3
—— FLAE-10 10 10° 10° 10* 10 10° 10*
N — FLAIE- 100 E, (GeV) E, (GeV) E, (GeV)
10°% =
103 102 107! 10° . . . .
my (= ma3) (GeV) e Differential neutrino flux measurements for all flavours at TeV energies
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FPF Physics Potential (2)

e Hidden Sector e Millicharged particles
00
| Benchmark Model | FASER | FASER 2 | e s
Dark Photois v v
B — L Gauge Bosons V v 10!
L; = L; Gange Bosons Super-K | FORMOSAI
Dark Higgs Bosors v s S 5 2m of-ais y
Dark Higgs Bosons with 1SS V S 102 St s
NLs wit i 1 filiQan | .-
llll Nl[ . wih ll.‘ a v v L o
£ V BMET T
HNLs with 1 o JORREHENE " g
!
ALPs with Photon v v M e
ALPs with Fermion N, e
ALPs with Gluon Y Vv 104 SND : y ,
Dark Psendoscalars vV 102 107 10° 10! 10
o \ intrinsic ‘ y
i ; harm '
e Light DM scatterin rod e g |
9 9 | POES: ¥X~1 {
10- : i bt

£2ap(m,/ma)*

y=

BABAR

All channels combined

10-°
10-—10
w
10721 £
10712 =
—— FASERV2 10-5

2 —— FLATE - 10

- —— FLACE - 100
lo 13

1073 102 107! 10°

my (=mgu/3) (GeV)

’ ultra low-x i
PDFs: x~10"7

Forward Particle Production

color glass
condensate
e )

forward
charm

e  FPF probes unexplored physics, with very broad
physics spectrum:
o  New particles, DM, neutrinos, QCD,
astroparticle physics, quirks, mCP
e  SHIP approval and P5 comments
o  FPF has many areas not covered by SHiP
o  Costs associated with FPF can be revisited
|
neutrino DIS
=
| fragmentation )

o -7
= = hadronization
v in nuclear
l 184y

nuclear PDFs

19



Summary and Outlook

FASER has probed new parameter space with the ALP-W model

More searches and neutrino measurements to come

Proposal for dedicated HL-LHC forward physics facility

Next steps for LivFASER team:

At mass and coupling previously unexplored by existing experiments
A conference note on these new results has been published!
Will present results at LHCP in Boston next month

Analysis efforts led by Liverpool

[1/GeV]
3

_Lpllng gaWW

ALP Cou

ALP event selection will be used to probe additional models
Electronic neutrino analysis update in progress

Lottie Cavanagh

i . i 1076 L L 1 >
Maijor involvement from Liverpool 10

Incoming PhD student Pawan joining in October 2024 (joint with RAL)
Sinead to begin LTA at CERN in October 2024

Lottie currently writing up, accepted post doc position at ETH Zurich (FASER + HyperK)

Lottie Cavanagh - Liverpool HEP Annual Meeting - May 2024

m, [MeV]

rAS5cn
Preliminary
L=57.7fb"

- Expected Limit (+10,, 90% CL)
Observed Limit (90% CL)

| M saBar Limit

SN1987 Limit
E137 Limit
LEP Limit
E949 Limit

- [ «oro Limit
| N KTEV Limit
I NA62 + NA4g/2 Limit

| CDF Limit

3 I naszLimi

Thank you for listening!
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Backup Slides
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Models Considered in this Analysis: ALPs

ALP-W signal grid

ALPs (W dominance)

ALP coupling gaww [1/GeV]
[
Q

._.
S}
4

LEP

\‘99,1 G a-yy 2_7</fb
N —— a-yy 27/fb, E>500GeV
—— a-yy 60/fb

" —— a-yy 60/fb, E>500GeV

10°

@ 1071

eey

1072

101
ALP mass m; [GeV]

1072

o
o
i

w

10~4

ALP coupling gayy [1/GeV]

10-°
10°
& 10

1072

1072

e ALP-photon ®

ALP with photon coupling (BC9)

Belle2

— E>100 GeV
E>800 GeV
00 GeV

eey

1071
ALP mass m, [GeV]
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ALP-gluon

ALPs coupling to gluons (BC 11)

1071y

...
15}
°

...
5}
&

104

ALP coupling gagg [1/GeV]
)
&

— E>100 GeV
—— E>800 GeV
= 00 GeV

107

1966

102 10! 10°

ALP mass m, [GeV]
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multiphoton models

ALPs (W dominance) U(1)s 152 Up-Philic Scalar
s g KLOE Il B
-3 < ‘ BES3
10 z 3 A 10-2] r— MAMI \
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£ 3 —
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3 E
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Neutrino Background Estimation

> T T
e (Good agreement between neutrino MC prediction and S 19 \FQ’L Magnet Fegion 3
. . . . o / TH syst.® stat.
data in validation regions 5 1 —e— data + stat.
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Calorimeter Region z
g Magnet
MC 62.7 + 19.7 (31.4%) 5 Region
% )
Data 74 AN g
®
a Calorimeter 1
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Calorimeter, Magnet, Preshower Regions: 1 TeV cut
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ALP Results: Alternative Neutrino MC plot

> T T T
[
o FASER., Calorimeter Region
E 10 ~ [ light W syst.@ stat.
| | | | : T ; : | & 1L Preliminary [ charm —e— data + stat.
 10° 0 et
9 10t FASER Preshower Region / Signal Region 10"
2403 - [ tight my=140MeV, g =2 x10*/GeV 102 G
= imi -4 g,
g-) 102 Prellmlnary !:I charm mpy= 120 MeV, gaWW =1x10"/ GeV 107 /////////////////////////
kL 10 77 syst@stat.— = m,=300MeV, g =2x10°/GeV 104
1 —e— data + stat. L, - Q, g
1
_1 ~
10 I s Wk // //% //
1072 ; e W oog
.~ - Veciazizs, , Y 400 800 1000 1200 1400 1 1 2
10°° I A m;”””llllllllllll{/”””””l//?l; gg|0l’lm2?el‘ El\ijlognergByO?GeV?oo
10 I [ .
! | o [ o 3 = Ma net Re ion
O oL FASeR. M3 g
O 2 E —— T —— @ 0 [ light W syst.@ stat.
45 :_ % % ¢ 1E Preliminary [ cham —e— data + stat.
e F ' = 43 Lu —1 i eezd|
5 1%%/// . /% // B ™
cDU 0-5 - l;é 1072 '/II//II//IIII//I/{{////I///II//II/
0 E L . , - T ISR . &
200 600 800 1 000 1 200 1 400 1600 1800 2000 10° -

Calorimeter EM Energy [GeV] e, //////////
T

800 1000 1200 1400 1600 1800 2000
Calorimeter EM Energy [GeV]

0.

Data / MC
co_.on

Lottie Cavanagh - Liverpool HEP Annual Meeting - May 2024



Neutrino Background Composition

e Interms of light and charm:

e Interms of neutrino type:

Magnet region

Light
Charm
Total
Data

33.6757 (lux) £ 4.3 (exp.) + 0.4 (stat.)
9.91351 (flux) £ 0.9 (exp.) + 0.2 (stat.)
43.5 + 18.2 (41.9%)

34

“Other” region

Light
Charm
Total
Data

17.415:3 (Aux) + 2.5 (exp.) % 0.3 (stat.)
3.97%9 (flux) + 0.5 (exp.) % 0.2 (stat.)
21.3 + 6.9 (32.2%)

17

Calorimeter region

Light
Charm
Total
Data

51.6729 (flux) £ 3.1 (exp.) + 0.5 (stat.)
11.172% (flux) + 0.4 (exp.) + 0.3 (stat.)
62.7 £ 19.7 (31.4%)

74

Preshower region

Light
Charm
Total
Data

14.81%9 (flux) + 1.8 (exp.) % 0.3 (stat.)
3.07%5 (lux) £ 0.3 (exp.) % 0.1 (stat.)
17.8 + 5.1 (28.8%)

15

SR

Ve 0.32 % 0.31 (Aux) = 0.10 (exp.) = 0.04 (stat.)
vy 0.09 + 0.04 (lux) £ 0.05 (exp.) % 0.02 (stat.)
Total 0.42 + 0.38 (90.6%)

Data 1

Preshower region

Ve 5.16 + 2.59 (lux) £ 0.51 (exp.) % 0.17 (stat.)
Vy 12.6 £ 2.3 (flux) £ 1.61 (exp.) + 0.3 (stat.)
Total 17.8 £ 5.1 (28.8%)

Data 15

Calorimeter region

Ve 22.6 &+ 12.8 (flux) £ 0.7 (exp.) + 0.4 (stat.)
Vy 39.9 + 6.8 (Aux) + 2.8 (exp.) =+ 0.5 (stat.)
Total 62.7 + 19.7 (31.4%)

Data 74

Magnet region

Ve 13.8 £+ 10.3 (flux) + 1.4 (exp.) =+ 0.3 (stat.)
vy 29.4 £ 8.0 (flux) & 3.8 (exp.) £ 0.4 (stat.)
Total 43.5 + 18.2 (41.9%)

Data 34

“Other” region

Ve 6.3 £ 3.6 (flux) £+ 0.8 (exp.) £ 0.19 (stat.)
” 14.9 + 2.7 (flux) =+ 2.2 (exp.) = 0.3 (stat.)
Total 21.3 + 6.9 (32.2%)

Data 17
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Event Display

Run 8834
Event 44421456
2022-10-13 16:09:44
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e Shows preshower deposits consistent with an EM shower
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Muons in FASER

Veto scintillator layer efficiency > 99.998%
5 layers reduces the expected 10% muons to negligible level (even before cuts)

Single muon event in FASER:
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Dark Photons and B-L Gauge Boson Limits
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SHIP (Slide from Carl’s loP talk in April)

Letter of Intent

SHIP Experiment

New dedicated beam-dump experiment recently approved for ENC3 cavern at CERN's SPS NA

Aiming for TDR in 2026, followed by PRR and installation in 2028/9
Start data-taking in latter half of run 4, aiming to collect 6 x 1020 POT over 15 years

Targets
T2,74,76

Access shaft (4x8m?2)
(existing)

SHiP

Service building
(existing) Access shaft (8x8m?2)

a3

High‘denSity Scattering and
Neutrino Detector
proton target Decay volume
hadron Tungsten T i
i instrumented With liquid Particle ID
SRl N Wlth emuls]on SCIntlHator 4 straw .
muon shield bkg tagger trackers EM Calorimeter

inB=1T 3 muon layers

%B) Currently 4 UK institutes: Bristol, Imperial (spokesperson), UCL, Warwick
But several more interested in joining now formally approved



