e

i RS Sl
Sl LN e
A - v
/ BN
=
Albert De RO
-
c,“._. )
CERN, Geneva _




Contents

Introduction

Dedicated experiments since 2022: FASER(v) and SND@LHC

* Results on neutrino detection/scattering

* Searches for BSM physics

* Upgrades — short and longer term plans

The Forward Physics Facility (FPF) proposal for HL-LHC (2029+)
Neutrinos @ Central Detectors: Searches for Heavy Neutral Leptons

Summary and outlook




Neutrinos at the Large Hodron Collider

Initial studies on neutrino detection at the LHC

date back to the 80s.
CERN-1984-010-V-2.571; Nucl. Phys. B405, 80; LPNHE-93-03

o Backthen, seen as an opportunity to
discover the v .

Large flux of neutrinos in the forward region.
Very high neutrino energy (o o E ).

= A small-scale LHC experiment can observe
neutrinos of all three types.

o Highest energy human-made neutrinos!

Two neutrino experiments in operation at the
ATLAS interaction point since June 2022:
SND@LHC and FASERy

PRL 122 041 1 01 2019)
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Physics with LHC neutrinos

Neutrino interactions
e Measure v interactions in unexplored ~TeV energy range.
e Largeyield of v_will more than double existing data.
o About 20 events observed by DONuUT and OPERA.
e Firstobservation of v
QCD
e Decays of charm hadrons contribute significantly to the
neutrino flux.
= Measure forward charm production with neutrinos.
= Constrain gluon PDF at very small x.
Flavour
e Detection of all three types of neutrinos allows for tests of
lepton flavour universality.
Beyond the Standard Model
e Search for new, feebly interacting, particles decaying
within the detector or scattering off the target.

104 -
FixedTarget F. Kling PRELIMINARY
LHC
Tevatron
HERA
LHCve with 7<n, <8
103 4 LHCve with8<n,<9
e LHCve with9<n,
LHC: tt
LHC: jets
3 Tevat
2 evatron
o 10 LHC: W/Z
<
LHC: DY
//
101 _
LHC: B A
o y
» L _» ,"//‘ i
o L 52.a8 =/ 'LHC: D HER y F'*?E TagRet
o0 s ° , > s 8iis Do
". : .‘3 L] .\.’
100 T X T x T T l b Laad ) ey vy
107 1076 105 10~4 103 102 101 10°
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The results will have implications for astroparticle physics, FCC-pp cross sections...




Neutrino Detection at the LHC

p cc?lll,l_s_ln deflected charged particles WA LHCv

N |00m rock

LHC magnets

ATLAS IP

neutrino neutrino neutrino
production propagation interactions
Forward Particle LHC as Short Baseline TeV-energy Neutrino
Production Neutrino Experiment Interaction
~few times 1017 pions, 1071 mesons, High intensity neutrino ‘beam’

101 D mesons ... per year. High energy neutrinos




é\_@ Neutrino Detectors at the LHC  —d5e2-

Acceptance Target Physics Detector
Off-Axis: 800 kg of e Detect & |den't|fy all ngutrmo flavours e Emulsion vertex detector
SND@LHC| 72 <75 < 8.4 * Probe QCD with neutrinos from charm
® Beam collision axis tu ngsten . . e ECAL & HCAL
| » Search for dark sector particle scattering
On-Axis: ¢ Detect & identify all neutrino flavours
FASER n> 88 |I| 1100 kg of |» High energy & statistics for neutrinos e Emulsion vertex detector
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SND@LHC: approved March ‘21

SND= Scattering and Neutrino Detector

r’&\\! 11"‘ di"

,‘ rL" _'P‘ ﬁ‘lﬁAL

3
=~

o 0.8
3 > . .. FASERw
T Q T
B I < 0.6
5 .,,L..%...;_,j_‘~ - T [ i g
S il 7 r .
EY I g e S :
5 Tl : ‘ \
204 | © 04 iR
4 E53 DONUT w ”
° ;. , .

o
N
o
N

10% 10° 104 102 10°
E [GeV] E [GeV]

0.8

o
)

a,/E [107% cm?/GeV]
1)
S

0.2

DONUT

10%

10°
E [GeV]

104

Qﬁ\_@ Neutrino Detectors at the LHC

LdSch

FASER(v): approved March ‘19

Prospects
for Run 3
2022-2025

FASER= ForwArd Search ExpeRiment
] ,

The Dawn of Collider Neutrino Physics

Elizabeth Worcester
Brookhaven National Laboratory, Upton, New York, US
July 18, 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.




Neutrino Rate Predictions for the LHC

Neutrino rates from hadron decays
» Using phenomenological models EPOS-LHC, Sibyll,
QGSIJET, PYTHIAforward and POWHEG/PYTHIA

(for charm)
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Generators FASERv at Run 3 FASERv at Run 4
light hadrons | charm hadrons Ve + Ve Vy+ U, |Vt s Ve + U, v, + o, Uy + Uy
EPOS-LHC - 1149 7996 - 3382 23054 -
SIBYLL 2.3d - 1126 7261 - 3404 21532 -
QGSJET 2.04 - 1181 8126 - 3379 22501 -
PYTHIAforward - 1008 7418 - 2925 20508 -
- POWHEG Max 1405 1373 76 4264 4068 255
- POWHEG 527 511 28 1537 1499 91
- POWHEG Min 294 284 16 853 826 51
Combination 16757511 | 85071592 | 28718 |14919F2748 | 2455372508 | 911163

O(10)% uncertainty for v, and larger for other v flavors



The FASER(V) Detector Faser v Emulsion Detector

e Emulsion Cloud Chambers with tungsten
for v identification via precise vertexing

e |FT tracking station for matching of
emulsion tracks with electronic detector

Decay Volume & Tracking Spectrometer

e Dipole magnets separate collimated opposiite charged
particles and measure the charge and momentum

: : Information
of the u from v interactions
e Silicon strip trackers to measure position, charge &
momentum of the charged particles Front Scintillator

veto system

\

Tracking spectrometer stations
ECAL Scintillators
Electromagnetic
e Plastic scintillator e L e Scintillator
Iead T - FASERv emulsion .
e Measures the total Tracker (FT)  fetecter vetccl),t_trl_gger
. Trigger / timing y an mi ng
electromagnetic scintillator station
energy Trigger / pre-shower e 77 .. JINST 19 PO5066 (2024)

scintillator system



Scattering and Neutrino Detector @ the LHC

Veto system
Two 1 cm thick scintillator planes.

Target, vertex detector and ECal
830 kg tungsten target.

Five walls x 59 emulsion layers

+ five scintillating fibre stations.
84X, 3A .

Cross-sectional area: 40 x 40 cm?
Length: 2.6 m
Off-axis: 7.2<n< 8.4

HCal and muon system
Eight 20 cm Fe blocks

+ scintillator planes. VETO

Last 3 planes have finer
granularity to frack muons.
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Py — LKy VERTEX DETECTOR AND

p P ELECTROMAGNETIC .
CALORIMETER arXiv:i2210.02784
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Neutrino Event Reconstruction Strategies

SND@LHC
e Use scintillating fibre hit pattern to match electronic
detector events to emulsion detector vertices.
e Measure showers with ECal and HCal.
e Tag muon tracks with the muon system.

Ve+tN = e+X

Muon system

Target

i

Electromagnetic
shower

VutN 2 p+X

Muon system

Target

hadronic
shower

FASERV JF tracker FAgg_F:sspectrometer —
air-core magnet
highest momentum aL‘ f
VI
| mi::;:i%{!- In
) .
FASER
e Use interface tracker to match electronic
detector events to emulsion detector
vertices.
e Measure tfrack momenta with spectrometer.
e Muon tagging based on absence of

hadronic interactions in the tungsten and
track momentum.

Initial analyses of both experiments used
only the electronic detector data

11



Identification of the Neutrino Flavor

e Both FASER and SND@LHC use a tungsten/emulsion film target for the neutrino
interactions -> Emulsion Cloud Chamber (ECC) technique a la OPERA

e An instrumented target is key to flavour tagging!

e In Run3 the target needs to be exchanged a few times per year ... (2022/2023)

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

VetN - T+X VetN = e+X

Detector surface
25cmx 25cm

V¢

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

LHCC-P-016

1 mm 0.3 mm
W plate Emulsion film




First Direct Observation of Collider Neutrinos

eUsing of the electronic detector of FASER only & 35.4 fb

e Select events with muons produced in the neutrino target

PHYSICAL REVIEW LETTERS 131, 031801 (2023)

e\/eto incoming charged particles. 2022 data
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Observation of Coll

SND@LHC
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Observation of Collider Muon Neutrinos with the
SND@LHC Experiment

R. Albanese et al. (SND@LHC Collaboration)
Phys. Rev. Lett. 131, 031802 (2023) — Published 19 July 2023
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Events

12

10

Updated Muon Neutrino Results

Updated analysis with 2023 data

New this year

and extended fiducial volume.

IIIIIII

SND@LHC PRELIMINARY

—— Data
v 7 energy v,CC simulation
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scaled to the data
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Events
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Number of events expected in 68.6 fb™
e Signal: 19.1+4.1
e Neutral hadrons: 0.25 + 0.06

SND@LHC PRELIMINARY
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—e— Data
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Kinematics of muon
neutrino candidates
in agreement with
signal prediction
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Observation of Ou Events in SND@LHC CEJ\_@

ve CC and v; CC (0x) + Neutral Current events ”

Neutral hadron background SND LH?. PR’:‘:L'M"\{ARY BEBEEEEEEEEES

%)

e Define background-dominated control region. E S
e Scale the background prediction to the number of >

observed events in the control region.

o Observed neutral hadron background is ¥s of the 4}

predicted value.

—e— Data

x| v,CC simulation

vINC simulation
v,CC simulation

S v, CC simulation 5

1
1
1
1
1
1
1
1
e Events expected in signal region: 0.01 : — i
Neutrino background 5| : W Neutral hadron simulatior
e Muon neutrino CC inferactions are the dominant : Signal
background, with 0.12 expected events. I I region i
e Tau neutrino CC1u interactions expected: 0.002 ol L e :. =
Ou observation significance :
e Total expected background: 0.13 + 0.11 events i I i
e Expected signal: 4.7 events Control ol &l e 4 4 B
e Expected significance: 4.9 o region 2l !
Number of events observed: 6 Lt T L L 1X10

: S | 4
0 5 10 15 20 25 30 35 40

Observation significance: 5.8 o
Density-weighted SciFi hits

Paper in preparation
16



Emulsion Detector Data Analysis

» Significant parts from 2022 data have been [RANCEe
already scanned. 2023 data to start Preliminary

» Examples of vertices found based on
predictions from electron detectors

» FASER released a first analysis based on
the emulsion data

» Performance affected by muon background...

rdsci

— = Y g R
gs Y — e e Y =
gl | ||
d.35 o s i 2 e o
&8 2 S s 8 oy -
e e o B § =S =4 = ¥ & rouags
e R e R et
> I e e ——— S A T

» Concern: Due to change in machine optics the muon background is 2x larger in 2024!
18



Measurement of v, and v, Interaction Cross Sections

o(E,)/E, [107*.cm? GeV~1]

FASER» deteclor, 730 films

Target for this analysis, 291 films

\ HH

FE \\ Axaly sed volume, 398 films

emulsion film

Analysed target mass of 128.6 kg

10—

10°—

Accelerator v

L AdSer

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

o(E,)E, [1073%cm? GeV~1]

v
1071 —
4 4+ FASERv O,
I FASERv stat.+syst. unc.
Bl FASERv stat. unc
+ ES3 v, -~ Bodek-Yang, ve
< 4+ E5390, -~ Bodek-Yang, U,
% DONUT «+ Bodek-Yang, weighted average
102
10? 10°

Neutrino Energy E, [GeV]

plastic base
(210 pm)
tungsten plate (1.1 mm)

cmulmon layers (65 ;1m

(via multiple scattering)

e Using the emulsion detector of FASER

e Only a small fraction of the 2022 data analysed so far

e Candidate vertices reconstructed in emulsion films.
Electron energy measured from shower multiplicity.
Muon momentum measured from track RMS

e Electron neutrinos observed 4( 5.2 o)
e Muon neutrinos observed 8 (5.70)
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A NOMAD 08® GGM-SPS 81 § NuTeV 06 I FASERv o, IceCube 17
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O CDHS 87 £ FASERw stat. unc. © IceCube HESE 20 (avg of v, ¥)
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2403.12520
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Analysing Emulsion Data 4357

Electron neutrino events 2 % sz | £ FASEA
)] r L
observed: 4 (5.20) 3 2% — MC (v, CC) 3 o — MC (v, CC)
- 2— T — Data (v, CC) < 1 — Data (v, CC)
Muon neutrino events observed:  15¢ of 4
8 (5.70) 1 + T ol
: i '[_L
0.5t i
first direct observation of 00 , r—m‘”b._n_.ﬁ—h : IM
electron neutrinos produced 200 1000 1p500[G92\%)0 %500 1000 1500 2000
at a particle collider N P [GEV]
% 3§ FASER % 4; LASER
Expected background: 3 2% — MC (v, CC) B o — MC (v, CC)
< o — Data (v, CC) | < — Data (v, CC)
« Elec.0.025 +/- 0015 150 ol
(neutral hadrons) i Ll ' j‘I'
i 1+ I} s
05" iy ¥
. Muon 0.22+/009 IO oy AT Y
50 100 150 50 100 150
(Neutral hadrons, NC) A0 [deg] 20 [deg]
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BSM Searches with FASER: Dark Photons

VetoNu scintillator Veto scintillator Pre-shower
station (2 layers) station (3 layers) Magnets scintillator station
{ 'T /\ v 7 ! (2 layers)|
B __“l’ ________ o) L — € -
e 00—
N wrom———
FASERv tungsten/emulsion Decay Volume Timing‘ 4 T 4 cal !
detector scintillator Tracking spectrometer stations
station
PLB 848, 138378 (2024)
@) B — ]
e Dark Photons: U(1) gauge group st LASER ]
. . — = B =27.0 fb"! ]
Signature: decay into e+e- pair in decay volume S Henom
L
1 ; o :_ Expected Limit
® SeleCt|On E """" (¢1pn,_.,p, 90%CL) —
e 2 opposite-sign tracks & 500 GeV in calorimeter ] — bserved Limk
e No signal in veto counters __reeTugn
e Signal in downstream scintillators - _
O events observed / expected . el

10 10°



BSM Searches with FASER: Dark Photons

VetoNu scintillator Veto scintillator Pre-shower

station (2 layers) station (3 layers) Magnets scintillator station
- ' 1 ] (2 Iayers)'
T
— N
I alorimeter
FASERv tungsten/emulsion Decay Volume Timing‘ 4 T 4 cal '
Aetector scintillator Tracking spectrometer stations
station
PLB 848, 138378 (2024)
- ' 2107 ¢ ' ' T e
e Dark Photons: U(1);, gauge group = B -
Signature: decay into e+e- pair in decay volume - Fasat. |
L=27.01fb"

e Selection
e 2 opposite-sign tracks & 500 GeV in calorimeter
e No signal in veto counters
e Signal in downstream scintillators

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

e Observed Limit (90% CL) —

0 events observed / expected

10—6 1 §E =k L 1 1 1 L l J
MV
mA.B_L[ eV] 22



BSM Searches with FASER: ALPs ~22&

Pre-shower
Veto scintillator

b/s  tle/u  s/d oA e L
o L - | a ui L
| a‘“p.cfj) |'nmmlf”| | = 22001
Mainly from  yy/ T || | e U
B decays JaWw >~ _ o kg speciametersons
a Il
e Currently sensitive to axion-like particles CERN-FASER-CONF-2024-001  _7ASéd
(ALPs) coupling to SU(2), gauge bosons : Preliminary

L = 57.7 fb!

[1/GeV]
o

~-=- Expected Limit (+10,,,, 90% CL)
-~ ——— Observed Limit (30% CL)
| I BaBar Limit

SN1987 Limit

aww

e Sighature:
e decay a-> yy with >1 TeV in calorimeter
e No signal in veto counters
e In time with LHC collision
e Background dominated by neutrinos

Interacting in the detector material!

E£137 Limit
LEP Limit

. E949 Limit

- [ «oTo Limit

| P KTEV Limit

| P nas2 o« NA4si2 Limit
_| CDF Limit

5 I sz Limit

ALP Coupling g
o

—
9
w

107

1 event observed / 0.4 +/- 0.4 expected o | ‘ m, [MeV]
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More BSM Searches Channels to Come... 5\4

»Eg. SND@LHC sensitivity for light dark matter

Vv
Production: consider a scalar x particle coupled to the Standard » ~ Fw / Siaaie
Model via a leptophobic portal, —~—
p

Eleptophob = _gBV#'];? + gBV#((‘)HXTX + XT(‘),UX)*

Proton Meson Drell-Yan
bremsstrahlung ~ decay process
Detection: y elastic/inelastic scattering off o oMeV a0
nucleons of the target X = Ay =T
0-001; ' ! T u T T T T T T
i Excluded
XTTTZ T X XTI 1074
Vv 174 :
_57
p,n § 10 §
z z — % X g 10

— SND@LHC,e |
SND@LHC, |

e More channels to explore by SND@LHC and FASER 10-8§
Higgs-like scalars, Heavy Neutral Leptons, final A
state radiation effects, Quirks, LFV with tau 0.2 0.5 1 2 5

o . my [GeV] JHEP 03 (2022) 006
excess, exotic interactions... o




Future LHC Running

e Currently Run-3 (2022-2025) is ongoing —> ~250 fb-! expected luminosity

e Next: High Luminosity LHC starts with Run-4 (2029-2032) and Run-5 (2035-2038)
Both SND@LHC and FASER plan upgrades for these future runs

| L L | | L |
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FASER Upgrade for Run-3 and Run-4

e A new W-Si Precision Preshower wil be added to FASER for the run starting in 2025.
This will be especially usefull background reduction for ALP searches (LHCC-2022-006)

Tracker stations

Tracker “backbone” X g\ .
Pre-shower and g MR\
backsplash stopper \ =
(A -

Veto
station

Calorimeter
rigger / timing
station
Magnets Length: 5 m
Trigger / pre-shower Aperture: 20 cm
Length of decay volume: 1.5 m

station

7 e FASER was approved for Run-4

Front Scintillator

»\ Expected luminosity: 680 fbt

—

Tracking spectrometer stations Scintillator
veto system

\ume
pecay o X

e The target will not have emulsion film
for this Run-4, as too frequent target
o exchange would be required due to

the higher luminosity... (LHCC-1-039)

Electromagnetic
Calorimeter

Trigger / timing
scintillator station

Trigger / pre-shower
scintillator system



SND@LHC Upgrades Installed for 2024

Veto detector upgrade

e Installed a 3 plane veto plane in the detector.

o Additional redundancy to mitigate the impact of
detector inefficiency.

e Floor was excavated so that veto system could be lowered.
o Better coverage of the target.

e This upgrade will allow for a significant increase of the fiducial

volume used in neutrino data analyses.

New muon telescope

e Technology demonstrator: sealed
resistive-plate chambers.

e Will allow for measuring the muon
flux outside of the SND@LHC
acceptance.

o Further validation of the
background model.
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SND@LHC Upgrade Proposal for HL-LHC (~2030)

CERN-LHCC-2024-007

e Electronic vertex detector Expected # of neutrino
Silicon tracker option under consideration interactions for 3000 fb*
e Improved hadron calorimeter and timing detectors 2.10°v,
e Iron-core muon spectrometer 6.10% v,
e Better acceptance, including the LOS of the LHC... 3.10% v,
Hadronic calorimeter Muon spectrometer
______________________ Concrete shielding
I] for electronics racks
Target - . —
Vi : ( T T .. B ................. ji\ | [] To SPs . .
m D e . Ti18 &y
) i
=
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Line of sight @
Recently: Focus on “Compact upgrade version” -> o LHC machine




Proposal: The Forward Physics Facility

A proposed new CERN facility to achieve the full potential of LHC far-forward physics

S | . o ) - , N =
e A new underground area with a complementary suite offorward experiments operating
concurrently with the HL-LHC. Positive outcome of geological drilling studies so far.
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Neutrinos at the Forward Physics Facility

 FPF experiments FLArE,
FASERv2,
will see 10° v,, 10° v,
10* v, interactions at ~TeV
energies.

* Implications for
— neutrino properties
— QCD (x~10"7 — 0.1, DIS)

— astroparticle physics

# of neutrino interactions [1/bin]

s | S s F energy ranges of
$ 0,9;- % $ 0.9 accelerator data lceCube| & 049;-OSC||!aIed v, measurements
T 0gk DR | e T 0. gk« lceCube v, 7,
80 ] 80 : 3‘-’ £ <— SKv,, 7, .
- = o 07ke OPERAY, Assuming a 10 ton
X ok Ve X ~~H X sk
i LI Q% ‘ ‘ il detector with
05 e o 2 05p % 0.5F DONUT
1 _ & o E v AT FPF (10ton)
04 BT “powur, ¥, A o4p. acceptancen > 6.9
03 03F 03 = i
ok 0 ok and 3000 fb-! of data
0.1:- “PF 1mxim oA FPF 1mx1m 0.1 FPF 1mxim
; v, Spectrum (a.u.) v, spectrum (a.u.) ; '
c' L 1 AN EEET 1 LAllL c' 1 AL LAdal
10° 10° 10* 10° 10° 10*
E, (GeV) E, (GeV)

104

103 J

baseline

incl. statistical
uncertainties

kaon production _ir- 1
-

enhanced ! 1 _J7
strangeness i~
=t

charm production -
small-x gluon saturation

sterile neutrino
oscillations

J.Phys G. 50 (2023) 3, 030501

T
neutrino energy [GeV]

® ...or instead a large detector around/inside Lake Geneva?? -> See poster C. Delgado et al, #452
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Neutrinos at the (Central) Collider Experiments

e ATLAS, CMS, LHCb, (ALICE). These have no chance to measure Standard Model
neutrino interactions but they can hunt for BSM unstable neutrinos such as HNLs
(see talks of M. Shaposhnikov and E. F. Martinez).

V5=13TeV, L= 139 fb!

—~ 1072 : . ; .
. 5 ATLAS — 0bs95%CL
e Recent result and summary plots: 2405.17605 & 2204.11988 - opsncl
\’_‘i +20 -
CMS 35.9-138 fb~1(13 TeV) CMS 138 fb~'(13 TeV) T )
C\l_ ul T I-\\\Il\l T T T T T T B — [T T UL L L L DL L t‘G-\l(]*s—
Z 400 Majorana | @ | upchannel s S
> E — Observed F '.:.5*_ V=Wpg A — o 1070
- [ --- Expected == 1 = I JHEP 04 (2022) 047 ‘ 1 s Majorana, 2QDH (IH)
ok 1 &1 _ vz G ———
E /, H N L E 4 [ JHEP 11 (2023) 181 My = My // ] § 0 obs 95% CL —— 2QDH (NH) (0.06,0.48,0.46)
- B o | ~ L™~ 2QDH (H) (0.33,0.33,0.33) |
102 /’ Type | seesazw : HNL . 1077 ) 1SFH () (1,0,0)
% ‘// MUOn Channel % : ’,/’ n 10_4 1 __ 1SFH (y) (071’0)
= et 3 LRSM model 1 N T ‘ o
Prompt 1€ + >=1 displaced jet - 1073
JHEP 03 (2024) 105 i
- Z:g:-\?:%woezygﬁe%g _ 2 ] 10 -l Ny
B-parking 28+ ] i Dirac S R
7 arXiv:2403.04584 H 1077 ‘ - ‘ ‘ ‘ ;
— 240300100 1k o obs 95% CL ‘ | '
arxiv: . n — — ]
Same-sign 28+jet 1 B 10-3 H N L ]
= JHEP 01 (2019) 122 = e
- VBF Same-sign 2¢ ] i e g » . Type I seesaw
5 ~ PRL 131 (2023) 011803 ] ol L N 107 B . ]
1077 Mg A TN SR R R B B\ N ©)
10 10 10 10 10 0 1 5 3 4 5 105k N S
my [GeV] my [TeV] oo - “
. . . Majorana h"""/ ......... <
e With and without displaced decays O i
H V
e Neutrinos from B’s and W’s moel




Conclusions and Outlook

The Dawn of Collider Neutrino Physics has arrived!

e Two dedicated experiments are taking data since 2022: FASER(v) and SND@LHC

e 2023: both experiments observed (muon)neutrinos for the first time at a collider with
the electronic detectors

e Now: observation of other flavours, and first cross section measurements.

e FASER presented first results for searches for BSM particles: dark photons and ALPs

e Upgrades are planned for next both experiments, for Run4-Run5 at the LHC, subject to
approval for SND@LHC. Samples of 10> - 10° neutrinos events can be collected

e A facility is being studied for the neutrino —and other physics- at the LHC: the Forward
Physics Facility FPF.

e Meanwhile the more central LHC detectors continue their search for new neutrinos such
as Heavy Neutral Leptons...
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SND@LHC
POSTERS:

Recent FASER Results and Development of Neutrino Energy Reconstruction for the FASERNu
Detector - Jeremy Atkinson #270

The muon measurements at the FASER experiment - Ken Ohashi #136

Momentum measurement in the FASERvV detector in the LHC-FASER experiment - Haruhi Fujimori #387

Many Thanks to J. Boyd, C. Vilela, G. Di Lellis...
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SND@LHC backgrounds

Entering muons

Incoming muon track may be missed due to
detector inefficiency.
Shower induced by DIS or EM activity.

Number of muons in acceptance: 5 x 108
SNDLHC-NOTE-2023-001

Detector inefficiency: 5 x 10712
o Two veto and two scintillating fibre planes.
Negligible background with tight fiducial volume.

Neutral hadrons

Neutral hadrons are produced in muon DIS in
materials upstream of the detector.

Muon from pion decay-in-flight or charm production.

Expect a total of (8.6 + 3.8) X 102 background events
due to neutral hadrons.

Muon DIS Muon EM
B JZ
H —2k ‘\
EM activity
X
X = undetected

Neutral hadron interaction

Charm production

Decay in Flight (DIF)

:= within SND@LHC acceptance
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O
O

Muon neutrino analysis summary

e Analysis updates
Extended fiducial volume (walls 2 and 5).
2022+2023 luminosity.

e Hadron background expectation
Neutral Kaons:

O

O

o

m QGSP:0.14
m FTFP:0.12
Neutrons:
m QGSP:0.13
m FTFP: 0.10
Total:
m QGSP:0.27
m FTFP:0.22
m Average: 0.25 +- 0.05 (model syst) +- 0.03 (MC stats)

Neutrino expectation
o  Muon neutrino CC:
19.1 £ 4.1
o OtherCC:0.12
o NC:0.03

Observed events: 32
o Significance: 12 ¢
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Neutrinos as a probe for charm production

D meson J ROJO
_——x e Dominant partonic process: gluon-gluon scattering.
e SND@LHC will constrain the gluon PDF in the very
x small x region.
proton-proton o Only LHC neutrinos have sensitivity in this region.
ttering @ LHC 3 .
seererna e Relevant for FCC-pp, ulira-high energy neutrinos and
cosmic rays.
103
FPF Whitepaper
Electron neutrinos, 2% uncertainty in inclusive event rates
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Implications for FCC-pp -

Much of the FCC-pp physics will be produced at very

small x

o Even electroweak and Higgs measurements will

be sensitive to small-x QCD.

Current estimates show a large reductionin FCC-pp

cross sections with constraints from the HL-LHC

neutrino data.
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FEEBLY INTERACTING PARTICLES 5\2}

»SND@LHC/FASER can explore a large variety of Beyond Standard Model (BSM)
scenarios describing Hidden Sector
Production: Mixing of neutrinos with Heavy
Neutral Leptons (HNLs). Examples: M 1
Dg D
Vi ,’H N Vi %
/
/ 2,3 X N2 3
¥ v
Detection: with decays of the N into
charged particles or the decay N — 7.
LL 0, " Excluded
N, . Vu / - 0.001F
U’;‘H T[\ 10-4;‘-"“ 10
510 { S i 1
[ FAsery R | r
Nl;; Vu = . _SN;;LHCRLI};E"“‘-\_ 10-6'—238@LHCRUH3485/‘?3‘-~~....~"'
» .| — SND@LHC Run 4 S PURGLHE R4 | | |
'H v 1095 10 1520 25 30 001 0.2 05 1 2 5
b* Ve my [GeV] my [GeV]

JHEP 03 (2022) 006 204



Preshower upgrade
Layers of high-granularity Si pixels
with W absorber
|dentify photons separated by
~200 pm
Installation before 2025

T

LR = /e [T

Improve ability to identify
photons, reject neutrino
backgrounds

FASER approved to run during

HL-LHC Run4
Will record large dataset with
upgraded FASER

FASER-2: significant R&D for the
Forward Physics Facility ongoing!
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Neutrinos at FASER(v) and SND@LHC

Number of neutrino events (150 fb?)

Line-of-sight to experiment

10.1103/PhysRevD.104.113008 SND@LHC
Generators FASERv SND@QLHC
light hadrons | heavy hadrons Ve + Ve vy + Uy vr + Uy Vet Ve | Vy+0u | vr+0r
SIBYLL SIBYLL 901 4783 14.7 134 790 7.6
DPMJET DPMJET 3457 7088 97 395 1034 18.6
EPOSLHC | Pythia8 (Hard) 1513 5905 34.2 267 1123 11.5
QGSJET | Pythia8 (Soft) 970 5351 16.1 185 1015 7.2 FASERS
Combination (all) 171073750 | 578275306 | 40.5735°5 || 2457177 | 9917552 | 11.3753
Combination (w/o DPMJET) || 1128735 | 53467255 | 21.672%° || 195720 | 9767140 | 8.8727 | 5(‘) — |

Neutrino energies (150 fb1)

Lo — verie (Ey,) ~ 900 GeV [FASERV] | 4, 45, SND@LHC
'_;S‘ Vr+ Ve =1 Ve + U (E-u‘u) ~ 500 GeV FASERV SND@ LHC
7 104 i = Target mass 1100 kg 8oo kg
g ol = - , , ,
g Location  On axis Off axis
j=) =
S 100 = ] Features High energy & More neutrinos
- | . . .
2 - ! high statistics ~ from charm
1074 I decay

10

Neutrino Energy [GeV]

v .ul.[.)3

10

Neutrino Energy [GeV]

s
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®,, +5, " E3 [Gev?/(cm?srs)]

Implications for astroparticle physics

The prompfflux of atmospheric neutrinos, originating from charm decays, is not known.

o Thisis animportant component in the fransition region between atmospheric and

astrophysical neutrino flux.
LHC neutrinos originating from charm hadrons with rapidities > ~ 7 correspond to
atmospheric neutrino energies up to 107 GeV, in the transition region.

Current IceCube limits on the prompt neutrino flux, along with model predictions.
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