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Neutrinos at the LHC

p-p collisions

Conventional detectors Q Tl e [
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« LHC produces the most energetic neutrinos created by humankind (~TeV region)

* Interest in detecting LHC neutrinos had been expressed earlier, e.q.,

— A. De Rujula and R. Ruckl, “Neutrino and muon physics in the collider mode of future
accelerators”, 1984

« However, neutrinos had never been directly observed at a collider before the
2020s.



Site investigation in 2018

FASER measured backgrounds in the
tunnels TI18 and TI12, located 480 m
from the ATLAS IP.
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Another group (later leading to
XSEN and SND@LHC) investigated
the background around CMS

« VN:Qlat25m

« N:UJ53, UJ57 at 90, 120 m

* F:RR53 at240m

TI18 us

15

TI12
ATLAS
FASER was proposed in 2018. « Another group investigated possible
Small emulsion prototype was installed on neutrino detector sites in the LHC tunnel,
the LHC collision axis, measured which led to the XSEN proposal.
backgrounds and provided first neutrino « Later merged with SHiP’s SND proponents
candidates. Dedicated neutrino detector to form SND@LHC.

FASERv was added to FASER.



Neutrino experiments at the LHC
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» Installation and data taking

— FASER and SND@LHC installed during LS2 (2019-2022) FASERv:n > 8.8
— Taking data since start of LHC Run 3 (2022) SND@LHC: 12 < n < 84

— Operations continue until end of Run 3 (2026)

* Future prospects
— Upgrades and extended running in Run 4 (from 2030)
— Expansion with larger detectors at the HL-LHC: Forward Physics Facility (FPF)



Experiments n Tungsten Ve v

Neutrino energy and coverage | target o Ve

mass [kg]

Spatial distributiOnS FASER n >8.8 1100 N int 2331%1227 | 1201411142 46177

E average | 785 GeV 716 GeV | 849 GeV

SND@LHC 72<n <84 800 N int 3071397 | 1694127 15126

E
Annu. Rev. Nucl. Part. Sci. 2025. 75:57-81 average | 442GeV | 357 GeV | 596 GeV

“Neutrino Experiments at the Large Energy and spatial distributions of interacting neutrinos for 350 fb!

Hadron Collider” a FASERvV SND@LHC

« This prediction uses Epos-lhc to simulate
the production of forward light hadrons
and the envelope formed by Epos-lhc,
Sibyll 2.3d, and Qgsjet 2.04 as well as the
forward physics tune of Pythia to define an
uncertainty band. = 2,000

« Charm hadron production is modeled
using Powheg matched with Pythia 8.3 for
parton shower and hadronization, with the
uncertainties described by scale variations.

« The expected event rates were estimated s S F V + V_ s0[ve+¥ | [sNDGLHC 0.04
using the neutrino interaction cross section 17T T T 2o L 0.03
implemented in Genie, based on the
Bodek-Yang model.
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https://doi.org/10.1146/annurev-nucl-121423-101000
https://doi.org/10.1146/annurev-nucl-121423-101000
https://doi.org/10.1146/annurev-nucl-121423-101000

Uncertainties
In the flux predictions

Phys. Rev. D 110, 012009 (2024)
"Neutrino rate predictions for FASER”
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LHC Run 4 with 680 fb'

Generators FASERv at Run 3 FASERy at Run 4
Light hadrons Charm hadrons v, + U, Yy + 1y Ve + Us v, + 1, vy + Uy v, + U
EPOS-LHC 1149 7996 3382 23054
SIBYLL 2.3d 1126 7261 3404 21532
QGSIET 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 16 833 826 51
ot -k +002 +48 +2748 +2568 +163
Combination ]ﬁTS_gH 8507565 23_]41 4'1.1]'1.1_”?11 245537509 r:H_j]
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https://doi.org/10.1103/PhysRevD.110.012009

Neutrino cross section

What can be done from
neutrino interaction rate measurements
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Knowledge of flux

Interaction rate
measurements

Neutrino flux

v

SM predictions for
neutrino cross sections

Assuming LFU is valid

Hadron production models
External validation data

Neutrino cross section
measurements

» Test lepton flavor universality
« Search for new interactions

Neutrino flux
measurements

» Study hadron/neutrino
production at very high-energy

*  Prompt neutrinos

« QCD at small x



Physics motivation

of neutrino interaction measurements

« Direct observation of TeV-energy neutrino .
interactions: v, v, and v;

* Measurement of charged-current cross
sections at TeV energies for three flavors of
neutrinos, and tests of lepton universality
In neutrino interactions

 Neutral-current interaction measurements
and searches for non-standard interactions

E energy ranges of
[ oscillated v, measurements

Vy o Ve
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Proton and nuclear parton distribution
studies to reduce PDF uncertainties

¢ Neutrino deep-inelastic scattering is a powerful probe of the quark/gluon structure of hadrons

E,, 0,

Measuring outgoing charged lepton
and hadronic energy specifies initial
state of the collision

Eu = Ein + Ef s
Q*> = A(Ey + Ep)Egsin? (6,/2)
E r = 4(Ey + E¢)Ey sin? (0:/2)
h omnEp,
- = oy Need a measurement of three final-
GH‘D_}FL X(E;,) - Gbu_)d ® ”(l\ ’ Q } state kinematic variables to fully
l l l specify the partonic kinematics
utrino-proton partonic cross- up-quark content int
scattering rate section the proton FASERU is specially suited for this
measurement!

Eur. Phys. J. C 84 (2024) 369
# “"The LHC as a Neutrino-lon
Collider”

Charm-tagged DIS


https://doi.org/10.1140/epjc/s10052-024-12665-1

Gluon PDF with Neutrinos from Charm Decay
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Physics motivation
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Neutrino measurements as a probe of very forward hadron production ¢
Measurements of LHC neutrinos provide novel input to astroparticle 2B o T
physics (prompt atmospheric neutrinos, cosmic-ray muon puzzle), and |, i ) 7w 0 7 esad
. . . . . 107 10 10 10° 107 107 107! 10°
to QCD studies (low-x PDFs, intrinsic charm, saturation) Momentum Froction x
Cosmic ray o —
. ) I v, + Vv, at FASERv
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https://indico.cern.ch/event/1296658/contributions/5541999/
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https://indico.cern.ch/event/1296658/contributions/5541999/

FASERvV detector Emulsion: 3D tracking device with
an intrinsic resolution of 50 nm

FASER detector o [JLELLE [T | L

A X
JINST 19 PO5066 (2024) Emulsion film Tungsten plate (1mm thick)
“The FASER detector”

Front Scintillator * 1.1-ton detector .
Two 20mm scintillators « 730 layers of 1.1 -mm-thICk
Tracking spectrometer stations Scintillator 350x300mm wide tungsten + emulsion

* neutrino target and tracking
detector (84;,,;)

3 layers per station with 8 ATLAS SCT veto system

barrel modules in each layer Three 20mm scintillators

300x300mm vyide

Electromagnetic
Calorimeter
4 LHCb outer

EM calorimeter
modules

Data taking is in progress

FASER detector

«  >97% data taking efficiency
e 35fb-Tin 2022

Interface FASERv emulsion « 33 fh-1in 2023

Tracker (IFT) detector e 122 fb~1in 2024

« ~90 fb"in 2025 (ongoing)

Trigger / timing

scintillator station FASERv detector
10-mm-thick scintillators e 548 m? of emulsion in 10
Trigger / pre-shower Magnets with dual PMT readout modules exposed in 2022-2025
SHinilletar sEtem 200 1 aperiure.— measorement (o 400 b8 + ~175 fb~ integrated
1.5 m decay volume * 1100 kg x 60 fb-1 scanned.
2/10/2025 Tomoko Ariga, Neutrino Telescopes 2025
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https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05066

SND@LHC detector

Slide adapted from
Fabio Alicante

JINST 19 P05067 (2024)

“SND@LHC: the scattering and neutrino detector at the LHC”

Veto system
« 2(2022-2023)/ 3 (2024 - ) scintillator planes
+ Tag incoming charged particles

Target, vertex detector and ECal
« ~800 kg tungsten target

* Five walls of Emulsion Cloud Chamber (ECC)
+ five scintillating fibre stations (SciFi)

« 84 X0, 3Aint

HCal and muon system
« Eight Fe blocks + scintillator planes
« Last 3 planes have finer granularity to track muons
« (2025) Drift-tube plane
. 95 }\int

2/10/2025

HADRONIC
CALORIMETER AND
MUQON SYSTEM

== VERTEX DETECTOR P
ELECTROMAGNETIC
CALORIMETER

Detector operation

Electronic detectors

« 97% detector uptime

« 187 fb1in 2022 - 2024

« 88 fb-1 in 2025 (ongoing)

Emulsion detector

* 215 m? of emulsion in 20 modules exposed in 2022-2025
« 240 fb " integrated 11
« 800 kg x 42 fb-1 scanned


https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05067

Results with LHC neutrinos

First neutrino candidate events with Run 2 data

2018 | Run2
* FASER Collaboration, Phys. Rev. D 104, L091101 (Nov. 2021)
2019 . . _
* First v, detection with 2022 data
2020
» FASER Collaboration, Phys. Rev. Lett. 131, 031801 (July 2023)
2021
« SND@LHC Collaboration, Phys. Rev. Lett. 131, 031802 (July 2023)
2022 . . . .
- First v, detection & First v, v, cross sections
2023 fJRRun3
» FASER Collaboration, Phys. Rev. Lett. 133, 021802 (July 2024)
2024
» Muon Neutrino Interaction Cross Section and Flux as a Function of Energy
2025
» FASER Collaboration, Phys. Rev. Lett. 134, 211801 (May 2025)
2026

Observation of events without final-state muons (Ou)

« SND@LHC Collaboration, Phys. Rev. Lett. 134, 231802 (June 2025)
2/10/2025 12



https://doi.org/10.1103/PhysRevD.104.L091101
https://doi.org/10.1103/PhysRevLett.131.031801
https://doi.org/10.1103/PhysRevLett.131.031802
https://doi.org/10.1103/PhysRevLett.133.021802
https://doi.org/10.1103/PhysRevLett.134.211801
https://doi.org/10.1103/r2qy-9hft

First direct observation of Vv,

FASER result:
153 v, candidate events in the signal region

(significance of 160)
Phys. Rev. Lett. 131, 031801 (2023)
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Interactions at the LHC

SND@LHC result:
8 v, candidate events in the signal region

(significance of 70)
Phys. Rev. Lett. 131, 031802 (2023)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.031801
https://doi.org/10.1103/PhysRevLett.131.031802

Neutrino interactions in emulsion

arXiv:2504.13008
v, CC signal event "Reconstruction and Performance Evaluation of

with muon background tracks FASER's Emulsion Detector at the LHC"

Iﬁb'&? |
2022 second module



https://doi.org/10.48550/arXiv.2504.13008

First direct observation of v, interactions at the LHC

* Following the first measurement of v, and v, cross sections (Phys. Rev. Lett. 133, 021802), more
data was analyzed and released CERN-FASER-CONF-2025-002.

Ve event in FASERv emulsion [:ﬂS:-ﬂ
- ‘ ve CC v, CC

: Expected signal 2.8-7.2 16.2-287
Beam view ® P 5 - .
. +0. mA+0.25
Expected background 0.06T5 5, 0.547 572
— Observed events 5 20
Ecn 15 FASEA . Preliminar _\02 [ FASER . Prelimi
S FASER y S 40:_ £S5 preliminary
Z — MC (v, CC) S — MC (v, CC)
10 — Data (v, CC) 30 — Data (v, CC)
I 20F
s _
+ 101
, , L. v 52 S T +
% 005 04 015 % 500 1000 1500
tano P [GeV]

all tracks all tracks



https://doi.org/10.1103/PhysRevLett.133.021802
https://cds.cern.ch/record/2927714
https://cds.cern.ch/record/2927714
https://cds.cern.ch/record/2927714
https://cds.cern.ch/record/2927714
https://cds.cern.ch/record/2927714
https://cds.cern.ch/record/2927714
https://cds.cern.ch/record/2927714
https://cds.cern.ch/record/2927714
https://cds.cern.ch/record/2927714

o(E,)/E, [10728cm? GeV~1]

Phys. Rev. Lett. 133 (2024) 021802

First cross section measurements i vessurement of v, and v, interaction
Cross Sections at the LHC with

at TeV energies FASER's Emulsion Detector”

Physical Review Letters collection of the year 2024
(selected among the top 2% of papers published in Physical Review Letters)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.021802

Measurement of energy-dependent cross section
and neutrino flux

Phys. Rev. Lett. 134, 211801 (2025)
“First Measurement of the Muon Neutrino Interaction Cross Section and Flux
as a Function of Energy at the LHC with FASER"

Integrated luminosity of (65.6+1.4) fb-!
338.1£21.0 v, CC events are identified, with backgrounds from other processes subtracted
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https://doi.org/10.1103/PhysRevLett.134.211801

Comparison with predictions
from recent hadronic interaction model
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Figure 2: Comparison of EPOS-LHCr, split by production modes, to FASER data.

arXiv:2507.23552

CERN-FASER-CONF-2025-004

» The predictions are generally consistent with the measured fluxes from FASER, although some discrepancies
appear in certain energy bins.
More precise flux measurements with additional data will follow soon, enabling validation of pion, kaon, and
charm meson production with finer energy binning, reduced uncertainties, and multi-differential analyses.

2/10/2025
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https://arxiv.org/abs/2507.23552

Slide adapted from
Fabio Alicante

Observation of events without final-state muons (Ou)

Phys. Rev. Lett. 134, 231802 (2025)
“Observation of Collider Neutrinos without Final State Muons
with the SND@LHC Experiment”

Number of observed events: 9
Observation significance: 6.4 o
v, CC observation significance 3.7 ¢

« Expected background: 0.32+0.06 events
« Expected signal: 7.2 events (4.9 v, CC, 2.2 NC, 0.1 v, CC)
« Expected significance: 5.5 o
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https://doi.org/10.1103/r2qy-9hft

Future prospects

« Both FASER and SND@LHC will continue to take data for the remaining period of LHC Run 3.
* Upgrades and extended running in LHC Run 4 are planned.

« The space at FASER and SND@LHC is limited, Forward Physics Facility (FPF) has been
proposed to expand the measurements with larger detectors at the HL-LHC.



Eur. Phys. J. C 85:430 (2025)
"Scientific program for the Forward Physics Facility”

Forward Physics Facility (FPF)

* 627-702 m from the ATLAS IP
« 75mlongand 12 m wide

n L E r ! 1
L g § ot Pl
)
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https://doi.org/10.1140/epjc/s10052-025-14048-6

FPF experiments

Tungsten/Emulsion
%' High spatial resolution

FASER2 for tau/charm

FASERvZ Liquid Argon TPC

broad-purpose detector,
wide dynamic range, 10 ton

FLArE

Service alcove
(Turbo-Brayton, storage,

electronics) FORMOSA
Magnetic spectrometer

Scintillator detector ! Emulsion/tungsten
A ton + calorimeter 20 ton

~600m from ATLAS IP

Good energy containment (high density), high spatial resolution (for t
neutrinos) and low threshold (for DM scattering)

2/10/2025 Tomoko Ariga, Neutrino Telescopes 2025 22



New particle searches and neutrino measurements
at the FPF

LLPs
P i - .
/":I éf{ /%\\
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FIG. 2. New Particle Searches and Neutrino Measurements at the FPF. Representative examples
of DM and other new particles that can be discovered and studied at the FPF (top) and of some of the many
topics that can be illuminated by TeV-energy neutrino measurements at the FPF (bottom).
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PDF uncertainties for the down valence quark and strangeness PDFs
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LHC neutrinos

S y 10° Accelerator v LHCV =ae= Astrophysical v ]
ANIANIELS T |G e ﬁ;’ffﬁf
Motivations g L EASERY (v,)
— LHC provides highest-energy (TeV) man-made neutrinos %
— Opportunity to study neutrino interactions and flux in éloz )
unexplored energy regime g e
Experiments at the LHC Lo I VEASER, 20, vishe WEASER 2610 I HESE Shower 17

— FASERv (n > 8.8) and SND@LHC (7.2 < n < 8.4) installed during LS2
— Data taking since Run 3 (2022)
Key results
— First direct detection of collider neutrinos (v, v,)
— First measurements of v, and v, charged-current cross sections at TeV energies
— Energy-dependent v, cross section and flux determined
Physics impact
— Tests of lepton universality at TeV scale
— Inputs to hadron production and PDF studies
— Relevance to astroparticle physics (prompt atmospheric neutrinos, cosmic-ray puzzles)
Future prospects
— Continued operation through Run 3 (until 2026) and upgrades for Run 4 (from 2030)
— Forward Physics Facility (FPF) proposed at HL-LHC for larger-scale neutrino program
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FASERv, 324kg, 9.5fb—1 Energy Spectrum, 65.6fb—! ¢ Pseudorapidity Spectrum, 65.6fb~1
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Figure 1: Comparison of Cosmic Ray Monte Carlos to FASER data. The number of neutrino interactions
in the respective target volumes as measured by FASERv (left), as measured by FASER as a function of
the neutrino energy (center), and by FASER as a function of rapidity (right) are shown. The measured
values are compared to prediction by EPOS-LHC [4], EPOS-LHCr [7], SIBYLL 2.3d [5], SIBYLL 2.3e,
QGSJET 2.04[6],QGSJET 3 [9], and the FASER baseline model (see texts). The analyzed area on FASERv
corresponds to the pseudo-rapidity region of n > 8.76. The majority of the systematic uncertainties of
FASERy data points are correlated. Data points in the center and right panels are correlated because they
use the same dataset.

Tomoko Ariga, Neutrino Telescopes 2025

28



FASERv with 10 fb~L.i

2mm X 2 mm X 10 fi

Background muons

« Background muon limits sensitivities in FASERv2
and others
— Estimated to be O(1) Hz/cm?

« Reducing background muons is essential both
for cost and physics reach

- Implementation of a “Sweeper magnet”

Sweeper magnet.q

Place a permanent magnet
along the wall of the LHC tunnel
1T x40 mlong

v and LLPs m

Neutral hadrons

L
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P Track density
~3 x 10° tracks/cm?
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