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Neutrinos at the Large Hadron Collider
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ATLAS@LHC 
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LHC pp collisions (ἸἸO ⱨ╧ἦ) 

Large neutrino flux 

unexplored energy range [102ï103] GeV 

Å LHC detectors are well instrumented in 

the central detector region.

Å A lot of interesting physics is being missed 

in the forward region.

Adapted from Juan RojoôsCERN TH seminar

“ȟὑȟὈȟ’ȟ’ȟ’

Forward Direction 

(along the beam axis)

Exploring them has 

been under discussion 

since the 1980s.

ImmagineImmagine

https://doi.org/10.1088/1361-6471/ab3f7c
https://doi.org/10.1088/1361-6471/aba7ad


Neutrinos at the Large Hadron Collider 
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escaped 

undetected ï

Not anymore!! 

Weak decay of hadrons 

Adapted from Juan RojoôsCERN TH seminar

SND@LHC

FASER in TI12

SND@LHC in TI18
ATLAS Interactio n Point

Small-scale neutrino detectors can achieve this! 

In LHC Run 3:  FASERȊand 
SND@LHC

Observed the first LHC ⱨÓ

+

Outgoing lepton ï
detection signature

“ȟὑȟὈȟ’ȟ’ȟ’
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Scattering and Neutrino Detector at the LHC
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Source arXiv:2108.05370v2

In the TI18 tunnel (former SPS to LEP transfer line)
480 m downstream ATLAS . 
Shielded by:
ǒ ~100m rock
ǒ LHC magnets deflect charged particles.

Angular acceptance 7.2 <Ȅ< 8.4, where ’ flux 
mainly comes from charm parents.

Operating since 2022 
(LHC Run 3)

480 m

https://arxiv.org/pdf/2108.05370


SND@LHC Physics Goals
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escapes 

undetected  

Adapted from Juan RojoôsCERN TH seminar

LHC pp collisions (ἸἸO ⱨ╧ἦ) 

Large neutrino flux - in the forward region 

QCD physics

Decays of charm hadrons contribute significantly to 
the neutrino flux in SND@LHC.

ᵼMeasure forward charm production 
with ’es.

Implication for future colliders & astrophysics.

SND@LHC Technical proposal

J. Phys. G: Nucl. Part. Phys.50 030501

https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e


SND@LHC Physics Goals
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Adapted from Juan RojoôsCERN TH seminar

+

SND@LHC Preliminary

PRL 122 041101 (2019)
PRL 122 041101 (2019)

LHC 
’

Neutrino interactions
ǒ Measure ’interactions in the ~TeV energy range.
ǒ Large yield of ’Űwill likely double existing data.

ƺ About 20 events observed by DONuT and OPERA.
ƺ 7 astrophysical ’Űcandidates observed by IceCube.

Expected neutrino interactions 
in Run3, 310 fb-1:

Bridge the gap between accelerator neutrinos 
and high-energy neutrino telescopes.

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.041101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.041101


SND@LHC Physics Goals
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“/K contamination

Flavour Tests
ǒ Detection of all three types of neutrinos

allows for tests of lepton flavour
universality .



SND@LHC Physics Goals
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Beyond the Standard Model
ǒ Search for new, feebly interacting, Long-lived particles (LLP) 

decaying within the detector or scattering off the target.

J. Phys. G: Nucl. Part. Phys.50 030501

+ scattering signatures

https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e


Detector Design
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Muon system & HCal

Eight 20 cm Fe blocks + scintillator 

planes. - fast time resolution 

and energy measurement.

Last 3 planes have finer granularity 

- to track muons .
2025 - Drift Tubes installed.

Veto system

2 (2022 ï2023) Ą 3 (2024 - ) 1 cm thick scintillator planes. 
- Tag penetrating muons.

Target, Vertex Detector & ECal

830 kg tungsten target. ( 84 ὢ, 3… )

Five walls x 59 emulsion layers ïdetecting 
neutrino interaction.

+ Five scintillating fibre stations - timing 

information and energy measurement. 

2024 

JINST 19 P05067

p
p

’‘

’e

’†

Compact hybrid detector with triggerless data 
acquisition. 2024 JINST 19 P05067
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VETO 
SYSTEM

VERTEX DETECTOR AND 
ELECTROMAGNETIC 

CALORIMETER

HADRONIC 
CALORIMETER AND 

MUON SYSTEM

1.0m

1.0m

0.8m

3.2 m

JINST 20 P07011

https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05067
https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05067
https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05067
https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05067
https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05067
https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05067
https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05067
https://iopscience.iop.org/article/10.1088/1748-0221/20/07/P07011
https://iopscience.iop.org/article/10.1088/1748-0221/20/07/P07011
https://iopscience.iop.org/article/10.1088/1748-0221/20/07/P07011


Energy Calibration with TestbeamData
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ǒ Very successful hadron testbeam data taking campaign 

in August 2023.

ǒ Exact replica of the hadron calorimeter.

ǒ Downsized mockup of the target

ǒ Energy deposited in target contributes significantly.

ǒ Calibrated calorimeter response. JINST 20 P10039
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Hadrons
( “ 100, 140, 180, 
240, 300 GeV)

hadrons

https://iopscience.iop.org/article/10.1088/1748-0221/20/10/P10039


SND@LHC Data
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Å Electronic detector uptime: 97% (ͯ300 fb -1)
Å The target construction allows for adaptation to LHC configurations.
Å Percent of total luminosity recorded with emulsions: 83%
Å ECC: Keep track density < 4x10 5 tracks/cm 2

Last Target exchange for Run 3

Emulsion Cloud Chamber
(ECC)  

Recorded with 

emulsions

2022
38.6 fb -1

Recorded with 

emulsions

2023
31.9 fb -1

Recorded with 

emulsions

2024
101.3 fb -1

(88% with 
half-target)

Recorded with emulsions

2025
92.0 fb -1

(53% with ¾ target)
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Physics Results: Muon Studies
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Muon Flux Studies

Å Muons are the primary background for neutrino interaction searches.

Å The muon flux is dependent on LHC configuration (e.g. crossing angle).

Å Published 2022 muon rates: Eur. Phys. J. C (2024) 84 : 90

Å 2023-2025 muon rates for pp and heavy -ion runs: arXiv:2602.23412, submitted to EPJC.
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PbPb runs

pp runs

ÅMuon origins and data/LHC FLUKA simulation comparisons for

the Run-3 proton runs in close collaboration with the

CERN SY-STI team. arXiv:2603.21878

2023 Data:   ρȢωππȢπτ ρπ ÎÂȾÃÍ

2024 Data:   σȢχτπȢπφ ρπ ÎÂȾÃÍ

2025 Data:   ςȢτψπȢπτ ρπ ÎÂȾÃÍ

2023 Data:   σȢρσπȢρρ ρπÎÂȾÃÍ

2024 Data:   υȢυτπȢρχ ρπÎÂȾÃÍ

2025 Data:   σȢφππȢρσ ρπÎÂȾÃÍ

https://epjc.epj.org/articles/epjc/abs/2024/01/10052_2023_Article_12380/10052_2023_Article_12380.html
https://epjc.epj.org/articles/epjc/abs/2024/01/10052_2023_Article_12380/10052_2023_Article_12380.html
https://epjc.epj.org/articles/epjc/abs/2024/01/10052_2023_Article_12380/10052_2023_Article_12380.html
https://arxiv.org/abs/2602.23412
http://arxiv.org/abs/2603.21878


Muon DIS Search with Emulsion
Å Selection based on topological and kinematic variables

Å Measured cross-section consistent with expectation

Number of events expected in 1 brick x 9.5 fb -1: 225 ± 14

ǒ Signal: 210 ± 13

ǒ Background: 15 ± 4

ƺ Passing muons: 10 ± 3

ƺ Hadronic re -interactions: 5 ± 2

Number of events observed: 288

Muon DIS cross -section:

ǒ Expected: 0.010 mb

ǒ Measured:  0.013 ± 0.001 mb

Muon DIS event candidate
Preliminary

Preliminary
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Physics Results: 
Neutrino Measurements
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Neutrino Detection at SND@LHC
Each of the ’CC interaction is identified by the signature left 

by the outgoing lepton in the detector. 

Muons ïclean tracks, Electron ïElectromagnetic Showers, 

Tau ïsecondary vertex
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Charged Current (CC) 
interaction

Lepton 

Hadronic 
shower

Tungsten 

nucleonὡ

Hadronic shower

Electromagnetic shower

’ .ᴼ‘ ὢ

’ ὔᴼὩ ὢ



’‘with Electronic Detectors (2022 -23 Data)
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ǒ Phys. Rev. Lett. 131analysis (8 ’ 6.8 „- only 2022 data)

ǒ Updated with 2022 -23 (68.fb -1)
ǒ Event Selection: 

ǒ Extended acceptance from 7.5 to 18%
ǒ Time-filtering of signals; MC Event Building 

ǒ Background expectation: side-entering background 
ǒ Signal expectation: EPOSLHC+POWHEG as baseline

Side view

charm?

selected ’interaction with 2 muons in final state

The nuclear cross section averaging the 
(anti)neutrino energies:

ƺ Expected: 34 x10-35 cm 2

ƺ Measured:  37 +24  x 10 -35 cm 2

Preliminary

-12

Number of events expected in 68.6 fb-1

ǒ Signal: 24 +10 (prod) +2 (sel )
ǒ Background: 5.0 ± 1.1

ƺ Entering muons: 4.7 ± 1.1
ƺ Neutral hadrons: 0.3 ± 0.1

Number of events observed: 31

Preliminary

-9 -8

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.031802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.031802


Signal Discriminator (0 ‘& ⱨ▄╒╒obs.)
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Shower density

Testbeam 2023

Testbeam 2024

Sum of Hit Density Weights 

Topological Signal Discriminator ïcharacterizing 
the shower density . 
Å More effective than simpler metrics

like the number of Sci-Fi hits.
Å Separate dense EM showers from sparser 

hadronic showers.

Specific hit

{ {

Sum of these hits = Hit Weight

1 cm 1 cm

Validated by: 
Testbeam2023  (Signal selection for Ⱨobservation ) 
Å 100 GeV/c hadrons have a low sum of hit-density 

weights.
Testbeam2024 (Binned Likelihood fit -ⱨ▄╒╒observation )
Å 150 GeV/c electrons Ą high sum of hit -density 

weights, separating well from hadrons of the same 
energy.

PRL 134 231802 (2025)

https://doi.org/10.1103/r2qy-9hft
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0‘Events with Electronic Detectors (2022 -23 Data)

Number of events observed: 9

Observation significance: 6.4 Ɑ

Control 
region

Signal 
region

Signal: ’eCCand NC interactions
Identification : 
Large detector activity, no reconstructable muon,  
Topological signal disc r iminator :  
Summed of hit density weights >11000

Backgrounds: neutral hadrons (0.01 events), 
neutrino background( 0.30 events)

0‘observation significance
ǒ Total expected background: 0.32 ± 0.06 events
ǒ Expected signal: 7.2 events

ƺ 4.9 ’eCC, 2.2 NC, 0.1 ’ⱲCC
ǒ Expected significance: 5.5 Ɑ

PRL 134 231802 (2025)

Side view

Collision axis
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https://doi.org/10.1103/r2qy-9hft


’eCCwith Electronic Detectors (2022 -24 Data)
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ǒ Binned likelihood analysis on the summed hit density weights in the target, and a count-basedcheck.

ǒ Clear evidence  of ’e component in the electronic detector data.
ǒ Investigating why the simulation does not accurately predict the shape of the hit density distribution.
ǒ On the physics model side: EPOSLHC(light)+POWHEG(heavy hadrons) were also tested.

ʜ 4.2 Ɑ(3.8 Ɑ) expected significan ce
ʜ 2.6 Ɑ(3.7 Ɑ) observed

Preliminary

Expected events in 2022 -2024,    
68.6 +102.0 fb -1: 19±5
*excluding 12fb-1 of 2024 due to SciFi connection issue

Signal: 13 ±5
Background: 6 ±1

Observed events: 19 ++++     
===+++++ = 9(2022 -2023) + 
+++++++++ 10(2024)
Significance for the binned(unbinned ) 
data, using DPMJET as baseline:

Expected: 4.5 Ɑ(3.8Ɑfor ’e CC 
in 0ȉ sample) 
Observed:  2.7 Ɑ(3.6 Ɑ)
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’eCCEvent Candidates

21

Top viewTop view

Side viewSide view
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ÅSND@LHC is sensitive to muon trident interaction in 

the upstream rock.

‘± + ὔŸ‘+‘ī‘± + ὔ

ÅChoice of generator has a potentially large impact on the 

efficiency correction.

ÅConsidering both Geant4 and MESMER

ÅCurrently evaluating our efficiency with MESMER

Interesting Ongoing Analyses

Side view

Å Signal: ’†- electron scattering

Å Signature: single EM shower, no hadronic 

activity

Å Preliminary neutrino background 

prediction: 0.22 events

Å Assuming no events are observed in 309.3 

fb-1, the expected preliminary sensitivity 

is 3.68 x 10-6‘B

Å Extrapolating to HL -LHC and assuming 

same efficiency as DONuT expect 2.9 x 

10ī7ȉB
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Muon trident process ⱨⱲmagnetic moment
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Future Upgrades : SND@LHC at HL-LHC 

Extend neutrino physics measurements at the TeV scale with 

the increased statistics offered by HL-LHC. 
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Approved in June 2025, TP Run4 SND@LHC

Å Upgrade performance: arXiv:2602.21881

Å Vertex detector - CMS TOB silicon strips 

detector 

Å 30 ȉm expected resolution

Å First cosmic rays with prototype.

Å Magnetised calorimeter Ÿ discriminate 

neutrinos from anti -neutrinos.

1st Testbeam of the prototype ïcompleted. 

Analysis ongoing.

ρπ

ρπ

ρπ

ρπ

ρπ

ρπ

ρπ

ρπ

ρπ

ρπ ρπ ρπ ρπ ρπ ρπE (GeV) E (GeV)

https://cds.cern.ch/record/2926288
https://arxiv.org/abs/2602.21881


ǒ SND@LHC measures neutrinos in the forward region of pp collisions.
ǒ Recorded 330 fbī1of 2022-2026 data, 97 % detector uptime.
ǒ Run3 muon flux measurement in agreement with LHC FLUKA prediction.

ǒ Reported evidence of ’e CC in electronic detectors.
ǒ Muon trident and sensitivity to BSM underway, including 2024 -2025 data.
ǒ First Testbeamcompleted for the Run4 prototype ïanalysis ongoing! 

Summary and Outlook

24

Many thanks to the LHC team for the excellent machine performance!

Preliminary muon DIS  xsec: 
0.013 ±

0.001 mb

9 ’0‘events

6.4 Ɑobs. 

significance
Preliminary

’‘nuclear xsec:37+24 x 10-35 cm2
-12
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Thank you 
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180 members
23 institutes
13 countries and CERN



Supplementary Slides 
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August 2020

September 2021

December 2021
March 2022

Muon from 13.6 TeV pp collision

July 2022

January 2021
March 2021

Experiment Timeline

Collision axis

Side view
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Complementarity with FASER
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SND@LHC FASER

Location
Off-axis: 7.2 < –< 8.4
Enhances charm parentage

On-axis: –> 9.2
Enhances statistics 

Target 800 kg of tungsten 1100 kgof tungsten

Detector technology

Emulsion vertex detector, 
electromagnetic and hadronic 
calorimeters

Emulsion vertex detector and 
spectrometer
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SND@LHC Physics Goals

Neutrino interactions

ÅMeasure ’interactions in unexplored ~ TeV energy range.
ÅLarge yield of ’Űwill likely double existing data.
Å About 20 events observed by DONuT and OPERA.
Å 7 astrophysical ’candidates observed by IceCube. 

QCD

ÅDecays of charm hadrons contribute significantly to the neutrino flux in 
SND@LHC.
ᵼMeasure forward charm production with ’es.

ᵼConstrain gluon PDF at very small x.

Flavour

ÅDetection of all three types of neutrinos allows for tests of lepton 
flavour universality .
ÅCharm parentage leads to partial cancelation of flux uncertainties.

Beyond the Standard Model

ÅSearch for new , feebly interacting, particles decaying within the 
detector or scattering off the target.
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Expected neutrino interactions in Run3, 310 fb-1:



Quantum Chromodynamics
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escapes 

undetected  

Adapted from Juan RojoôsCERN TH seminar

LHC pp collisions (ἸἸO ⱨ╧ἦ) 

Large neutrino flux - in the forward region 

QCD physics

Decays of charm hadrons contribute significantly 
to the neutrino flux in SND@LHC.

ᵼMeasure forward charm production

with ’es.

ᵼConstrain gluon PDF at very small x 

[~10 -6]
Implication for future colliders & astrophysics.

SND@LHC Technical proposal

J. Phys. G: Nucl. Part. Phys.50 030501

https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e


Neutrino Interactions
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Adapted from Juan RojoôsCERN TH seminar

+

SND@LHC Preliminary

PRL 122 041101 (2019)
PRL 122 041101 (2019)LHC 
’

250 fb-1

Neutrino interactions
ǒ Measure ’interactions in the ~TeV energy range.
ǒ Large yield of ’Űwill likely double existing data.

ƺ About 20 events observed by DONuT and OPERA.

ƺ 7 astrophysical ’Űcandidates observed by IceCube.

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.041101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.041101


Lepton Flavour Universality Tests
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“/K contamination

Flavour Tests
ǒ Detection of all three types of neutrinos

allows for tests of lepton flavour
universality .
ƺ Charm parentage leads to partial 

cancellation of flux uncertainties



Beyond Standard Model 
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Beyond the Standard Model
ǒ Search for new, feebly interacting, Long-lived particles (LLP) 

decaying within the detector or scattering off the target.

J. Phys. G: Nucl. Part. Phys.50 030501

+ scattering signatures

https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e
https://doi.org/10.1088/1361-6471/ac865e


Detector Subsystems
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Upgrades: 3rd Veto Plane
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