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Neutrinos af 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

PRL122 041101 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.

Gluon PDF with Neutrinos from Charm Decay
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The results will have implications for astroparticle physics, FCC-pp cross sections...



Neutrino Detection at the LHC

pp-collision deflected charged particles

hErgl — QUCAG"" s
N s RR&
1\\ ' LHC magnets
ATLAS IP
neutrino neutrino
production propagation

Forward Particle
Production

~few times 1017 pions, 10'®n mesons,
10 D mesons ... per year.

LHC as Short Baseline
Neutrino Experiment

N 100m rock

neutrino
interactions

TeV-energy Neutrino
Interaction

High intensity neutrino ‘beam’
High energy neutrinos




Neutrino Detectors at the LHC

SND@LHC: approved March ‘21
SND= Scattering and Neutrino Detector
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FASER(v): approved March ‘19

FASER= ForwArd Search ExpeRiment
/

Run 3:
expect a few

| to 10K muon-v

events

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.




CEJ\_@ Neutrino Detectors at the LHC

rAdScn

Acceptance Target Physics Detector
Off-Axis: * Detect & identify all neutrino flavours
800 kg of e Emulsi
SND@LHC| 72 <n <84 99 e Probe QCD with neutrinos from charm mulsion vertex detector
@ Beam collision axis tungsten . . e ECAL & HCAL
o Search for dark sector particle scattering
On-Axis: e Detect & identify all neutrino flavours
FASER | 7> 88 . 1100 kg of | High energy & statistics for neutrinos » Emulsion vertex detector
tungsten |* Probe QCD with neutrinos from charm  |* Spectrometer & ECAL
e Search for dark sector particle decay
wunne!
Charged Che;_rgled WG
ATIAN artucile. .
particles a m\ P Neutrino
A\ U e -8
SND@LHC -- S L ST FA\SER
" w . Residual L e Residual . : =
= hadrons hadrons <
60; . 100 m rock magnets magnets 100 m rock_ IS
c A
E) 480 m ATLAS 480m =
- pp collisions 3
Experiment Quantity Ve Yy vr
FASER Nint 233171727 1201471175 16777 Prospects for Run 3
average energy 785 GeV 716 GeV 849 GeV EPOS-LHC-POWHEG
SND@QLHC Nint 3071307 1694297 15126
average energy 442 GeV 357 GeV 596 GeV 2501 10078



Scattering and Neutrino Detector @ the LHC

Veto system c Honal .20 x 40 om?
Two 1 cm thick scintillator planes. ross-sectionaldrea. 4uxabcm

Length: 2.6 m

Off-axis: 7.2<n< 8.4

Target, vertex detector and ECal
830 kg tungsten target.

Five walls x 59 emulsion layers

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

HCal and muon system
Eight 20 cm Fe blocks
+ scintillator planes. VETO
Last 3 planes have finer
granularity to frack muons.

9.5A B @ g _Je=
- v =~ M HADRONIC
e LS ——-. CALORIMETER AND
Sl ' MUON SYSTEM
P e =" L4 &= VERTEX DETECTOR AND
5’ P ELECTROMAGNETIC

CALORIMETER arXiv:2210.02784



The FASER(v) Detector

Faser v Emulsion Detector

e Emulsion cloud chambers with tungsten

Decay Volume & Tracking Spectrometer

e Dipole magnets separate collimated opposiite charged
particles and measure the charge and momentum
of the u from v interactions

e Silicon strip trackers to measure position, charge &
momentum of the charged particles

for v identification via precise vertexing

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

Front Scintillator
veto system

Tracking spectrometer stations

ECAL

Electromagnetic

e Plastic scintillator i LS
interleaved with '
lead

e Measures the total
electromagnetic

ene rgy Trigger / pre-shower Magnets

scintillator system

Scintillator
veto system

U

Scintillators

e Scintillator
counters for
S emison | veto, trigger

Interface
Tracker (IFT)

Trigger / timing

scintillator station

‘y and timing

A . JINST 19 POS066 (2024)



First Direct Observation of Collider Neutrinos

PHYSICAL REVIEW LETTERS 131, 031801 (2023)

eUsing of the electronic detector of FASER only & 35.4 fb!
e Select events with muons produced in the neutrino target
e\/eto incoming charged particles. 2022 data

First Direct Observation of Collider Neutrinos with FASER at the LHC

Observation of Collider Muon Neutrinos with the

12 ) 12 SND@LHC Experiment
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SND@LHC Updated Muon Neutrino Results g4,

New this year Number of events expected in 68.6 fb™
Updated analysis with 2023 data e Signal: 19.1+ 4.1
and extended fiducial volume. ¢ Neutralhadrons: 0.25 + 0.06 2022+2023 data
: SND@LHC _PRELIMINARY - SNDC%DLHC PRELIMINARY Moriond QCD 24
L _lllIIIIIIIIIIIIIIIIIIIIllll— & _llllllllllllllllllIlllllllll_
§ 14—_ —— Data ] E’ 14—_ . . —e— Data e
w 12: V/.L energy \'“CC simulation " L 12: IIJ dll’eCtlon v"CC simulation ] K|nemat|CS Of muon
s v,CC simulation : : """ v,,CC simulation 3 neutrlno Candldates
scaled to the data sl B scaled to the data 1 |- .
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- - 1 [signal prediction
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100 150 200 250 300 0 0.04 006 0.08 0.1 0.12 0.14
Reconstructed hadronic energy [GeV] 0, [rad]
Number of events observed: 32 120 significance
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Observation of Ou Events in SND@LHC

ve CC and v, CC (Ou) + Neutral Current events

eData sample of 68.6 fb-1, select neutrino candidate vertices with no outgoing muon
but significant EM and HAD activity (= large “sum of hit-density weights”)

eBackground in signal region: 0.3 v,, CC events, 0.01 neutral hadrons events

o9 events vOu observed (7.2 expected) -> significance = 6.4o0

eSignal region is dominantly v, CC events -> significance = 3.7¢ for v, CC 2411.18787
— 80 SND@LHC
5 — ﬂ 10_' """"""" AN L 2
>~ I Il 1 & | —+Data ]
60— : ' “ =' : w [ (5557 vOu simulation ]
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Measurement of v, and v, Interaction Cross Sections

e Electron neutrinos: with the emulsion detector using a small fraction of the 2022 data
e Vertices reconstructed in emulsion films. Electron energy from shower multiplicity.
e Electron neutrinos observed 4( 5.2 o)

e Muon neutrinos: with the electronic detectors using 2022 and 2023 data sample
e 338 Muon neutrino events are identified. Muon momentume measured with the
FASER spectrometer, and first differential cross sections are measured.

Analysed target mass of 128.6 kg
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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
| IIiT ! 1 ! (2 Iayers)'
B .“l' ________ = — € -
e 00—
N pw———
FASERv tungsten/emulsion Decay Volume Timing‘ 4 T 4 cal !
detector scintillator Tracking spectrometer stations
station
PLB 848, 138378 (2024)
@) B — N
e Dark Photons: U(1) gauge group S f LASER ]
. . — = B =27.0 fb" -
Signature: decay into e+e- pair in decay volume S Haom
L
1 ; i :_ Expected Limit
® SeleCt|On E """" (¢1pn,_.,p. 90%CL) |
e 2 opposite-sign tracks & 500 GeV in calorimeter ] —— bserved ik
e No signal in veto counters _peeTaon
e Signal in downstream scintillators - _
O events observed / expected . e

10 10°



BSM Searches with FASER: ALPs

Faserv
scintillator

b / S t / c / U S / d Tatian (2 layers)

B - - I ________________
M al n Iy fro m WU Faserv tungsten/emulsion detector

B decays JaWW >~ _

1 i 1

e Currently sensitive to axion-like particles
(ALPs) coupling to SU(2), gauge bosons

e Signature:
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!

1 event observed / 0.4 +/- 0.4 expected

Veto scintillator
station (3 layers) Magnets
IFT

rdScn

Pre-shower
scintillator
station (2 layers)

| e >

station Tracking spectrometer stations

2410.10363

rdScr
| L=57.7fb"
| ALP-W

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

a

10°*

| ——— Observed Limit (90% CL)

ALP Coupling g_ [1/GeV]

E949 Limit

COF Limit

B s
= - E137 Limit

LEP Limit

10°°
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SND@LHC Upgrade Proposal for HL-LHC (~2030)

CERN-LHCC-2025-004

e Electronic vertex detector
Silicon tracker option being studied
e Improved hadron calorimeter and timing detectors
with a magnetized muon spectrometer
e Better acceptance ...

Neutrino Target Magnetised Calorimeter
58x Silicon trackers 34x Silicon trackers
Veto 58x Tungsten layers 34x Iron slabs

3x Scintillator
trackers

E |I-
<
o

) 09m -

2m

Expected number of
CC neutrino interactions
for 3000 ab1

2.104 v,

3.10% v,

3.10% v,




SND@LHC Upgrade Proposal for HL-LHC (~2030)

CROSSING ANGLE:
e Larger statistics +290 yrad Boxlaonta CC DIS Interactions (3k fb-1 1.3 ton)
‘ Flavour| total (DPMJET) | cc-bar (DPMJET)
e 13 times more statistics wrt Run3 == Yut P 1.5x10¢ 2.4x10°
v+ 7, 3.4x103 2.7x103
e Magnetic field for antineutrino interactions: . = V47, 2.8x102 2.8x102
: o Total 1.9x104 5.4x103
e allow separate identification of neutrino and anti- .
neutrino interactions for both muon and tau |
neutrinos
e first experimental direct observation and the el 2 oy
study of tau anti-neutrinos up to 1TeV 69<n<77  ¢=0066 8ol |
z 10‘3; .
e Prospects for charm-tagged neutrinos 2o §
E 2:3@:tt:g & HGTD 1
) . . . . — —
e sizeable fraction of the interacting neutrinos <t Pownga |
. 10 | E
originate from open charm decays ;
eﬁ 4 —}
e In around 10% of these events, the associated l e o} . I i i
charm quark is emitted within the acceptance of ~ o+ T 1
ATLAS I, ;
77777777 = S SND@LF : :7 :
e A charm-tagged neutrino sample would allow | | o T g
for clean flavour ratio measurements. TS D e T

Nee Number of events
[]



FASER Upgrade for Run-3 and Run-4

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

Front Scintillator
veto system

Tracking spectrometer stations

Scintillator
veto system

Electromagnetic
Calorimeter

FASERvV emulsion
detector

Interface
Tracker (IFT)

Trigger / timing t y
scintillator station

Magnets

Trigger / pre-shower
scintillator system

Tracker stations

Veto
station

‘ S
e
Tracker “backbone” A ‘__g ______ o
Pre-shower and g L
backsplash stopper \ | = -
Y \ . \ A ‘;~’.¥: -
() ZON

arXiv:2503.19775

rigger / timing
station

Length: 5m

Aperture: 20 cm

Length of decay volume: 1.5 m

Magnets

Trigger / pre-shower
station

e FASER is approved for Run-4
Expected luminosity: 680 fb!

e The target will not have emulsion film
for Run-4-> too frequent target echange
e Other options: scintillator+ tungsten
tracking calorimeter (+ silicon detectors)...
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Proposal: The Forward Physics Facility 2203.05090

A proposed new CERN facility to achieve the full potential of LHC far-forward physics 2411.04175

e A new underground area wrth a complementary surte offorward experiments operatrng
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,
FASERvZ2,

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

© .
Y

.9 accelerator data

Zgo 3 go
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103 4
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kaon production

IceCube
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o, /E, (x10%cm?/GeV)

't energy ranges of

0.9 oscillated v, measurements J'Phys-G 50 (2023) 3; 030501
0.85-<_* IceCube v,, ¥,
07 E'(—l(_{OPESR}i\\’t‘ .
0.65— '—+—+—_.._
bl Assuming a 10 ton
y | detector with n > 6.9
ik for 3000 fb-! of data
0.1 FPF 1mxim

3 ...

’ 10° 10° 10¢

E, (GeV)

____Impact for astroparticle physics/cosmic ray interactions

charm production
unique test of low-x QCD

-
. : test enhanced P and gluon saturation
cosmic ray airshower  serangeness 7
~ 24 AIRES + SIBYLL 2.3d ’
>
(]
w
= 2 - ' - -
S 10 . pred Ict [)IOlﬂpt
1 == | pre=FT¥ atmospheric
e & e neutrino flux
= / - )
1.2 Pierre Auger data baseline // . 10
"3 10 30 # E | | e
ElEev] /! collider neutrino 3 10
’ flux measurements =
/ — ]
- / baseline incl. expected s
solve cosmic ray ’ B S bt
/ statistical uncertainties 10°5 -
muon puzzle / 10° 10° 10° 10° 107
/ E, (GeV]
.
10 102 103 104

Neutrino Energy E, [GeV]

cosmic ray muon puzzle: observed 8c
excess of muons compared to predictions
from hadronic interaction models

[FPF 2411.04175]

forward charm production at the LHC
constraints on

at IceCube 20



More Neutrino Experiments@LHC?

Instead of digging a new underground area.. Let the LHC neutrinos surface!
....And catch them with a kiloton detector, eg in Lake Geneva... (or Jura mountains)

—

LHC

S

‘@-—“F;sﬁ -
FPF

IP

UNDINE: uNDerwater Integrated Neutrino Experiment

IIIIIII
CMS IP Surface Exit

........

6.25
Longitude [deg]

e A suite of CHIPS-style water Cherenkov detectors

deployed in a modular fashion

T

e Benchmark lake detector: 5 CHIPS modules (~30 kT)

Earth Surfa(:e

PVC Buoyancy tubes

Dyneema cables

HIP

~

llab. 2024

2501.08278
2501.06142
deace
e
“lor Collect more
than 1M neutrino

Interaction events
with 3000 fb1

E.g. UNDINE: a detector
proposal based on the
CHIPs water Cherenkov
technology

What exactly can we measure,

apart from cross sections?
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SHiP a Future (Neutrino)Experiment @ CERN

SHIP for the new CERN beam dump facility, foreseen to take data ~2032/33 for 15 years

Ventilation wall
: o R 2
Hadron absorber g Access shaft (4x8m?)

arl {1“;*( awel R SHIP: Search for Hidden Particles
, e gy Fixed target collisions with 400 GeV/c
proton beam

SHIP includes a neutrino detector: SND

Scattering and
Neutrino Detector

“=~~trometer

~ i — Planned: 4x10%° POT/year

e.g. one of the different
configurations under stud:

The SHIP Scattering and NeutrinoDetector SND
based on a similar concept as SND@LHC

| ——
40cm _90cm | \

/ﬁ gh—prccision\
VTX detector

Physics Targets: tau neutrino physics, charm
PDFs, measure F, and F; structure functions...

Expect: O(10°/107/10°) v /v /v, CC interactions

= yrx detectorY& ECAL



The Neutrino Platform @ CERN

Support for neutrino experiments at accelerators (ESPPU 2013)

It includes the provision of a facility at CERN to allow the global community of neutrino
experts to develop and prototype the next generation of neutrino detectors, and
especially to act as a technology hub for European contributions & participation..

2015-now: ProtoDUNES for DUNE, BabyMind & ND280 activities for T2K, ICARUS &
SND (SBN@FNAL) & ENUBET support...

“Bringing neutrinos back @ CERN since 2001”...

<)
QS




Protodunes at the Neutrino Platform

The ProtoDUNES are 4% size prototypes for the Far Detectors (FD) of DUNE

ProtoDUNE LAr modules Horizontal and vertical drift
(>700t, >200m?3)

Charge/tick/channel (ke)

100 200 300
Wire Number

ARIADNE : TPC

Xe-doping in PDSP optical readout
with dedicated sensors tested in the cold-box

 Past: horizontal drift prototype results in 2018. Vertical drift is a new concept =
* Now: tests with final (?) configurations of HD and VD for FD1 and FD2
 Future: new technologies on the NP for future decisions on FD3 and FD4



New: ProtoDUNEs for BSM Physics

. New Physics searches using ProtoDUNE and the CERN SPS accelerator
arXiv:2304.06765

Pilar Coloma,'>* Jacobo Lépez-Pavén,? T Laura Molina-Bueno,? ¥ and Salvador Urrea?:

Use the ProtoDUNE detectors (700t LArTPCs) to hunt for weakly interaction
LLPs or light dark matter scattering? The ‘beam’ comes for free!!

North area EHN1  Neutrino Platform

Side view

Top view

Distance T2 to detector = 670m First “neutrino” in NP04
Soll we woa | 1NE T2 target in the ,
o "] North Hall "acts” like
@n e g heam dump for the
Vegrts " et - ol EHN1 ﬂ1 400 GeV SPS beam,
LI N0 _ﬁ and can deliver
— e wor| 3.5x1018 POTs/year
HNL Sensitivity:
N 5 years Competitive for masses
above the kaon threshold

| R Sl Experimental feasibility study
" @ @ s S =- made during 2024
s - — ) - —— . N— Demonstrator runs in ‘25 & ‘267

my(MeV) my(MeV) my(MeV) 25



T2K Related activities

« CERN is a member of T2K and contributed to the ND280 near detector.

....Repeat this
* Much of the assembly and testing of the new ND280 components from for ND280++
Europe was done @ CERN, before shipping to Tokal. for T2HK?

SFGD prototype
test beam &
mechanical tests
of the box

n
]
B
|
p!
i
LI
|
gt
13
LR
i}
1
|
|
58
g 03
1
LAY
!
[}

Ee - 2 TPCs : multiple test-
T el e e e jBgtde beam prototypes,
§ N ~ Micromegas production
and characterization,
-~ metrology, full assembly
and test of final detector

HK electronics (900 boxes, ~4500 cards) :
....as well as integration, calibration, assembly and test
underpressure and underwater



Auxiliary Experiments @ CERN

FUTURE CONTRIBUTIONS TO EXTERNAL NEUTRINO PROJECTS

Neutrino beam control:

All beams: NA61/SHINE hadroproduction cross-sections
and hadron production measurements with
FNAL/JPARC neutrino beam replica targets

- to be continued, additional low-E beam foreseen

LHC

TI2

HiRadMat

Ne

utrino detector technology and response:

e T2K: NPO7 near detector - completed

SPS

T }\rmo

AD

Neutrino interaction cross-sections:

NuSTORM@CERN studied by PBC Phase | | « 1or 4

-> SBN@CERN(ENUBET+NuTag) —
studied by PBC Phase Il

DUNE: NP0O2 and NPO4 far detector prototypes
—> new technologies (DUNE Phase Il) + physics
HK:  NPOS8 for electronics

W(CTE detector prototype

—> data taking to be completed < LS3

/NP02/NPO4 LAr tanks

MEDICIS
ISOLDE

REX/HIE-
ISOLDE
2001/2015

PS
1959 (628 m)

LEIR

- | CLEAR SRS S EINY
WCTE:Cerenkov proto




NA61/SHINE

T2K (as an example for the future LBL)

Mult. Error
% | ol Pion Rescatter Error

Fixed-target experiment using
H2 beam at CERN SPS

Uncertainties on _|

-
)

~150 collaborators. E bl i - o 0

Spokespersons: Seweryn 2 E?C'Leig&r Error interacatic;zg 1 H ad rO n I C I nte raCtI O n

Kowalski, EDZ g i dupeioiy o o T2K Work in Progress i . .

Primary proton beam from i - Repica 2009 Ero 1 studies with a large
K e Thin EFrOr |

CERN SPS, Secondary beams
~25 to 350 GeV/c

acceptance
spectrometer

Replica 2009 Replica 2010 ;=7

High statistics samples
collected in '23 -> 25

Particle identification
with de/dx and TOF

A program of precise measurements with
Plan after LS3 shutdown -> 3-20 GeV/c beams could make major

Lower energies? New beam/Targets? improvements in flux (factor of >2)




A New Experimental Proposal: NuScope

Next LBL experiments wil have > O(10K) events -> large statistics
Important to keep the systematics uncertainty O(1%) -> Proposal:

SBN@CERN: a new facility under study for DUNE/HK NuTag

Medium-intensity monitored&tagged
Short Baseline neutrino beam for

%-level precision on neutrino interaction
cross-sections in the GeV range i
Innovative d‘é"fm‘@‘(ﬂ‘@
slow extraction %
and focusing
: : : 2
A dedicated neutrino beamline 5
and experiment at the SPS ?... o
2
2
Expect a strong reduction ©

of a dominant systematics =
of DUNE/HK

https://indico.cern.ch/event/1548855/
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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 axions

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 should be collected

e A facility is being studied for the neutrino —and other physics- at the LHC: the Forward
Physics Facility FPF. Or maybe use the neutrinos that exit close to the surface?

e In addition: The CERN neutrino platform as a central point for neutrino experiment
development; The SHIiP experiment planned for data taking in early 2030’s; auxiliary

experiments such as NA61; A new experiment with tagged neutrino beam (NuScope?)...
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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
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Neutrino Event Reconstruction Strategies

SN D@LHC FASERvV I/F tracker FA:E.? Spectrometer SCT.
S S
e Use scintillating fibre hit pattern to match electronic S LL
detector events to emulsion detector vertices. | highest moMer™> 2
e Measure showers with ECal and HCal. VIS | |
| S TT
e Tag muon tracks with the muon system. adion ™~

Ve+tN = e+X

Muon system

FASER
e Use interface tracker to match electronic
detector events to emulsion detector
vertices.
e Measure track momenta with spectrometer.
e Muon tagging based on absence of
vatN > X hadronic interactions in the tungsten and
e track momentum.

i

Target

il 0l ; Initial analyses of both experiments used
E only the electronic detector data
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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

vi+N = T+X VetN = e+X

Detector surface
25cmx 25cm

Vz

LHCC-P-016

1 mm 0.3 mm
W plate Emulsion film




A New Experimental Proposal:

10/22 + 08/23 + 08/24 @
CERN-PS-T9

The calonmeter demonstrator

NuScope

Eur. Phys.J. C 83 (2023) 10, 964

Neutrino beam

,ngh precision —m ,..._..F—-—m €n S
| silicon trackers bgt monitoring
; , _
and tagging
---------- e, 7, W (0.5-15 GeV)
Trigger scint
e ESSMSSNSh ttps:[twitter.com/i/status/1694308753514889350
Scintillator tiles: 4335
WLS fibers: ~ 4.5 km
Channels (SiPM): 1275 -
g Fiber concentrators, FE boards: 255 Green:
Interface boards (hirose conn.): 22 V., Dr d in decav reaion
Readout 64ch boards (CAEN A5202): 22 ‘ » produce yreg
D4
More in Eur. Phys. J. C, 2022, 82, 465 |J'+ Tt TR 19110
T1T2 T3T4 T5 T6
L livs1 I WEM 1 =
K*,m 6 coo : 7
‘.s\ Beam Muon
oo Spectrometer «- » Spectrometer Red:

v, from K,t=>pv reconstructed in spectrometers



More BSM Searches Channels to Come... f%

»Eg. SND@LHC sensitivity for light dark matter

v
Production: consider a scalar x particle coupled to the Standar »  #» / Siaaie
Model via a leptophobic portal, —

p

; , (a)
Eleptophob = _gBV#.']ﬂB + gBV#(()HXTX + XT()HX)ﬂ
Proton Meson Drell-Yan
bremsstrahlung decay process
Detection: y elastic/inelastic scattering off m, =20 MeV, a, = 0.5
nucleons of the target
0.001 g
i Excluded
X~ T T2 T T X X~ T T T2 T T X 1074
V 14 ) i
p p ——C § 10°
107"
e More channels to explore by SND@LHC and FASER 10-8! —iﬂggtﬂé‘f‘f |
Higgs-like scalars, Heavy Neutral Leptons, final 109 u

state radiation effects, Quirks, LFV with tau 0.2 0.5 1 2 5

. . my [GeV] JHEP 03 (2022) 006
excess, exotic interactions... 2




Study of collider v, neutrinos: FASER electronic detector Ehve. Rev. Lell. 124, 211801

Unfolded muon momentum into six neutrino energy bins: New,

- 19.0 (stat.) 4 8.8 (sys.)

occ/ E, [107% cm? / GeV / nucleon |

n,,,obs = 338.1

LA5ed L = 65.6 fb™!
Accelerator v, Collider v, Astro v,
e

{* MINOS 10 = GGM-PS 79 i W

14+ NOMAD 08 v IHEP-ITEP 79 Kt e

lo BEBC79 v IHEP-JINR96 * FASERv24u, -+, | I N

1s CDHS87 ¢ NuTeV 06 88 Bodek-Yang, v, IceCube 17

|+ CCFR97 e SKAT 79 Bodek-Yang, 7, * |C HESE showers 17

= GGM-SPS 81 #% Bodek-Yang, v, + 7, == IceCube HESE 20
102 — ———r e ———

10! 102 10° 10* 10°

Neutrino energy [GeV]

Since

LLp 2024,

LASeA L = 65.6 fb!
Vi | Vp Vp+ Uy

—_
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=
o
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—
[N
(@3]
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+111

&
o |
ot
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study of collider Vv, neutrinos: FASER electronic detector

Measurements: vV, flux as a function of the rapidity y

v, flux [fb/cm?]

CERN-FASER-CONF-2025-001

x 107 L =65.6fb"
~£45ER - Preliminary
-, (1)
41 = oy, (k)
=, (D,A,)
¢ Data y -
3 i—.—'_‘_'
2 -

8.5 9.0 9.5

10.0

10.5 oo

Ney, ..
Sin
L Ce
LP 2024,
Rapidity bin 8.5,9.0] [9.0,9.25] [9.25,9.5] [9.5,10] [10, c0)
Uncertainty Sources
MC Stat. unc. 1.5 1.2 1.0 11 1.0
Geant4 + GENIE unc. 1.3 4.3 3.0 3.6 1.8
Neutrino Flux Modeling unc. 38.3 29.4 19.5 23.0 22.4
LOS unc. 29.9 3.5 0.2 9.0 127
Mass 3.3 2.3 1.6 1.9 1.5
Luminosity 6.9 4.8 3.4 4.0 3.2
Total 49.2 30.4 20.2 25.4 26.0

Neutrino flux modeling is the dominant source

of uncertainty
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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...

FASER

1 R e e Tl 11
T —— o HEHER
_ 'l‘ Sy 8 g g (
e Son ol B =8 & T
q‘;’"—; g g ! e = =i i § 8 o
T R e e R i
- s — = e e e

» Concern: Due to change in machine optics the muon background is 2x larger in 2024!
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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 U
H —k \
EM activity
X
X := undetected

Neutral hadron interaction

Charm production

Decay in Flight (DIF)

:= within SND@LHC acceptance

13




SND@LHC backgrounds

CERN-EP-2023-222

»The majority of the background from muons from pp interactions

» Muon flux measurements in situ during physics runs
» Compare with the Monte Carlo (FLUKA) predictions

‘x_ly TARGET + ECAL HCAL + MUON ID y]_:'
Iron blocks + Scintillating bars muon ﬂUX [104 fb/cmz]
‘ system :
’ | same fiducial area
SciFi 2.06 £ 0.01(stat.) + 0.12(sys.)
DS 2.02 £ 0.01(stat.) 4= 0.08(sys.)
. system | sample muon flux _%
y Y [10* fb/cm?] (%]
' on the level of eff. corrected data and generator MC flux
2F ... | data | 2.06 £ 0.01(stat.) &= 0.12(sys.)
4 SelFl | i | 1.60 +0.05(stat.) + 0.19(sys.) | 22 T2
0.6/~ _ iy data | 2.35 % 0.01(stat.) &= 0.10(sys.)
DR T e 10 | DS 1 sim | 1.79+0.03(stat.) + 0.15(sys.) | 24+ 9
S AR TN M, 005 01015 02 : - A =

> (I)|4I».(I)|él(l)|8ll l 1 1v-1/c [(cm/ns) |
tano,,

12080604020 0.

Data-MC difference ~ 25%
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Neutrinos as a probe for charm production

D meson
——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 4 .
seeerne e Relevant for FCC-pp, ulira-high energy neutrinos and
cosmic rays.
103
FPF Whitepaper
Electron neutrinos, 2% uncertainty in inclusive event rates

12,5 \\\ ~— NNPDF3.1 X E

ook . ===+ NNPDF3.1 + FPF | o 102;
SR o
o> 75 2
@: 5.0 £
5 €
2.5 S

0.0k "g 101 i
Q =2 GeV S
—25E 1 l 1 - s

108 1076 10-4 1072
xr
RO = N,(E,T75<y,<8.0) 16 ' |
y = 10~ 10°° 102 1074 102 1074 1g™* 16°
N, (E,, 8.5 <y, <9.0) Momentum Fraction x 5



Kinematics of a 100 TeV FCC

Plot by J. Rojo, Dec 2013

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

neufrino data.
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Implications for astroparticle physics

The prompf flux 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 fransition region.

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

10~%4
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Prompt flux of atmospheric neutrinos broken down
by charm hadron rapidity in the pp collision frame.
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Lepton flavour universality

Significant charm hadron contribution to the flux of all neutrino flavours.
Overall flux normalization cancels outin flavour ratios.

This enables the test of LFU with neutrinos.

Ry3 =

Uncertainty on Run 3 R, , determination is dominated by low v_statistics.

Nue+ﬁe o Zz f0¢gr(ci — Ve)

NI/T-f—iT stéT(Ds — 1/7-) NI/

Expect systematic uncertainty reduction in Run 4:
Improved forward z flux measurements at 13 TeV with LHCT.
Same strategy as in neutrino cross section measurements.
Bindatainn, v energy, and v vs v to reduce impact of charm
production uncertainties.

@)

@)

Same strategy as in QCD measurements.
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Neuftrino constraints on the gluon PDF

e Constraining the gluon PDF requires
observables where the theory systematics
cancel out. Make use of rafios:

o To areference pseudorapidity bin
o Between CoM energies
o Between correlated observables
J. Rojo CERN-TH Colloquium 11/2023
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