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Motivation

We have detected neutrinos a variety of Cosmic
source across a large energy range. ‘

Each detection led to profound
insights across the fields of particle
physics, nuclear physics, and
astrophysics.
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Only recently we observed
the first neutrinos from a new
~MeV source: particle colliders.
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Collider Neutrino Experiments
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Events / 100 SciFi hits

First Experimental Results.
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# Neutrino interactions / bin width GeV

“ First observation of collider neutrinos:

153 events (FASER) + 8 events (SND@LHC)
¢+ [FASER, 2303.14185] [SND@LHC, 2305.09383 ]
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first cross sections measurement
[FASER, 2403.12520]
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first flux measurement
[FASER, 2412.03186]
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The Dawn of Collider Neutrino Physics.
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B Erstmals Neutrinos aus einem

Research team detects first neutrinos made by a particle collider

The discovery promises to help physicists understand the nature of the elusive particle Tei I c h en b esc h le un i g er
beobachtet

-'A
s PhySICS ABOUT BROWSE PRESS COLLECTIONS _

LECTURE SERIES

Roncore Internationale Studie hilft, die Natur des fast
ata collder
prenonene masselosen Elementarteilchens besser zu
verstehen
VIEWPOINT
Neutrinos gehéren zu den am haufigsten vorkommenden Teilchen im Kosmos, geben Forschenden jedoch nach
wie vor viele Ratsel auf. Ein internationales Team unter Beteiligung der Universitat Bonn hat jetzt zum ersten
° S . Mal Neutrinos direkt beobachtet, die in einem erzeugt wurden. Die und
The Dawn of Collider Neutrino P ysics
verstehen zu kénnen. Die Ergebnisse wurden am ders7. d-Konferenz in
Italien vorgestellt und werden demnachst in der Fachzeitschrift Physical Review Letters zur wissenschaftlichen
Doin Elizabeth Worcester Begutachtung eingereicht
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. -
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"“ _CO”,’, er heutrinos

Physics e CERN

Google Earth,

Figure 1: The Forward Search Experiment (FASER) is installed in a service tunnel that connects the Large
Hadron Collider (LHC) and the Super Proton Synchrotron (SPS). Proton collisions at the ATLAS
experiment’s interaction point (red star) generate beams of neutrinos (dashed red lines) that escape
along a tangent to the LHC.



https://www.desy.de/news/news_search/index_eng.html?openDirectAnchor=2668
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Neutrino Fluxes.

LHC is source of most energetic human made neutrinos.
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Current LHC experiments will detect thousands of neutrinos
The FPF experiments will detect millions of neutrinos.

What physics can we probe with them?



Neutrino Production.



Neutrino Fluxes.
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Collider neutrinos are a novel probe of forward particle production.
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Neutrinos Interacting with Detector [1/bin]

Neutrino Fluxes.
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Collider neutrinos are a novel probe of forward particle production.
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Neutrinos from Charm Hadrons.
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forward charm hadron production can be calculated using perturbative QCD

several predictions for FPF based on hadronic interaction models, NLO collinear

factorization and kT factorization: guided by LHCb data
[Bai, Diwan, Garzelli, Jeong, Reno, 2002.03012] [Maciula, Szczurek, 2210.08890] [Bhattacharya, FK,
Sarcevic, Stasto, 2306.01578] [Buonocore, FK, Rottoli, Sominka, 2309.12793]
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Collider neutrinos will be able to distinguish predictions that LHCb cannot.
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https://arxiv.org/abs/2002.03012
https://arxiv.org/abs/2210.08890
https://arxiv.org/abs/2306.01578
https://arxiv.org/abs/2309.12793

# Neutrino interactions

Neutrinos from Charm Hadrons.

FASER data already ruled out some models.
[FASER, 2412.03186]
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https://arxiv.org/abs/2412.03186

Neutrinos from Charm Hadrons.

10°

Neutrinos from forward charm production
probe uncharted kinematic regimes in
QCD. [FPF 2203.05090]
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Unique ability to constrain
gluon PDF at x~107-7
[FPF 2411.04175]
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https://arxiv.org/abs/2203.05090
https://arxiv.org/abs/2411.04175

Neutrinos from Charm Hadrons.

Interacting Neutrinos [1/bin]
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probe of intrinsic charm at high-x
[Maciula, Szczurek 2210.08890] e il el
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study of gluon saturation at low-x

[Bhattacharya, FK, Stato, Sarcevic: 2306.01578]
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Neutrino Interaction.



Neutrino Interactions.

o(E,)/E, [10738 cm2 GeV~1 nucleon™1]
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first measurements of the neutrino interaction cross section
[FASER, 2412.03186], [FASER, 2403.12520]
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Neutrino Interactions.
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https://arxiv.org/abs/2411.04175

Neutrino Interactions.

Collider Neutrino Experiments
are a Neutrino-lon Collider
at EIC center of mass energies

neutrino DIS
at TeV scale _ - color
- transparency
-
- -
-
A hadronization in
nuclear medium
184\
strangeness

nuclear
PDFs

content of proton

shadowing EMC effect
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Collider Neutrinos: Interactions.
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neutrino DIS data will improve PDFs
[FPF, P5 Input] [Cruz-Martinez et al. 2309.09581]
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https://arxiv.org/abs/2309.09581

Collider Neutrinos: Interactions.

reduced PDF uncertainties for many key LHC processes
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Astroparticle Physics



Event Rate E,:dN/dE,

Input for Astroparticle Physics.
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cosmic ray muon puzzle: observed 8o forward charm production at the LHC
excess of muons compared to predictions constraints on
from hadronic interaction models at IceCube

collider neutrino program is endorsed/supported by the astroparticle community
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https://arxiv.org/abs/2411.04175

Event Rate E,-dN/dE,

Light Hadrons and Muon Puzzle.
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cosmic ray muon puzzle: observed 8o

excess of muons compared to predictions

from hadronic interaction models

prevents extracting flux composition
and origin of cosmic rays
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KASCADE, IceCube, TUNKA

Pierre Auger, Telescope Array
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https://arxiv.org/abs/2105.06148

Charm Astroparticle Physics.
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forward charm production at the LHC
P FPF data will improve flux predictions!

constraints on prompt atmospheric
neutrino flux at IceCube [Reno, Jeong, FPF 2411.04175]

(currently very poorly
constrained/understood)
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BSM Physics



Collider Neutrinos: BSM Physics.
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Collider Neutrinos: BSM Physics.
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Non Standard Interactions /

associated can modify Effects on production side

tau neutrino flux

[Falkowski et al, 2105.12136] Effects on detection side
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Can be probed at FPF!
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Collider Neutrinos: BSM Physics.

new light weakly coupled particles
could decay into tau neutrinos.
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Excess of tau neutrinos
[FK, 2005.03594]

Can be probed at FPF!
[Batell et al 2111.10343]

U(1)g-3., + DM (Q,=3)

10714 CDF
CB n/ i
nin' S
FLArE: & g 02
. S 9 it BE
LESB |o ,,/BfaBar
ccM By ELATE:
e ~/ xDis
——— [
-3 ] FLACE: \ A/
10 x elast Sc,a\a( NA62 .
>
S 104
o5 2 % ;
= < 5
e > FLArE: ve
E ,
S
10754 o
10—6 4
= FASER: LLP
10774 FASER2: LLP
10-8 T
103 102 1071 10° 10!

Gauge Boson Mass my = 3m, [GeV]

34


https://arxiv.org/abs/2005.03594
https://arxiv.org/pdf/2111.10343

Summary and Outlook



Future Colliders.

Great potential for forward neutrino measurements and searches also
muon collider [IMCC, 2407.12450] and FCC-hh [Abraham et al, 2409.02163]
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1B neutrinos will allow many precision studies:
PDFs at x~107*, polarized PDFs, nuclear PDFs, neutrinos from heavy ions
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Summary

There is lots of interesting and unique physics that
can be done with collider neutrinos.
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