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I must apologize that in this talk I have not done my duty. I have not really,
in any sense, given you a summary talk of the conference; rather I have tried to discuss
some of the main problems that can be settled in the future by using the high-energy neutrino
beams. As it must be clear to all of you, much of the future of weak interactions lie in
the study of the high-energy neutrino processes. These processes can, on the one hand, be
used to study the basic properties of weak interactions, and, on the other hand, they enable

us to probe the strong interactions through the measurements of the various matrix elements.

Neutrinos only interact weakly,
Clean probes of weak interactions
Potential sensitivity to weaker-than-weak interactions
Unique probes of target structure
Abundantly produced in astro/cosmo: we need to know their
interactions for SM and BSM!
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Formaggio, Zeller; “From eV to EeV: Neutrino Cross-Sections Across Energy
Scales”, arXiv:1305.7513
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Big picture
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Coherent Elastic veutrino Nucleus
Scattering

o o N2, well-understood cross section
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But low E, (< 50MeV) and low nuclear
recoils (S keV, the lower the better)
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Physics program
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Neutron distribution in nuclei
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Q* = 2MEg + O(Er/M)

Measurement only possible with neutrinos
(Y axis) or parity-violating electron
scattering (X axis). Dominated by
statistics+energy reconstruction
(Quenching Factor) uncertainties.

Beyond a test of first-principles
calculations, it can be related to the energy
of isospin-asymmetric matter, key for the
equation of state of neutron-rich matter
including neutron stars.
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Weak mixing angle
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Future: competitive determinations of 6, potentially possible with
O(50kg) Ge (low threshold, “low” N/Z)
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Neutrino charge radius
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Future: measurement of 6y potentially possible with O(50kg) Ge (low
threshold, “low” N/Z)
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“ . ”
Future: “explosion” of proposals
Experiment Neutrino source Detector material Deployed? Reference
COHERENT Pion-decay-at-rest Nal, 3500 kg 3/7 modules deployed COHERENT input
COHERENT Pion-decay-at-rest Liquid Ar, 750 kg Cryostat under commissioning COHERENT input
COHERENT Pion-decay-at-rest Cryogenic Csl, 10 kg (low threshold) No COHERENT input
COHERENT Pion-decay-at-rest Ne, 20 kg No COHERENT input
Captain Mills Pion-decay-at-rest Ar, 10ton Commissioning last year arXiv:2105.14020
Csl, 22.5kg; Si, 1kg; Xe, 20kg;
ESS Pion-decay-at-rest Ge, 7kg; Ar, 10kg; C3Fg, 10kg No arXiv:1911.00762
(large v flux)
SuperCDMS Solar Si, 3.7kg; Ge, 25kg Commissioning Proceedings
RES_NOVA Solar Pb, 2.4ton—465 ton No arXiv:2004.06936
CYGNUS Solar He+CF4, 15 kg-1500 kg No arXiv:2404.03690
BULLKID Solar Si, ~kg Demonstrator commissioned arXiv:2209.14806
CONUS100 Reactor Ge, 100 kg No CONUS input
CONNIE upgrade Reactor Si, 1kg—10kg (low threshold) No CONNIE input
MINER Reactor Ge, 1.5kg; Si, 10g Engineering runs done arXiv:1609.02066
NEON Reactor Nal, 13.3kg Yes arXiv:2204.06318
NUCLEUS Reactor Aly03, CaWOy; 10g-1kg (low threshold) Yes arXiv:2211.04189
Ricochet Reactor Ge, ~kg (low threshold) Yes arXiv:2111.06745
SBC Reactor Ar, 10kg Prototype under construction arXiv:2101.08785
NUXE Reactor Xe, 10 kg-100 kg No Ni et al, 2021
PALEOCCENE Reactor Different materials, 10 g-1 kg (exploits No arXiv:2203.05525

defect formation, low threshold)
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https://arxiv.org/abs/2209.14806
https://indico.cern.ch/event/1439855/abstracts/191078/
https://indico.cern.ch/event/1439855/abstracts/191202/
https://arxiv.org/abs/1609.02066
https://arxiv.org/abs/2204.06318
https://arxiv.org/abs/2211.04189
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https://arxiv.org/abs/2101.08785
https://www.mdpi.com/2218-1997/7/3/54
https://arxiv.org/abs/2203.05525
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Challenges

Some measurements (e.g., absolute rate at pion-decay-at-rest sources) are
already systematics-limited. On top of scaling,

Can we reduce flux uncertainties in pion-decay-at-rest?

[E.g., D>O detector, arXiv:2104.09605]

How can we reduce Quenching Factor and energy calibration

uncertainties?
[Converts nuclear recoil to observed energy, critical for interpreting reactor results.

E.g., phonons, defect formation, calibration by radiative neutron capture CRAB]

Can we reduce energy thresholds (stats+sensitivity to some physics)?
[E.g., Si]
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Neutrino Scattering Theory Experiment Collaboration, arXiv:2503.23556
Key systematic for oscillation measurements (Mark's talk): Neyy = ¢ X 0 X Poge
But also rich in nuclear effects
Nuclear initial state

Multi-nucleon effects //V”J.’-[['

i - 1 1 Neutring Scaltternng
Final-state interactions rﬁ;wapémaz?m
Quark-hadron duality

Most of this program is explored with electrons, but neutrinos are complementary.



GeV energies

Nuclear physics

Clearly a lot to be learned about the nuclear initial
state and final-state interactions!

Can we disentangle from, e.g., flux uncertainties and
unknown neutrino energy? [Neutrino tagging? See
Mark's talk for SBN@CERN/nuSCOPE]

Ultimately, how much can we
link with ab-initio calculations? .
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Andreoli et al,
arXiv:2108.10824
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Low-Q? corrections to DIS (quark-hadron duality).
Compared to electrons, neutrinos probe a different current.
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Collider neutrinos

The Dawn of Collider Neutrino Physics
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Collider neutrinos

A rich physics program
Unexplored energy regime
v-, ;. lepton flavor universality, systematic for . appearance
searches in oscillation experiments
QCD: charm hadrons contribute significantly. Forward charm
production can be measured, linked to low-x PDFs (relevant for,
e.g., Higgs physics or to test QCD saturation) and prompt
atmospheric neutrinos (relevant for, e.g., astrophysical neutrino

searches).
Similarly, forward strangeness can be measured, linked to the muon

puzzle in cosmic-ray physics.
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TeV energies
SND@HL-LHC

= All 6 flavors

m Tagged neutrino beam (O(600) "

events)
m PDFs at low Bjorken-x
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Trigger signal
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FASER upgrade
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T (Ultra-)High Energy astrophysical neutrinos.
(See Aart’s talk)

Diffuse Flux, 1:1:1 Flavor Ratio

10-5

PUED (3 Hights 100 days)
RNOG

REEN10x 1003V Prelimioary
ToeCube-Gen2 UHE

All Flavor E2d [GeV em=2 s~ 1 sr=1]

07 2

Neutrino Energy [eV]



Beyond TeV energies

(Ultra-)High Energy astrophysical neutrinos
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(Ultra-)High Energy astrophysical neutrinos
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Neutrino interactions offer a unique window

MeV (CEvNS): precision probe of weak interactions (and beyond) and nuclear structure
GeV (LBL): nuclear initial state, quark-hadron duality. . .
TeV (collider): connection to astroparticle physics, low-x QCD, saturation. ..

PeV, EeV (astrophysical): beyond laboratory reach
And the future looks bright!

MeV (CEvNS): high-statistics, low-systematics proposals

GeV (LBL): Mark'’s talk!

TeV (collider): HL-LHC

PeV, EeV (astrophysical): Aart's talk!
But there are challenges

MeV (CEvNS): e.g.,we have to reduce systematics
GeV (LBL): e.g., can we disentangle from flux and energy uncertainties?
TeV (collider): e.g., can we be ready for HL-LHC?

PeV, EeV (astrophysical): e.g., how many events?



