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Neutrino Sources Formageio, Zeller, Rev. Mo, Phys. 84 (2012)]
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o (Ultra-)High-Energy neutrinos, mainly from Galactic (astrophysical/cosmic) source.
o Collider and accelerator neutrinos can reach intermediate energies (2 10 GeV) 22



Accelerator and Collider Neutrinos
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o NuTeV, CCFR, NOMAD (past) — FASER, SND@LHC, FPF (ongoing) — MuC (future)

104

3/22



Astrophysical and cosmic neutrinos See talks of Parrish, Kamp, and Prohira
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From Accelerators to Telescopes
Center-of-mass energy /5 [GeV]

Neutrino-nucleon cross section, Ulﬁ\jc [1038 em?)
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Neutrino-nucleon Interactions (charged-current)

Quasi-elastic scattering (QE) Resonance production (RES) Deeply inelastic scatteringé(DIS)
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The neutrino-nucleon DIS cross section
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Kinematic Phase space
The DIS inclusive cross section
o= [, ACN@) [, TP (7.0
Q2 Q2/umy) ¢ T
Integration limits
Q% € [Qnin,2MBy), = € [Q*/(2MEy),1].
DIS lower bound Qmin ~1 GeV in MINERVA [1601.06313].
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Experimental data in CT18 PDF analysis
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High orders, heavy quarks and flavors
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@ QCD orders up to LO/NLO/NNLO and partial N3LO
@ The complete heavy-quark effect up to NNLO p2107.00460)

@ Bottom and even top quark PDFs will become relevant at

UHE.
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PDFs at small z
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o Fitted data is only viable down to z ~ 107
@ We take the extrapolation (and evolution)

@ At extremely small z, the BFKL ressummation of
IOg(.CL') (CT18SX [2108.06596]) and saturation (CT18X [191210053])
effects.

@ The resummation gives up to about 20% enhancement at
UHE

10/22



Nucleon and nuclear cross
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@ The based line take an iso-scalar nucleon PDF

@ The PDF uncertainty varies from a percent level up to a
few tens percent at UHE

@ Nuclear effect, quantified with nuclear PDFs, decreases
cross sections but only up to 20% level, with additional
uncertainties
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IceCube measurements
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@ The absorption cross section fecube, Natwre 171 is Weighted with neutrino flux.
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o The High Energy Starting Event (HESE) cross section is averaged fcecuse, PRo20.
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Bridge accelerator and telescope: collider
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@ At low Ey, the missing Quasi-Elastic (QE) scattering and Resonance (RES) production become
important, which can be parameterized with the Bodek-Yang model.

@ The energy gap can be potentially filled by the FASER (FPF) p2.031s).
@ Muon colliders can get more events
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FASER and Forward Physics Facility
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The neutrino measurement in the ongoing FASER and future FPF probe both large and small Bjoken z.

[Snowmass 2203.05090]
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The charm production at the FPF

Dy (x)
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[Guzzi, KX et al., CT18FC, 2211.01387
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Intrinsic Charm PDF
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Intrinsic Charm

NNPDF found a 3o
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W boson, trident and di-muon production by

Interacting neutrinos

103

10?

10!

10°

W-boson production [KX, Zhou, JHEP'24].

50 discovery for neutrino trident at FASERV2 (FPF) (rrojanowski, kx+, pro'24).
Dimuon events have been measured at NuTeV/CCFR (included in PDF fits)
Can be measured at FPF and MuC as well
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Astrophysical and Cosmic Neutrinos
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@ Above ~ 5PeV lceCube observed 3 events
@ KM3NeT detected 1 outlier event around 120 PeV
@ With cross section, it basically determines the neutrino flux

10"

[KM3Net, Nature 2025]
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BT X

Future Global Neutrino Telescopes TRJADENT
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Large Neutrino “COIIider" (LVC) [2510.13048] v ¢
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o Neutrino flux with the combination of IceCube and KM3NeT measurement, up to 1010 GeV
@ The collision energy can reach the current LHC, and even 100 TeV FCC/SppC
o New physics models can be tested at LvC, e.g., neutrinogluon (vg).
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In comparison with (HL-)LHC v )
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@ We have explored the physics potential with SMEFT, LG, LQs [s101308)
@ Some cases can be comparable, even beyond the (HL-)LHC
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Conclusion

QCD corrections to the neutrino DIS have reached up to NNLO and
partial N3LO, including heavy-quark mass, flavor numbers, small-z,
nuclear corrections have been explored in details

The energy gap between accelerator and astrophysical neutrinos can
be filled by colliders (FPF and Muon Colliders)

The FPF neutrino measurements can constrain large-x and small-z
PDFs, which is crucial for UHE neutrinos

W boson, trident, di-muon production can be measured as well.

Neutrino telescopes as large neutrino colliders (LvCs) can probe
many new physics potential, including SMEFT operators,
leptoquarks, and leptogluons, which can probe comparable and even
beyond for new physics as (HL-)LHC.
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The Earth absorption

o At high Ey, astrophysical neutrinos dominate.
@ Single-power-law astro. flux

d<I> E —Yastro _ _ o B
dE?vv :q)astro <m> -10 18GeV 1cm 23 1SI' 1,
@ The upward-going events (from northern sky)
dNevt W ddgy
= GV
dE, dE,

gztrans
@ The transmission probability

Prrans ~ exp{—L(0)/A(Ey)} = exp{—L(0)xo(Ey)}
@ Earth model: isotopic abundance and density
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The transmission probability
o We take a spherical earth model, with the density from Preliminary Reference Earth Model
( PREM ) [Dziewonski&Anderson, 1981].
@ The transmission probability
Pirans(By,0) =Ta, Poo(Ey,Az)exp{—Az/A(r,Ey)}
where the oscillation probability is Pyg =~ 1 when E, 2 1 TeV, and the mean-free path
A =1/nn(r)ov(Ey).
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Neutrino-electron scattering

o [pb]

E, [GeV]

@ Glashow Resonance ficecube, Nature 211
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Other cross-section calculations

Gandhi-Quigg-Reno-Sarcevic feppn/osorzeq: CTEQ4AM, LO
Connolly-Thorne-Waters pio20s0: MSTWO08, LO
Cooper-Sarkar-Mertsch-Sarkar ps323: HERAPDF1.5, NLO (IceCube)
Argiielles-Halzen-Wille-Kroll-Reno psos.0639: Color dipole model
Bertone—GauId-Rojo [1808.02034,2004.04756] - NNPDF3.1SX, NNLO (NLO in Genie)
NNSFV [230208521: Bodek-Yang model, NNPDF4.0, NNLO

Jeong-Reno paoroseea: Shallow inelastic scattering

®© 6 6 6 o o o
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Events and statistics
@ Starting events:

dN*st do
E)=T N, E'

@ Through-going events
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SMEFT operators ’

@ Relevant for CC-like events
0152) (l6,6°0) (76" 0" q), Otedq = (le°)(dq),
02, = (06,,e%)e(q6"vac),  OfL), = (Te%)e(zu), °
@ Cross section dependence

2 2 2
g 3\ . 1 o 1
|'%Vd—>€u|2:(2(" w +2Cz(q)> 24 ( Cz(equ+20eequ(1+25/t)> +Zcé2€dq

o~

2
t— MW) 2
[
@ We restrict ourselves within 6 ~ —1-3 < =%
10 T T T
E,=1-10°GeV o MP © MP 81
1.2 —y ° MG © MG
—p AWH© WH « 6F
1.0 =
=
= 2 AL
0.8 S
0.6 24—
— 8 km?
—— 30 km®
0.4 = . . . : 3 10! _ - 5 10 0 0T '
- -2 -1 0 1 2 3 10! 10° 10° 107 10° 10 10 —1.0 —0.5 0.0 0.5

3 (3)
Cly [TV B, [GeV] P [Tev2 ]



A vector-like LG model
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Vector and Scalar Leptoquarks

Spin | SU(2)w Y Notation Interactions
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