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Today

Neutrinos in multi-messenger and BSM astrophysics
= Multi-messenger connections: cosmic rays and neutrinos, neutrinos and

photons, gravitational waves
= Some BSM neutrino physics examples with astrophysical neutrinos
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Multimessenger connection

Connections between neutrinos, photons and cosmic rays:
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Multimessenger connection
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Multimessenger connection

Connections between neutrinos, photons and cosmic rays:
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Part 1: multi-messenger particle astrophysics

= More on connections between cosmic ray fluxes and neutrino fluxes
from sources.
= The “Waxman-Bahcall bound”
= Cosmic rays — neutrinos — photons
= Cosmogenic neutrinos and associated photons (all from cosmic ray
interactions with background radiation in transit to Earth.
= Neutrinos and photons produced by cosmic ray interactionsin
sources.
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Neutrinos & cosmic rays 1

We have seen
this before: y
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Hooper, Particle Cosmology
and Astrophysics

Ahlers and Halzen, Prog. Theor.
Exp. Phys. 12A105 (2017)

Now relation between energy in cosmic rays and in neutrinos that
come from sources of cosmic rays (not CR propagation through
CMB). Energy arguments starting with the cosmic ray production
rate to get “Waxman-Bahcall bound”:

Qn = #N energetic cosmic ray (N) production rate
N Gel - sec

Produce pions with efficiency factor €, for cosmic ray energy

conversion to charged pions: . & 1

EfQns =€ f +[E1%QN(EN)]E =E/k © OB 5

e roE N=Fr/kn fwi - NW:E/N'A'

Neutrino (all-flavor) production rate related to the pion production rate:
E, 1

E,Q, = 3[EnQni(Erc)]En=Ev/fv fo= E il Z

=)
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Hooper, Particle Cosmology
and Astrophysics

NGUtrinOS & Cosmlc rays 2 Ahlers and Halzen, Prog. Theor.

Exp. Phys. 12A105 (2017)

Take the neutrino production at the source, sum over all sources
for all times (redshifts):

target Y oy F: E5¢v ~ 47TJ NQN f( )En- fn--|- fv d dZ(l + Z) 1

o
z=20
2 . .
—ENVQN ~ 10** erg/Mpc-3yr' energy in CRs now source evolution cosmic evolution
dt
— =-[H=)(1 +2)]”
High-energy neutrinos from astrophysical sources: An Upper bound d

Eli Waxman (Princeton, Inst. Advanced Study), John N. Bahcall (Princeton, Inst. Advanced Study) (Jul, 1998)
Published in: Phys.Rev.D 59 (1999) 023002 - e-Print: hep-ph/9807282 [hep-ph]

pdf ¢ DOI [4 cite [Q reference search =) 1,195 citations
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Neutrinos & cosmic rays 3

£, = o [N ) € s fo a1 + )

Reference point on y-axis:

1078

This scale, with km-cubed
detector gives events on 1

year time-scale.
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= assumes E 2 CR flux at source

= assumes pure proton

= assumes magnetic fields don’t

Neutrino 2026 — Kheirandish
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Neutrinos & cosmic rays 4

”Bounds” = “Landmarks” because of dependence on assumptions.
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Fig. from Muzio, Eur Phys J Spec Top 234 (2025) 234

Hallsie Reno, University of lowa

Murase & Beacom, PRD 81 (2010) 123001
Muzio, Eur Phys J Spec Top 234 (2025) 234

Photodisintegration of nuclei more
important than pion productionin
sources, so lower range of upper
bounds.

Optimistic & pessimistic “neutrino
floor” refer to source evolution for
cosmogenic neutrinos based on Auger
flux.

Assume that cosmic rays can emerge
from sources to come to Earth —none
are reprocessed to lower energies after
(maybe copious) neutrino production.
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Neutrinos & photons & cosmic rays

Atproduction:  E7 Q, (E,) = frt [Eyz Qy(Ey)]
4(1 — frp)
: . 1 E, 2y
ratio of charged to neutral pions, and " = E, 2v

Cosmogenic neutrino flux and cosmogenic photon flux from CR scattering with background photons.

Ahlers and Halzen, Prog. Theor. Exp. Phys. 12A105 (2017)
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E3dN/dE [eV m~2 s !sr!]

Cosmic rays, neutrinos & photons (cosmogenic)

cosmogenic neutrinos and photons

10%° 10° . .
— m=0 - m==6 10 — m=0
. & — 108 : ;:1:—6 $ ¢ It:eCube - Tmﬁf ::z,:—b‘
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(a) Cosmic rays (b) Neutrinos (c) Photons
Figs from van Vliet et al, 1609.03336 all proton, E; =200 EeV, a = 2.5, z,,,=6

Diffuse gamma-ray flux constrains parameters as well — here source evolution
S(z) =(1+2)™,m = 6isbadin farright plot!
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Neutrinos & photons & cosmic rays

' . fni
At production, per flavor: ES Qvi(Ev) ~ o) [Eyz Qy(Ey)]
+ E,=2E,
1 o 1 Ev 2 y
ratio of charged to neutral pions, and " = E, 2v

Cosmogenic neutrino flux and cosmogenic photon flux from CR scattering with background photons.

Within sources:

= Thereis an additional energy dependence of the photon targets for py and yyinteractions.
= Photons may not get out of the source

Ahlers and Halzen, Prog. Theor. Exp. Phys. 12A105 (2017)
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Example of neutrinos & photons (diffuse astrophysical)

E2®[GeVem™2s1sr!]
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<+ Fermi IGRB 4+ IceCube Cascade 4yr
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Fig. from Fang et al, Ap J933 (2022) 190, see also

Arguelles et al, 2405.17623, Phys.Rev.X 15 (2025) 3, 030501

INSS 2026

dashes show extrapolations below IceCube
measured region
use relation between photon and neutrino
fluxes from sources, no photon attenuation
in sources
include star formation rate
propagate photons through background
little to no room to accommodate photon
production not associated with neutrinos
=  gamma-ray transparent sources
unlikely to dominate neutrino sources
= |ook for lower energy photons from
these sources

Fermi data may include unresolved
sources at the 60% level.
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Example of neutrinos & photons (diffuse astrophysical)

Solar Maximum Mission IceCube HESE 7.5yr

EGRET +  IceCube Cascade 4yr
<+ Fermi EGB + COMPTEL
10-5 ¥ Eymin = 0.03, 0.3, 3 TeV
+Jr -, > 104, 500, 20 eV
S
1076 " Wiy,
10~7 { “«
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10—) [ J
104103102101 10° 10' 10% 10% 10* 10° 10° 107 108
E [GeV]
Fig. from Fang+, Ap J 933 (2022) 190
INSS 2026

In gamma-ray obscured sources, gamma

rays cascade to the MeV-GeV range at Earth.

= |Look for neutrino sources in coincident
with MeV-GeV electromagnetic signals?

Gamma-ray obscured —py & yy

€p, 1S highest energy of y —ray attenuating
radiation field, adjusted to have diffuse photon
flux satisfy observational limits.

These authors conclude: y —ray obscured
sources are most likely the bright neutrino
sources. Look for MeV-GeV photons from
these sources.
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Multi-messenger transient sources

Pointing and timing are goals.

Alert network.

1 V’

blazar flare Y tidal disruption event

cr

gw (e)
v, ¥ Y S—
c " Setonune
N ew (G)
eV ¥
Cengine-driven  crcumstelar matersl supernova /

supernova

short gamma-ray burst
neutron star merger

double black hole merger

Figure 7. Astro-COLIBRI provides direct links to dedicated services and
websites. See Table 3 for details.

Fig. from Reichherzer+, Ap J Supp S 256 (2021) 5
Fig. from Meszaros+, Nature Rev.Phys. 1 (2019) 585 https://www.astro-colibri.com/
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Part 2: BSM physics with cosmic neutrinos®

Some options:

= Use BSM physics to create neutrinos (say, dark matter annihilation/decay).

= Use BSM physics to change how neutrinos propagate to Earth & flavor ratios.

= Use BSM physics to change how neutrinos are detected (say, attenuation in
Earth).

= Use BSM physics to make “neutrino-like” particles.

Some motivations for BSM speculations:
ANITA anomalous events
KM3NeT events

*idiosyncratic tour

INSS 2026 Hallsie Reno, University of lowa 17



= Use BSM physics to create neutrinos
(say, dark matter annihilation/decay).

Dark matter — indirect detection with neutrinos

\/

vV

Direct Detection

INSS 2026

SM

SM

Collider

' >

DM

DM

< |

Indirect Detection

J-factor:
From the Milky Way: JE/dQ/LOSpﬁ(x)dx.
dN; dP; 1 (oav) dN; )
— 4. drd()
dAdtdE; dE; 4t 2m, , dE; X/ / Ppm(r)dr
Q lLo.s.

involves the thermally averaged DM-DM cross section™v,g
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o \ .
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é ] g Iso
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102 : Heros, 2008.11561
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Oyn = OyN
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ASIde. V & V E_____ 1.25F ' ] ]
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. < —
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O-VN E 10_5: _____
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_6 | | | |
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BGR = Ball+, Eur. Phys. J. C 78 (2018) 321
CMS = Cooper-Sarkar, JHEP 08 (2011) 042 MHR, Ann Rev 73 (2023) 1
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Dark matter — indirect detection with neutrinos from our
galaxy

J-factor: DM = x - f,, = 1 below:
From the Milky Way: JE/dQ/ py(x)dx. Assumed Majorana, another
LOS factor of 1/2 for Dirac.
dNi _ @ _ 1 <0'A'U> sz v / / p%)M(T)deQ 18
. . 2 . 7
dAdtdEl dEl 4 szM dEl bands - NFW uncertainties
Q lo.s. )
— solid - Burkert
o | (04v) Py _
Annihilation rate per unit volume = > T et
m s dU=4 balloon
X 5 satellite
AN 5 % N ground
AT . i ~ 1077 —— POEMMA C, std
Annihilation at rest (approx): T — 55(51. — Mx) a  OEMMA G GO
[ —— POEMMA F, GQRS
10~2 —— ANITA IV
GRANDI10k
2 neutrinos from each annihilation GRAND200k
) —23 . r T
Example of constraints from future (and past) detectors i 109 1011 1013 1015
Fig. from Guepin+, PRD 104 (2021) 083002 my (GeV)
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Extragalactic dark matter annihilation to neutrinos

assume limiting (ov)

VN —— m, =10° GeV
—~ 102 i el Ve 102 GeV |
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Figs. from Arguelles+, Rev Mod Phys 93 (2002) 035007

See Beacom, Bell, Mack, PRL 99 (2007) 231301
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Evolution over redshift (DM density effects).
Dashed curves, projected limits.
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10,
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See Smirnov & Beacom PRD 100 (2019) 043029 for unitarity
discussion.
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Extragalactic dark matter decay to neutrinos

D= /dg/ p,(x)dx. D-factor, like the J-factor, but for decays
Los.

1030 L
d®,.; _1 1 1dN, @
dE, 4rxt,m,3dE, 107
1027
. . 1026 L
Now the constraintis on the o
lifetime. =
< 1024 L
1023
19| &
107} . >
. 1019 L
Fig. from Arguelles+, PRD 108 (2023) 01 100 100 102
123021 my (GeV)
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Dark matter annihilations to ... neutrinos

Dark matter annihilation or decay to particles that decay to neutrinos

—— W*W~™ —— 1T

VeVe VVr

—— WtTW~ —— TT

VeVe ViV

—— bb —— u+u_ —_— VIJDIJ
IceCube work in progress
101 102 103 104
mpwm [GeV]

IceCube, https://arxiv.org/pdf/2308.06729

—— bb —— IJ+H_ — VIJD/J
NFW
10—22_
7
(2]
E
-23 |
S 10
=)
S
107244 o=
o IceCube work in progress
10723 . . - .
10! 102 10° 104
mpwm [GeV]
INSS 2026

Hallsie Reno, University of lowa

Here, for DM in
the Galactic
center.

Can also look
at the Sun, in
the Earth

(capture and
annihilation not
likely in equilibrium
in the Earth).

23



Super-heavy dark matter — showering

INSS 2026

X — Velle — S; my, = 2 EeV
~——/— 8 = v/v, (this work)
/- =S ="/ve (Pythia)

1074} ==l AN
- - \\
-5 \ : .
10 1074 1073 1072 1071
z =2E/m,

Bauer, Rodd & Webber, JHEP 06 (2021) 121

100

https://github.com/nickrodd/HDMSpectra

Hallsie Reno, University of lowa

Particle showering for
SHDM - neutrino
channel gives photons,
too!

We are back to multi-
messenger.

1 EeV=10°GeV
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=  Use BSM physics to change how neutrinos
propagate to Earth & flavor ratios.

Attenuate neutrino flux with BSM

Esteban et al, 2605.13955

“Model independent” approach — parameterize T

qbz' — / Ll}((l + Z)E, Z)G_T(E’z)

A7 H (2)

min

Strategy, use energy arguments:

= Take a generous Waxman- B (GeV)

Bahcall bound/landmark as Only v attenuation All particle attenuation

unattenuated flux. n || SN1987A [37](90%CL) | This work (SFR)|This work (BL-Lac)|| This work (SFR)|This work (BL-Lac)
=  Require that losses don’t take 2| 23-32x107* 1.4 x107%° 1.7 x 107°2 3.5x 107> 4.5 x 10~

the flux below the IceCube 1 1.5-1.8 x107% 1.1x107% 9.9 x 1077 1.2 x 107* 1.3 x 107*

measurements. 0 3.1-5.0 x10737 1.6 x 1072 7.7 x 107*2 6.6 x 10728 8.3 x 1078

-1 3.2-5.5 x1073? 2.0 x 107%7 7.6 x 10727 1.7 x 10733 1.8 x 10733
Highly constraining (exponential!) 2| 3.1-6.4 x10~4 2.6 x 10732 8.4 x 10732 6.4 x 10~2° 6.7 x 10~2°
See also Esteban, Ibarra, 2508.02869
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= Use BSM physics to change how neutrinos
propagate to Earth & flavor ratios.

Change effective favor mixings with BSM - example

Bustamante & Agarwalla, PRL 122 (2019) 061103 0.0

Std. mixing param.:

Introduce very light neutral vector boson that Varying 1 (NO) 0% 0o e ——

1.0 log(Veu/eV)

-22-21-20-19-18-17-16

violates L, and Lw but not L, — Lw - ¢ O Standard mixing

= Flavor non-diagonal neutral current scattering.

= New interactions give a long-range potential given
electron density and very light masses.

= Flavor oscillations to Earth are distorted by new
interactions (matter potential with electron
densities) .

= Show results for neutrino energy of 100 TeV,
location on triangle determined by how big is the 10

BSM matter potential (see colors). i

INSS 2026 Hallsie Reno, University of lowa
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= Use BSM physics to change how
neutrinos are detected (say,

ANITA anomalous events attenuation in Earth).

Observation of an Unusual Upward-going Cosmic-ray-like Event in the Third Flight of ANITA
ANITA Collaboration - PW. Gorham (Hawaii U.) et al. (Mar 14, 2018)
Published in: Phys.Rev.Lett. 121 (2018) 16, 161102 - e-Print: 1803.05088 [astro-ph.HE]

pdf & DOl  [4 cite [Q reference search

e wosee,  * TWO @anomalous events, from detector at angles -27
| ",‘\ J%i et raity deg and -35 deg, energy range ~0.5x 10° GeV.
58 e Limb of the Earth ~ -6 deg.
4::) ::’balloor;:
B , Polarization consistent with up-going air
et e shower (like what could be initiated by tau

reflected UHECR

neutrino to tau, tau makes air shower), not
consistent with reflected cosmic ray events.

e
sssssssss

Askaryan Tt te., T

emission = Eev v

Fig from https://www.hep.ucl.ac.uk/uhen/anita/ We await PUEO results.

N Ice

The ANITA detection concepts, figure from Cosmin Deaconu.
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ANITA anomalous events

NEUTRINO
TELESCOPE

Fig. from Arguelles+, PRD 107 (2023) 033009

INSS 2026

Tau neutrinos regenerate, are these events just

SM nu-tau events?

Tau exit probability on a log plot, fixed

incident neutrino energy:

T T T o T

1077

logip(E,,/GeV)

T @10—1

10

Low probability
to tau to make it
out of the Earth
(to start air
shower).

10—
B [degrees]

Fig. from Garg+, JCAP 01 (2023) 041

Hallsie Reno, University of lowa

ANITA
angles -27 & -35 deg

https://github.com/NuSpaceSim/nupyprop

28



ANITA anomalous events

B
NEUTRINO
TELESCOPE

{2

Fig. from Arguelles+, PRD 107 (2023) 033009

Tau neutrinos regenerate, are these events just
SM nu-tau events?

No, even with accounting for tau neutrino
regeneration, these large exit angles have very
low probability of generating events for standard
model neutrino interactions..

Chipman+, PRD 100 (2019) 063011
Romero-Wolf et al, PRD 99 (2019) 063011

@SpaceSim

Garg+, JCAP 01 (2023) 041
https://github.com/NuSpaceSim/nupyprop
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Aside — EUSO-SPB2 and PBR

POEMMA-Balloon [REEENE 0 o Balloon at float inflates to the size
of a football field/soccer pitch!

with Radio (PBR)

Ultra-High-Energy i High Alfitude Horizonthal
Cosmic Rays. . : Airshowers (HAHAs)
(UHECRSs) } : " Optical+Radio
* UV Fluorescence:: ‘ :

Cosmic Rays E > PeV-

= ————

Tau Neutrino
Atmosphere Optical+Radi0

"’\-,\
e "'\t Tau Neutrino
Tau lepton decay ~aao
Southern Ocean

One science goal — search for skimming tau neutrinos.
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occ/ E, [107% cm? / GeV / nucleon |

Aside — neutrino DIS cross section measurements

L3 L =65.6 fh!
: 0.9
- Accelerator v, Collider v, Astro v, -+-Neutrino
A Yy 0.8 - Antineutrino
1074 l T 0.7 - —Weighted combination
1 ¥ I WA —. == Ty — > W"‘m .- —This result
. L 1 2 —_—— | () ==s
L sl _fi gy . o6 | ;
) a g ’ 1 &
3}
% 04 H
—e— . TR
107 3 . 2 e
* MINOS10 = GGMPS79 - up 03 i'! ;
14 NOMAD 08 v IHEP-ITEP 79 Yt Vi ) = |
{o BEBC79 v IHEP-JINR9s * FASERv24u,+7, L \T\ © 0.2 ' Accelerator
{a CDHS 87 ¢ NuTeV 06 FS8 Bodek-Yang, v, IceCube 17 Data
|+ CCFR97 o SKAT 79 Bodek-Yang, 7, s IC HESE showers 17 0.1
= GGM-SPS 81 Bodek-Yang, v, + 7, =—e= lceCube HESE 20 0.0
10_‘7101 Y Y Y TR 15 2.5 3.5 4.5 5.5 6.5
- log,o(E, [GeV])
Neutrino energy [GeV]
Abraham+ (FASER), PRL 134 (2025) 211801 Aartsen+ (ICECUBE), Nature 551 (2017) 596
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ANITA anomalous events — change v attenuation

red cross section: doesn’t change SM conclusion
107 . :

106}

=
(]
lo 10°L
=,
S Red: gluon
E saturation in
o 104 .- il
- extreme, but not
BSM physics
103 ‘ . ‘ . .
10° 107 108 10° 1010 10t 1012
E, [GeV]

Blue dashed - suppress SM cross section by 0.1
“boosted” sterile neutrino, dark particle with
suppressed cross section
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You can get enhanced tau exit probabilities
at large angles with suppressed cross
sections.
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ANITA anomalous events — change v attenuation

red cross section: doesn’t change SM conclusion

107 100
0, =0, a<6km o
Los L — Multi-instrument
)= et constraints can’t
o — 102t ST - . e
2 A AL LS be satisfied.
2 10 £ 103
S Red: gluon g
% saturation in ~ ¥o4i e, =0.1
o 104 .- 1 €, =0.01
- extreme, but not \os : v
. 7 - OsMm
BSM physics cac
103 A ' A . : 1076 Lot . ‘
10° 107 108 10° 1010 101 1012 108 109 1010 1011
E, [GeV] E,[GeV]
Blue dashed - suppress SM cross section by 0.1  You can get enhanced effective apertures,
“boosted” sterile neutrino, dark particle with but the corresponding effective aperture at
suppressed cross section lceCube will also be large.
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Esteban, Prohira, Beacom, PRD 106 (2022) 023021

Aside - cross sections again

(assume SM inelasticity - e.g., v, = y energy transfer)1 V'S [T1%V] 00
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Neutrino-nucleon cross section, O'VCI\(,: [10-38 cm?]

Cross sections again

Valera, Bustamante, Glaser, JHEP 06 (2022) 105
Center-of-mass energy +/s [GeV]
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107§ LA | T L | T ) ‘ L | A L | A T T “""A g T . o o
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10° £ ) need multiple detectors.

- Accelerator v ":"'Ac_cel. v High-energy cosmic v Ultra-high-energy cosmic v (this work) 1

102 3 &P (projected) IceCube-Gen2 Radio (10 yr, projected) -
; [ IceCube tracks (avg. v+7) Using cosmogenic 1(/ ﬂuZ, o ) § Cxp ( - .D (0) /L v (El/ ) )
3 (IceCube 17) 9 fit to TA UHECRs (Bergman & van Vliet)

101 = * IceCube showers (avg. v + 7) Using IceCube v, flux (9.5 yr), =
E (Bustamante & Connolly 17) extrapolated to UHE 3
L IceCube HESE (avg. v + 7) tErlsing T]o;rg(l)\lgelrz\icdﬂ}xx 1 ] . ) )

10° (ceCube20) ool AGN (odiguesetal) 5 Ultimately, need global monitoring,
E - FASERv £ vN DIS prediction b.f. 4 1o (BGR18) E .

10-1 IR e, AR multiple detectors.

vl PSR | Ly ul AR | PRI | PRI | R | IR | L
-1 0 1 2 3 4 5 6 7 8 9 10 11
10 10° 100 100 10 Neultgmo enle(i ;?GeV] 10 10° 100 107 10 See, e.g., Schumacher+, Phys.Rev.D 112
&Y = (2025) 083027
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BSM physics — neutrino cross section caution

TeV scale extra dimensions can enhance the neutrino cross section, but may do this through mostly
elastic scattering, so don’t affect attenuation of the neutrino flux in the “standard way.”

(Cross section measurements discussed above rely on SM dao /dy. distributions.)

Flux uncertainties would make it very difficult to distinguish SM and BSM cross sections through
number of events, however, angular distributions and number of triggered stations @lceCube Gen2
radio (multiple small energy bursts) may help.

102 : =
. 71 Gravity 9 Eyzl EeV . Gravity é
—2 L (<]
107 ¢ SM (DIS CC) I 10 SM (DIS CC) = A’Ia = 2, 10 TeV
u - SM (DIS NC SM (DIS NC 5 . .
107 ( R 1 = ( ) g m,. first KK excitation
-+ SM (Others) et vl g 10~ 2
1074 AMBEE o § &
Sy v, ~
RIS LA o St ORi 5
107° /s E ]
| & 106 .
108"
10—10

IN

102 103 104 105 106 ].07 ].08 109 1010 1011 ]‘0_8 10-_9 1OI—8 1d—7 ld—G 16—5 10I—4 10-_3 10I—2 10-_1 100

E,/GeV relasticit
Y Garcia+, PRD 107 (2023) 033009
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An invitation to BSM speculations:

The KM3NeT event:

E, = 120%4°PeV, E, = 72PeV — 2.6EeV

(90% CL)

23

26

27 1

22

32

28

KM3NeTl, Nature 638 (2025) 376
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Extended DataFig.4|Illustration of the topography. Using bathymetric
datafrom EMODnet®’, asectional view along the incoming direction and
position of the event is shown, with the sea shownin blue and the seabed and
therockbeneathinbrown. The xaxisindicates the total distance from the

ARCAsiteand theyaxisandgrey linesrepresent the depth with respectto
thesealevel. The shaded area shows the effect of avariation of +1.5°in the
directionreconstruction, corresponding to the 68% error region from the
evaluation of systematic uncertainties.

KM3-230213A 21 lines 287.4 days
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=  Standalone flux value from KM3NeTl
is high!

= WhynolceCube, Auger observation?

See Yuan, Lu, HIHEP 1 (2025) 2, 19 for discussion. = Could this be Something other than a

neutrino?

E, = 12075;°PeVE, = 72PeV — 2.6EeV
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Aside - SM (not BSM) example of cosmogenic neutrinos
& photons with KM3Net result

107

Alhebsietal, Ap J 1003 (2026) 235 Observations
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per flavor neutrinos, mixed composition (purple) and proton (orange)
Left: KM3NeT flux — alone, Right: joint fit flux

conclusion, about 20% protons in CRs at 1 EeV, could be strong proton evolution.
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Best fit parameters to
accommodate KM3NeTl

Alhebsi et al, Ap J 1003 (2026) 235

—
E
Jinj(E) = JtoA — | eXp|————
A 0 ZARmax
(1 + 7)™ for m < 0 and z < Zpax
S(z)—<(1+z)m for m > 0 and z < zp
A +z0)®  form >0 and zp < 7z < Zmax
0 for z > Zmax.
INSS 2026 Hallsie Reno,

Table 1

The 68% CL Intervals around the Best-fit Parameters

Best Fit KM3NeT-only Joint
Mixed-composition population
~ —2.77%1 —2.78913
Ruax (EV) 1.237003 1.241502
m 3 9+0 1 4. 0+8 %
IR (%) 0.2+63 0.3733
R (%) 50.5+%) 47,0128
R () 41.91332 454133
[ (%) 7.0107 7.0+91
R (%) 0.39+92¢ 0.4319%

Pure-proton population

0 —1.667 354 —0.05% 058
RE. (EV) 718382 10. 01+§ 33
f32(20 EeV) (%) 20.3+1 19.4+14

D/Ngot 155.4/51 165.2/55

Note. The number of degrees of freedom are Nyorcr = 49 and Nyof yng » = 2
from the two Poissonian distributions inside and outside the energy range of
KM3-230213A. Confidence intervals that touch the boundaries of the

parameter space are indicated by an asterisk.



BSM “neutrino-like” physics

X X' X pt
— — X’ ~ ¢
gz ) s - . TTTT
N N & H
Upscattering Prompt decay Displaced decay

Farzan & Hostert, JHEP 10 (2025) 208
Solution: ¥ = ¢ — £1 £~
Eg

1OOPeV)
Ep = E+ + E- ~ ExmaNeTevt

yctg ~ 100km(

Muon pair combined gives KM3NeTl event.

No decay of ¢ in short distance to IceCube!

= Use BSM physics to make
“neutrino-like” particles.

Hot dark matter Y-
YA —>...> yutu A

KM3NeT distance - 147 km
lceCube distance - 14 km

iceCube. Antarctica

Fig. from Brdar & Chattopadhyay, PRL 136 (2026) 081001



BSM “neutrino-like” physics

Farzan & Hostert, JHEP 10 (2025) 208
XX —w¢o—putu

IceCube

TTTTI

10_35 I ML | T B | o T — ML | T
10° 10* 102 103 10* 101 102 103

Can get better sensitivity of KM3NeT than for IceCube for a transient source in
this location (even an order of magnitude).
Many other speculations.
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Final remarks — need multi-messenger/multi-detector

= Simplified picture: pp (atmosphere, in sources), py (in sources, in transit) produce pions which
lead to neutrinos.
= 7% > v's, 1% > yyleadto relations between ¢, ¢, atthe point of production.
= Photons and cosmic rays (CRs) propagate, and spectra change due to transit.
= Neutrino fluxes/fluences (and associated photon, CRs) requirements include information about
acceleration (spectrum, cutoff) of CRs in sources, target y in sources. The evolution of sources
as function of time (redshift) needed for the diffuse neutrino flux.
= Very efficient neutrino production may impact escape of HE CRs and photons — multi-
messenger observations will be key to understanding sources. Simple models (one-zone) of
source production may not work. Trend: gamma-ray opague neutrino source models.
= CR nuclei propagate differently than CR protons; it is still and active area of research to
understand CR composition —trend to heavy, but a component could still be protons.
= BSM physics can introduce new neutrino fluxes, neutrino-like particles, modify neutrino cross
sections, .... The UHE access that neutrino telescopes have can constrain parameter space in
ways that human-made neutrino sources cannot.
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