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Redshift g | z=0

Note: v sources can be steady-state or transient




td

4
4

Redshift g

-

MeV y

TeV-PeV v
PeV p

Photohadronic or pp interaction
inside the source

“High-energy”

| z=0

Note: v sources can be steady-state or transient

Vv propagation
inside the Earth

v detection




S ED ED GD GD GD GD ED ED GbD Gb G GD GD GD Gb G G» G o,

Today & { Under construction !

<« - ~7 e ;
immediate %ﬂj 4 Baikal-GVD ~

future -
KMsNeTﬁ\i\‘g 2 S

IceCube l ey

Schumacher, MB, Agostini, Oikonomou, Resconi, 2503.07549



IceCube

ya Makino, IceCube/NSF



ICECUBE e

SauriH PoLE NEUTRING OBSERVATORY

2 v ] Amundsen-Scot
iH TR § Pole Station, A
IceCube Laborator - 86sstrings of DOMs, . _
) y ‘set 125 meters apart A National Science Fou
Data is collected here and i e _

managed research facility
sent by satellite to the data
warehouse at UW—-Madison

1450 m

60 DOMs
on each
string

DOMs
are 17 ‘
meters

apart

Digital Optical
Module (DOM) 2450 m

5,160 DOMs
deployed in the ice

Antarctic bedrock

WIPAC



-
®

. p __k.‘z Y g oF'



}A

KM3NeT/ARC

T Cbﬂa -

le

- KM3N

A




Lake Baikal, Russia
Effective volume: ~ 1.5 km3
modules

90 st ,—109@&1@1




2030s-2040s

\

Schumacher, MB, Agostini, Oikonomou, Resconi, 2503.07549

bRy
S |

ﬁ—&_
%ﬂj 4 Baikal-GVD

KMBNeTM %

LY

-4

IceCube;]{ IceCube-Gen2

—aS
— =

TRIDENT

S
NEON




<1°

OO DONHD .

Time [microseconds]

Angular resolution

< 5°

Time [microseconds]

VT
O
S
©
Ve
&
o
S
=
k=
©
g

Poor angular resolution




Main high-energy
v observables

/




Standard expectation:
Power-law energy spectrum

Standard expectation:

g R Isotropy (for diffuse flux)
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Main high-energy
v observables

Standard expectation:
v and v from transients arrive
simultaneously

Standard expectation:
Equal number of v,, v, V.
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Standard expectation:
Isotropy (for diffuse flux)




Arrival directions (7.5 yr)

No significant excess in the neutrino sky map:
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Standard expectation:
Equal number of v,, v, V.



Astrophysical sources Earth
| Up to a few Gpc |

| |
E.g.,

Oscillations change the number
-------------------*
of v of each flavor, N, N, N,
Different production mechanisms yield different flavor ratios:
(ﬁe,s, f 1,57 ﬂs) = (N ¢,Sr N 11,57 N 7,9 )/ Niot

Flavor ratios at Earth (a =e, , 7):

foz,@ — Z PVB—H/& fﬁ,S

B=e,u,T



Astrophysical sources Earth
| Up to a few Gpc |

|
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Different production mechanisms yield different flavor ratios:
(fe,S/ fp,S/ f‘T,S) = (NE,SI NH,S/ NT,S )/Ntot

Oscillations change the number

L T L
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new physics
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One likely TeV-PeV v production scenario:
p+y —-mt—ut+v, followedby utr—et+v.+v,

Full 7t decay chain
(1/3:2/3:0)s

Note: v and v are (so far) indistinguishable

in neutrino telescopes
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One likely TeV-PeV v production scenario:
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Measuring flavor composition

Song, Li, Argtielles, MB, Vincent, J[CAP 2021
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Standard expectation:
v and v from transients arrive
simultaneously
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Blazar TXS 0506+056:

IceCube, Science 2018
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Pushing v physics
to the COSIMicC frontier



Fundamental physics with high-energy cosmic neutrinos

Numerous new v physics effects grow as ~x, - E" - L

If BSM eftects are comparable in size to SM effects, then we can probe
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n~ 1071 [ —— | PevV'™"
" ( PeV > ( Gpc > :

With 1-PeV v: k, ~ 10* PeV~! With 100-PeV v: k, ~ 10°! PeV™!
- =

Orders-of-magnitude improvement




Fundamental physics with high-energy cosmic neutrinos

E.g.,

n =-1: neutrino decay

n =0: CPT-odd Lorentz violation

n =+1: CPT-even Lorentz violation

Numerous new v physics effects grow as ~x, - E" - L }

If BSM eftects are comparable in size to SM effects, then we can probe
ENT"( L\
n~ 1071 [ —— | PevV'™"
" ( PeV > ( Gpc ) :

With 1-PeV v: k, ~ 10* PeV~! With 100-PeV v: k, ~ 10°! PeV™!
- =

Orders-of-magnitude improvement




Note: Not an exhaustive list

« DM-v interaction

DE-v interaction
,Lorentz+CPT violation
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Heavy relics eutrino decay,

DM annihilation, Long-range interactionse
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DM decay. Ve Supersymmetry.

« Sterile v Effective operators,

Boosted DM. Leptoquarks
NSI Extra dimensions,

Superluminal v
Monopoles
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« DM-v interaction

(Acts at production)

DE-v interaction
,Lorentz+CPT violation

Neutrino deca
.Heavy relics Yo

DM annihilation, Long-range interactionse

Secret vv,interactions Supersymmetry.
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« Sterile v Effective operators,
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(Acts during propagation)

(Acts at production)

Monopoles

Note: Not an exhaustive list



(Acts during propagation)

(Acts at production)

V‘—: ea \*H
DM annihilation,

DM decay.

Monopoles

(Acts at detection)

Note: Not an exhaustive list



Standard expectation: Standard expectation:
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Ahlers, Helbing, De los Heros, EPJC 2018
Argiielles, MB, Kheirandish, Palomares-Ruiz, Salvado, Vincent, ICRC 2019 [1907.08690]
Ackermann, Ahlers, Anchordoqui, MB, et al., Astro2020 Decadal Survey [1903.04333]
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Note: Not an exhaustive list



A warning



7

When you have eliminated all which b
is impossible, then whatever remains,
however improbable,
_must be the truth. J7




7

When you have eliminated all which
is impossible, then whatever remains,
however improbable,

_must be the truth. J7

~

J

Arthur Conan-Doyle,
The Case-Book of Sherlock Holmes (1927)






Evidence for BSM




Evidence for BSM
Evidence for SM




Evidence for BSM
Evidence for SM

Bayes ftactor =




Evidence for BSM
Evidence for SM

If B< 1:5M is favored

If B> 1: BSM is favored
If B ~1: No preference

Bayes factor =
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A selection of
neutrino physics



0 Discovering the Glashow resonance

e Neutrino-matter cross section

9 Secret neutrino interactions

e New physics via flavor

More in backup slides (v decay, flavor anisotropy, etc.)
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Glashow resonance
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First observation of a Glashow resonance
Predicted in 1960: First reported by IceCube in 2021:

Pions decay

a L ]
promptly o i, )

63Pev> g?a%”f' -

67 %

IceCube, Nature2021
Glashow, PR 1960




First observation of a Glashow resonance

Predicted in 1960: First reported by IceCube in 2021:
Pions decay
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L
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63 PeV / gf .nr 2 :

ENIPY _ Early muons detected
=~ 67% ¢ before the shower

IceCube, Nature2021
Glashow, PR 1960




First observation of a Glashow resonance

Predicted in 1960: First reported by IceCube in 2021:
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hadrons % 047
6.3 PeV 8 03
=~ 67% 5 o
" : ; - : 0

Visible energy (PeV)

IceCube, Nature2021
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First observation of a Glashow resonance
Predicted in 1960: First reported by IceCube in 2021:
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Neutrino-nucleon
Cross sections
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Neutrino-nucleon deep inelastic scattering

What you see Beneath the hood
ve(py) £ (pe) ve(py) ¢ (pe)
W(q)
W(q) u(pr)
d(p:)
X(px)
N(pn) N(pn)

(Plus the equivalent neutral-current process (Z-exchange))

Giunti & Kim, Fundamentals of Neutrino Physics & Astrophysics
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(VN charged current scattering

N hadrons

Depletes the flux

Horizon

(VN neutral current scattering
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Measuring the high-energy vN cross section

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque

20\

Hooper, PRD 2002; Hussain et al., PRL 2006; Borriello et al., PRD 2008
Hussain, Mafatia, McKay, PRD 2008; Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB 2015
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Measuring the high-energy vN cross section

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
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Tomography of the Earth
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Tomography of the Earth

Flux is strongly attenuated
cosf, = —1

Neutrinos are more likely to interact while
traveling inside the Earth ...

... the higher their energy, and
... the longer the distance they travel.

TceCube

Donini, Palomares-Ruiz, Salvado, Nature Phys. 1, 37 (2019)



Tomography of the Earth

Flux is strongly attenuated
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Tomography of the Earth

Flux is strongly attenuated
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Neutrinos are more likely to interact while
traveling inside the Earth ...

... the higher their energy, and
... the longer the distance they travel.

Comparing atmospheric neutrino fluxes
reaching IceCube from different directions:

Earth’s mass = 6.077% x 10** kg
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Neutrinos are more likely to interact while
traveling inside the Earth ...

... the higher their energy, and
... the longer the distance they travel.

Comparing atmospheric neutrino fluxes
reaching IceCube from different directions:

Earth’s mass = 6.077% x 10** kg

Vs. gravitational measurements:
(5.9722 +0.0006) x 10** kg
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Astrophysical neutrino sources Earth
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between - 200 N e Streaﬂ'ﬁng '
astrophysical v (PeV) and relic v (0.1 meV): 8 ol --=- With attenuation i
o . —— With attenuation + regeneration
Astrov Vv o
e 150 - M=10 MeV .
----- . 2=0.03
L~ gV & 125 m,=0.1eV s
Relicy ~ & v *
= 1.00 -
o
4 AL
. ) _
Cross section: ¢ — & > = 0.75
T (s — M?)” + M?T2 S
= 0.50 -
bas
)
M?2 E 0.25 -
Resonance energy: Ejeg = —— T
zm“\e’ = 0.00 AEETETT BEPETERTTY B, () BTy B T
MB, Rosenstroem, Shalgar, Tamborra, PRD 2020 103 104 105 106 107 108

See also: Esteban, Pandey, Brdar, Beacom, PRD 2021 s
Creque-Sarbinowski, Hyde, Kamionkowski, PRD 2021 Neutrino energy E [GeV]
Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799




Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between
astrophysical v (PeV) and relic v (0.1 meV):

Astrov Vv
>L ~ gpvv

Relicvy

P
4
: 1 gt s
Cross section: g =‘&5~ s
47t (5 —~M2Y + MT?
S
Mediator mass
ME
Resonance energy: Eioq = T
Y

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020

See also: Esteban, Pandey, Brdar, Beacom, PRD 2021
Creque-Sarbinowski, Hyde, Kamionkowski, PRD 2021
Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between
astrophysical v (PeV) and relic v (0.1 meV):

Astro v> Vv
Relicy L~ghpvy

Cross section: g =‘&.

Resonance energy: Eioe = ——

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020

See also: Esteban, Pandey, Brdar, Beacom, PRD 2021
Creque-Sarbinowski, Hyde, Kamionkowski, PRD 2021
Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between
astrophysical v (PeV) and relic v (0.1 meV):

Astrov Vv
>L ~ gpvv

Relicy v
o~ New coupling
. ! g4 ) §
Cross section: g =‘<* FA Y
AT (s M) + MT?
S ”

Mediator mass

Resonance energy: Eoq =

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020

See also: Esteban, Pandey, Brdar, Beacom, PRD 2021
Creque-Sarbinowski, Hyde, Kamionkowski, PRD 2021
Ng & Beacom, PRD 2014
Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799

Per-flavor v, flux, Earth E2 Jo [GeV cm =257 1 sr1]

T T IIIIIII T T IIIIIII T T IIIIIII T T TEEER!
Ly =274 —— g = 0.1 (best fit)

1077 & ---- ¢ =003 3
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10711 |
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10712 ¢ E
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between
astrophysical v (PeV) and relic v (0.1 meV):

Looking for evidence of vSI

Astrov » Look for dips in 6 years of
_____ public IceCube data (HESE)
Relicy” ~ ~8&bvv » 80 events, 18 TeV-2 PeV
o New coup lmg » Assume flavor-diagonal and
. s universal: g,, =g ©
Cross section: ¢ _\éf =~y aa = & Oaa
T { M2 212 : : :
(s _'\‘}4 ) + M » Bayesian analysis varying
Mediator mass M, g, shape of emitted flux (y)
MZ
Resonance energy: Ees = » Account for atmospheric v,
2m in-Earth propagation, detector
MB, Rosenstroem, Shalgar, Tamborra, PRD 2020 1 1
See also: Estteban, Pan;lgy Br(?lar, Beacom, PRD 2021. uncertalntles
Egeg{ugéiac?;j%v;{sglégzde, Kamionkowski, PRD 2021 \\ /

Cherry, Friedland, Shoemaker, 1411.1071
Blum, Hook, Murase, 1408.3799




No significant (> 3c) evidence for a spectral dip ...
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lE BN This work: vSI (best fit + 68% C.L)

— 10_7 I IceCube: power-law fit (68% C.L.)

- 4 IceCube: differential fit (68% C.L.)
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No significant (> 3c) evidence for a spectral dip ...
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... S0 we set upper limits on the coupling g
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No significant (> 3c) evidence for a spectral dip ... ... so we set upper limits on the coupling g
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Testing new physics
via flavor



From sources to Earth: we learn what to expect when measuring f, g

( Sources

_ (fe,s) fu,s) frs)

\

>

Earth

Oscillations
d» a» a» a» *

(012, 023,613, 6cp)

b

(. /)
Y

Known from oscillation
experiments, to different
levels of precision

(fe.or fu@: fro)



Standard expectation: @
A\
Power-law energy spectrum o

& /

Standard expectation:
Isotropy (for diffuse flux)

Q)
& / Y

2 /[ hmmmm .

& > /@cts dlring propeggiion
= /7 .
N SO = /\/ %/ / DM-v interaction

(Acts at productien // N\

LorentZ+CPT violation

/
Yy
Heavy relics I

DM annihilatioﬁ /

DM decal //

Long-range interactions

?Acre vv.interactions

h
|

\/

(Actsyat detectjon)

‘L =
&
More: PoS ICRGa#19 (1907.08690)

~---A;g&e].bs,’Mﬁ, Kheirandish, Palomares-Ruiz, Salvado, Vincent

4

/
Standagl expectation:
Equa}'ﬁumber of V., Vi, Vx
4

Standard expectation:
v and v from transients arrive
simultaneously

Note: Not an exhaustive list
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Use the flavor sensitivity to test new physics:
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Reviews:
Argitielles et al. (inc. MB), EP]C 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Use the flavor sensitivity to test new physics:

» Neutrino decay Mixi ng + decay 0 No decay
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; -
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] GU, SCP: var. 36 0.1 = D =0.50
D =0.10
NH ,
°¢ M D=0.01
0.3 (complete)

0.8

0 -;}YEQCubeZOﬁ /N

0O 01 02 03 04 05 06 0.7 08 09 1

Reviews: f e,o MB, Beacom, Murase, PRD 2017
Argitielles et al. (inc. MB), EP]C 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Use the flavor sensitivity to test new physics:

» Neutrino decay

[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010;
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017]

» Tests of unitarity at high energy

[Xu, He, Rodejohann, JCAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

Reviews:

0.0
) ) 1.0 21 =
Unitarity O (2 5 g)s
bounds ® (1:2:0)s
A (120:0)5

&
g ©
0.8
% o \\\\ /f
1.0 \ / \ /
/) 7 ra 7 7 0.0
0.0 0.2 04 0.6 0.8 1.0

Ve fraction (fe,q) Ahlers, MB, My, PRD2018

Argtielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017



New physics in flavor composition
Use the flavor sensitivity to test new physics:

» Neutrino decay
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010;
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017]

» Tests of unitarity at high energy

[Xu, He, Rodejohann, JCAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

®

» Lorentz- and CPT-invariance violation
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010; O)
Kostelecky & Mewes 2004; Argiielles, Katori, Salvado, PRL 2015]

& ;3,\' 8 v
¥ YN ANk oy

—

\ ./

0.0 0.2

0.o 0.8 1.0
@ Argtielles, Katori, Salvado, PRL 2015

Reviews: (8
Argtielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017 €




New physics in flavor composition

Use the flavor sensitivity to test new physics:

» Neutrino decay Detection effect 0.0 @ NSis in Earth
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; 1.0
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] 0.1 ® Det. NSI
0.9

» Tests of unitarity at high energy
[Xu, He, Rodejohann, JCAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

» Lorentz- and CPT-invariance violation

[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argiielles, Katori, Salvado, PRL 2015]

» Non-standard interactions
[Gonzalez-Garcia ef al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

0.0
000102030405060.708091.0

Reviews: § e+e,Q Rasmussen etal, PRD2017

Argitielles et al. (inc. MB), EP]C 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Use the flavor sensitivity to test new physics:

ﬂ "
» Neutrino decay 95% cred. int.
[Beacom ef al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; 0.0,1.0 NH
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] (1:2:0:0)
» Tests of unitarity at high energy all considered 0.2 0.8 ll:l] ;B
[Xu, He, Rodejohann, JCAP 2014; Ahlers, MB, Mu, PRD 2018; . . . :
Ahlers, MB, Nortvig, JCAP 2021] exp. included 8 ?

» Lorentz- and CPT-invariance violation
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argiielles, Katori, Salvado, PRL 2015]

» Non-standard interactions
[Gonzalez-Garcia ef al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

» Active-sterile v mixing
[Aeikens et al., JCAP 2015; Brdar, Kopp, Wang, JCAP 2017;
Argiielles et al., [CAP 2020; Ahlers, MB, JCAP 2021]

0.0 0.2 0.4 0.6 0.8 1.0

X = Brdar, Kopp, Wang, /CAP2017

Reviews:
Argitielles et al. (inc. MB), EP]C 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Use the flavor sensitivity to test new physics:

» Neutrino decay

[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010;
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017]

» Tests of unitarity at high energy

[Xu, He, Rodejohann, JCAP 2014; Ahlers, MB, Mu, PRD 2018;
Ahlers, MB, Nortvig, JCAP 2021]

» Lorentz- and CPT-invariance violation
[Barenboim & Quigg, PRD 2003; MB, Gago, Pefia-Garay, JHEP 2010;
Kostelecky & Mewes 2004; Argiielles, Katori, Salvado, PRL 2015]

» Non-standard interactions

[Gonzalez-Garcia ef al., Astropart. Phys. 2016;
Rasmussen et al., PRD 2017]

» Active-sterile v mixing

[Aeikens et al., JCAP 2015; Brdar, Kopp, Wang, JCAP 2017;
Argiielles et al., [CAP 2020; Ahlers, MB, JCAP 2021]

» Long-range ev interactions
[MB & Agarwalla, PRL 2019]

Reviews:

0.0
log(V.,/eV
Std. mixing param.: og(Veu/eV)
Varying 10 (I0) ) 0.9  _20.21-20-19-18-17—16

08 O Standard mixing

Argitielles et al. (inc. MB), EP]C 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




IceCube Collab., Nat. Phys. 2022 -

4 )

Flavor-dependent
interactions
between neutrinos
and a fundamental
Lorentz-violating tensor

\_ J




Standard oscillations:
1

Hgq =
td 2K

UE’MNSdiag(Oa Am%l, Amgl)UPMNS

Lorentz-violating interactions (Standard Model Extension):

Kostelecky, Mewes, PRD 2004

E n
Hnevv — Z (A_) UJL(On,la On,Qa On,B)Un

n>0 n

U, has the same shape as Upwns,
but its entries are a priori undetermined

Total Hamiltonian:
Htot — Hstd + Hnevv



The flavor-transition probabilities are calculated as before,

3
Pap = Z |(Utot)ozi|2|(Utot)5i|2 ;

i=1 I/“

Depends on standard & new parameters

but now the lepton mixing matrix, U, is the one that diagonalizes Hi.




Forn=0
(similar for n=1)

IceCube flavor
measurement
(mock contour)

Argiielles, Katori, Salvado, PRL 2015 €

See also Ahlers, MB, Mu, PRD 2018; Rasmusen et al., PRD 2017; MB, Beacom, Winter PRL 2015;
MB, Gago, Pefia-Garay JCAP 2010; Bazo, MB, Gago, Miranda I[JMPA 2009; + many others




IceCube Collab., Nat. Phys. 2022
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Ultra-high
energies (> 100 PeV)
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All-flavor neutrino flux, E%CDVH [GeVem2s Lsr1]

@ IceCube HESE (7.5 yr)
IceCube v, (9.5 yr)

Neutrino energy, E, [GeV]
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Observation of an ultra-high-energy cosmic
neutrinowith KM3NeT

Theinternational journal of science /1

KM3NeT Collab. Nature 638, 376 (2025)

One muon detected with 120?61010 PeV

COSMIC
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Deep-seatelescope detects
neutrino with highest
energy ever recorded




Article

Observation of an ultra-high-energy cosmic
neutrinowith KM3NeT

Theinternational journal of science /

KM3NeT Collab. Nature 638, 376 (2025)

One muon detected with 120?61010 PeV

But is it due to a neutrino?
- Yes! Direction points underground,
S after traveling 150 km through Earth

COSMIC

CATEHER .. Inferred neutrino energy: 220{, PeV

Deep-seatelescope detects
neutrino with highest
energy ever recorded
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UHECR sources distributed in redshift (e.g., as star-formation rate)

During propagation:
UHECRs deflected by
extragalactic and Galactic
At production:

magnetic fields 2
Each source injects

UHECRS i éUHE p + nuclei :“ \‘ I
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UHECR sources distributed in redshift (e.g., as star-formation rate)

During propagation:
UHECRs deflected by
extragalactic and Galactic

Detection:
magnetic ﬁeldiz UHECRs detected
At production:
Each source injects

at Earth
UHECRS UHE p + nuclei ; \‘
_____ M 1”"&;;;10gemc neutrinos
" CMB/EBL y e, e \ ‘-} " CMB/EBL y V' During propagation:
‘.\ EeV v UHECRs loge- energy
oy Lower. \ ey “Cosmogenic” anc} photo<311smt(?grate '
P energy p P by interacting with cosmic
Energy loss by pair production )

photon backgrounds
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Lorentz-invariance violation — from superluminal speeds

KM3NeT Collab., 2502.12070

—— 220 PeV
T [110, 790] PeV
[72, 2600] PeV

A superluminal v loses energy via
pair production, i.e.,

V—o>VvV+te +e

10—20
Cohen & Glashow, PRL 2011 =
E
Excess over light speed: d=c¢,-1 g 10-2! 4
- 3
Decay length: Laec=c¢y/T « E?d% ] S
JA 10722 4 E;
Decay width ] 2
=t
J I
(ipe :

Demanding that the travel distance
L <10 Lgecsets upper limits on d

1017 1(::19 1[::21 1(::23 1025 1027
propagation lengthscale L (m)

New limit is ~1000 times stronger than
previous one from TXS 0506+056




Decay of heavy dark matter (DM — v + v)

All-flavor v flux, E2®, [GeV cm 2 s~ sr™1]
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Decay of heavy dark matter — supersymmetric
Multi-component DM: heavy (X, unstable) & lighter (y_, stable)

Jho, Park, Shin, 2503.18737
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Sterile-active v transitions

Brdar & Chattopadhyay, 2502.21299

KM3NeT
(ARCA)

High-energy
Atmosphere [ keV-scale
0 km altitude sterile
16°06°E jterrancan neutrino
....... R
Vs

2.85 km altitude

89259 °3
63°27'W

Antarctica




Sterile-active v transitions
New neutrino-baryon interactions inside Earth (by gauging U(1)s symmetry)

Relative strength vs. standard weak interaction: €,, = G /(V2GF)

For -ess = 150, transitions are resonant in KM3NeT,
but not in IceCube
10~ !¢

Brdar & Chattopadhyay, 2502.21299
T T 1 T T L]

ms=3 keV ™ kM3NeT
-3 '
1 O /\ ' [\ N e o L. s 5 55 O 95 5 TN 5 £ 5 WA 23 3 G 25 B S

0|

10—7.

Probability of vi — v,




Primordial black hole evaporation

Primordial black holes (PBHs)
evaporate through Hawking radiation

“Memory burden” effect:

quantum back-reaction lengthens
the life of the black hole

Most of the contribution is from
intermediate-mass PBHs,
transitioning to memory burden

Galactic + extragalactic contributions,

monochromatic mass spectrum,
PBHs make up all of DM

Dvali, Zantedeschi, Zell, 2503.21740
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Cross sections
at UHE



@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani ef al., BL Lacs

IceCube v, (9.5 yr) extrapolated Rodrigues et al., all AGN Fang & Murase, cosmic-ray reservoirs Muzio et al., maximum extra p component
— iz bt p g g y |4 p
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Valera, MB, Glaser, JHEP?2022

Adapted for Snowmass 2021: Ackermann, MB, ef al,, JHEAp 2022

Center-of-mass energy /s [GeV]
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TeV-PeV:

IceCube

Earth is almost fully opaque,
some upgoing v still make it through




TeV-PeV:

IceCube

Earth is almost fully opaque,
some upgoing v still make it through

> 100 PeV:

IceCube

Earth is completely opaque,
but horizontal v still make it through




Valera, MB, Glaser, JHEP 2022
Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022

Center-of-mass energy /s [GeV]

o 10 10! 102 10° 10% 10°

— 1 0 § L I T T T T L I T T T T L I ‘ T T T L I A T T T T IT1 I A T T T

NE -+ TK(Fel4 W GGM-SPS8l LEP Tevatron LHC
o L 4 T2K(CH)14 ® GGM-PS79 , . .

o5 106 L Y T2K(C)13 ¥  IHEP-ITEP 79 & FASERPilot2 @vg. v+9)

< E A ArgoNeuT14 V IHEPJINR96  F FASERat5fb71 (avg. v+, proj) e

o @ ArgoNeuT12 @ MINOS 10 < FASERv proj. | =

= 1 05 _ % ANL79 A NOMAD 08 = |

8 =z = O BEBC79 ¢ NuTeV06 = E
S T A BNLS2 X SciBooNE 11 P = i

N 4 © CCFR97 ® SKAT79 s el ]
g 10 = O CDHS87 E
B - 0 .
5 3
N 3L -
%)) 10 E 3
8 C J
5 § Accelerator v High-energy cosmic v Ultra-high-energy cosmic v ]
c 102 - IceCibe tracks (avg. ¥ +7) IceCube-Gen2 Radio (10 yr, projected) E
8 : iseCHbE-17) Using cosmogenic v flux, :
o 1 i IceCube showers (avg. v + 7) fit to TA UHECRs (Bergman & van Vliet) -
g 10 = (Bustamante & Connolly 17) Using IceCube vy, flux (9.5 yr), E
S - IceCube HESE (avg. v + 7) extrapolated to UHE ;
c - (IceCube 20) Using cosmogenic flux 4
= 100 L 5 from all AGN (Rodrigues et al.) _
E 5 E
% ok E=—1 VN DIS prediction b.f. + 1o (BGR18) ]
10_1 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 L LLl
10~ 10 10t 102 10®° 10* 10° 10® 107 10® 10° 10%

See also: Esteban, Prohira, Beacom, PRD 2022

Neutrino energy, E, [GeV]

1011



Valera, MB, Glaser, JHEP 2022

Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022
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Better reconstruction New detection techniques
Smaller astrophysical uncertainties Better UHE v flux predictions

Made robust and meaningful by accounting
for all relevant particle and astrophysics uncertainties




Today Next decade

TeV-PeV v >100-PeV v
Turn predictions Make predictions for
into data-driven tests a new energy regime
Key developments: Key developments:
Bigger detectors = larger statistics Discovery
Better reconstruction New detection techniques
Smaller astrophysical uncertainties Better UHE v flux predictions

Similar to the evolution of cosmology to a
r- high-precision field in the 1990s
Made robust and meaningful by accounting
for all relevant particle and astrophysics uncertainties
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Precision

Colliders
(higher lum.)

Today

HE
CoSmic
particles

In 10-20 years

HE
cosmic
particles

/How?

» Event statistics (more detectors)

» Identify more sources

» New detection techniques

» Shrink particle and astro systematics

>
Energy
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Measuring the high-energy v/Vcross section

Number of detected neutrinos (simplified for presentation):

N x P, 0, ve N = (I)VO'VNG_LU”NTLN

—— S
Neutrino flux Cross section

Hooper, PRD?2002; Hussain et al, PRL 2006; Borriello et al, PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD?2011; Marfatia, McKay, Weiler, PLB2015




Measuring the high-energy v/Vcross section

Number of detected neutrinos (simplified for presentation):

N x ®,0,ve N =®,0,ye LN

——
Neutrino flux Cross section

Downgoing neutrinos
(L short — no matter)

N (I),/O',/N

Hooper, PRD?2002; Hussain et al, PRL 2006; Borriello et al, PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD?2011; Marfatia, McKay, Weiler, PLB2015




Measuring the high-energy v/Vcross section

Number of detected neutrinos (simplified for presentation):

N x (I),/O'VNG_TVN — (I),/O',/NG_LU”NnN

——
Neutrino flux Cross section

Downgoing neutrinos
(L short — no matter)

N x (I),/O',/N
a_J

Degeneracy

Hooper, PRD?2002; Hussain et al, PRL 2006; Borriello et al, PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD?2011; Marfatia, McKay, Weiler, PLB2015




Measuring the high-energy v/Vcross section

Number of detected neutrinos (simplified for presentation):

N o ®,0,ve ™Y =®,0, e LN
N e a—
Neutrino flux ~ Cross section
Downgoing neutrinos Upgoing neutrinos
(L short — no matter) (Llong — lots of matter)
— Lo,
N ox®,0,n N x ®, 0, e Z7vNIN
——
Degeneracy

Hooper, PRD?2002; Hussain et al, PRL 2006; Borriello et al, PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD?2011; Marfatia, McKay, Weiler, PLB2015




Measuring the high-energy v/Vcross section

Number of detected neutrinos (simplified for presentation):

N o ®,0,ve ™Y =®,0, e LN
—— N
Neutrino flux  Cross section
Downgoing neutrinos Upgoing neutrinos
(L short — no matter) (Llong — lots of matter)
— Lo,
N ox®,0,n N x ®, 0, e Z7vNIN
—— | ~ J
Degeneracy Breaks the degeneracy

Hooper, PRD?2002; Hussain et al, PRL 2006; Borriello et al, PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD?2011; Marfatia, McKay, Weiler, PLB2015




A feel for the in-Earth attenuation

Earth matter density Neutrino-nucleon cross section

(Preliminary Reference Earth Model)
Center-of-mass energy +/s [GeV]
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A feel for the in-Earth attenuation
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Dark matter decay
and annihilation



High-energy neutrinos from dark matter

Dark matter co-annihilation: v + v yield from DM (at source)

X+X—V+v |
— 2
X+tx—...ov+v+... .
Emax = Ty g 101_;
- ]
Dark matter decay: S
X = V4D l

X —7... > V+UV+... ot AN

1075 107* 107 1072 10! 100
Emax — mx/ 2 Ev/Emax IceCube, JCAP 2023

Approximate independence on 1,

Electroweak corrections (off-shell W and Z valid for 11, = 100 TeV-10 PeV

emission) broaden the v spectrum
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Limits on dark matter decay

Per annihilation channel Compared to other limits
(assuming 100% branching ratio) (assuming decay into muons)
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Two DM contributions: Galactic (anisotropic) + extragalactic (isotropic)

Plus background of atmospheric neutrinos (anisotropic, but different)



Limits on dark matter annihilation

Per annihilation channel
(assuming 100% branching ratio)
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Two DM contributions: Galactic (anisotropic) + extragalactic (isotropic)

Plus background of atmospheric neutrinos (anisotropic, but different)



Limits on dark matter annihilation

Per annihilation channel Compared to other limits
(assuming 100% branching ratio) (assuming annihilation to muons)
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Neutrino decay



Are neutrinos forever?

» In the Standard Model (vVSM), neutrinos are essentially stable (t > 10% yr):

» One-photon decay (v, = v, +v): 1> 10% (m,/eV)* yr N
» Two-photon decay (v, = v, +y +7): > 105 (m,/eV)? yr » (Ngle4(.)5 G;l;\)ferse

» Three-neutrino decay (v, — v, + v, + v,): ©> 10% (m,/eV)5 yr

» BSM decays may have significantly higher rates: v, — v, + ¢

» We work in a model-independent way:
the nature of ¢ is unimportant if it is invisible to neutrino detectors




Are neutrinos forever?

» In the Standard Model (vVSM), neutrinos are essentially stable (t > 10% yr):

» One-photon decay (v, = v, +v): 1> 10% (m,/eV)* yr N
> TWO-photon decay (Vi —V, +v+ y); > 105 ( m, /ev)-g yr » (~g1e4(.)5 G;l;\)ferse

» Three-neutrino decay (v, — v, + v, + v,): ©> 10% (m,/eV)5 yr

PN Nambu-Goldstone
» BSM decays may have significantly higher rates: v, — v, { ¢ j—"boson otf a broken
== symmetry

» We work in a model-independent way:
the nature of ¢ is unimportant if it is invisible to neutrino detectors
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The flux of v, is attenuated by exp[- (L/ £) - (m,/1))]
——

Mass of v, Lifetime of v,




Astrophysical sources Earth
| L ~up to a few Gpc |

|
Eg.,
Decay changes the number ?
-------------------*
of each v mass eigenstate, Vi, /\,, V; *

Only sensitive to their ratio
—h—

The flux of v,is attenuated by exp[- (L/ E) - (m,/7))]
——

Mass of v, Lifetime of v,




Astrophysical sources Earth
| L ~up to a few Gpc |

|
Eg.,
Decay changes the number ?
of each v mass eigenstate, Vi, /\,, V;
Lower-E'v are longer-lived...

—

The flux of v, is attenuated by exp[- (L/ £) - (m,/1))]

... but v that travel longer L are more attenuated!
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Astrophysical sources Earth
| L ~up to a few Gpc |

V2, V3 — V1

|
\ J
Y
vi lightest and stable
(normal mass ordering) o= ® y
-
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”

(If decay is complete)

T
. ) Sew
Fine print: U ) o+
» Decay can be incomplete e
» Final-state v might be detectable or not v;lightest and stable

» Many more possible decay channels (inverted mass
(see Winter & Mehta, JCAP2011) ordering)




Astrophysical sources Earth
| L ~up to a few Gpc |
| |

V2, V3 — V1
N J
Y

vi lightest and stable
(normal mass ordering)

Fine print: \ )
» Decay can be incomplete
» Final-state v might be detectable or not v;lightest and stable

» Many more possible decay channels (inverted mass
(see Winter & Mehta, JCAP2011) orderjng)




What does neutrino decay change?
Flavor composition <~ > Spectrumshape < >  Eventrate




What does neutrino decay change?

Flavor composition

Flavor content of mass eigenstates:
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What does neutrino decay change?

Flavor composition

V2, V3 — V1

\ J
Y

vilightest and stable
(normal mass ordering) -
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v;lightest and stable
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What does neutrino decay change?

Flavor composition

v decay 0.0

All regions 99.7% C.R. 01 ® v
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See also: Beacom ef al,, PRL 2002 / Baerwald, MB, Winter, JCAP2012 /
MB, Beacom, Murase, PRD?2017 / Rasmussen et al., PRD2017 /

Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD?2020 /
MB, 2004.06844
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What does neutrino decay change?

Flavor composition

v decay 0.0

All regions 99.7% C.R. o1 ® v
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Approx. today
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What does neutrino decay change?

Flavor composition

v decay 0.0
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Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD?2020 /
MB, 2004.06844
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See also: Beacom ef al., PRL 2002 / Baerwald, MB, Winter, JCAP2012 /
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What does neutrino decay change?
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Energy-dependent
flavor composition



Flavor composition: measuring the energy dependence

Liu, Fiorillo, Argtielles, MB, Song, Vincent, 2312.07649
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Flavor composition: measuring the energy dependence

Today
Power-law (PL) diffuse v flux 0.0 (IceCube 7.5-yr HESE):
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Flavor composition: measuring the energy dependence
Future
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Flavor anisotropy in the high-energy neutrino sky

Diffuse flux of

g N Does the high-energy sky shine equally brightly
L " A In neutrinos of all flavors?
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Energy- and direction-
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Undo attenuation and detector effects to infer flavor skymaps
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Flavor anisotropy in the high-energy neutrino sky

Does the high-energy sky shine equally brightly
In neutrinos of all flavors?

From the angular distribution of detected
events in neutrino telescopes
(HESE cascades, tracks, double cascades) ...

Undo attenuation and detector effects to infer flavor skymaps
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Flavor anisotropy in the high-energy neutrino sky

Diffuse flux of

L N Does the high-energy sky shine equally brightly
In neutrinos of all flavors?

From the angular distribution of detected
events in neutrino telescopes
(HESE cascades, tracks, double cascades) ...

Double cascades
(Mostly from v;)

Undo attenuation and detector effects to infer flavor skymaps

@ @ @ o We infer the directional dependence of
i : ) the diffuse fluxes of v, v, v,
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Flavor anisotropy in the high-energy neutrino sky
[ N Does the high-energy sky shine equally brightly
In neutrinos of all flavors?

From the angular distribution of detected
events in neutrino telescopes

How? Undo detection effects
(use public IceCube
HESE Monte Carlo)

leeees!
Double cascades
(Mostly from v;) v

Undo attenuation and detector effects to infer flavor skymaps

@ @ @ o We infer the directional dependence of
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Telalovic, MB, J[CAP 2025
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)
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in present-day IceCube data
(Bayes factor is ~1)

We place the first constraints on
the flavor neutrino angular power

k spectrum a la CMB

/ There is no sign of flavor anisotropy \
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z=0
Sky at Earth

to Farth
at different redshifts, travel .

High-energy neutrinos, produced

Telalovic, MB, 2503.15468




Anisotropic Lorentz-invariance violation makes the flavor sky anisotropic:

Htot - Vac + ZH](JCIQ/ — Vac + Ed ’ Z Z }/E (d))?nﬁl
=0 m=—/¢

Neutrino oscillation probablhty becomes direction-dependent

Telalovic, MB, 2310.15224
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Anisotropic Lorentz-invariance violation makes the flavor sky anisotropic:
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Anisotropic Lorentz-invariance violation makes the flavor sky anisotropic:
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Lorentz-violating high-energy neutrino flavor anisotropy (IceCube HESE 7.5 years)
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Lorentz-violating high-energy neutrino flavor anisotropy (IceCube HESE 7.5 years)
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Disfavored at 95% C.L. from flavor isotropy (this work, using IceCube 7.5-year HESE)
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Flavor dipoles and quadrupoles in the sky?
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New physics from high-energy neutrino flares

SR e WVENl [ orentz-invariance violation may change

Y source

= the neutrino speed relative to light speed:
o
e & n
& & B 1 ([ FE,
T NS v(E,) = |1— nr =1—-Av(E,)
Detected v flare '

M,: LIV energy scale (unknown)

8
o
w
2
=
>
Z

From the time profile of a neutrino flare
we can bound the value of M,

without an electromagnetic counterpart and
without knowing the original time profile

Not to scale MB, Ellis, Konoplich, Sakharov, PRD 2025




New physics from high-energy neutrino flares

, Sakharov, PRD 2025
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Neutrino propagation

Number of neutrinos detected in a flare (normalized)

oo
Modified by # \\
Lorentz-invariance violation H \
--- Standard / More uniform
1 - .
I (higher regularity) —
1 \ )
! \
I \
! Less peaky
’I
1

(lower kurtosis)
1

More asymmetric
(higher’skewness)
/7

-
-
e,

Uniform distribution

0.08.

| | ! |
240 7.5 10.0 12.5

Neutrino arrival time [a.u.]

LIV makes the v flare time-distribution...
» More uniform

» Less peaky (lower kurtosis)

» More asymmetric (negative skewness)

For a detected neutrino with E, in a flare:

tObS(EI/) — bS(EI/)(l + Zsrc) + Tn(Zsrc)E;iL

Effect
of LIV

Detection time
of a at Earth

Intrinsic lag
in the source

We find the value of t, that restores
irregularity, peakiness, and asymmetry to
time-distribution of the flare
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New physics from high-energy neutrino flares

10H IceCube muon track events 70 A
i from TXS 0506056 .
| = Associated to 2014/2015 flare Use IceCube .through-gomg
N (box time profile) { muons associated to the

—— Other

2015/2015 flare of TXS 0506+056

5

= I

) L

S oo

s v » Higher weight if closer to the source
£ 6

I e

g -/ » Account for uncertainty in linking

muon energy (measured) to
neutrino energy (inferred)

Neutrino energy (one random realization) [TeV]

MB, Ellis, Konoplich, Sakharov, PRD 2025
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New physics from high-energy neutrino flares

Limits on Lorentz-invariance violation during TeV-PeV neutrino propagation

Blazars ) Blazars Tidal disruption events
(using only v) ¢ (tentative, using v + 1) “ (tentative, using v + )

. ¢ New limits from the TXS 0506+056

TXS 0506+056: Thls work | This work

multiple v i £ (disfavorefl 95% (- 2014/2015 flare using only neutrinos
TXS 0506+056: | _

IC170922A / % / 1 \

TXS 0506+056:
GVD2104;8CA %%
PKS B1424-418: % 1

HESE-35 1Y ‘ 2
GB6 J1040+0617:
Crera0on 200000 Y o o o
PKS 0735+178:177 7 1 1 i Limits from the coincident emission of
IC211208A /

PKS 1123+264: 777 7 7 > neutrinos and electromagnetic emission
IC120523A

PKS 0625-35: 7 7 1 ) 1 (generally low or unspecified credibility)

3v IceCube
el |

T | ez :
AT2019aacl:

IC191119A %Z IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII Z%I IIIIIIIIIIIIIIIIIIIIIIIIIII j MB, Ellis, Konoplich, Sakharov, PRD 2025
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Flavor at
ultra-high energies



Manufacturing UHE flavor sensitivity with two detectors

What if future UHE radio-detection
neutrino telescopes cannot see flavor?

Then we combine two of detectors:

Testagrossa, Fiorillo, MB, PRD 2024
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Lorentz-invariance violation at ultra-high energies
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Lorentz-invariance violation at ultra-high energies
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Lorentz-invariance violation at ultra-high energies
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IceCube-Gen?2 (radio) alone might measure flavor
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