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Cosmic rays
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Neutrinos
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The multi-messenger connection: a simple picture
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Detecting the undetectable

Neutrino source Water tank

Flux of v at tank oc 1/L.2

Distance L
-
Number of _ Chancethatonev  Number of vthat  Number of p
interacting v interacts with one p reach the tank in the tank
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Fixed by Nature Use an intense source, Build as big a
(weak interactions): place the tank close toit, =~ water tank as

neutrino-proton cross section and be patient possible
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IceCube

ya Makino, IceCube/NSF
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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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IceCube self-veto: High-Energy Starting Events (HESE)

Astrophysical neutrino
(High-Energy Starting Event)
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“\ Outer layer of
photomultipliers
used as veto
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IceCube

Schonert, Gaisser, Resconi, Schulz, PRD 2008
Gaisser, Jero, Karle, van Santen, PRD 2014




IceCube self-veto: High-Energy Starting Events (HESE)

Astrophysical neutrino Atmospheric neutrino
(High-Energy Starting Event) L [p(CR)+p (atm.) > u+v, +... ]
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Contained vs. uncontained events

Contained events Through-going muons

°. TR
.* > N
Vi
Starting track Shower Through-going muon
Pro: Clean determination of E Pro: Lots of events (few 100k)

Con: Few events (~100 in 10 yr) Con: Uncertain estimates of E_




What happens
inside the Earth



Upgoing vs. downgoing neutrinos

Northern sky

Horizon

Southern sky Detector
(Galactic Center is here)




Upgoing vs. downgoing neutrinos
u

Northern sk
4 Neutrinos from the Northern sky

Upgoing neutrinos

» Atmospheric muons stopped
» Dominated by atmospheric v
» High-energy v flux attenuated

» High statistics

» Good for finding sources with
through-going muon tracks
Horizon

Southern sky Detector
(Galactic Center is here)
27



Upgoing vs. downgoing neutrinos

Northern sky

Horizon

Southern sky  H

(Galactic Center is here)

Neutrinos from the Southern sky

Downgoing neutrinos

» Need to mitigate atmospheric
muons and :

» Use higher-energy events

» Use starting a self-veto
» Dominated by astrophysical v
(after event selection)

» Low statistics

» Good for measuring the
diffuse flux of astrophysical v



Neutrino-nucleon deep inelastic scattering

What you see Beneath the hood
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(Plus the equivalent neutral-current process (Z-exchange))

Giunti & Kim, Fundamentals of Neutrino Physics & Astrophysics
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Peeking inside a proton

H1 and ZEUS
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(VN charged current scattering
N hadrons
- l

Horizon
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[ceCube

(VN charged current scattering

N hadrons

Horizon

(VN neutral current scattering

N hadrons

AN

V) V)

\ (lower energy)
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(VN charged current scattering

N hadrons

Depletes the flux

Horizon

(VN neutral current scattering

N hadrons

Shifts flux to

lower energies

V) V)

\ (lower energy)




A feel for the in-Earth attenuation

Earth matter density Neutrino-nucleon cross section

(Preliminary Reference Earth Model)
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A feel for the in-Earth attenuation
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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
cosf, = —1

) g— | < Neutrinos are more likely to interact while
N traveling inside the Earth ...

_____________
_______
.....
~~~~~
- ~
- ~
. .,
- .,
M %
o

... the higher their energy, and

..........
......
- ~.,
e >
R

P e W % ... the longer the distance they travel.

"""""
i ~

~
~
_________
~
~ .
~ -
........

.
~ Lo
o -
.....
-
-----------

&
~. e

~ .
~. =

.

~ -

~ P
~~~~~
---------

L2

~
. .2
~ -
~ -
~. >
=~ g
LT, -

0.00
Flux notattenuated

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



Tomography of the Earth

Flux is strongly attenuated

e -/
s
<
S
S
<
S
S

> -
J -
.
3
3

.............
.......
.....
~~~~~
= ~
- ~
. .,
L .,
¢' ~
o

..........
......
-
- ~.,
e >
R
---------
- ~
. ~
g Ss

------
i s

~
~
_________
~
~ .
~ -
________

.
~ Lo
o -
.....
-
-----------

.
.
L
~. e
~ .
~ =
~ .
~ -
~ -
~~~~~
---------

L2

~
S .2
~ -
~ -
~. >
Oy -~
L e

0.00
Flux notattenuated

Donini, Palomares-Ruiz, Salvado6, Nature Phys. 1, 37 (2019)

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:
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Tomography of the Earth

Flux is strongly attenuated

e -/
s
<
S
S
<
S
S

> -
J -
.
3
3

.............
.......
.....
~~~~~
= ~
- ~
. .,
L .,
¢' ~
o

..........
......
-
- ~.,
e >
R
---------
- ~
. ~
g Ss

------
i s

~
~
_________
~
~ .
~ -
________

.
~ Lo
o -
.....
-
-----------

.
.
L
~. e
~ .
~ =
~ .
~ -
~ -
~~~~~
---------

L2

~
S .2
~ -
~ -
~. >
Oy -~
L e

0.00
Flux notattenuated

Donini, Palomares-Ruiz, Salvado6, Nature Phys. 1, 37 (2019)

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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Standard expectation:
Power-law energy spectrum

Standard expectation:

g R Isotropy (for diffuse flux)
O

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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Energy spectrum (7.5 yr)
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Spectrum looks harder for through-going v,
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Neutrinos from pvy interactions Neutrinos from pp interactions

“Bumpy” energy spectrum, Featureless power-law spectrum,
inherited from parent photons Inherited from parent protons
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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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CMB power spectrum (of temperature fluctuations)
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Flavor dipoles and quadrupoles in the sky? Flavor-dependent
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Flavor dipoles and quadrupoles in the sky?

1.25
1.00
0.75
0.50
0.25
0.00
-0.25
-0.50
-0.75
-1.00
-1.25

Isotropic flux

¢I/a (EV7 927 ¢)

:@0<

—

=1 m=—/

Flavor-dependent
multipole expansion

Multipole moments from the IceCube HESE 7.5-year sample

E o <t
Z ~ |1 Y, ™0,
IR (5D 9D SE AT

|
Recovered values:

B All-flavor, bg

Allowed ranges at 68% C.L.

IIIIIIIIIIIIII|IIIIIIIIIIIIIIIIIII|IIII|IIII|II|I

| :
Dipole, {=1 <-i— Quadrupole, {=2

b

Recovered values: per-flavor .

asze

® qf,m

[N

a= =
A qf,my * qng 1

&
—a—
—>—
——
1
1
1
| 1 . |
1
1
—st—
1
1
1
—e-—
—e—
——
]
|
9
1
1
+——
——
IllllIIlllllIIlllllIlllllllllllllllllllllll

Re[1, 0] Re[1,1]

Tm[1, 1]

Re[2,0] Re[2,1]
Multipole moment, [{, m]

Tm[2, 1]

Re[2, 2] Tm[2, 2]

Telalovic, MB, JCAP 2025



Flavor dipoles and quadrupoles in the sky?

1.25
1.00
0.75
0.50
0.25
0.00
-0.25
-0.50
-0.75
-1.00
-1.25

Isotropic flux

¢I/a (EV7 927 ¢)

—

=1 m=—/

Flavor-dependent
multipole expansion

Multipole moments from the IceCube HESE 7.5-year sample

E o <t
= ® - ~ |1 > Y0,
o<100 TeV) o +Z Z Qm Y (02, )

I
Recovered values:

I : [ [
Dipole, {=1 <-i— Quadrupole, {=2

Recovered values: per-flavor .

j B All-flavor, bg ard ® 0.0 A q?;“ * g3 £
3\ o } { T1E
= { ; 4] L
E— Best fit is coefficients is zero = no anisotropy! | —E
;— Allowed ranges at 68% C.L. -—z
- | | | : | | | | | =

Re[1, 0] Re[1,1]

Im[1,1] Re[2,0] Re[2,1]
Multipole moment, [{, m]

Tm[2, 1]

Re[2,2]

Telalovic, MB, JCAP 2025

Tm[2, 2]



Neutrinos from the Galaxy
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Neutrinos from the Galaxy
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Neutrinos from the Galaxy
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Neutrinos from the Galaxy

Three models of Galactic diffuse v:
+ 7" Model —  Best-Fit v Flux 7¥: MeV-GeV 1° template inferred from
-8 | IceCube All-Sky v Flux (22) gamma rays extrapolated to TeV
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Neutrinos from the Galaxy
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Neutrinos from the Galaxy

- KRA? Model  —— KRA? Best-Fit v Flux Three models of Galactic diffuse v:
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Standard expectation:
Equal number of v,, v, V.
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Neutrinos are quintessential quantum particles

A neutrino is created But may be detected with a
with one definite flavor, e.g., different flavor, with some probability

It travels a long

Ve distance to the detector Ve Vﬂ vV,
(o) - (o) or @ or ©
“flavor oscillations”
Neutrino source (Nobel Prize 2002, 2015) Neutrino detector

We use quantum mechanics to compute probabilities over macroscopic distances!
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Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:
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Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:

V; V, V3
Ve o — ( Uel 2+ Ue2 0+ Ue3 @ )
v,e = (U,8+ 0,8+ U,0)

V‘L'o :(Urln_l_Uan_l_Uﬁo)




Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:

(‘

.

Vi \Z V3

Vo = (U, B+ U,8+ U,0)

v,;e = (U,B + U,8+U.,0B)

v,e = (U B+ U,8+ U,D)
3

Or, you can write: Vg = Z U;iuj for a=e,u, 7
J=1

\

./




Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition
/\H\ IWA /VQ\

V.o = ( ,nlrUdznlngbo)‘

' | ' | ' |

vV, 0 =(UA1|:+1UA2|:|+,1UA3:|),|
\ \

/ I I

\ \

V.0 = ( An#zunﬁ Ao]

\_/ \_/ \_/

— _/
~

V., Vo, V5 have different masses, so they travel at different speeds

So the coefficients of the superposition change with time!
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Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:
Vi Va V3
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Travel a distance
L to the detector
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Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:
Vi Va V3

Producedas: V,@ = (U, B+ U,.8 + U.0O)

Travel a distance
L to the detector

A A A
l e \ ( \ s

\
i —imoL/E —imsL/E
Detected as: U, e "liEg yy, e imb/ifg Uy, e /P g




Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:

Vi V, V3
Producedas: V,@ = ( U B+ U,8 + U.0)
. The mass states
Travel a distance evolve with time
L to the detector
l A A A
s N ( \ s

\
i —imoL/E —imsL/E
Detected as: U, e "liEg yy, e imb/ifg Uy, e /P g




Neutrinos are quintessential quantum particles

A neutrino of a given flavor is a quantum superposition:

Producedas: V,@ = (U

e

Travel a distance
L to the detector

l

Detected as:

Vs V3
+ UeZ n + Ue3 u )

A

+ U

e

The mass states
evolve with time

A

a LE'\ ' LE\
JemimL/Eg Ly eimsl/Eg

_—

——
This isno longera Vv,



Travel time: 1, Travel distance: L

Source of v, Neutrino detector
(counts v, and v,)
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1.

“neutrino oscillations”




Neutrinos oscillate, therefore they have mass! i o scons

Probability that a neutrino born v, is detected as v, /v
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Probability that a neutrino born v, is detected as v, /v
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Neutrinos oscillate, therefore they have mass! i o scons

Probability that a neutrino born v, is detected as v, /v

L|km)]

Pye—wMOCJS'rP (1.27\Am2 [eVQJ- B GeV]) «— Transition

It is oscillatory

Am?* =m35 — m;
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Neutrinos oscillate, therefore they have mass! o “neuting oxtlations”
o
Probability that a neutrino born v, is detected as v, /v

(Derived using the rules of quantum mechanics)
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then Am? =0 and oscillations would not occur




Neutrinos oscillate, therefore they have mass! o neuting osiltons”
.
Probability that a neutrino born v, is detected as v, /v

(Derived using the rules of quantum mechanics)

, L|km)]
2 21 27
P, 5y, o sin (1.27Am eV l E[GeV])

AN

Y
ms —

Am?

If the masses were zero (m, =0 and 7, = 0) or equal (1, = 171,)
then Am? =0 and oscillations would not occur

But we observe oscillations — so neutrinos have masses!




Neutrinos oscillate, therefore they have mass! e et
»
Probability that a neutrino born v, is detected as v, /v

(Derived using the rules of quantum mechanics)

Lk
P,, ., o sin’ (1.27Am2 V2] . km] )

. E|GeV]
Am? =m2 —m? =107 eV?
If the masses were zero (m, =0 and 7, = 0) or equal (1, = 171,)

then Am? =0 and oscillations would not occur

But we observe oscillations — so neutrinos have masses!




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 |

|
j .

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

of v of each flavor, N, N, N,

Flavor ratios at Eartw, () e ,
| Standard oscillations |

fao= D Puowlfss T i

) |

new physics
B=e,u,T i '



0.40 H

Full 3v oscillation probability: 0as

o

W

©
I

o

[}

a1
T

. ey .o Am?jL
Pap(E,L) = bap—4)> Re(UiUsiUq;Us;) sin e
1>

Probability Pva_wﬂ
o o
o
=)

= .
a1

o
—_
o

[ Am? L

il

oo LLLL T

0.0 0.2 0.4 0.6 0.8 1.0

Oscillation length for 1-TeV v: 27t x 2E/Am? ~ 0.1 pc Distance L [arb. tnits]

~ 8% of the way to Proxima Centauri
< Distance to Galactic Center (8 kpc)
< Distance to Andromeda (1 Mpc)

< Cosmological distances (few Gpc)

We cannot resolve oscillations, so we use instead the average probability:

3

2 2

Pog = Y |Uail” Usil
1=1




0.40 H

Full 3v oscillation probability: 0ss
Am2. L 0.30
* * -2 ? 3
P.s(E,L) = {45—4 Z Re(UZ,UpiUq;Uj;) sin ( 4EJ ) Jon
1>) ;5 0.20 |
;é 0.15

o
—_
o

[ Am? L
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o LLLL T

0.0 0.2 0.4 0.6 0.8 1.0

Oscillation length for 1-TeV v: 2t x 2E/Am? ~ 0.1 pc Distance [ . unie]
~ 8% of the way to Proxima Centauri
< Distance to Galactic Center (8 kpc)
< Distance to Andromeda (1 Mpc)
< Cosmological distances (few Gpc)

We cannot resolve oscillations, so we use instead the average probability:

3
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Pog = Y |Uail” Usil
1=1




Flavor composition at the Earth:

fe,@ Pee Pe,u PeT fe,S
fu,EB — FPep Py Pur fM,S
fT,EB PeT P,uT PTT fT,S

\— _/ \
Informed by J Informed by astrophysics

particle physics




Flavor composition at the Earth:

fe,@ Pee Pe,u PeT fe,S
fu. — Pep Puy  Pur 1 — fe,s
fT,@ PeT P,LLT PTT 0

)

Assume no v, production,

so we only need vary the v, fraction
Farzan, [HEP 2021




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

( Sources

\_

Eg,

(fe,Saf,u,S7fT,S) (

Oscillations

\

012,023, 013,0cp)

b

(fe.or fu@: fro)

>

Earth

____*@@



Quick aside: how to read a ternary plot
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Assumes underlying unitarity —

sum of projections on each axis is 1

How to read it:
Follow the tilt of the tick marks

Always in this order: (f,, £, f,)
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Fraction of v,
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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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Full 7t decay chain
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One likely TeV-PeV v production scenario:
p+y —-mt—ut+v, followedby utr—et+v.+v,

e Full 1t decay chain
u-damped
' A A ndecay (1/32/30)5

Muon damped
(0:1:0)s

Neutron decay

(1:0:0)s
00 01 02 03 04 05 06 07 08 09 10 Note: v and v are (so far) indistinguishable
Fraction of v, in neutrino telescopes
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Measuring flavor composition 2015-2025

IceCube Collab., 2510.24957, 2507.06835,
EP]C 2022, PRD 2019, Ap] 2015, PRL 2015
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[0 2025:1C MESE 114 yr

A ndecay: (1:0:0)q
0.8

03 MESE events (> 1 TeV)

are more abundant

Includes classification of v,

First time all flavors are
nonzero at 68% C.L.

=————  Best fit very close to
nominal expectation of
(1:1:1) from production via

M : . : 0.1 pion decay
10 W/ All régiofs 4t 68% C.L/ ohC K.
0.0

/ P 7 7 7 7 7 7 7 7 7
60 01 02 03 04 05 06 07 08 09 1.0

Fraction of v,, fe



Standard expectation:
v and v from transients arrive
simultaneously




Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos « energy in gamma rays

00 S 10 MeV
/ dEyEvFy(Ey) = 3 [1 - (1 - @p%ﬂ) p;] 7/ dEy By Fy(Ey)
0 e J1 keV

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004
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Energy in neutrinos « energy in gamma rays
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E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos « energy in gamma rays
L - — N

4 I

~

_
00 1 TH f 10 MeV
/0 dEy By Fy(Ey) = 2 11— (1= (zpon)) ™ 7 / - dEyEyFy(E,)

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos « energy in gamma rays
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_
00 1 T . f 10 MeV
/0 dE EyFy(Ey) =< [1— (1 — (zp—r)) 7] 7 / dEyEyFy(E,)

—

hd
Fraction of total p energy

given to pions

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004
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Energy in neutrinos « energy in gamma rays
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Fraction of total p energy

given to pions

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos « energy in gamma rays

! ~—
L 3
e N -~ ™~
00 1 . 10 MeV
/ dEyEyFy(Ey) = ] [1 - (1 - @p%ﬂ) p;] | dEy By Fy(Ey)
0 N y /1 keV

hd
Fraction of total p energy

) . Baryonic loading
given to pions

E. Waxman & J. Bahcall, PRL 1997
D. Guetta et al., Astropart. Phys. 2004




Bright in gamma rays, bright in high-energy neutrinos

Energy in neutrinos « energy in gamma rays
) A ——

4 N a I

10 MeV
dE')’ E’TF'Y(E'Y)

00

1 Dy

/ dEy By Fy(Ey) = ] [1 - (1 - @p—ﬂr))ﬂrpr]

0 - /
h'd

Fraction of total p energy

given to pions

Liso A ,,
Optical depth to py: 7, = (1052 Y 1) (0.01) (@) ( MeV )
cres tv I €+, break

E. Waxman & J. Bahcall, PRL 1997

D. Guetta et al., Astropart. Phys. 2004 m

/1 keV

Baryonic loading




Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars




Gamma-ray bursts and blazars — not dominant

E*®, (GeV ecm? s s71)

Gamma-ray bursts

JEREREERLLL | LR | LN | LELELELLLLL | LLELELLLL | r rrree's
| M Global Fit (2015) South v, GRB (5 yr) |
I North v, (2016) —— Cascade GRB (3 yr) |]
E[ = Combined Analysis =—— North v, GRB (7 yr)

AT BRI BT
109 108
v Energy (GeV)

107
IceCube, Ap/2017

1172 GRBs inspected, no correlation found
< 1% contribution to diffuse flux

[GeVs~tem™2sr !

dF Yy

E2de

Blazars

I 2LAC Blazar Upper Limit - Ecqual wciighting
107 OH=— Tsi=-25E,> 10 TeV |, yeweighting -

: Ty = —22,B,> 10 TeV | : i i
107 TE j ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ]
P Pt

‘ 19% — 27%

1079k T DR RN b R REr LEEERIRERE -
10-10 (| BE=E  Astrophysical Diffuse Flux f .

| S— S N R — ST e . i

102 10 10t 10° 109 107 10° 107

Neutrino Energy [GeV]

862 blazars inspected, no correlation found
< 27% contribution to diffuse flux



Bright in gamma rays, bright in high-energy neutrinos (?)

Energy in neutrinos « energy in gamma rays

Waxman & Bahcall, PRL 1997
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/ \

Energy in neutrinos! « pnergy in gamma rays

\-I- Waxman & Bahcall, PRL 1997

Fudge factors:
Source properties (e.g., baryonic loading)
Particle effects (e.g., v-producing channels)




Bright in gamma rays, bright in high-energy neutrinos (?)

Energy in neutrinos! « pnergy in gamma rays
\-I- Waxman & Bahcall, PRL 1997

Fudge factors:
Source properties (e.g., baryonic loading)
Particle effects (e.g., v-producing channels)

But the correlation between v and y may be more nuanced:
Gao, Pohl, Winter, Ap/2017




Bright in gamma rays, bright in high-energy neutrinos (?)

Energy in neutrinosi « energy in gamma rays

l Waxman & Bahcall, PRL 1997

Fudge factors:
Source properties (e.g., baryonic loading)
Particle effects (e.g., v-producing channels)

But the correlation between v and y may be more nuanced:
Gao, Pohl, Winter, Ap/2017

Sources that make neutrinos via py
may be opaque to 1-100 MeV gamma rays

Murase, Guetta, Ahlers, PRL 2016

Modeling of py interactions & nuclear cascading
in the sources is complex and uncertain

Morejon, Fedynitch, Boncioli, Winter, /JCAP2019
Boncioli, Fedynitch, Winter, Sci. Rep. 2017
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DESY



Blazar TXS 0506+056 IceCuberScieaca i

IC40 1C59 1C79 IC86a IC86b 1C86¢
5 L L .
== IceCube-170922A 4o
47 Gaussian Analysis .
Q; 3 Box-shaped Analysis ol NP
b’E .
S 24
| = 20
N -—.f"—J_ [
R e W =S S A S—
2009 2010 2011 2012 2013 2014 2015 2016 2017

After re-analysis (2101.09836),

B e Gropped 2014-2015: 13+5 v flare, no X-ray flare 2017: one 290-TeV v + X-ray
from p=7x10° to p=8x103 3.50 significance of correlation (post-trial) flare

- ~—4e-signifieance of correlation
Combined (pre-trial): 4.10

‘ DESY




NGC1068: The first steady-state source of high-energy v

Active galactic nucleué

""""

Brightest type-2 Seyfért* o

+22 : 3 : :» ' i\‘ 3 ’/’f
795 v of TeV energy W -y

2 41.0 40.8 40.6 404 40.2

Significance: 4. 25 (global)w R

9.

IceCube Collab., Science 378, 538 (2022) . N Egrkgf Svlzarfz gflflicge;



I NGC 1068 Astro. v,
TXS 05064+-056 ~ =—4=— Astro. v, v,

E2¢,.5 [TeV cm™2 s71]

IceCube, Science 2022 EU [ GeV]



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
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




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
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« DM-v interaction

(Acts at production)

DE-v interaction
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Neutrino deca
.Heavy relics Yo

DM annihilation, Long-range interactionse
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DM decay,
« Sterile v Effective operators,
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NSI Extra dimensions,
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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:

Power-law energy spectrum Q eci&‘\) Isotropy (for diffuse flux)
4
S (Acts during propagation)
&
~

Heavy relics
DM annihilation,

- DM decay,

Monopoles

(Acts at detection)

Standard expectation:
v and v from transients arrive
simultaneously

Standard expectation:
Equal number of v,, v, V.

Note: Not an exhaustive list



Standard expectation: \“ﬂ P
Power-law energy spectrum e |\
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DM decay,
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(Acts at detection)

Standard expectation:
v and Yy from transients arrive
simultaneously

Note: Not an exhaustive list

Standard expectation:
Isotropy (for diffuse flux)

Standard expectation:
Equal number of v,, v, V.



Standard expectation:

Standard expectation: gl S
p y (\)‘“ R \\ \\ .
Power-law energy spectrum @ 5g& \ Isotropy (for diffuse flux)
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DM decay,

Monopoles

(Acts at detection)

Standard expectation:

Standard expectation:
Equal number of v,, v, V.

v and v from transients arrive
simultaneously

Note: Not an exhaustive list



Standard expectation:

Standard expectation: - “.\
“f} \‘ Isotropy (for diffuse flux)

Power-law energy spectrum Qe,o
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o
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Standard expectation:
v and v from transients arrive

simultaneously

Standard expectation:
Equal number of v,, v, V.

Note: Not an exhaustive list



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

& /

Standard expectation:
Isotropy (for diffuse flux)
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Standard expectation:
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Standard expectation:
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More: PoS ICRC2019 (1907.08690)
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Standard expectation: Standard expectation:

Power-law energy spectrum Qeo\(\)m Isotropy (for diffuse flux)
2

3
&

o N

E}c? / ///

o [/
4 )

Reviews:

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]

9 Mohopoles
(Acté{at?s{etec\i

A\ o

. _/

4

Standard expectation:
v and v from transients arrive
simultaneously

Standard expectation:
Equal number of v,, v, V.

More: PoS ICRC2019 (1907.08690)
Argiielles, MB, Kheirandish, Palomares-Ruiz, Salvado, Vincent

Note: Not an exhaustive list
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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)
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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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Evidence for SM

ZSM — / £(98M7 eastroa edet)ﬂ-(HSNh eastroa edet)deSMdeastrodedet

Account for particle-physics + astrophysical + detector uncertainties



Evidence for SM

Likelihood Prior

A — A —

ZSM :/£(98M7 astr079det)7T(HSM7 astroaedet)deSMdeastrodedet

Account for particle-physics + astrophysical + detector uncertainties
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Evidence for BSM

Likelihood Prior

A — A —

ZSM :/£(98M7 astr079det)7T(HSM7 astroaedet)deSMdeastrodedet

Account for particle-physics + astrophysical + detector uncertainties
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Evidence for BSM
Evidence for SM

Likelihood Prior

A A —

ZSM :/£(98M7 astr079det)7T(HSM7 astroaedet)deSMdeastrodedet

Account for particle-physics + astrophysical + detector uncertainties

Bayes factor =




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.)



Discovering the
Glashow resonance



First observation of a Glashow resonance
Predicted in 1960:

IceCube, Nature2021
Glashow, PR 1960




First observation of a Glashow resonance
Predicted in 1960:

IceCube, Nature2021
Glashow, PR 1960




First observation of a Glashow resonance
Predicted in 1960:

63Pe\> W é hadrons

= 67%

IceCube, Nature2021
Glashow, PR 1960




First observation of a Glashow resonance
Predicted in 1960:

63Pe\> W é hadrons

= 67%

IceCube, Nature2021
Glashow, PR 1960




First observation of a Glashow resonance

Predicted in 1960:

63Pe\> W é hadrons

= 67%

IceCube, Nature2021
Glashow, PR 1960

First reported by IceCube in 2021:




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

st '

L
d I

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:
a%‘ 05 m— Data
hadrons % 047
6.3 PeV 8 03
=~ 67% 5 o
" : ; - : 0

Visible energy (PeV)

IceCube, Nature2021
Glashow, PR 1960




First observation of a Glashow resonance
Predicted in 1960: First reported by IceCube in 2021:

2 I
% 0.5 Data
2 04+
hadrons £
6.3 PeV ® 0.3 -
9 0.
o
g 0.2 -
~ (0] .
67% 5 o
Q
o
0 I [ ) [
5 6 7 8 9

Monte Carlo

MC events in 4.6 yr per bin

IceCube, Nature2021

Visibl P
Glashow, PR 1960 isible energy (PeV)




Neutrino-nucleon
Cross sections



Valera, MB, Glaser, JHEP 2022 —Of-
Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022 Center Of LSS energy \/g [GeV]
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Valera, MB, Glaser, JHEP 2022 —f-
Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022 Center Of mass energy \/g [GeV]
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Valera, MB, Glaser, JHEP 2022 —f-
Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022 Center Of mass energy \/g [GeV]
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Neutrino-nucleon cross section, <5 [10738 cm?]

Center-of-mass energy /s [GeV]

Neutrino energy, E, [GeV]
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Neutrino-nucleon cross section, <5 [10738 cm?]

Center-of-mass energy /s [GeV]

Neutrino energy, E, [GeV]
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Neutrino-nucleon cross section, <5 [10738 cm?]

Center-of-mass energy /s [GeV]

Neutrino energy, E, [GeV]
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Neutrino-nucleon cross section, <5 [10738 cm?]

Center-of-mass energy /s [GeV]
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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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Hussain, Mafatia, McKay, PRD 2008; Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB 2015
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Measuring the high-energy vNN cross section

Number of detected neutrinos (simplified for presentation):

N x P, 0, ve N = (I)VO'VNG_LU”NTLN

—— S
Neutrino flux Cross section
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Measuring the high-energy vNN cross section

Number of detected neutrinos (simplified for presentation):

N o ®,0,ve ™Y =®,0, e LN
N e a—
Neutrino flux ~ Cross section
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(L short — no matter) (Llong — lots of matter)
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Measuring the high-energy vNN cross 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
—— (. ~ 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, PLB 2015




Valera, MB, Glaser, JHEP 2022 —f-
Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022 Center Of mass energy \/g [GeV]
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Valera, MB, Glaser, JHEP 2022 —f-
Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022 Center Of mass energy \/g [GeV]
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Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022
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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
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P
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: 1 gt s
Cross section: g =‘&5~ s
47t (5 —~M2Y + MT?
S
Mediator mass
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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
::;Z. ~ gpvv

Relicvy

I_~\
: el s
Cross section: g =‘&5~ s
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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):

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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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
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(012, 023,613, 6cp)
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(. /)
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Known from oscillation
experiments, to different
levels of precision

(fe.or fu@: fro)



Standard expectation: @
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Power-law energy spectrum o
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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:
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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]
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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]
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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 -
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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%CI)VH [GeVem2s Lsr1]
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@ IceCube HESE (7.5 yr)
@ IceCube v, (9.5 yr)
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All-flavor neutrino flux, E%CI)U” [GeVem2s Lsr1]
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@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)
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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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All-flavor neutrino flux, E%CDVW [GeVem2s Lsr1]

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

Neutrino energy, E, [GeV]
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Article

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
CAICHER

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




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
CAICHER

Deep-seatelescope detects
neutrino with highest
energy ever recorded

y: 22007 PeV
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Redshift g | z=0

At production:
Each source injects
UHECRs
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UHECR sources distributed in redshift (e.g., as star-formation rate)

At production: g —>
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UHECR sources distributed in redshift (e.g., as star-formation rate)

During propagation:
UHECRs deflected by
extragalactic and Galactic

magnetic fields 2
At production:

Each source injects

UHECRS UHE p + nuclei \ \




Redshift g | z=0
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

" CMB/EBL y €, e ) During propagation:
UHECRs lose energy
and photodisintegrate
EeV p Lower- by interacting with cosmic
cnergy p photon backgrounds
Energy loss by pair production J
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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

- \éUHE p + nuclei ; \‘

,—~\

Cosmogenic “e“trmos
' CMB/EBLY €, 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
{ Photohadronic interaction
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All-flavor neutrino flux, E%CDVH [GeVem2s Lsr1]

@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)
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All-flavor neutrino flux, E?,CI)VH [GeVem 25 1sr 1]
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All-flavor neutrino flux, E%CI)VW [GeVem 25 1sr 1]

@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)
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Radio emission: geomagnetic and Askaryan

Geomagnetic

' Shower Axis
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Shower Front

» Time-varying transverse current
» Linearly polarized parallel to Lorentz force

» Dominant in air showers

Askaryan
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£ ¥ shower Axi
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N Shower Front

S
» Time-varying negative-charge ~20% excess
» Linearly polarized towards axis

» Sub-dominant in air showers

Figures by H. Schoorlemmer and K. D. de Vries
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S . South Pole Station
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R : Askaryan radiation
Central Station
Electronics
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Vpo| antennas
Antenna
clusters

IceCube-Gen?2, /. Phys. G2021 ARA / WIPAC
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Radio emission

* Bow-tie design, 3 perpendicular arms

% * Antenna optimized for horizontal showers

* Frequency range: 50-200 MHz . %\\
« Inter-antenna spacing: 1 km Wi Ve



@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)

Valera, MB, Glaser, PRD?2023

Neutrino energy, E, [GeV]
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@ IceCube HESE (7.5 yr)
@ IceCube vy (9.5 yr)
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@ IceCube HESE (7.5 yr) extrapolated
@ IceCube vy, (9.5 yr) extrapolated
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T Heinze et al., fit to Auger UHECRs
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@ IceCube HESE (7.5 yr) extrapolated
@ IceCube vy, (9.5 yr) extrapolated

Bergman & van Vliet, fit to TA UHECRs

Valera, MB, Glaser, PRD?2023

Neutrino energy, E, [GeV]

T Heinze et al., fit to Auger UHECRs
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@ IceCube HESE (7.5 yr) extrapolated
@ IceCube vy, (9.5 yr) extrapolated

Bergman & van Vliet, fit to TA UHECRs
Rodrigues et al., all AGN

Valera, MB, Glaser, PRD?2023

Neutrino energy, E, [GeV]
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@ IceCube HESE (7.5 yr) extrapolated
@ IceCube vy, (9.5 yr) extrapolated

Bergman & van Vliet, fit to TA UHECRs
Rodrigues et al., all AGN

Valera, MB, Glaser, PRD?2023

Neutrino energy, E, [GeV]

T Heinze et al., fit to Auger UHECRs QRodrigues et al., all AGN
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IceCube HESE (7.5 yr) extrapolated
y p
@ IceCube vy, (9.5 yr) extrapolated
iz y p

Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs

Rodrigues et al., all AGN

Valera, MB, Glaser, PRD?2023

Neutrino energy, E, [GeV]
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T Heinze et al., fit to Auger UHECRs QRodrigues et al., all AGN
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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs
@ IceCube vy, (9.5 yr) extrapolated Rodrigues et al., all AGN
Heinze et al., fit to Auger UHECRs QRodrigues et al., all AGN
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@ IceCube HESE (7.5 yr) extrapolated

@ IceCube vy, (9.5 yr) extrapolated

Heinze et al., fit to Auger UHECRs

Bergman & van Vliet, fit to TA UHECRs
Rodrigues et al., all AGN
QRodrigues etal., all AGN

Rodrigues et al., HL BL Lacs

@Fang et al., newborn pulsars

@ Fang & Murase, cosmic-ray reservoirs
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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani et al., BL Lacs

@ IceCube vy, (9.5 yr) extrapolated Rodrigues et al., all AGN © Fang & Murase, cosmic-ray reservoirs
Heinze et al., fit to Auger UHECRs QRodrigues et al., all AGN @Fang et al., newborn pulsars
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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani et al., BL Lacs

@ IceCube vy, (9.5 yr) extrapolated Rodrigues et al., all AGN € Fang & Murase, cosmic-ray reservoirs () Muzio et al., maximum extra p component
Heinze et al., fit to Auger UHECRs QRodrigues et al., all AGN @Fang et al., newborn pulsars
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Tests at ultra-high
energies (> 100 PeV)



Cross sections
at UHE
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violation at UHE



Lorentz-invariance violation — from superluminal speeds

KM3NeT Collab., Commun. Phys. 2025
|

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

A superluminal v loses energy via
pair production, i.e.,
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E
Excess over light speed: d=c¢,-1 g 10-2! 4
- 3
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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




A global network of
neutrino telescopes
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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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Backup slides



Source discovery potential: today and in the future
Bl Accounts for the observed diffuse v flux (lower/upper edge: rapid /no redshift evolution)

Closest source with £ G, +5, = 107 GeVem 2g71

effective local density peg [Gpc_?’]

Ackermann, MB ef al,, Astro2020 Survey (1903.04333) — See also: Silvestri & Barwick, PRD?2010; Murase & Waxman, PRD 2016
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Using high-energy neutrinos as magnetometers
If sources have strong magnetic fields, charged particles cool via synchrotron:

MB, Tamborra, PRD 2020
Winter, PRD 2013
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Using high-energy neutrinos as magnetometers
If sources have strong magnetic fields, charged particles cool via synchrotron:
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Discovering the diffuse flux of UHE neutrinos
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Discovering the diffuse flux of UHE neutrinos
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No unitarity? No problem

k/gc;ndard oscillations, XO 0.0
Alltegions997% CR.

B [ W 2020: NuFit 5.0
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What does neutrino decay change?

Flavor composition

Flavor content of mass eigenstates:

Flavor content © Vary 0;,3¢cp
Known to within 2% NH 0.1 0.9 Best Fit
0.2 16
0.8
W30
s 0.7
0.4 06

| Uoci |2 =] U(xJ(elZI 923, e13/ 6CP) |2 ) 2
A V™ o6 v ol

Known to within 8%

0.9
Known to within 20%

(or worse)

0 01 02 03 04 05 06 07 08 09 1

2
MB, Beacom, Winter PRL 2015 | U el |



Precision in flavor




Astrophysical sources Earth
| Up to a few Gpc \

l
Eg.,

Oscillations change the number
T .
of v of each flavor, ., N, /.
Ditferent production mechanisms yield different flavor ratios:
(fe,s, lﬁ,s, ﬁ,s) = (jVe,s, M,s, M,S)/ Niot

Flavor ratios at Earth (o = ¢, 1, 1):

foz,@ — Z PVB—H/& fﬁ,S

B=e,u,T



Astrophysical sources Earth
| Up to a few Gpc

Eg., Eg,
Oscillations change the number
of v of each flavor, ., N, /.

Ditferent production mechanisms yield different flavor ratios:
(fe,s, lﬂ,s, ﬁ,s) = (jVe,s, M,s, M,S)/ Not

: - . O
Flavor ratios at Eartm, 7): S eaaTimions,
Ja® = Z PVB—H/& fﬁ,S i ol

new physics
B=e,u,T T T
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, /JCAP2021
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Measuring flavor composition: 2015-2040
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, /JCAP2021
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, /JCAP2021
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Measuring flavor composition: 2015-2040
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Mixing parameter
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Measuring flavor composition: 2015-2040
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, /JCAP2021
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Measuring flavor composition: 2015-2040
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Measuring flavor composition: 2015-2040

Song, Li, Argtielles, MB, Vincent, /JCAP2021
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How knowing the mixing parameters better helps
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How knowing the mixing parameters better helps

— IceCube 15 yr (68%, 95%;, 99.7% C.R.)
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Theoretically palatable regions: 2020 — 2040
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Neutrinos from the
Milky Way



Neutrinos from the Galaxy

1 Vitagliano, Tamborra, Raffelt, RMP 2019
10 LLI T |||I'I'I'| T |||||'|'|'| T ||||||'I| T |||||g
107 q
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1074
107°
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10—9 R RTTTT RN ETTT B R AT BRI B ST 177 R R MW a1
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Energy E [GeV]

See also: Beacom & Candia, [CAP 2004




Neutrinos from the Galaxy

Vitagliano, Tamborra, Raffelt, RMP 2019
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See also: Beacom & Candia, [CAP 2004




Neutrinos from the Galaxy

Vitagliano, Tamborra, Raffelt, RMP 2019
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20 times more events, % 10 :[
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See also: Beacom & Candia, [CAP 2004




Neutrinos from the Galaxy: IceCube PeSICRC2025)1130 + Tolk July 23

Improvements without template fitting

Divide the Galactic Plane into 3 generic segments

™ [other segmentation schemes, too (e.., 2, 6)]

3 Segment$

Same cascade sample as 2023 discovery

\Oh Same unbinned maximum likelihood
/ ... but now segmented

In each segment: single power law

Fit flux normalization and spectral index

+8° width in Galactic latitude Note: No systematics yet
-40° < Galactic longitude < 40°




Neutrinos from the Galaxy: IceCube RS 20251150 « TolJuly 21

Improvements without template fitting

75°
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Inner galaxy
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Neutrinos from the Galaxy: IceCube PeSICRC2025)1130 + Tolk July 23

Improvements without template fitting
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Neutrinos from the Galaxy: IceCube PeSICRC2025)1130 + Tolk July 23

Improvements without template fitting
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Constraints from the gamma-ray background

» Production via pp: vand gamma-ray Murase, Ahlers, Lacki, PRI2013

spectra follow the CR spectrum £*

| HH HESE (3yr)
H—% arXiv:1410.1749
» Gamma-ray interactions on the CMB e R B 1GRB G0

make them pile up at GeV

» Fermi gamma-ray background is not
exceeded only if I' < 2.2

E%J [GeVem 2s1sr 1]

» But IceCube found I' = 2.5-2.7

{573 pp scenario
SFR evolution

» Therefore, production via pp is distavored | |
between 10-100 TeV 107 1072




Diffuse v flux:
beyond the power law



V. Basu, A. Balagopal, A. Karle,

Diffuse TeV-PeV v flux: IceCube PoS(ICRC2025)985

1 — New all-flavor flux measurement at 1 TeV-10 PeV

i Preferred over SPL at... : 106 :
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Diffuse TeV-PeV v flux: IceCube

2 — New measurement using cascades at > 10 TeV

ey
T —*— Cascade 11 year (this work)

240 -#-- Cascade 6 year, PRL 125 (2020) 121104
— 2

| - Starting Tracks 10.3 year, PRD 110 (2024) 022001

) —&- Northern Sky Tracks 9.5 year, ApJ 928 (2022) 50
CT 351 —-¥- Inelasticity 5 year, PRD 99 (2019) 032004

E - » - HESE 7.5 year, PRD 104 (2021) 022002

O - MESE 11.4 year, Vedant Basu (2025), PhD Thesis
70 © - Combined Fit 11 year, PoS(ICRC2023) 1064

o ETE
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g 151 .
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1‘ é’é [ceCube Preliminary

K1 1.0 1 68% Confidence Intervals

2.2 24 2.6 2.8 3.0

Z. Chen, Z. Zhang, ]. Kiryluk (for IceCube)
PoS(ICRC2025)1011
11 yr of cascade data 11118

Cascades (v,, v, U;) and double cascédes (vr)

Background to double-cascade search:
v, charged-current cascades
L., U,, Ur neutral-current cascades
v, starting tracks

Extra cuts to find double cascades (+ self-veto):

total energy > 10*> GeV
inter-cascade length > 10 m

energy asymmetry

Produce v.-enriched sample with 90% v. purity
(Great for flavor measurements, see later)




Z. Chen, Z. Zhang, ]. Kiryluk (for IceCube)

Diffuse TeV-PeV v flux: IceCube PoS(ICRC2025)1011

2 — New measurement using cascades at > 10 TeV

| Cascade 11 year (this work) 11 yr of cascade data : 4 4 !

2 2h -#-- Cascade 6 year, PRL 125 (2020) 121104 R R

| ~4 Starting Tracks 10.3 year, PRD 110 (2024) 022001 '

7 —&- Northern Sky Tracks 9.5 year, ApJ 928 (2022) 50 Cascades (Uel Uy, UT) and double cascades (UT)
CT 35 -¥- Inelasticity 5 year, PRD 99 (2019) 032004

E - » - HESE 7.5 year, PRD 104 (2021) 022002 / \

O - MESE 11.4 year, Vedant Basu (2025), PhD Thesis ) .
T e - Combined Fit 11 year, PoS(ICRC2023) 1064 Single-power-law (SPL) fit to data,
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UHECR anisotropy




Redshift g | z=0

Extragalactic B~ nG (?) Galactic B~uG

. 5/1«4

A

o

Not to scale



Scattering on magnetic fields

Faraday rotation: Polarization of e.m. Galactic B "’HG
waves
by magnetized plasma Ay = RM - \?

—100

Milky Way electron density ~ TN
L J
)N\ B(l
RM:O.Sl/ (”(2}))( ) )
o \cm° )i\ uG

Jansson & Farrar, Ap/2012




Scattering on magnetic fields

Galactic B ~uG
Galactic deflections of 60-EeV protons

L
5~ 16°7 20 EeV / dL B
E o 3kpc \2uG

Auger Collab., Astropart. Phys.

2007
Jansson & Farrar, Ap/2012



Redshift g | z=0
Extragalactic B~ nG (?)
y % —
UHE p + nuclei N
é —4 [
Larger charge bends more Longer trajectories bend more Magnetic field intensity

s gy (10 EV L N/ Lo """ Boms
rms E 10 Mpc Mpc nG

\ ~

Larger charge bends more L. field coherence length
Sigl, Miniati, Ensslin, PRD 2004
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Larger charge bends more Longer trajectories bend more Magnetic field intensity
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Larger charge bends more L. field coherence length
Sigl, Miniati, Ensslin, PRD 2004




UHECR anisotropy

How do we know that UHECRs have an extragalactic origin?

Their energies are so large that their Larmor radius cannot be contained
by the Milky Way

E 1018 eV
S °Y 100 kpe

Ry = ~
L7 eB e x 1 uG

a We can look at the distribution of arrival directions of UHECRs



UHECR anisotropy
Flux of UHECRs > 8 EeV (Auger, 12 years of data!):

Galactic coordinates

Auger Collab., Science 2017
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UHECR anisotropy
Flux of UHECRs > 8 EeV (Auger, 12 years of data!):

-90 More UHECRS come
from this direction:
Auger Collab., Science 2017 away from the GC

Galactic coordinates
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UHECR anisotropy
Flux of UHECRs > 8 EeV (Auger, 12 years of data!):

Fewer UHECRs come 90 546
from this direction R~ e

=
N
DO
I_.IK (IS Y
XN[q

______________
-------

"-.__ ik 0.38
-90 More UHECRS come

from this direction:

Auger Collab., Science 2017 away from the GC

Galactic coordinates



UHECR anisotropy
Flux of UHECRs > 8 EeV (Auger, 12 years of data!):

Fewer UHECRs come 90
from this direction e

Dipole with amplitude of 6.5% | |
5.2 significance R

Galactic coordinates —
-90 More UHECRSs come
from this direction:
Auger Collab., Science 2017 away from the GC!

0.46

0.38



UHECR source
population



Luminosity density of UHECR sources
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Luminosity density of UHECR sources

[
<
=

E*°F(E) [GeV"® m2 s sr-1]
(S
—

1 L1111 1 11 111
10 10" 10" 10" 10" 10

UHECR luminosity density above 5 X 10 eV:

CR energy density (measured)

ECR QCR =
Typical CR energy-loss time (estimated)

~5 X 10* erg Mpc™ yr!

E [eV]




Luminosity density of UHECR sources
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Luminosity density of UHECR sources
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Luminosity density of UHECR sources
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Luminosity density of UHECR sources
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Relation between
UHECR and e.m.
emission is uncertain
and model-dependent



UHECR
propagation



CaICUIatlng the UHECR fluX at Earth a: Scale factor n,: Real number density

r—

Comoving number density of protons (GeV™' cm™): Y, (E,z2) = ag(z)”p(E ,2) = (1+2)°

ny(E, 2)




CaICUIatlng the UHECR fluX at Earth a: Scale factor n,: Real number density

r—

Comoving number density of protons (GeV' cm?): Y, (E, 2) = a’(z)n,(E, z) = (1+2)

ny(E, z)

Solve a propagation equation:

Yp — aE(HEYp) + aE(be"‘e_Y;?) + aE(bpq/va) + £CR,




CaICUIatlng the UHECR fluX at Earth a: Scale factor n,: Real number density

r—

Comoving number density of protons (GeV™' cm™): Y, (E,z2) = ag(z)”p(E ,2) = (1+2)°

ny(E, 2)

Solve a propagation equation:
Yp — aE(HEYp) + 8E(be+e_Y;7) + aE(bpquvp) + ECR
v
o
Energy loss due to adiabatic
cosmological expansion




CaICUIatlng the UHECR fluX at Earth a: Scale factor n,: Real number density

r—

Comoving number density of protons (GeV™' cm™): Y, (E,z2) = ag(z)”p(E ,2) = (1+2)°

ny(E, 2)

Solve a propagation equation: Energy loss rates:h = — e

dt
Yp — aE(HEYp) + 8E(be+e_Y;)) + aE(bzoq/Y})) + ['CR,
v
-
Energy loss due to adiabatic
cosmological expansion




CaICUIatlng the UHECR fluX at Earth a: Scale factor n,: Real number density

r—

Comoving number density of protons (GeV™' cm™): Y, (E,z2) = ag(z)”p(E ,2) = (1+2)°

ny(E, 2)

Solve a propagation equation: Energy loss rates: b = _ek

dt
= 3E(HEY ) + 8E (bete-Yp) + 0r(bpyYy) + Lon

— Ki
o
Energy loss due to adiabatic =~ Energy loss due to

cosmological expansion pair production:
pty—opt+e+e




CaICUIatlng the UHECR fluX at Earth a: Scale factor n,: Real number density

1
Comoving number density of protons (GeV-' cm?): Y,,(E, z) = a’(2)n,(E, z) = mnP(E ,2)
Solve a propagation equation: Energy loss rates:b = — C;_f

— aE(IJEDYV ) + 8E e+e ) + 8E(mep) + £CR

]

Energy loss due to adiabatic Energy loss due to Energy loss due
cosmological expansion pair production:  to photohadronic int.:
p+ty—pte+e p+y—p+n

p+y—n+mn
+ other process
+ nbeta-decay into p




CaICUIatlng the UHECR fluX at Earth a: Scale factor n,: Real number density

1
Comoving number density of protons (GeV' cm?): Y, (E, 2) = a*(2)n,(E, 2) = mnp(E ,Z)
Solve a propagation equation: Energy loss rates:b = — C;_f
= 8E(HEY ) + 8E e+e ) + 8E(mep) + ﬁCR
o
Energy loss due to adiabatic Energy loss due to Energy loss due Cosmic-ray injection
cosmological expansion pair production: ~ to photohadronicint.: by UHECR sources

p+ty—pte+e p+y—p+n
p+y—n+mn
+ other process

+ nbeta-decay into p




CaICUIatlng the UHECR fluX at Earth a: Scale factor n,: Real number density

r—

Comoving number density of protons (GeV™' cm™): Y, (E,z2) = a3(z)np(E ,2) = (1+2)°

ny(E, 2)

Solve a propagation equation:
Y, = Op(HEY,) + 0p(bete-Yp) + 05 (b Yy) + Lon

Recast in terms of redshift using

dz

— =—(1 H

= = —(1+2)H(2)
with Hubble parameter

H(2) = Ho/Qn (1 + 2)3 + Qp




CaICUIatlng the UHECR fluX at Earth a: Scale factor n,: Real number density

r—

Comoving number density of protons (GeV™' cm™): Y, (E,z2) = a3(z)np(E ,2) = (1+2)°

ny(E, 2)

Solve a propagation equation:
Y, = Op(HEY,) + 0p(bete-Yp) + 05 (b Yy) + Lon

Recast in terms of redshift using

dz

— =—(1 H

= = —(1+2)H(2)
with Hubble parameter

H(2) = Ho/Qn (1 + 2)3 + Qp

-1
(14 2)H(2)

asz(Ev Z) — {8E(H(Z)EYP(E7 Z)) + 8E(beﬂa— (Ev Z)Yp(Ev Z))

+ Op(bpy (E,2)Yp(E, 2)) + Lor (L, 2) }




CaICUIatlng the UHECR fluX at Earth a: Scale factor n,: Real number density

r—

Comoving number density of protons (GeV™' cm™): Y, (E,z2) = CLB(Z)np(E ,2) = (1+2)°

ny(E, 2)

Solve a propagation equation:
Y, = Op(HEY,) + 0p(bete-Yp) + 05 (b Yy) + Lon

Recast in terms of redshift using

(4 2)H()
with Hubble parameter

H(2) = Ho/Qn (1 + 2)3 + Qp

-1
(1+2)H(2)

asz(Ev z) = {8E(H(Z)EYP(E7 2)) + Op(be+e- (F, Z)Yp(Ev z))
+ Op(bpy(E, 2)Yp(E, 2)) + Lor (L, 2)}

Evolve this equation from z,, ~ 4 to Earth (z=0)




Calculating the UHECR flux at Earth

1
(14+2)H(z2)

0.Y,(E, z) = {0p(H(2)EY,(E, 2)) + O (be+e- (E, 2)Y,(E, 2))

+ 8E<bp7(E7 Z)Yp(Ev Z)) + £CR<E7 Z)}
Cosmic-ray injection by UHECR sources

Each source injects UHECRSs The number density of sources
with a spectrum (GeV™ s™) evolves with redshift (Mpc?)

60

Qcr(E) x E Ve E/Emax

A
,,11’ \\
50 [ ,/'
’
’
______
GRB
’
40}
s
7
2
’
’
’
I ’
1/

Her(z)
Lon = Qer(B(L+ 2)Her(z)e—" o/

0




Calculating the UHECR flux at Earth

—1

Yo E.2) = T HG)

{96(H(2)EY,(FE, 2)) + 0p(bet - (E, 2)Yp(E, 2))
+ 8E<bp7(E7 Z)Yp(Ev Z)) + £CR<E7 Z)}

Adiabatic cosmological expansion

Energy at production

Energy at Earth =
1+2z




Calculating the UHECR flux at Earth

—1
0.V, 2) = Gy s 105 (HEY,(B.2)) + O ber (B, 2)V,(B.2)
+ 05 (bpy (B, 2)Yp(E, 2)) + Lor(F, 2)
Interaction with cosmological backgrounds
(pair production + photohadronic)
p+v—A
3
10°] — omB ¢ — Blackbody spectrum Energy threshold to produce
10!} ---- CIB1 ]
«I’T 100 (Franceschiniet al.) ) a A(1232) resonance:
E | e CIB2 L —
i 1071} (Stecker et al.) ‘w‘f‘\‘ Pp + Py =PA
= 1072 Y ~ , o
< oo %, & Optical/UV emission
y . , 1 from stars, reprocessed
10 y % | intoinfrared by dust
107 Voo E,E, ~0.16 GeV?
107 50 —18  —16 _'1'; 12 —10 —I8‘ 6 (We will use this later, too)




Calculating the UHECR flux at Earth

we—
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NeuCosmA2012

105.

ol L) = H'(2) o (142)7%?

103t adiabatic

[Mpc]

102.

L=-

101.

Energy loss length
e B
b

100.
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Calculating the UHECR flux at Earth

we—

106_

NeuCosmA2012

105.

ol L) = H'(2) o (142)7%2

103k adiabatic

[Mpc]

102.

L=-

101.

Energy loss length
e B
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100.

1071} ==-- 2 =6
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Calculating the UHECR flux at Earth
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Calculating the UHECR flux at Earth

13
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Calculating the UHECR flux at Earth

107 :
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Calculating the UHECR flux at Earth

107
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105.
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The shorter the
energy loss length,
the faster the
UHECR proton
loses energy
during
propagation




Calculating the UHECR flux at Earth
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Calculating the UHECR flux at Earth

107 .
100} é
O
5 104 . .
0 Greisen-Zatsepin-
Q .
i) . - Kuzmin (GZK)
92) = .
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Calculating the UHECR flux at Earth
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Calculating the UHECR flux at Earth

107 f—r————————————— .
=i CIB number density is
I il < CMB number
. =N 3| density, so there are

105} 1 fewer UHECR
< ) interactions on CIB
50 104} X _
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Calculating the UHECR flux at Earth

The redshift evolution
of CIB is more
complex than CMB

[Mpc]

Energy loss length
e B
L=-
b

w——m--m

3
~~~
.....

NeuCosmA2012

~
________

103.

102.
101.
100.
z=0
1071} ==-- 2 =6
10—2 ........................
8 9 10 11 12 13

CIB number density is
< CMB number
density, so there are
fewer UHECR
interactions on CIB
photons (b < Do)




Calculating the UHECR flux at Earth
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Calculating the UHECR flux at Earth

107 -
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7 106 £
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10° é 105 L T < i
: CIB only
10°
104}
10* é — e— N s e e e
= [&]
2 = . .
s 10 Faster = 103} adiabatic
M|  [TTTTTTTTTTTTTTTRYTTTTTTTTTTT T SUTUTTYTD . o L peeeesccscsssssssscsccceseee e e e cmmmmm e m e e — e —————
e b energy- ¥|- |
X loss 102
1 Il
. process A
109 dominates 10T s,
107!
100We use these \ e B R
102 - - - - to solve the 9
8 9 10 11 12 13 . .
1og( E ) 107"} propagation el
G V «c . TTSSSooCESSS oo IOEDEEEER
) equation
10—2 L L L 1 L s L 1 L 1 1
8 9 10 11 12 13




The Universe is opaque to UHECRS
Target photon spectra (at z= 0):

Photohadronic processes:
CMB: Microwave (black body, <e> ~ 0.66 meV)\

PYy+Yy oo
p+ 2
10°f — CMB
+y—>A—> .
Py n+ T — 10} === CIB1
N V11 + Vp + Ve + et 100 (Franceschiniet al.) N
------ CIB2 R

Pair production: (Stecker et al.)

“en
s
g

pry—optrte+e

en, (g 0) [cm"3]

p— (U [ [a—y
e & © o
LA b b L

Greisen-Zatsepin-Kuzmin (GZK) cut-off:

-5
0.16 GeV? o
PR N2 10 GeV 10-0L— - . ¥ . .
0.66 meV -20 -18 -16 -14 ~-12 -10 -8 |-6
(Assuming only photohadronic interaction) log (Gev)

Accounting also for pair production and CMB width: CIB: optical (stars) + infrared (dust remission)

Ey=~5- 1010 Gev n(2) = (1+2)* n(z=0) (exact only for CMB)

Greisen PRL 1966; Zatsepin & Kuzmin, /E7TP1966



The Universe is opaque to UHECRS

Photohadronic processes:
Py+y
p+
PtY=A—=>Ypn4m
LV, +V, + V. + e
Pair production:

pry—optrte+e

Greisen-Zatsepin-Kuzmin (GZK) cut-off:

N 0.16 GeV?
P™0.66 meV

(Assuming only photohadronic interaction)

~ 2101 Cev

Accounting also for pair production and CMB width:

Ep~5-101 Gev

Greisen PRL 1966; Zatsepin & Kuzmin, /E7TP1966

Mean free path:

(n,{0),)" = (413 cm™ x 200 pbarn)’
~ 10® cm
=~ 4 Mpc

Energy-loss scale:
L=(E/AB)(n,{0),)"

(1/0.2) x 4 Mpc
20 Mpc

R

A more detailed calculation yields

Ly = 100 Mpc




The Universe is opaque to UHECRS
107 —— . .
Photohadronic processes: =
100} )
Py+y :
P + 1Y 105l Z1
PHY—=A>Ypnt
bV, + Vv Fve+e 0 NS NN
. . 3
Pair production: s 10
al . e R
p+y—pt+e+e “lf ol !
I Nl S T
. . . e | N A
Greisen-Zatsepin-Kuzmin (GZK) cut-off: = ol S \ o TR
Seo \ - S
016 GGVZ 11 SN —————- —‘i: """"""
PR o mey 2 GV 10°} L i
. — 2z=0 L
(Assuming only photohadronic interaction) 101} - z=6 .
. . ) A e n decay TSRS B
Accounting also for pair production and CMB width R
8 9 10 11 12 13
Ep~5-101 Gev

E
log
Greisen PRL 1966; Zatsepin & Kuzmin, JETP1966 GeV




The Universe is also opaque to PeV gamma rays

Pair production: 4 1 TeV 1 PeV 1 EeV
10 Ellllllﬂ]\i‘.‘lilllllﬂ'l ||||||IT| T 111 |||||I'ﬂ |||||nT| |||||nT| |||||nT| ||||||IT| ||||||EE
Yastro T Yeosmo = € + € = “t‘ : .
103 E \'\i\‘ix : =
Inverse Compton scattering: RS : =
i N ‘ i
e + — et + o[ ' §
Veosmo v 10 - \'\\1\ i Thisis why g
» \ (] -

PeV gamma rays cascade down to MeV-GeV: Y L Calacti detect
Q = K =
= 2 au T 2 10 2 \\“2.\ i PeVatrons E
LR Total EGB = [ o :
5 - 3 L . 0 _
'c = . < 10 g | 0 3
o - N - | 0 -
> . s R ] .
= 104k = 1] : / |
w - E 10 F Lo E
% o Formi LAT, 50 months, (FG model A) E N glsltartl,ce Cto ¢ : ]
T i ——a—— Fermi LAT, 50 months, (FG model B) 10'2 = - _a_a_c_ls__ezl_e_r ___________________ =
10° = ——— Fermi LAT, 50 months, (FG model C) 3 E : §
- | | Galactic foreground modeling uncertainty ; B : i

: Fermi LAT, resolved sources, |b|>20> (FG model A) | 10_3 ll()l |||||,|,| 11 |l|l|,|,| 1|2| |||l|_|l 11 ||||_|_|,| 1l4|. | |||_d 11 ||||_|_|J 1|6ll|||_|_|J 11 llll_I_IJ 1|8| ||l||,|J L 20
RS S0 D S S | 10 10”7 10" 10 10® 10
Energy [MeV] Venters, Ap/2010 Energy [CV]
Fermi-LAT, Ap/2015



Calculating the UHECR flux at Earth

Putting it all together...
—1
821/29(E7 Z) — (1 + Z)H(Z) {aE(H(Z)EYp(Ea Z)) + aE(beJre_ (E7 Z)Yp(Ev Z))
+ 0p(bpy (B, 2)Yp(E, 2)) + Lor(F, 2)}
Evolve
numerically
fromz_ . ~4

to Earth (z=0) \

Diffuse UHECR proton flux at Earth (GeV™' cm? s sr):

C
JP(E) = Enp(EaZ = 0)

This factor converts density to ﬂux_j




Calculating the UHECR flux at Earth

103 —

E3 J, [GeVPem ™2 57! sr!]

101 i

« HiRes-I = HiRes—II &

[ |
'*$+:4+

RETR N M

dip model, y = 2.5, SFR, CIBI

Epmax = 10°%° eV

8 9 10 11 12

Old UHECR
data (just as
example)




Calculating the UHECR flux at Earth

Compare our predicted flux to the measured flux:

Flux normalization Flux data points

i data 3 3 HiRes \ 2 2
E3J,(Jy0) — (E3.J,). 5
Ty, 65) = ( - O_< ) ) +(—J§)

Energy shift (nuisance) Uncertainty of +th data point ~ Systematic energy uncertainty

Minimize the function with respect to /,, and ¢,

Note: This is a simplified setup; in reality, many flux parameters are jointly varied




Calculating the UHECR flux at Earth

Compare our predicted flux to the measured flux:

Flux normalization

Flux data points “Pull term”

. 2 /// \\\

i data 3 3 HiRes / A\

2 J 5 = L Jp(Jp,O) - (E ‘]p)i ! Or \
X*(Jp0,08) = ) t{—

: 0 \\9E/ /

/\—7’_, ¢ — \\\ //,

Energy shift (nuisance)

Uncertainty of /th data point ~ Systematic ené-r_gy uncertainty

Minimize the function with respect to /,, and ¢,

Note: This is a simplified setup; in reality, many flux parameters are jointly varied




Calculating the UHECR flux at Earth

103 —

* HiRes-I * HiRes-II

dip model, y = 2.5, SFR, CIB1

Epmax = 1027 eV
101 L L 1 L L L L 1 L L L L 1 L L L L 1 \ L




Redshift g

UHECR sources distributed in redshitt (e.g., as star-formation rate)

: z=0
During propagation:
UHECRs deflected by
extragalactic and Galgctic Detection:
magnetic fields UHECRs detected
at Earth
At production:
Each source injects
UHECRs
": "[/ \‘+- ___’_ .
—————— y VT Cosmogenic neutrinos
CMB/EBL y 7 / e, e E‘. ' CMB/EBLY During propagation:
W \ EeV v UHECRSs lose energy
A A “Cosmosenic” | and photodisintegrate
EeV p Lower- EeV p 5 by interacting with cosmic
Cnergy p photon backgrounds
Energy loss by pair production { Photohadronic interaction

-




What about the cosmogenic neutrinos?

Co-evolve UHECRSs and cosmogenic neutrinos:

—1
UHECRs: 0.Y,(E,z) = 1T 900 {0(H(2)EY,(E,2)) + Op(bet+- (E,2)Y,(E, 2))
+ 8E(bm(Ea Z>YP(E7 z)) + Ler(E, 2)}
L B —1
Neutrinos: 0.Y,(F,z) = 1T HG) {0p(H(2)EY,(F,2))+ L,(E, 2)}

Note: We can propagate gamma rays by adding an additional equation for them
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0.01 GeV
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Let’s put this to test »
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Cosmogenic neutrinos
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Cosmogenic neutrinos—they come from afar
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Direction-dependent
LIV in flavor



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?

y
4
y
4 >

Energy- and direction-
dependent attenuation
inside the Earth

(Mostly

Undo attenuation and detector effects to infer flavor skymaps

Telalovic, MB, J[CAP 2025




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

Y Vi v

Telalovic, MB, J[CAP 2025




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,

Telalovic, MB, JCAP 2025




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) ...

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

@ @ @ ... we infer the directional dependence of
— :
[ : ) the diffuse fluxes of v, v, v,

Telalovic, MB, JCAP 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

\ spectrum a la CMB

/ There is no sign of flavor anisotropy \

%
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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, J[CAP 2025



Anisotropic Lorentz-invariance violation makes the flavor sky anisotropic:
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Neutrino oscillation probablhty becomes direction-dependent
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Anisotropic Lorentz-invariance violation makes the flavor sky anisotropic:

Hyor = vac+Z H{7\ = Hyae + B ?’Z Z Y™ () (alg)om
=0 m=—4¢

Neutrino oscillation probablhty becomes direction-dependent

foo fue

fT,@ /

All-sk . 4
Equatorial ¥ ean 4 >
:_ :_ & NolT7 CY—
0.00 0.30 1.00 0.00 0.36 1.00 0.00 0.34 1.00

For dimension-5
’ CPT-odd LIV coefficient
Upper limits from accelerator v (MINOS): <10%-10"° GeV~!
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Anisotropic Lorentz-invariance violation makes the flavor sky anisotropic:

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

Neutrino oscillation probablhty becomes direction-dependent

foo fue
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All-sk . 4
Equatorial ¥ ean 4 >
:_ :_ & NolT7 CY—
0.00 0.30 1.00 0.00 0.36 1.00 0.00 0.34 1.00

For dimension-5
’ CPT-odd LIV coefficient
Upper limits from accelerator v (MINOS): <10%-10"° GeV~!

Upper limits from 7.5-year HESE: <107 GeV™

Telalovic, MB, J[CAP 2025



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)

LIV coefficient, | (agf))% | [GeV]  Measured flavor ratios at Earth: ~ Benchmark flavor composition at the sources:
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Disfavored at 95% C.L. from flavor isotropy (this work, using IceCube 7.5-year HESE)
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Do neutrinos
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




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

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

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

’_J

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

... but v that travel longer L are more attenuated!
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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
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Quantum-gravity
decoherence



It is re-radiated with its
wave function collapse
or its phase perturbed
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a virtual black hole
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Phase
perturbation
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Unperturbed

'+ Averaged oscillations 1:1 flavors

VVBH: Flavor state selected
Individual v
== = Average
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VWBH: Phase perturbation
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The density matrix p of the neutrino system evolves as

Standard unitary time evolution x ( Non-unitary unitary time evolution

D[P] ( pv P )bu
p = —ilH, p] — Dlp]

Gell-Mann
matrices




The density matrix p of the neutrino system evolves as
Non-unitary unitary time evolution

Standard unitary time evolution x (
Dlp] = (D p”) "

p = —ilH, p] — D[p]
.. Gell-Mann
(" Phase perturbation: A £ matrices
Dphase — diag(O,F,F,O,F,F,F,F,O) ;
N

(L > 1/T": incoherent sum of mass eigenstates)

< State selection:
Dgtate = diag(0, T, T, T, ", ", ', T, T')

(L > 1/T: democratization of mass eigenstates
or flavors) Y,

\



The density matrix p of the neutrino system evolves as
Non-unitary unitary time evolution

Standard unitary time evolution x (
Dlp] = (D p”) "

p = —ilH, p] — D[p]
.. Gell-Mann
(" Phase perturbation: A £ matrices
Dphase — diag(O,F,F,O,F,F,F,F,O) ;
N

(L > 1/T": incoherent sum of mass eigenstates)

I'(E,) =T (—)
Ly < State selection:
Dgtate = diag(0, T, T, T, ", ", ', T, T')

(L > 1/T: democratization of mass eigenstates
\_ or flavors) Y,




Use ~300k IceCube atmospheric v, with 0.5-10 TeV

107794 -
Strongest constraints to date

L,
I'E,)) =1 —
(E,) =T 7

Mo (Eo = 1GeV) [eV]
=
9
=
-0

-6 Phase Perturbation
10 i 8 12K (2020)
A SuperKamiokande (2000)
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— State Selection
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Use ~300k IceCube atmospheric v, with 0.5-10 TeV

Strongest constraints to date

1.0

@ 71 decay: (1:2:0)g
09 @O pu-damped: (0:1:0)g
A ndecay: (1:0:0)g

How about using astrophysical TeV—PeV v?

State selection yields vervgv,e = 1:1:1

Problem: this matches the standard expectation ——h——h—K—
All regions at 68% C.L. or C.R.

Phase perturbation yields something different 00 01 02 03 04 05 06 07 08 09 10
Could be worth exploring Fraction of Ve, fo




LIV from a
high-energy v flare



DESY



DESY



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

=
@
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Q1
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)
a1

I

Neutrino propagation

Modified by
Lorentz-invari

--- Standard

ance violation

Number of neutrinos detected in a flare (normalized)

More asymmetric
(higher’skewness)
/7

-
-
e,

Uniform distribution

MB, Ellis, Konoplich, Sakharov, PRD 2025
|

\
More uniform
(higher regularity) —
\

\
Less peaky

(lower kurtosis)
1

0.08.

| |
2.5 5.0 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

Intrinsic lag
in the source

Detection time
of a at Earth

We find the value of t, that restores

Effect
of LIV

irregularity, peakiness, and asymmetry to

time-distribution of the flare

15.0



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

73 74 75 76 77 78 79 80 81
Right ascension [deg] -
49



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: This work | This work
multiple v (disfavored 95% C.L.) (disfavored 95% C.L.) 2014/2015 ﬂare uSlng Only neutrznos
TXS 0506+056: | _
IC170922A / % 7 1 \

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

HESE-35 1Y 2

GB6 J1040+0617:
Crera0on 200000 Y 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 lllllllllllllllllllllllllll j MB, Ellis, Konoplich, Sakharov, PRD 2025

13 14 15 16 17 188 9 10 11 12 13
Linear, log,,(M;/GeV) Quadratic, log;,(M,/GeV)

Neutrino LIV energy scale

7/




LLorentz-invariance
violation at UHE



Lorentz-invariance violation — from a GRB association

GRB emitted neutrinos & photons
simultaneously

Time delay induced by dispersion
of neutrinos on spacetime foam:

Neutrino energy

s

E
At = D(Z)X ~ 14 years

Latitude [deg]

Cosmological
expansion

Energy scale of LIV
(10™-10" GeV)

GRB-v association: 2.40
(p-value of 0.015)

Amelino-Camelia et al., PLB 2025
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