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

Atmospheric v & muons, astrophysical non-BSM v, cosmic rays

Experimental limitations

Energy & angular resolution, detector efficiency, flavor identification

Neutrino properties

Mixing parameters, cross sections, neutrino mass (sometimes)

Theory bias

Look-elsewhere effect, astrophysical source models, oversimplified theory
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of v of each flavor, N, N, N,

Different production mechanisms yield different flavor ratios:
(fe,S/ f 1,57 ﬁs) = (N ¢,Sr N 11,57 N 7,9 )/ Niot

Flavor ratios at Eart}m, () e ,
| Standard oscillations |
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| |

new physics
B=e,u,T i '
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One likely TeV-PeV v production scenario:
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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
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Measuring flavor composition 2015-2025
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Measuring flavor composition 2015-2025
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Measuring flavor composition 2015-2025

IceCube Collab., 2510.24957, 2507.06835,
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Forn=0
(similar for n=1)

IceCube flavor
measurement
(mock contour)
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Backgrounds

Atmospheric v & muons, astrophysical non-BSM v, cosmic rays

Experimental limitations

Energy & angular resolution, detector efficiency, flavor identification

If we perform the analysis

NQUtI‘iD @) pl‘()pertic S at the level of post-processedJ

flavor composition

Mixing parameters, cross sections, neutrino mass (sometiy

l Theory bias l

Look-elsewhere effect, astrophysical source models, oversimplified theory




Direction-dependent
LIV in flavor



Backgrounds

Atmospheric v & muons, astrophysical non-BSM v, cosmic rays

l Experimental limitations '

Energy «1,’. ngular resolution, detector efficiency, flavor identification

Additional parameters for [n.T . . e e el 8 eEl e
eu 1 rin NDronarting _

analyses at the event level LN trino i Wit at theﬂlevel of post P?ocessed
T~ avor composition

Mixing parameters, cross sections, neutrino mass (sometighes)

l Theory bias l

Look-elsewhere effect, astrophysical source models, oversimplified theory




Flavor anisotropy in the high-energy neutrino sky

Diffuse flux of

P § Does the high-energy sky shine equally brightly
B A In neutrinos of all flavors?

y- and direction-
dependent attenuation
inside the Earth

Double cascades
o

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

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

high-cnergy ; D ) _ , "
el @ oes the high energy sky shine equally brightly
Y A 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

T 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

@ @ @ o We infer the directional dependence of
i ! : 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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in present-day IceCube data
(Bayes factor is ~1)

We place the first constraints on
the flavor neutrino angular power

\ spectrum 4 la CMB

/ There is no sign of flavor anisotropy \

2




z=0
Sky at Earth

to Farth
at different redshifts, travel .

High-energy neutrinos, produced

Telalovic, MB, JHEP 2026




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:

Hyor = vac+Z H{7\ = Hyae + B ?’Z Z Y™ () (alg)om

(=0 m=—¢ J
Neutrino oscillation probablhty becomes direction-dependent

fel@ fu,@ ff,@

All-sk
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Anisotropic Lorentz-invariance violation makes the flavor sky anisotropic:

d d— d)\ o
Htot - Vac + Z I(Jj[if — Vac + E ’ Z Z }/E ( ))Efn’i
(=0 m=—¢ J
Neutrino oscillation probablhty becomes direction-dependent
Je,e fue fre

All-sk
Equatorial V mean Y

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

Telalovic, MB, J[CAP 2025



Anisotropic Lorentz-invariance violation makes the flavor sky anisotropic:

d d)\«
Hyor = vac+ZHI(412/: Hooc + B4~ SZ Z Y™ () (ald)es
(=0 m=—¢ J
Neutrino oscillation probablhty becomes direction-dependent

fe, o fue fre

All-sk
Equatorial V mean Y

NS O ANouv :Y—

0.00 0.30 1.00 0.00 036 1.00 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)

1092 10%  10% 107

LIV coefficient, | (aﬁ})?{, | [GeV]  Measured flavor ratios at Earth: ~ Benchmark flavor composition at the sources:
Std. osc. T =l mesEwa 20 ® m*decay: (1:2:0)s M p-damped: (0:1:0)s A n decay: (1:0:0)s

1.00

0.67

1 0.0

0.33

0.00

1.00

0.67

0.33

0.00

1.00

0.67

0.33

0.00

Equatorial e
Telalovic, MB, JHEP 2026



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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LIV from a
high-energy v flare
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New physics from high-energy neutrino flares

A et WENl [ orentz-invariance violation may change

Y source

= the neutrino speed relative to light speed:
o
& & B 1 ([ FE,
N v(E,)) =1]1-— n =1- Av(E,)
Detected v flare ’

M,: LIV energy scale (unknown)

-
@)
—
RS
=
)
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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Neutrino propagation

Modified by
Lorentz-invari

--- Standard

ance violation

Number of neutrinos detected in a flare (normalized)

More asymmetric
(higher’skewness)
7/

”
-
-

Uniform distribution

MB, Ellis, Konoplich, Sakharov, PRD 2025
|

\
More uniform
(higher regularity) —
\

\
Less peaky

(lower kurtosis)
1

0.08.

| |
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!
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|
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

10

\O
L L

Declination [deg]

IceCube muon track events
from TXS 0506+056

Ml Associated to 2014/2015 flare
(box time profile)

—— Other

A\ \
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Right ascension [deg]

Neutrino energy (one random realization) [TeV]

.
Use IceCube through-going

{ muons associated to the

2015/2015 flare of TXS 0506+056

5

» Higher weight if closer to the source

» Account for uncertainty in linking

muon energy (measured) to
neutrino energy (inferred)

MB, Ellis, Konoplich, Sakharov, PRD 2025



Backgrounds

Atmospheric v & muons, astrophysical non-BSM v, cosmic rays

Experimental limitations

Energy & angular resolution, detector efficiency, flavor identification

Neutrino properties

Mixing parameters, cross sections, neutrino mass (sometimes)

Theory bias

Look-elsewhere effect, astrophysical source models, oversimplified theory




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 + ) “ (tentative, using v + )

¢ New limits from the TXS 0506+056
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Tests at ultra-high
energies (> 100 PeV)
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[Lorentz-invariance
violation at UHE



Article

Observation of an ultra-high-energy cosmic
neutrinowith KM3NeT

Theinternational journal of scienc

KM3NeT Collab. Nature 638, 376 (2025)

One muon detected with 120?61010 PeV

COSMIC
CAICHER

Deep-seatelescope detects
neutrino with highest
energy ever recorded
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Observation of an ultra-high-energy cosmic
neutrinowith KM3NeT

Theinternational journal of scienc

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

EH%E“I-IER .. Inferred neutrino energy: 220351%0 PeV

Deep-seatelescope detects
neutrino with highest
energy ever recorded




Article

Observation of an ultra-high-energy cosmic
neutrinowith KM3NeT

Theinternational journal of scienc

KM3NeT Collab. Nature 638, 376 (2025)

One muon detected with 120?61010 PeV

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

COSMIC
CAICHER

Deep-seatelescope detects
neutrino with highest
energy ever recorded

y: 22007 PeV




Lorentz-invariance violation — from superluminal speeds

KM3NeT Collab., Commun. Phys. 2025
I

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

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

V—o>VvV+te +e

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

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




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 [deqg]

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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Assorted examples
(not necessarily LIV)



Backgrounds

Atmospheric v & muons, astrophysical non-BSM v, cosmic rays

Experimental limitations

Energy & angular resolution, detector efficiency, flavor identification

Neutrino properties

Mixing parameters, cross sections, neutrino mass (sometimes)

Theory bias

Look-elsewhere effect, astrophysical source models, oversimplified theory




Cosmic
accelerators

Diffuse flux of

UHE v from sources
\ »

AR 4

-

o>
—

Diffuse flux of
cosmogenic v

Ultra-high-energy
COSMIC rays

v oscillation +

Neutral-current viV
deep inelastic scattering

v v
Radio
- stations B,
- = shower
i+
"‘H’
0
F4
IceCube-Gen2 | Askaryan
effect i

Charged-current vN
deep inelastic scattering

v_regeneration
T

Valera, MB, Glaser, JHEP 2022




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

Center-of-mass energy /s [GeV]
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o 1 i IceCube showers (avg. v + ¥) fit to TA UHECRs (Bergman & van Vliet) -
g 10 3 (Bustamante & Connolly 17) Using IceCube vy, flux (9.5 yr), =
S - IceCube HESE (avg. v + 7) extrapolated to UHE E
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See also: Esteban, Prohira, Beacom, PRD 2022

Neutrino energy, E, [GeV]
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Backgrounds

Atmospheric v & muons, astrophysical non-BSM v, cosmic rays

Experimental limitations

Energy & angular resolution, detector efficiency, flavor identification

Neutrino properties

Mixing parameters, cross sections, neutrino mass (sometimes)

Theory bias

Look-elsewhere effect, astrophysical source models, oversimplified theory
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Astrophysical neutrino sources

Earth

| Galactic (kpc) or extragalactic (Mpc — Gpc) distance

Standard case: v free-stream
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Astrophysical neutrino sources

Earth
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Astrophysical neutrino sources Earth

| Galactic (kpc) or extragalactic (Mpc — Gpc) distance |

‘ Standard case: v free-stream
»@ <
(And oscillate)

Non-standard case: high-energy v scatter of CvB

|
»@ — N M —

“Secret” v i Astrov v | Can change:
interactions | 0 | » Energy spectrum
= e T | » Flavor composition
BSM v self- ! L~ gdvy | » Direction
Interactions | Relicy V | » Arrival times




Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between - 2.00 N e Strean'ﬁng '
astrophysical v (PeV) and relic v (0.1 meV): Bl --=- With attenuation |
e . —— With attenuation + regeneration
Astrov Vv o
& 150 - M=10 MeV -
_____ S 2=0.03
L~ gV & 125 m,=0.1eV _
Relicy ~ & v ®
= 1.00 -
o
4 hL
. ) _
Cross section: ¢ — & > = 0.75
T (s — M?)” + M?T2 S
= 0.50 -
X
)
M?2 § 0.25 -
Resonance energy: Ergs = 5 T
M-, = 0.00 AT EEPETTTT B, ¥ A BT B, S
MB, Rosenstroem, Shalgar, Tamborra, PRD 2020 103 104 105 106 107 108

See also: Esteban, Pandey, Brdar, Beacom, PRD2021 .
Creque-Sarbinowski, Hyde, Kamionkowski, PRD?2021 Neutrlno 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: Eoq = 5
hY

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020

See also: Esteban, Pandey, Brdar, Beacom, PRD2021
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

Relicvy

/’ 4\\
. 12 §
Cross section: ¢ =‘szo——==gs
T [T —|M2} + M2F2
S ”

Resonance energy: Eios = ——

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020

See also: Esteban, Pandey, Brdar, Beacom, PRD2021
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: Eeq =

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020

See also: Esteban, Pandey, Brdar, Beacom, PRD2021
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 sr1]
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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

Astroy » Look for dips in 6 years of
_____ public IceCube data (HESE)
Relicy” ~ ~8&bvv » 80 events, 18 TeV-2 PeV
27N New coup lmg » Assume flavor-diagonal and
4\ .
. AY : =
Cross section: @ _\éf —— universal: g,, = g9y,
T 2 212 : . :
(s _'\‘}4 ) +M-T » Bayesian analysis varying
Mediator mass M, g, shape of emitted flux ()
M? ,
Resonance energy: Eoq = » Account for atmospheric v,
2my in-Earth propagation, detector
MB, Rosenstroem, Shalgar, Tamborra, PRD 2020 1 1
See also: Estteban, Pandgy, Brdar, Beacom, PRD 2021 uncertalntles
Creque-Sarbinowski, Hyde, Kamionkowski, PR[D2021
Ngec&lz geacom,(}’RstlZ ‘ e \\ /

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




No significant (> 3c) evidence for a spectral dip ...
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— 10_7 I IceCube: power-law fit (68% C.L.)
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See also: Shalgar, MB, Tamborra, PRD 2020




No significant (> 3c) evidence for a spectral dip ... ... so 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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Backgrounds

Atmospheric v & muons, astrophysical non-BSM v, cosmic rays

Experimental limitations

Energy & angular resolution, detector efficiency, flavor identification

Neutrino properties

Mixing parameters, cross sections, neutrino mass (sometimes)

Theory bias

Look-elsewhere effect, astrophysical source models, oversimplified theory




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

|
E.g.,
Decay changes the number ?
of each v mass eigenstate, N|, N, N;

The flux of v, is attenuated by exp[- (L/E) - (m,/1;)]
——
Mass of v, Lifetime of v,




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

|
E.g.,
Decay changes the number ?
-------------------*
of each v mass eigenstate, N|, N, N; *

Only sensitive to their ratio
—h—

The flux of v, is attenuated by exp[- (L/E) - (m,/T;)]
——
Mass of v, Lifetime of v,




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

|
E.g.,
Decay changes the number ?
of each v mass eigenstate, N|, N, N;
Lower-E v are longer-lived...

’_J

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

... 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) L y
-

-
”

(If decay is complete)
T -~
-
Fine print: U ) al N
» Decay can be incomplete Y
» Final-state v might be detectable or not v;lightest and stable
» Many more possible decay channels (inverted mass ordering)

(see Winter & Mehta, JCAP 2011)




Neutrino flux
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All-flavor v flux, EIZ,FVall [GeV ecm—2s71]

F Vo / FVall

Flavor fraction at Earth, f, o

Valera, Fiorillo, Esteban MB,
PRD 2024

Neutrino flux
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Lifetime bounds

Bounds from v source NGC 1068
2035, multiple detectors, using tracks
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Invisible decay: 5, v3 unstable, v; stable [All limits: 95% C.L.]

0 D A
BL

—— Present (Diffuse: IC HESE 7.5 yr / NGC 1068: IC10 yr) ~ ----- Forecast (Diffuse: HESE 159 yr / NGC 1068: 159 yr)
Using high-energy astrophysical diffuse v flux Using high—energy v from NGC 1068 galaxy
| O O O L. L A D L I O B T . O A =& T T T T
I vy, solar » k v, solar »
v3, accelerator & reactor > v3, acclelerator&reﬁdm —_ >
> HDEES FREEn >
> D D R D >
— | B DD >
poedemedenee- > |0 e >
—_ mm >
R T BT T — | I
> HiDEEE A B0 >
Th 1 . . § T > D A (ERE >
NP XSFR I froe MT> 7 s {vs >| HEEEN D B0 >
e limits on neutrino T T > [DEE 0D RS >
lifetime depend strongly on e 1
> D S D D >
whether we assume one vs. I — >
. | {DEEEF RS0 >
two source populations, the e >| 1 R D e
d h.f d. .b . f g 270 > DR AD TR >
¥ 1P XbL Lac A free MT> 7 s {vs) B 1 ¥ Tisht Eu o X free M £ T Tus >
redshift distribution o : . | IR ;
. 5 > mmm >
ot oot OEDN IS (SR
sources, and which > + e
parameters of the decay — 1
L L L, mm >
model are allowed to float — |
> | D (RO >
I 7§ Frec Evioi Mo free W £ T3 Tus >
B > [ EEES D R >
IS P 1 C I Ey o M free BT, = T Tvo >
prmesiasin > S N >
> PC I Tight Ey ot 8 fs pion 1T # T3 Fvy >
> >

-
N
w
'S
&}

Valera, Fiorillo, Esteban MB, PRD 2024 Neutrino lifetime, log;(7;/m;/[s eV~])




Backgrounds

Atmospheric v & muons, astrophysical non-BSM v, cosmic rays

Experimental limitations

Energy & angular resolution, detector efficiency, flavor identification

Neutrino properties

Mixing parameters, cross sections, neutrino mass (sometimes)

Theory bias

Look-elsewhere effect, astrophysical source models, oversimplified theory




Bump-hunting in the diffuse flux of high-energy neutrinos
Bump-like spectra can reveal the presence of v production via py or new physics:
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Bump-hunting in the diffuse flux of high-energy neutrinos
Bump-like spectra can reveal the presence of v production via py or new physics:
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Bump-hunting in the diffuse flux of high-energy neutrinos
Bump-like spectra can reveal the presence of v production via py or new physics:
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Bump-hunting in the diffuse flux of high-energy neutrinos
Bump-like spectra can reveal the presence of v production via py or new physics:
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Bump-hunting in the diffuse flux of high-energy neutrinos
Bump-like spectra can reveal the presence of v production via py or new physics:
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IceCube HESE 7.5 yr
2035, all detectors (proj.)
Mean value, 7.5 years exposure

Maximum a posteriori estimator, 7.5 years exposure
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Perspectives



Look for large effects first
There is no sensitivity to small effects yet

Weigh any new-physics claims by astrophysics + particle uncertainties
Le., marginalize or profile over all relevant known unknowns

Always perform hypothesis testing
E.q., compute Bayes factors,

Be mindful of experimental limitations when making claims
Account for the detector response, energy resolution, etc.

Do not use overly simplified theory models
Otherwise, we might end up claiming unrealistically good sensitivity




Thanks!
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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; ~ 104 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; ~ 104 PeV-! With 100-PeV v: k, ~ 10°! PeV-!
~— .~

Orders-of-magnitude improvement




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.

IIIIIIIII|IIII|IIIIIIIIIIIIIIIIIII|IIII|IIII|IIII

| :
Dipole, {=1 <i— Quadrupole, {=2

b

Recovered values: per-flavor .

a=e

® qf,m

1liit

a= =
A qf,my * qng 1

-
——
——
1
1
1
| 1 . |
1
1
—s—
1
1
1
—e-—i
——
——
04—
|
®
1
1
+——
——
IlllllllllllIllllllllllllllllllllllllllllll

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 ¢)

:q)o(

—

Ey

=1 m=—/

Flavor-dependent
multipole expansion

Multipole moments from the IceCube HESE 7.5-year sample

— 1 o0 4
-~ |1 em Y z29
100 Tev> G |1t 2L Y0 9)

|
Recovered values:

| :
Dipole, {=1 <i— Quadrupole, {=2

Recovered values: per-flavor .

g[ | All-ﬂavor, bf,m - PY q?;f A q?;y * quf é
FIEY . 9 { { + 1=
E—. % A T * _E
;— Allowed ranges at 68% C.L. _E
- | | | | | | | | -

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



Quantum-gravity
decoherence



It is re-radiated with its
v wave function collapse
or its phase perturbed
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The density matrix p of the neutrino system evolves as

Standard unitary time evolution x ( Non-unitary unitary time evolution
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Non-unitary unitary time evolution
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Use ~300k IceCube atmospheric v, with 0.5-10 TeV

107144 X
Strongest constraints to date

L,
I'E,)) =1 —
(E,) =T 7

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

-6 Phase Perturbation
10 i 8 72K (2020)
A SuperKamiokande (2000)

|
@ This Work t
=
* 2
1014 ?-7,(
L— n
> r * a
) \5S
— \3
2 ?
oF
(HD 10—20 ?
Il b
o
= 4
o .
(- State Selection
10—26 4
8 72K (2020)
MINOS (2020)

|
@ This Work r

0 1 2 3
IceCube Collab., Nature Phys. 2024 Energy Power n




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

Strongest constraints to date

1.0

@ 7 decay: (1:2:0)g
09 @ 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
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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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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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