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Different production mechanisms yield different flavor ratios:
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Flavor composition at the Earth:
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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, g
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One likely TeV-PeV v production scenario:
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Full 7t decay chain
(1/3:2/3:0)s
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From sources to Earth: we learn what to expect when measuring f, g
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How knowing the mixing parameters better helps
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Measuring the
tlavor composition



Measuring flavor composition 2015-2025
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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
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Measuring flavor composition 2015-2025

Presented at
ICRC 2025
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Measuring flavor composition 2015-2025

] 2015: IC combined fit 0.0
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Measuring flavor composition 2015-2025

[7] 2015: IC combined fit 0.0
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Can we infer the
mixing parameters?



We use Bayesian inference to infer the values of the mixing parameters:

P(6) = / fos L(fu(0, fos)) 7(0) 7(fos)

Show 1D marginalized allowed intervals of each mixing parameters —



We use Bayesian inference to infer the values of the mixing parameters:

Joint posterior distribution
of mixing parameters

0 = (012, 623,013,0cP)

-

P(6) = / fos L(fu(0, fos)) 7(0) 7(fos)

Show 1D marginalized allowed intervals of each mixing parameters —



We use Bayesian inference to infer the values of the mixing parameters:

Joint posterior distribution
of mixing parameters Compute flavor

0 = (012, 03,013, 5cp) composition at Earth for

each choice 0 and f.s
- P

P(6) = / fos L(fao(0, fos)) 7(0) 7(fos)

Show 1D marginalized allowed intervals of each mixing parameters —



We use Bayesian inference to infer the values of the mixing parameters:

Joint posterior distribution
of mixing parameters Compute flavor

0 = (012,023, 013, 6cp) composition at Earth for

each choice 0 and f.s
\ o

P(6) = / fos L(fao(0, fos)) 7(0) 7(fos)

| J
'

Likelihood function of
flavor-composition
measurements
(from IceCube, efc.)

Show 1D marginalized allowed intervals of each mixing parameters —



We use Bayesian inference to infer the values of the mixing parameters:

Joint posterior distribution Prior on 0
of mixing parameters Compute flavor (tlat or Haar
0 = (012, 093, 013, 5cp) composition at Earth for  measure on Upyns)

each choice 6 and f.s
\ P A < /

P(6) = / fos L(fa(0, fos)) 7(0) 7(fos)

| J
'

Likelihood function of
flavor-composition
measurements
(from IceCube, efc.)

Show 1D marginalized allowed intervals of each mixing parameters —



We use Bayesian inference to infer the values of the mixing parameters:

Joint posterior distribution Prior on 0
of mixing parameters Compute flavor (tlat or Haar
0 = (012, 093, 013, 5cp) composition at Earth for  measure on Upyns)

each choice 6 and f.s
\ P A < /

P(6) = / fos L(fac(0, fos)) 7(0) 7(fos)

| /
'

Likelihood function of Prior on f.s
flavor-composition (flat in [0,1])
measurements

(from IceCube, efc.)

Show 1D marginalized allowed intervals of each mixing parameters —



Measurement power today —
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Measurement power today —
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Inferred neutrino mixing parameter

Present constraints:
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Measurement power in the future —
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Measurement power in the future —
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What can we expect
from unitarity



Standard oscillations — driven by neutrino masses:

1 .
Hgta = EUPT’MNSdlag(Ov Am%p Am%l)UPMNS

Remember: Upwns is unitary J

Average flavor-transition probability:

3 Pee Pe,u PeT
Pog = ) |(Upnins)ail*[(Upnns)gil® = | Pue  Pup Pur
1=1 PT€ PT,u PTT




Standard oscillations — driven by neutrino masses:
1

Hgq =
td oL

UIT’MNSdiag(Ov Am%la Am%l)UPMNS

Remember: Upwns is unitary J

Average flavor-transition probability:

- R independent
3 P.. P. " P.. entries
P,z = U 12U =\ P, P
o8 = ) |(Upmns)ail“|(Upmns)pil” = | Pep Pun
=1 P eT P T 6 independent

entries



Standard oscillations — driven by neutrino masses:
1

o UPT,MNSdiag(O, Am%l, Amgl)UPMNS

Hstd —

Remember: Upwns is unitary J

Average flavor-transition probability:

p
9 independent
3 P.. P. " P.. entries
2 2
Pag = ) |(Upnixs)ai*|(Upnns)gil® = | P Pup B v
=1 P eT P uT P T 6 independent
entries
3 independent <« /
entries Each column &

row must sum to 1



Let’s add a new interaction that conserves the number of v:

E n
Hnew — <_) Ugewdiag(ola 027 OS)Unew

A j
Urew 18 unitary

It rotates from the eigenbasis of H,.. to the flavor basis

The total Hamiltonian,
Htot — Hstd + Hnew )

is diagonalized by a new unitary rotation matrix U, that is a function
of all the standard and new parameters (and the energy).



Since U is unitary, the probability matrix has the same shape as before:

3 Pee Pe/,b PeT
Pog = Z’(Utot)ai‘z‘(Utot)ﬁiP — Pue Puu Pm
i=1 PTe PT,u PTT

The unitarity of U, bounds the space of linear combinations

tP,r + yPer + 2zP., < B(x,y, 2)

‘\

Complex function that traces over
all possible values of the components of Ul

Arbitrary
coefficients

Ahlers, MB, Mu, PRD 2018
See also Xu, He, Rodejohann, JCAP 2014




(If you were curious, this is how the boundary function B looks:

X 0.4

Ahlers, MB, Mu, PRD 2018




Flavor composition at the Earth:

fe,@ Pee Pe,u PeT fe,S
fu. — Pep Puy  Pur 1 — fe,s
fT,@ PeT P,LLT PT’T O
\— _J
'

Because the probabilities
are bound by unitarity...

Ahlers, MB, Mu, PRD 2018
See also Xu, He, Rodejohann, JCAP 2014




Flavor composition at the Earth:

fe,@ Pee Pe,u PeT fe,S
fu. — Pep Puy  Pur 1 — fe,s
f’T,@ PeT P,uT PT’T O
N J - /)
Y '

... s0 is the predicted flavor =~ Because the probabilities
composition at the Earth are bound by unitarity...

N

Ahlers, MB, Mu, PRD 2018
See also Xu, He, Rodejohann, J[CAP 2014
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Unitarity region .
—_ :1—F:0
If the flavor-transition (fe e:0)s ‘\

mechanism is unitary, All possible flavor ratios at the

the flavor composition | 0.8 sources without v production
at Earth will be inside it ‘ ut v, productio
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Theoretically palatable region 10 @ Pion decay: (1:2:0)s

Accessible with std. oscillations _ M Muon-damped: (0:1:0)g

0.9 A Neutron decay: (1:0:0)g
MB, Beacom, Winter, PRL 2015
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Theoretically palatable region 10

@ Pion decay: (1:2:0)g

Accessible with std. oscillations _ M Muon-damped: (0:1:0)g

MB, Beacom, Winter, PRL 2015
0.8

0.9 A Neutron decay: (1:0:0)g

Unitary region
Accessible with unitary
flavor transitions,

standard or not

4

Ahlers, MB, Mu, PRD 2018
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Theoretically palatable region 10 @ Pion decay: (1:2:0)s

Accessible with std. oscillations : M Muon-damped: (0:1:0)g
0.9 A Neutron decay: (1:0:0)g

MB, Beacom, Winter, PRL 2015
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Theoretically palatable region BT @ Pion decay: (1:2:0)

Accessible with std. oscillations : ' B Muon-damped: (0:1:0)s
0.9 A Neutron decay: (1:0:0)g
MB, Beacom, Winter, PRL 2015
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Theoretically palatable region BT @ Pion decay: (1:2:0)

Accessible with std. oscillations : ' B Muon-damped: (0:1:0)s
0.9 A Neutron decay: (1:0:0)g
MB, Beacom, Winter, PRL 2015
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Beyond 3X3 unitarity




Consider 3+1 neutrino flavors (s: sterile neutrino)

Probabilities for any kind of unitary flavor transitions among them:

K 6 independent entries

4 Pee Pe,u PeT Pes \

P. P P,., P,

Pap = D)o Wil = | p% B P
= \ P.. P, P, P )

Like before, we find the boundary of the independent entries
for any possible value of the components of U

Ahlers, MB, Willesen, J[CAP 2021
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bounds
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3+1 unitarity
bounds
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Measuring high-energy
non-unitarity



Generic parametrization of a non-unitary 3 X3 leptonic mixing matrix:

U.1 | U.o |€’i¢62 U3 ’6i¢63
U= Uul‘ UM‘ _ Uu3’ ,
U’Tl‘ U’T2 ‘6Z¢72 UT3‘€Z¢T3

13 parameters = 9 magnitudes + 4 CP-violating phases

To predict the flavor composition at Earth, we also need f,s

[Start by fixing it to 1/3 (from pion decay); later, we marginalize over it]

Ellis, Kelly, Li, JCAP 2020
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MB, In prep.
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N 00O N O

The 68% C.L. allowed parameter regions are wide, e.g.,

0.2 04 06 0.8 10 02 04 06 0.8 1.0 02 04 0.6 0.8 1.0

(Preliminary)
Main source of uncertainty:

ignorance of the flavor composition at the sources, f.s



MB, In prep.

Probability distribution, P
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(Preliminary)



MB, In prep.

Probability distribution, P

N s O\ 00 O N s O

Large uncertainties,
but this is the only
test of non-unitarity
at>10 TeV

02 04 06 08 0 02 04 0.6 038

Using flavor measurements in IceCube-Gen2,
centered on pion beam, f, s € [0,1/3]
Best fit W 95.45% — Flat prior
. 68% 99.7%

0.0Q
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(Preliminary)
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Renormalization group running — the values of the neutrino masses and
mixing parameters change with the energy scale, u

E.g., for the masses, the renormalization-group-running equation (RGE) is

dmi

167~ = |(ax +2ap) + 2C Uai|*ya? | my
dln 7 ( Ii\/ H ) K Z | al | Ya 7
a’:e7l’l’77- \
These depend on the effective Yukawa coefficient of
field theory adopted (SM or beyond) charged lepton of flavor a

Note: the running is negligible in the SM

Babu, Leung, Pantaleone, PLB 1993; Casas, Espinosa, Ibarra, Navarro, Nucl. Phys. B 2000; Antusch, Kersten, Lindner, Ratz, Nucl. Phys. B 2003



Renormalization group running — the values of the neutrino masses and
mixing parameters change with the energy scale, u

E.g., for the masses, the renormalization-group-running equation (RGE) is

dm;
1672 dﬁ’fu: (e +2am) +2C, > |UuilPya?| m

a=e,u,T
and this determines the RGE running of the mixing angles, i.e.,

d(gij
dln

= F(012, 023,013, 0cp, m1, ma, m3)

Babu, Leung, Pantaleone, PLB 1993; Casas, Espinosa, Ibarra, Navarro, Nucl. Phys. B 2000; Antusch, Kersten, Lindner, Ratz, Nucl. Phys. B 2003




Renormalization group running — the values of the neutrino masses and
mixing parameters change with the energy scale, u

E.g., for the masses, the renormalization-group-running equation (RGE) is

dm;
1672 dﬁ’fu: (e +2am) +2C, > |UuilPya?| m

a=e,u,T
and this determines the RGE running of the mixing angles, i.e.,

d(gij
dln

We set 1 to the transferred momentum, ;1 = () = \/ —¢q~ .

= F(012, 023,013, 0cp, m1, ma, m3)

Babu, Leung, Pantaleone, PLB 1993; Casas, Espinosa, Ibarra, Navarro, Nucl. Phys. B 2000; Antusch, Kersten, Lindner, Ratz, Nucl. Phys. B 2003




Two energy scales:

Low-energy scale at neutrino production:
in astrophysical sources, v are made in 7 decays

Q) = m, ~ 140 MeV
Mixing parameters have PMNS values
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High-energy scale at neutrino detection:
at Earth, v are detected in VN deep-inelastic scattering

Q = \2mnByry S Vmw B, < 10° Gev (5 Hoken )
Mixing parameters have potentially non-PMNS values




Two energy scales:

Low-energy scale at neutrino production:
in astrophysical sources, v are made in 7 decays

Q) = m, ~ 140 MeV
/ Mixing parameters have PMNS values

RGE running

at Earth, v are detected in VN deep-inelastic scattering

\ High-energy scale at neutrino detection:

Q = \2mnByry S Vmw B, < 10° Gev (5 Hoken )
Mixing parameters have potentially non-PMNS values




In lieu of explicit RGE running we use two lepton mixing matrices:

UpMNs

Low-energy scale at neutrino production:
in astrophysical sources, v are made in 7 decays

Q) = m, ~ 140 MeV
Mixing parameters have PMNS values

High-energy scale at neutrino detection:
at Earth, v are detected in VN deep-inelastic scattering

Q = \2mnByry S Vmw B, < 10° Gev (5 Hoken )
Mixing parameters have potentially non-PMNS values




Average flavor-transition probability:

They now depend on low-energy & high-energy mixing parameters

T

— 2
Paﬁ — E UPMNS az‘ ‘Uﬁz 1279237 1375CP)’
=1 At At
neutrino production neutrino detection

MB, Gago, Jones-Pérez, [HEP 2011
See also Antusch et al., [HEP 2005; Babu, Brdar, de Gouvéa, Machado, PRD 2023
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Best-fit & current uncertainties on
mixing angles and CP-violation phase

NUFIT 6.0 (2024)
LI L L I \

Esteban et al., JHEP 2024
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Future uncertainties on
mixing angles and CP-violation phase

Song, Li, Argiielles, MB, Vincent, JCAP 2021
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Flavor composition at the Earth:

fe,@ Pee Pe,u PG’T fe,S
fu,@ — Peu P/m Pm 1 _fe,S
fT,@ PeT P,uT P’TT 0
- /)
h'd

Probabilities now depend on low-energy & high-energy mixing parameters

A

Paﬁzz UPMNS on |UBz 125 237 137(SCP)‘

1=1
Varied within current  Varied with uninformed priors
or future uncertainties  (flat or Haar measure on U")

MB, Gago, Jones-Pérez, [HEP 2011
See also Antusch et al., [HEP 2005; Babu, Brdar, de Gouvéa, Machado, PRD 2023
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Theoretically palatable region N 10 @ Pion decay: (1:2:0)q
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Measurement power today —

IceCube 2025
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Present constraints:

Ikl IceCube 2025 Medium-Energy Starting Events (MESE)
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Measurement power in the future —
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Measurement power in the future —
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Precision

Colliders
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Today
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In 10-20 years

HE
cosmic
particles

/How?

» Event statistics (more detectors)

» Identify more sources

» New detection techniques

» Shrink particle and astro systematics

>
Energy



Thank you!



Backup slides



VvV, tV

X

NC

X

Hadronic X shower

Vv, +V

e

e

Hadronic X shower

09 '
° I ' |
4 L]

V,: easy to identify
the outgoing track

E.m. shower

Hadronic X shower

° = °
IEEd SEN
s 0 0@O 0 ¢
. o ® .

. - < [ ]

Hadronic X shower

;;;55216% :gég;67%

®

[ d
o

- =290 -
-- ° et it 131
- !
P

.
pe ? [ pe
oo 1 [P
® 0 v ..‘5" % o
[ ! OI‘ . [ X X4 !
. . .
1o ¢ !
P e !

o ®

oe
=

1 00 @ ¢ 1 Or
] > 4 .
. .
$ e

000 @0
v

g @

E.m. shower Hadronic shower Double pulse/bang




VvV, tV

Hadronic X shower
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Fundamental physics with high-energy cosmic neutrinos

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

So we can probe k, ~ 4 - 10% (E/PeV)" (L/Gpc)' PeV!™

Improvement over limits using atmospheric v: k, < 10 PeV, k, < 10




Fundamental physics with high-energy cosmic neutrinos

E.g.,
n =-1: neutrino decay

Numerous new v physics effects grow as ~x, - E" - L } 1 = 0: CPT-odd Lorentz violation

n =+1: CPT-even Lorentz violation

So we can probe k, ~ 4 - 10% (E/PeV)" (L/Gpc)' PeV!™

Improvement over limits using atmospheric v: k, < 10 PeV, k, < 10




An example:
[.orentz violation



IceCube Collab., Nat. Phys. 2022 -

4 )

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

\_ J




Standard oscillations:
1

Hgq =
td 2K

UE’MNSdiag(Oa Am%l, Amgl)UPMNS

Lorentz-violating interactions (Standard Model Extension):

Kostelecky, Mewes, PRD 2004

E n
Hnevv — Z (A_) UJL(On,la On,Qa On,3>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)ai|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)

Argiielles, Katori, Salvado, PRL 2015 e

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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Energy-dependent
flavor composition



Flavor composition: measuring the energy dependence

Liu, Fiorillo, Argtielles, MB, Song, Vincent, 2312.07649

0.0

p-damped \
a

midecay

IceCube 2020 LE + HE

All regions: 68% C.L.
Assumed v spectrum: power law

A / / / / / / 0.0
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v, fraction, f, s




Flavor composition: measuring the energy dependence

Today
Power-law (PL) diffuse v flux 0.0 (IceCube 7.5-yr HESE):
e A 1.0 No evidence for flavor

|
Low-energy (LE) |
(1:2:0)4

change with energy

PL]

|
-

—_
3
N

High—energ;fy (HE)
(0:1:0)4

Neutrino flux, E2®, [GeV cm 2 s~ ! sr™1]
2

I
— All-flavor :
— Vet e :
— v, +V |
10-L rer , il 0.9
o VUrt+Vr | ] 0.1
C I ] 1.0 All regions: 68% C.L.
| Ll AT : Assumed v spectrum: power law
10 102 103 104 =7 7 7 77 0.0
Neutrino energy, E, [TeV] 00 01 02 03 04 05 06 07 08 09

v, fraction, f, s
Liu, Fiorillo, Argtielles, MB, Song, Vincent, 2312.07649




Flavor composition: measuring the energy dependence

Power-law (PL) diffuse v flux

Low-energy (LE) |
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2
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L1l Ly
102 103
Neutrino energy, E, [TeV]
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O
uity

Liu, Fiorillo, Argtielles, MB, Song, Vincent, 2312.07649

Future
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Projected year 2040
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All regions: 68% C.L.
Assumed v spectrum: power law
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Flavor composition: measuring the energy dependence

L |
| True fluxes |
Can we do better? % 1070 Yot T
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Flavor composition: measuring the energy dependence
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Direction-dependent
flavor composition



Flavor anisotropy in the high-energy neutrino sky

Diffuse flux of

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

y
4
y
i >

Energy- and direction-
dependent attenuation
inside the Earth

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 j D ) _ ; ;
Rl @ 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

ey , Does the high-enerqy sky shine equally brightl
ey & s 3V Y e
i A 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)

leeee!
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)



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)

1.00
0.67
0.33

0.00

Equatorial

Telalovic, MB, JCAP 2025



Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)

This work: IceCube 2020 all-sky: Benchmarks:
$3 Bestfit M 1o B 20 O 3¢ Best fit —- 10 - 20 ©® m*decay: (1:2:0)s M p-damped: (0:1:0)s A n decay: (1:0:0)s
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)

This work: IceCube 2020 all-sky: Benchmarks:
$3 Bestfit M 1o B 20 O 3¢ Best fit —- 10 - 20 ©® m*decay: (1:2:0)s M p-damped: (0:1:0)s A n decay: (1:0:0)s
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)

This work: IceCube 2020 all-sky: Benchmarks:
$3 Bestfit M 1o B 20 O 3¢ Best fit —- 10 - 20 ©® m*decay: (1:2:0)s M p-damped: (0:1:0)s A n decay: (1:0:0)s
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)

This work: IceCube 2020 all-sky: Benchmarks:
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)

This work: IceCube 2020 all-sky: Benchmarks:
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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)

This work: IceCube 2020 all-sky: Benchmarks:
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)

This work: IceCube 2020 all-sky: Benchmarks:
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)

This work: IceCube 2020 all-sky: Benchmarks:
$3 Bestfit M 1o B 20 O 3¢ Best fit lo =+ 20 ©® m*decay: (1:2:0)s M p-damped: (0:1:0)s A n decay: (1:0:0)s
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)

This work: IceCube 2020 all-sky: Benchmarks:
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)

This work: IceCube 2020 all-sky: Benchmarks:
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Directional high-energy astrophysical neutrino flavor composition: IceCube HESE (7.5 yr)

This work: IceCube 2020 all-sky: Benchmarks:
$3 Bestfit M 1o B 20 O 30 Best fit lo - 20 ©® m*decay: (1:2:0)s M p-damped: (0:1:0)s A n decay: (1:0:0)s

foo
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in present-day IceCube data
(Bayes factor is ~1)

We place the first constraints on
the flavor neutrino angular power

k spectrum a la CMB

/ There is no sign of flavor anisotropy \

ork led By

/

Bernanda
Telalovic



Flavor dipoles and quadrupoles in the sky? Flavor-dependent

multipole expansion

Isotropic flux

—
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Multipole moments from the IceCube HESE 7.5-year sample
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Multipole moment, [£, 1] Telalovic, MB, JCAP 2025



Flavor dipoles and quadrupoles in the sky? Flavor-dependent

multipole expansion

Isotropic flux

—~,
Dy, (B, 0z, 0) = o | oo | X ¢ 1+Z Z 4o Vi (0, 0)

=1 m=—/

Multipole moments from the IceCube HESE 7.5-year sample
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z=0
Sky at Earth

High-energy neutrinos,
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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, JCAP 2025



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 fus_

Equatorial

T

0.00 0.30 1.00

Telalovic, MB, JCAP 2025



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

ﬁ, ® f#r@

fT,@ / '

Equatorial ¥ mean

:_ :_ ANoLIV ﬂ—

0.00 0.30 1.00

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

Telalovic, MB, JCAP 2025



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

ﬁ, ® f#r@

fT,@ / '

Equatorial ¥ mean

:_ :_ ANoLIV ﬂ—

0.00 0.30 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, JCAP 2025



Lorentz-violating high-energy neutrino flavor anisotropy (IceCube HESE 7.5 years)

1 0—32 1 0—30 1 0727

LIV coefficient, | (aﬁ'ﬁ)‘i’g | [GeV]  Measured flavor ratios at Earth:  Benchmark flavor composition at the sources:
—25
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Lorentz-violating high-energy neutrino flavor anisotropy (IceCube HESE 7.5 years)

. 3 .
LIV coefficient, | (aiff))ig | [GeV]  Measured flavor ratios at Earth:  Benchmark flavor composition at the sources:
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Telalovic, MB, 2503.15468

Equatorial



~
Dy
N W
Js
~ |
=
0
)
L ¢
H w0
w
O]
"_lem
Lo
|
)
b r—
S
@) To)
L D
oW
ghm
g
.-
o |
S
T
S
o YW
= AL
ot
> |
Q.
)
E =
g ©
o —
57 .
Vlm
]
= |
O —
H o
AN
= G0
C__m
R
LO
o))
et
IS
L] —
[} —
=
S —u
c s
fl
wn
o=
A |
(@)
S
Is

(; 199 x3usm133200 A[7)01807]

=
LO - Lo = LO —
N (gl — — Lo = |

[ |

= =) oo
_——————— Il m i
_— m N A
—_ Il ~ M
=————— v &S
_——————————————————————— ———— QO ..M
"||H||“|| D S =
‘,‘U““\.ooo RS
I N S )
= i
== ]
- > @
e [
_— - >
SsSsS————
= m

tys

Quant}lm—gravi

v

| @iz | or | Dz, |

Existing limits

R

T AL

I|

0 j?Eimd MiniBooNE fat;
parameters

10204 Hlsn

10—15 1 _

>,
]
v
DN
(@»)
—
a
@)
(s I cns H e S )
L I o I e |

[,-$A9D] ¥USIDJ200 AT

N\

Dimension of Lorentz invariance-violation (LIV) operator, d

(d)\eu
eff ){’ m

| Re(@lhih, | or | Re(c

10—45

10—50

7

6

@)
n

Telalovic, MB, 2503.15468



Flavor at ultra-high
energies (> 100 PeV)



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

0.0
UHE v (> 100 PeV)

IceCube-Gen2 v, +
GRANDS50k v (10 yr)

High v flux
W (1200, + 119v0) 0.2

All regions: 68%, 95% C.L.
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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:

indistinct detection of all flavors
by IceCube-Gen2 (radio)

Testagrossa, Fiorillo, MB, PRD 2024

0.0

UHE v (> 100 PeV)
IceCube-Gen2 v, +
GRANDS50k v (10 yr)

High v flux
W (1200, +11909) 0.2

All regions: 68%, 95% C.L.
/ / / 7 /

00 01 02 03 04 05 06 07 08 09 10
Fraction of v,, fe o




Manufacturing UHE flavor sensitivity with two detectors

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

Then we combine two of detectors:

indistinct detection of all flavors
by IceCube-Gen2 (radio)

+

predominant detection of v,
by GRAND

Testagrossa, Fiorillo, MB, PRD 2024

0.0
UHE v (> 100 PeV)

IceCube-Gen2 v, +
GRANDS50k v (10 yr)

High v flux
W (1200, + 119v0) 0.2

All regions: 68%, 95% C.L.
/ / / 7 /

00 01 02 03 04 05 06 07 08 09 10
Fraction of v,, fe o




Manufacturing UHE flavor sensitivity with two detectors

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

Then we combine two of detectors:

indistinct detection of all flavors
by IceCube-Gen2 (radio)

+

predominant detection of v,
by GRAND

sensitivity to the fraction of UHE v,

Testagrossa, Fiorillo, MB, PRD 2024

0.0

UHE v (> 100 PeV)
IceCube-Gen2 v, +
GRANDS50k v (10 yr)

High v flux
W (1200, + 119v0) 0.2

All regions: 68%, 95% C.L.
/ / / 7 /

00 01 02 03 04 05 06 07 08 09 10
Fraction of v,, fe o




Manufacturing UHE flavor sensitivity with two detectors

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

Then we combine two of detectors:

indistinct detection of all flavors
by IceCube-Gen2 (radio)

+

predominant detection of v,
by GRAND

sensitivity to the fraction of UHE v,

Testagrossa, Fiorillo, MB, PRD 2024

0.0
UHE v (> 100 PeV)

IceCube-Gen2 v, +
GRANDS50k v (10 yr)

High v flux
W (1200, + 119v0) 0.2

Low v flux
(12 Val +11.9 1/-[)

All regions: 68%, 95% C.L.
/ / / 7 /

00 01 02 03 04 05 06 07 08 09 10
Fraction of v,, fe o




Manufacturing UHE flavor sensitivity with two detectors

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

Then we combine two of detectors:

indistinct detection of all flavors
by IceCube-Gen2 (radio)

+

predominant detection of v,
by GRAND

sensitivity to the fraction of UHE v,

Testagrossa, Fiorillo, MB, PRD 2024

0.0 Relative LIV strength,

UHE v (> 100 PeV) 1.0 (Hirv)ee/ (Hed )oe

IceCube-Gen2 v, + 01

Eviremr e BEIVAN
High v flux ) 0.1 1 10
W (120 v, +119v,) 0.2 Standard Dominant
o irfi (0.8 oscillations Lorentz-
(Rrat19w) | 03 violation (LIV)

All regions: 68%, 95% C.L.
7 r / / /

00 01 02 03 04 05 06 07 08 09 10
Fraction of v, fe




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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