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Note: v sources can be steady-state or transient
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Main high-energy
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Standard expectation:
Power-law energy spectrum

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



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



Predicting the tflavor
composition at Earth



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):
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Astrophysical sources Earth
| Up to a few Gpc |
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From sources to Earth: we learn what to expect when measuring f, g
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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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From sources to Earth: we learn what to expect when measuring f, g
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Measuring the
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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
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Measuring flavor composition 2015-2025
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How knowing the mixing parameters better helps

— IceCube 15 yr (68%, 95%;, 99.7% C.R.)
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Back to the sources




From sources to Earth: we learn what to expect when measuring f, o
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From Earth to sources: we let the data teach us about fa.s



Inferring the flavor composition at the sources

Song, Li, Argiielles, MB, Vincent, [CAP 2021
MB & Ahlers, PRL 2019




Inferring the flavor composition at the sources
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Inferring the flavor composition at the sources

(Assuming f.s = 0)
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Inferring the flavor composition at the sources
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Inferring the flavor composition at the sources
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Flavor composition: measuring the energy dependence

Liu, Fiorillo, Argtielles, MB, Song, Vincent, PRD 2025
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Flavor composition: measuring the energy dependence
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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]

|
- .

High—energ;fy (HE)
(0:1:0)4

—_
3
N

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, PRD 2025




Flavor composition: measuring the energy dependence
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Flavor anisotropy in the high-energy neutrino sky

Diffuse flux of

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

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

From the angular distribution of detected
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Flavor anisotropy in the high-energy neutrino sky

Diffuse flux of
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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
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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



New physics in the
flavor composition



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
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NSI Extra dimensions,

Superluminal v
Monopoles
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(Acts at production)
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(Acts during propagation)

(Acts at production)

Monopoles

(Acts at detection)

Note: Not an exhaustive list



Standard expectation: Standard expectation:

Power-law energy spectrum Qéd‘»“““\ Isotropy (for diffuse flux)
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DM annihilation,
DM decay,
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(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
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Standard expectation:

« Standard expectation:
Power-law energy spectrum ec,’&(‘)

Isotropy (for diffuse flux)
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Reviews:
Ahlers, Helbing, De los Heros, EPJC 2018
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New physics in flavor composition

Use the flavor sensitivity to test new physics:

» Neutrino decay Mixing + decay 0 No decay
Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; -
][VIB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] e’f’ SCP: var. 30 0.1 0.9 = D = 0.50
D =0.10
NH o2 08 M D=0.01
0.3 (complete)

O.8>>>y—
O:}YTeCube 2015 o1
1 ‘ ; 0
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Reviews: f e,® MB, Beacom, Murase, PRD 2017

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



New physics in flavor composition

Use the flavor sensitivity to test new physics:

. 0.0
» Neutrino decay _ m (0:1:0)s
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; Umtarlty
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] bounds @ (1:2:0)s
A (1 :0: O)S

» Tests of unitarity at high energy

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

0.8 -
IceCube 2015
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Reviews: v, fraction ( f e,EB) Ahlers, MB, Mu, 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;
Kostelecky & Mewes 2004; Argiielles, Katori, Salvado, PRL 2015]

00 02 04 06 08 1.0

) @ Argtielles, Katori, Salvado, PRL 2015
Reviews: 8
Argtielles et al. (inc. MB), EPJC 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017 €




New physics in flavor composition

Use the flavor sensitivity to test new physics:

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

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

» Lorentz- and CPT-invariance violation

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

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

0.0
000102030405060.70.8091.0

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

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




New physics in flavor composition

Use the flavor sensitivity to test new physics:

» 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]

» Tests of unitarity at high energy all considered 0.2 0.8 1{1] H
[Xu, He, Rodejohann, JCAP 2014; Ahlers, MB, Mu, PRD 2018; . I d 'd . = ;
Ahlers, MB, Nortvig, JCAP 2021] eXp. InClude 8 lff

» 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) ) 0.9  _2-21-20-19-18-17—16

08 O Standard mixing

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




An example:
[Lorentz 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,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)

00 02 04 06 08 1.0

a@

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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The multi-messenger connection: a simple picture
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The multi-messenger connection: a simple picture
(orp+p)

A p+m° Br=2/3

+ +

P ytarget —> —> { _— n+, Br _ 1/3

-y +y

+ + ) +
Tyt oV, ettty

n (escapes) — p+e +7v,

1 PeV 20 PeV
Neutrino energy = Proton energy / 20

Gamma-ray energy = Proton energy / 10
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0.40 H
Full 3v oscillation probability: 035 |
Am2. L 030
Pag(E,L) = 6ag—4> Re(UsUsiUa;Up;) sin’ ( 5 ) oz,
1> %0.20-

Am?2. T, ;5 0.15
+2 ) Im(Up,UpilUa;Us;) sin ( o5 ) o0t

1>7

o LUV

Oscillation length for 1-TeV v: 27t x 2E/Am? ~ 0.1 pc " Distance L farb. units]

~ 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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Inferring the flavor composition at the sources

Ingredient #1:
Flavor ratios measured at Earth,

(fe,EBa f,u,EBa fT,@)

0.0
] 2015: IC, cont.+thr.

7] 2018: IC, cont. 0.1
[[] 2020: IC, cont. (w/ v;)

2020 (proj.): IC 8 yr 0.2
[ ] 2040: IC 15 yr + Gen2 10 yr
I 2040: All v telescopes 0.3

© mdecay: (1:2:0)g
09 O p-damped: (0:1:0)g
A ndecay: (1:0:0)g

&S
N
> -
& =
3 ®

All regions at 68% C.L. or C.R.
/ 7 ¥ 7 7 7 7 7 7 7 7—0.0
00 01 02 03 04 05 06 07 08 09 1.0

Fraction of v,, fe,qo

Ingredient #2:
Probability density of mixing

parameters (0,,, 0,3, 013, Ocp)

2.0
150 Eg, _'
161 il
14 il
12 i
101 ° i

0.8 -

dcp/ T

0.6 -

0.4f :
0.2 DUNE i

P

P P S S R SR
0.40 0.45 0.50 0.55 0.60 0.65
Sil’l2 923

Song, Li, Argtielles, MB, Vincent, JCAFP2021
MB & Ahlers, PRL 2019
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Standard expectation:
Power-law energy spectrum

Standard expectation:
Isotropy (for diffuse flux)

Standard expectation:
v and y from transients arrive
simultaneously

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



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

Neutrino energy, E, [GeV]

P
i Fit to data
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Standard expectation:
Isotropy (for diffuse flux)



Arrival directions (7.5 yr)

No significant excess in the neutrino sky map:

+75°

) Largest TS
Post-trial

p-value: 0.092

Galactic Cente

B

0.0 10.5 21.0

TS = —2AIn(L) IceCube, PRD 2021




Standard expectation:
v and v from transients arrive
simultaneously



DESY



Blazar TXS 0506"‘056 IceCube, Science 2018

1C40 1C59 1C79 IC86a IC86b 1C86¢
5 L . .
» =1 TceCube-170922A iF 4o
47 Gaussian Analysis .
Q; 3 Box-shaped Analysis ol NP
R :
S 94
| - 20
19 -—_,_/—J_ - 1o
R e Y =V SN N—
2009 2010 2011 2012 2013 2014 2015 2016 2017
After re-analysis (2101.09836), .
Sigr{iﬁc‘;nce droppe()j 2014-2015: 1345 v flare, no X-ray flare 2017: one 290-TeV v + X-ray flare
ffom p=7x105 to p=8x10° 3.50 significance of correlation (post-trial) 1.40 significance of correlation

=

Combined (pre-trial): 4.10

' DESY
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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 =




Evidence for SM




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




ZBSM — / *C(HSMa 9&81:1‘07 edeta HBSM)T‘-(QSND 9&8’01‘07 Hdetv HBSM)
X dOSM deastro dé’det deBSM

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




ZBSM — / *C(HSM) 9&81:1‘07 edeta HBSM)T‘-(HSND 9&81}1‘07 edeta HBSM)
X deSM d‘gastro d(gdet deBSM

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 =




Neutrino decay



Are neutrinos forever?

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

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

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

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

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




Are neutrinos forever?

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

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

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

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

» We work in a model-independent way:
the nature of ¢ is unimportant if it is invisible to neutrino detectors
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Astrophysical sources Earth
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|
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))]
——
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Astrophysical sources Earth
| L ~up to a few Gpc |

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

—

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

... but v that travel longer L are more attenuated!
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» Decay can be incomplete e
» Final-state v might be detectable or not v;lightest and stable

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




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

V2, V3 — V1
N J
Y

vi lightest and stable
(normal mass ordering)

Fine print: \ )
» Decay can be incomplete e
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What does neutrino decay change?
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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. Best Fit
0.2 16
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e 0.7
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| Uoci |2 =] U(xJ(elZI 923, e13/ 6CP) |2 , 2
A Vel o6/ v ol

Known to within 8%

0.9
Known to within 20%

(or worse)
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MB, Beacom, Winter PRL 2015 | U el |




What does neutrino decay change?

Flavor composition
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What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. ® 1y
. 0.1
; g ; 2020: NuFit 5.0 09 O
2040: JUNO
+DUNE °3 Avs

THK KTIRe

e ———

==12040 (pro ) IC15yr + GenZ 10 yr (% /
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Direction-dependent
flavor composition
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Anisotropic Lorentz-invariance violation makes the flavor sky anisotropic:
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Lorentz-violating high-energy neutrino flavor anisotropy (IceCube HESE 7.5 years)
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Lorentz-violating high-energy neutrino flavor anisotropy (IceCube HESE 7.5 years)
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Flavor dipoles and quadrupoles in the sky? Flavor-dependent

multipole expansion

Isotropic flux
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Flavor dipoles and quadrupoles in the sky? Flavor-dependent

multipole expansion
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Flavor at ultra-high
energies (> 100 PeV)
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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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IceCube-Gen?2 (radio) alone might measure flavor
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