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Neutrinos are the hardest to detect among all
particle messengers.
Low statistics, but...

Neutrinos carry an extra piece of information:

flavor!
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Very..very..long-haseline neutrino heam

Neutrinos are Neutrino Neutrinos are
produced at the oscillations change measured on Earth
sources with a the flavor with a flavor
flavor composition. composition. composition.

A venue to infer neutrino production, propagation, and detection.



Flavor Composition of High-energy Astrophysical Neutrinos

Oscillations
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Flavor Composition of High-energy Astrophysical Neutrinos

Oscillations
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3v oscillation probability:
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e Oscillation length for TeV-PeV neutrinos: < pc. Sources are much further away (Mpc~Gpc).

e ocations of sources and neutrino production sites vary.
6



Flavor Composition of High-energy Astrophysical Neutrinos

Oscillations

Oscillation patterns cannot be resolved
3v oscillation

Averaged probability
3

Pya—n/ﬁ — Z | Uﬂl |2| Uai |2

l

e Oscillation length for TeV-PeV neutrinos: < pc. Sources are much further away (Mpc~Gpc).

| ocations of sources and neutrino production sites vary.
6



Flavor Composition of High-energy Astrophysical Neutrinos

fe,s :f;l,S :fr,s fe,EB :]74,69 :fT,EB

(1:2:0) (0.34:0.33 : 0.33)

{0:1:0)} {0.24 : 0.37 : 0.39}

{1:0:0} {0.55:0.23:0.22}


http://www.nu-fit.org/?q=node/8

Flavor Composition of High-energy Astrophysical Neutrinos
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Flavor Composition of High-energy Astrophysical Neutrinos

0.0 Muon-damped

04 05 06 0.7
Ve fraction, f, o

0.8

09 1.0
Neutron decay

Standard neutrino
oscillation (nufit)
allowed region.

A flavour composition
outside of this region:
new physics

(or you messed up!)



New Physics & Flavor Composition

W\
30“0
N
&
s .
2 J =
& ™/ cts gduringPrapagation)
& ///@( e

DM -v interaction

(Acts at ploductlon

DE-v interac

Neutrinc

ion
Lorent +CPT violation

Heavy &llcs
DMMBnnihilation

l DM decay

Lo -range mtera tions

cre v mterac ns

Mongc poles

[Act%t detection)

Au P

...--_’

Arguelles et al. ICRC2019


https://arxiv.org/pdf/1907.08690

How is the Flavor Determined Experimentally?

There is no event-wise particle identification ...

10



How is the Flavor Determined Experimentally?

lon

t
Cascades

ICA

IS no event-wise particle identifi

There

Double Cascades

Tracks

- - -~ -~ = - - -

e
..J- .. .00

VUV P ay g

- ".““'-” IO -l)lo.:..louh“..

—

v+ N->7+X

+N—-oe+ X

Ve

+N->u+X

Pu

v, 2 PeV

1O

tribut

main Con



IceCube Flavor Composition Measurements
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Where Are We Now?

2025 © 1.0 e Improved double cascades identification. 9
events above 30 TeV.
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Where Are We Now?
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Precise Neutrino Oscillation Measurements
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Improved Allowed Regions

Future combined oscillation measurements
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standard - o

oscillation 09

\ allowed by 1« / \
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0.0 0.1 02 03 04 05 06 07 08 09 1.0 04 05 06 07 08 09 10

Ve fraction (feq) Ve fraction (fee)

O 7 decay B y damped A 71 decay

Precise oscillation parameter measurements are crucial for the

interpretation of the astrophysical neutrino flavor measurements. y



Next-generation HE and VHE :ﬁ‘ ICECUBE /
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Future of the Flavor Measurements on Inferring Neutrino Sources
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Infering Neutrino Oscillation Parameters

e Neutrino oscillation measurements have achieved great precision, but exclusively at sub-TeV energies.
e Above TeV, the mixing paradigm remains largely unexplored.
e High-energy astrophysical neutrinos provide the only probe of standard and non-standard mixing above TeV.
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Infering Neutrino Oscillation Parameters

e Neutrino oscillation measurements have achieved great precision, but exclusively at sub-TeV energies.
e Above TeV, the mixing paradigm remains largely unexplored.

e High-energy astrophysical neutrinos provide the only probe of standard and non-standard mixing above TeV.
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Parameter Running with the Transferred Momentum
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Bustamante, QL, Barenboim [2604.14409] Antusch, Kersten, Lindner, Ratz, Nucl. Phys. B 2003



Energy-Dependence of the Flavor Composition

e Flavor composition measurements have been focusing on the

e The flavor composition is expected to be energy-dependent, due to energy-dependent
neutrino production mechanisms and new physics effects.
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e Flavor composition measurements have been focusing on the

e The flavor composition is expected to be energy-dependent, due to energy-dependent
neutrino production mechanisms and new physics effects.
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Energy-Dependence of the Flavor Composition

e Flavor composition measurements have been focusing on the

e The flavor composition is expected to be energy-dependent, due to energy-dependent
neutrino production mechanisms and new physics effects.
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Energy-Dependent Flavor Composition
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Energy-Dependent Flavor Composition
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Energy-Dependent Flavor Composition
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Energy-Dependent Flavor Composition
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Energy-Dependent Flavor Composition
Future projections with combined exposure: IceCube/lceCube-Gen2+KM3NeT+Baikal-GVD+P-ONE+TAMBO+TRIDENT

Predicted flavor composition at Earth | 0.0

Flavor composition at sources Neutrino mixing parameters
O 7 decay A ndecay [ B M W Present (NuFIT 5.1)
B y-damped M Arbitrary Projected

@: +

transition energy+

AN

HE (> 200 TeV)

-

S T s s \\u—", .................................. « ........................................ e &

Pro]ected year 2040

0.3

............................................. HESE+TGM) e N

IceCube 2020 LE +'HE | All reglons 680 % C L

As'sumned v spectrum: power law
4 ” 7 7 7 7 7 7 7~ 0.0
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Energy-Dependent Flavor Composition
Future projections with combined exposure: IceCube/lceCube-Gen2+KM3NeT+Baikal-GVD+P-ONE+TAMBO+TRIDENT
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® = spectral parameters +
transition energy+

AN

Earth LE and HE
flavor compositions

(multlple detectors S
____________________________________________ HESE+TGM) R N
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Assumed v spectrum: power law
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: 2]
Ve fractlon, fe,éB QL, Fiorillo, Arguelles, Bustamante, Song, Vincent PRD25


https://arxiv.org/abs/2312.07649

From Measurements to the Flavor Compositions at Sources

From measurement back to the source

+ transition energy + | \fesJupJens Jun [fe,g;l, e,S;h] + lSlz, 5935 8135 5Cp]
3SfrrTTTTTT [T § [ TTERLTE BRRSFRSER BEASEERRS
3 : [ Step-like (Step)}
30 1
X =
[ 1
_: u
25[ l
: § : Projected 2040
pion decay -> ; . Es — 1RV
20[- ' (HESE + TGM)
[ I
muon damped for : . R

7T decay (assumed true LE

Probability density, P(f,s)

the same sources 15f . HE 000738 |
! (CHESE 75y | = The low-energy and high-
W LE (0.19%533) energy flavor compositions at
: e (0.02%550) | the sources can be determined
— S — = <10% by 2040
0.2 0.4 0.6 0.8 1.0

QL, Fiorillo, Arguelles, Bustamante, Song, Vincent PRD25 Average U fraction at sources, fe 5 22


https://arxiv.org/abs/2312.07649

Comparison with the General Approach

Projections 2040
Fit with Step
(main results)

Fit with Step,
no flavor trans.

Fit with PL,
no flavor trans.

pion decay ->
muon damped for
the same sources

n decay

f power law spectrum+ no flavor

-ansition is fitted

e Mismodeling of the flavor
composition can lead to
unexpected interpolation!

02 LN/ \/ \/ 01 ® Flavor measurements must use
IceCube 2020 LE + HE : N oo . . . .
1.0 Kssumed v speiimms ateplike flexible descriptions to avoid
P P
/ / / / / / / / / OO t. . t f
00 01 02 03 04 05 06 07 08 09 10 reporting inaccurate tiavor

Vv, fraction, f,q

QL, Fiorillo, Arguelles, Bustamante, Song, Vincent PRD25

composition measurements.
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A Step Further on the Energy Dependence
Can We Do Better?

® Finding the transition energy is very difficult
without prior knowledge.

® \We can try to infer the piece-wise spectrum of
each flavor separately.




QL, Bustamante, Vincent, in prep

A Step Further on the Energy Dependence
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Beyond the Ternary?

Neutrino telescopes are blind to
neutrinos and antineutrinos.
s there a way to differentiate?
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Glashow Resonance

v, can be disentangled with resonant
Interactions

6.3PeV 511KeV 80.38GeV

S. Glashow Phys.Rev. 1960

The only way to differentiate the anti-
neutrino flux from the total flux at
high energies.
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First Detection of Glashow Resonance
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PeV energy partially-contained event selection

® The detectable escaping muons
suggest it's a hadronic shower

e visible energy of 6.05 * 0.72 PeV,
2.3¢ assuming a E~%° spectrum.

lceCube Nature 2021
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Probing o : v with the Inelasiticity Measurement

For below 100 TeV, U : v may be probed by measuring the inelasticity of deep inelastic scattering
using starting tracks.

0.7
- v, B =10 TeV 1 v without FSR 0.7 - lceCube [1808.07629]
. v, E=10TeV 0.6 v with FSR
:'\ v, B =1TeV ; v without FSR 0.6
ol N v, E=1TeV 0.5 v with FSR
FA S \ ‘ j -
. ]
= E (0.4 .
L~ ) — ]
“;‘1 = ]
=~ .0 - i
= ] 0.3 -
1.0 0.2 0.2 v CSMS
0+ : 0.1- v CSMS
] S —— 0.1+ | —— Flux-averaged CSMS
D.,-—-: : 0.0 M s AL | s ! LI B I B | s N L S ] ! . LI N ' ! et
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0.0 0.2 0.4 0.6 0.8 1.0 107 10° 10 10° 10° 107 108 E, (GeV)
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Limitation of the 3-Flavor Measurements

p+p—>nﬂ[ﬂ0+ﬂ++ﬂ_]

P
— 0 p+y—> AT > " +n
standard mixing
fe,s :]74,5 :ff,s — fe,EB :]74,69 :fT,GB
Considering | pp/py {1:2:0} {0.33:0.34: 0.33}
v+ vtogether(  pp/py pdamped  {0:1:0]} {0.23:0.39 : 0.38)

The presence of suppressed u decay can be distinguished but not pp and py
29



Breaking the Limitation of the 3-Flavor Measurements

0 + _ Uniform distribution
pTp—n, [ﬂ T T ] of all charges
+ +

Differentiating
vand v

PP

pY
pp 1 damped

py udamped

standard mixing

{fye,safﬂe,s} : {fyﬂ,safﬂﬂ,s} : {fyf,s’fﬂ,[,s} —_— {fye,@afae,@} : {ﬁﬂ,@9fﬂﬂ,@}

(1,1} : {2,2} : {0,0} {0.17,0.17] : {0.17,0.17}
(1,0} : {1,1} : {0,0) (0.24.0.081 : {0.21,0.13}
(0,0} : {1,1} : {0,0} (0.11.0.117 : {0.20,0.20}
(0,0} : {1,0} : {0,0} (0.23.0.001 : {0.39,0.00}

pp and py can be distinguished

: {fyf,eaafﬂ,[,@}

: {0.16,0.16}
: {0.20,0.13}
: {0.19,0.19}
: {0.38,0.00}
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Breaking the Limitation of the 3-Flavor Measurements

0 + _ Uniform distribution
pTp—n, [ﬂ T T ] of all charges
+ +

Differentiating
vand v Py

v, fraction can be used to differentiate the production

PP

pp 1 damped
py udamped

mechanisms at sources.

S0
(1,1} : {2,2} : {0,0} {0.17,0.17] : {0.17,0.17}
(1,0} : {1,1} : {0,0) (0.24.0.081 : {0.21,0.13}
(0,0} : {1,1} : {0,0} (0.11.0.117 : {0.20,0.20}
(0,0} : {1,0} : {0,0} (0.23.0.001 : {0.39,0.00}

pp and py can be distinguished

: {fy,[,eaafﬂ,[,@}

: {0.16,0.16}
: {0.20,0.13}
: {0.19,0.19}
: {0.38,0.00}
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4-Flavor Analysis

4-flavor analysis has the power to distinguish
the pion decay from the muon-damped

scenarios, and at the same time use the 1,
fraction to differentiate degenerated scenarios.

Ve fraction (feq)

31



4-Flavor Analysis

QL, Song, Vincent, PRD23

0.0

1.0 | 2040 proj. ™mE HESE 7.5yr
0.1 ] F—2.37 pp ]
| = pp pdamped -
BN py
py Hdamped

0.9

10 /2040 projection 90% C.R. 0.2 0.3 0.4 0.5

——F 777777 0.0 Ve fraction

0.0 0.1 02 03 04 05 06 07 08 0.9 1.0
Ve fraction (fe, o) 3-flavor degenerated scenarios can be

o mdecay ® udamped distinguished at 2 26 w/ the soft spectrum

assumption and 2 46 w/ the hard spectrum
assumption. 39



https://arxiv.org/pdf/2304.06068

New Physics? Dark Matter Decays to Neutrinos

10—

e Heavy dark matter (>PeV) decay to 1029k
neutrinos produces an additional flux '

from electroweak showering.

_ . <
eThe v or U flux in the Glashow ~

resonance window is different from
asymmetric decay to vv vs UD.

1028_

27- —— IceCube 90% C.L. limit
10 ] 4—-- IceCube-Gen2 proj. 10yr 90% C.L. sensitivity

1 I I Lo aal I I Lo v aal I T 4 nonan
107 103 10” 1010
T x [GGV]

QL, Song, Vincent PRD25
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https://arxiv.org/pdf/2406.14602

Glashow Resonance in Tau Air Shower Neutrino Telescopes

~11%

/lgg) ~ 26km in rock

DEEP VALLEY

Huang & QL JCAP20
Ding, QL, in prep

10yr TAMBO exposure
0.8
0.6
= A
N
=
04f
02f A |
A
0.0

ndecay  pp pp pudamped py pyu damped

Preliminary

ndecay  pp pp udamped py pypu damped

e Flavor composition can be determined at ~20% for 1. A
large U, fraction can be excluded.

* May be combined with ice/water Cherenkov telescope flavor
measurements for a complementary improvement.
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https://arxiv.org/pdf/1912.02976.pdf

Summary

e There are Fruitful results of the high-energy astrophysical neutrino observation in recent years.

* Measuring the of the diffuse high-energy astrophysical neutrino flux
reveals information about at the sources,
along cosmological distances, and

e The flavor composition provides the only probe of standard and non-standard neutrino mixing
above TeV.

e fnergy dependence is expected to be present in the flavor composition due to both
astrophysical processes and new physics.

e The observation of Glashow Resonant events provides the possibility of breaking the
degeneracy of neutrinos and antineutrinos in flavor measurements, which helps further
examine different models.

e The with larger exposure and better reconstruction
techniques will significantly improve the sensitivities of flavor measurements in the future.
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Summary

e There are Fruitful results of the high-energy astrophysical neutrino observation in recent years.

e Measuring the of the diffuse high-energy astrophysical neutrino flux
reveals in V
fﬂ ) '- s
e The flavo = | i & ino mixing
above Te C A A - . ; A A A
1988 2000 2001 2011 2013 2018 2021 2022 2023
¢ Energy de Telesc;einthe AMA_NDA Atmo;qheric Iceabe Astrop_hysical Firstgaurce GIa;ow Second_Source Thirjd;)urce
. Ice Envisioned Completed Neutrinos Completed Neutrinos TXS 0506+056 Resonance NGC 1068 Milky Way
aStrO p hys I Detected Discovered Identified Iggﬁg\éir:a% Identified |dentified
e The obser 8 C

degenera 202X 203X Th k Y ' her
examine ( What’s next? a n O u m
e The next-generation neufrino telescopes with Targer exposure and better reconstruction

techniques will significantly improve the sensitivities of flavor measurements in the future.
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Timeline vs Telescope Volume
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Current and Future Measurements

0.0

1.0
0.1
0.9

Proj. measurements (68% C.L.)

© 7t decay: (1:2:0)qg
u-damped: (0:1:0)qg

A n decay: (1:0:0)qg
0.8

Only km3-scale v telescopes
2040: 29 yr IC + 15 yr B-GVD + 13 yr KM3

Multi-km? + tens-of-km?
B 2050: 24 yr IC + 25 yr B-GVD + 23 yr KM3 +
19 yr P-ONE + 15 yr IC-Gen2 + 10 yr HUNT |() D

0.3

IceCube MESE}1174%yr
(2025768% 1%

e Projection based on MC simulations with
current reconstruction capability
included.

e Two event selections are combined to
optimize the sensitivity:

high-energy starting events (HESE) (all-
flavor all-sky high-energy starting events)
& through-going muon tracks (TGM)

(upgoing v, events with vertices outside
the detector).

Aggressive projection to 2050:
proposed telescopes will be

X V. N\Y
O D Projl N\
S _——% yu-damped’
y O o P g \/
X
S O\
'{/U' 4
X
| . . | 0.2
Allowed by < TeV v fits / N\
(NUFIT 6.1.99% C.L.) N AN 0.1
1.0 Accessible by, 3v, unitarity
\/ \/ \/ \/ 0.0
7 7 7 7 7 / / / /Y

00 01 42 03 04 05 06 07 08 09 K
Fraction of v,, fe o

built with the largest exposure.

Reconstruction capability
limits further improvement.

Spans the entire physically
allowed range of the parameters
while preserving the unitarity of
flavor transitions.
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Implication of the Future Flavor Measurement

£ Projections using HESE + through-going u . . . . ..

£ —B— Assuming v production via 7 decay Future flavor identification improvement ~ mixing

Z} ——A—— Assuming v production via y-damped 7t decay

S ; | : parameters

% 80° - -

L 60k . : '

T _f e v, and v.: better ¢, , ¢/, (and O p assuming the muon-
T a0k %l?baﬁwew : damped case)

o0 L (b.f., 10, 30) ]

% 0oL | ' : . . .

S sp ' — e, (J,,, but afree source composition can mimic the

T ok : .

Zo. " f : 0,, effect when measuring on Earth.

e 400_ —

23 i ]

£ 207 -

© ol | | | :

> 0" | | |

= 80 :

> o[ _

= 013 6005 5 : . . : .
s A E This level of sensitivity will be enough to constrain certain
5 U . 4 BSM scenarios that posit modifications to neutrino mixing
Q OO .

S sk | - and flavor ratios at Earth.

© R i . . . . . . . e
o0, O : e.g., Lorentz-invariance violation, sterile neutrino mixings,
25O : and non-standard neutrino interactions.

. . -

":% 0 2025 (current) 2040 (proj.) 2050 (proj.)

7 ffcr:;g; 0;1}; Few km?3 telescopes ~ Multi-km? telescopes

+IC-Gen2 + NEON/TRIDENT 3 9



Flavor Composition vs Sensitivity to Different Parameters

0.0 10 @ Pion decay: (1:2:0)s
' 2 Muon-damped: (0:1:0)q
0.9 A Neutron decay: (1:0:0)q

0.1

0.2

0.8

co 01 02 03 04 05 06 07 08 09 1.0

Fraction of v,, f,
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IC12yr

IC 19 yr + (Baikal-GVD+KM3NeT) 5 yr
aye S a Cto r S / IC 19yr + (Baikal-GVD+KM3NeT) 15 yr
+ (IC-Gen2+P-ONE+TAMBO+TRIDENT) 10 yr
Detector exposure (HESE) [Gton yr]
| ‘ ' | |
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Very strong: = Projected: Etrans = 1PeV

]

&

4 Strong] |~ Projected: Eirans = 200 TeV
_ _ D At fdffo SO _ |

BayeS factor: % — z 1/ Z 9 S TR R | S Substantial - :

o 2 1 | B, Evidence from

& ol | j flavor transition only

—

| |~ Present: IC HESE 7.5 yr
[P ower law (P L)]: —— Projected: Egrans = 1 PeV

Current data indicate no preference. A | =~ Projected: Fuuns =200

/
Cl // ............................................................... Decisive:
R TR R S A Very strortg
%’, T IO S _/.'. ........................................................................... Strong
- From flavor + spectrum transition & % ......;,.ff' ..................................................................... Substantial
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Event Level Identification in a Cherenkov Detector

W~ — hadrons W™ —-e 1/t W —-puwu,
BR ~67 % BR ~11 % BR ~11 %
v/ escaping muons, the only X Difficult to distinguish v/ atrack without the initial
irreducible background is from from a v, DIS cascade cascade compared to v, CCDIS
NCDIS events which are tracks
suppressed
CC CC
vertex vertex
Upennnannndan ¢ I//,t ---------- O
— /
U jreesssnndas ¢ H -
W™ —e /77 I; ........... ®
shower € H

Main cascade + escaping muons
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Event Level Identification & Constraints

QL, Song, Vincent, [2304.06068]

1.0

2040 proj.
[68% vs 90%
0.8}
| PEPE E 287 ;
| PEPE E-237 |
0.6} w HESE E~287
| —— HESE E-237 -
GJ o
4> _
oo pypdamped
' 10 20 30 40 50 60 70 80
GR
lceCube/lceCube-Gen?2 N
+ KM3NeT T
+ Baikal-GVD .
+ P.-ONE Number of Glashow resonant-like events observed
+ TRIDENT

The case where Glashow resonant events can be
identified on an event-by-event basis in the [4,10]

PeV deposited energy window. Only consider U,
fraction.

90% CL constraints on current observation:
Hard spectrum £ */ : 2% < J5, £51%

Soft spectrum /" J;, 2 10%

3-flavor degenerated scenarios can be
distinguished at 2 20 w/ the soft

spectrum assumption and ~ 56 w/ the
hard spectrum assumption by 2040
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Mlxture of pp and py

(00)

@)

D

probability density

8.

1.0

fop, POSt

0.2

2040 proj. W HESE 7.5yr |
pion decay pp, E~287
pp, E—2.37
m py, E—2.87
] py, E—2.37

0.8}

2040 proj.
- pion decay

68%

fop real

QL, Song, Vincent, PRD23

probability density

10

oo

@)

N

N

0.8t

0.0 0.2

2040 proj. I HESE 7.5yr |
muon damped pp, E~287 ]
pp, E—2.37
] py, E—2.87
] py, E—2.37

0.2}

2040 pro;j.
- muon damped

68%

mm E237

0.8

1.0

e [t is possible that the
observed diffuse
astrophysical neutrino flux is

from a mixed contribution

from pp and py.

e [f we can determine that the

dominating production
mechanism is pion decay or
muon damped pion decay,
now well can we tell a mixed
contribution?

Whaot's more can be inferred after
breaking the degeneracy?

44


https://arxiv.org/pdf/2304.06068

Mixture of 71 and 7~

=
00)

10 e

| WEE HESE 7.5yr 2040 proj. i - EEE HESE 7.5yr 2040 proj. : :
op E-25 viondecay | 16| mmm pp, £-2 muon dampedf]  ® The charged pion ratios for pp
> gl -2.37 > -2.37 .
e R and py discussed correspond
D} E—287 n ~2.87
c | pY, C 5 WS py E ,
O | mm py, £27 O 12} py, 237 to an ideal case.
N 6'- © 10}
Z | Z |
— ' — 8t . . .
3 4 3 | e More realistically, the ratio
| 6f
o | S | can be affected by e.g.
) — ] - . .
l e interactions depending on the
- — injecting CRs and targets, the
8.0 0.2 0.4 8.0 0.2 0.4 o »
chemical composition of CRs,

2040 proi. 0a0prol =z | and other processes such as
- pion decay - muon damped ; . -
0al sl multi-pion production of py
andn+y— A’ - 727 4+ p

68%

2 | 2 |
Q [ Q [
4 : L f

0.4} 0.4

W& €=

0.2| 0.2}

37 | What's more can be inferred aofter
"0 2 o4 06 08 | O E— R T SRS T 5. breaking the degeneracy?

fp+, real fn+, real 45
QL, Song, Vincent, PRD23



https://arxiv.org/pdf/2304.06068

Updated Cross Section
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Spectrum Generation with Electroweak Corrections

1 1 1 1 1 I 11 I 1 1 1 1 1 I 11 I 1 1 1 1 1 | L
- —— IceCube HESE — X = vr ]
I '-}-' [ceCube Glashow Resonance X — v
—o- X —vvr

background: diffuse astro. v

108

47



IceCube Search for Quantum Gravity with the Flavor Composition
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