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Redshift g | z=0

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

Standard expectation:
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Standard expectation:
v and v from transients arrive
simultaneously

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

IceCube, PRD 2021



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



Astrophysical sources Earth
| Up to a few Gpc |

| |
E.g.,

Oscillations change the number
-------------------*
of v of each flavor, N, N, N,
Different production mechanisms yield different flavor ratios:
(ﬁe,s, f 1,57 ﬂs) = (N ¢,Sr N 11,57 N 7,9 )/ Niot

Flavor ratios at Earth (a =e, , 7):

foz,EB — Z PVB—H/& fﬁ,S

B=e,u,T



Astrophysical sources Earth
| Up to a few Gpc |

Oscillations change the number

L T L

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

Different production mechanisms yield different flavor ratios:
(fe,S/ fp,S/ f‘T,S) = (NE,SI NH,S/ NT,S )/Ntot

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

fao= D Prowlss T i

) |

new physics
B=e,u,T i '



From sources to Earth: we learn what to expect when measuring f, o
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One likely TeV-PeV v production scenario:
p+y - mt - ut+v, followedby u* - et+v.+v,

Full 7t decay chain
(1/3:2/3:0)s

Note: v and v are (so far) indistinguishable

in neutrino telescopes
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One likely TeV-PeV v production scenario:
p+y - mt - ut+v, followedby u* - et+v.+v,

T decay Full m decay chain
u-damped
' A A ndecay (1/3:2/3:0)5

Muon damped
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Neutron decay
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Fraction of v, in neutrino telescopes



Theoretically palatable regions: today
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Measuring flavor composition

Song, Li, Argtielles, MB, Vincent, J[CAP 2021
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Standard expectation:
v and v from transients arrive
simultaneously




TXS 0506+056: The first fransient source of high-e

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
20 :
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
from p=7x10 to p=8x10° 3.50 significance of correlation (post-trial) 1.40 significance of correlation

=

Combined (pre-trial): 4.10

‘ DESY



Fundamental physics with high-energy cosmic neutrinos

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

» So we can probe i, ~ 4 - 10* (E/PeV)™ (L/Gpc)' PeV'”"

» Improvement over limits using atmospheric v: ik, < 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: CPTodd Lorentz violation

n =+1: CPT-even Lorentz violation

» So we can probe i, ~ 4 - 10* (E/PeV)™ (L/Gpc)' PeV'”"

» Improvement over limits using atmospheric v: ik, < 10% PeV, k, <10
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(Acts during propagation)

(Acts at production)

Monopoles

Note: Not an exhaustive list
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(Acts at production)

Monopoles

(Acts at detection)

Note: Not an exhaustive list



Standard expectation:
Isotropy (for diffuse flux)

Standard expectation: d\
Power-law energy spectrum c,*di
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DM decay.
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(Acts at detection)

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

Note: Not an exhaustive list



Standard expectation:

Standard expectation:
Power-law energy spectrum

Isotropy (for diffuse flux)
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Standard expectation:

Standard expectation:
Power-law energy spectrum g8 S

Isotropy (for diffuse flux)
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Monopoles

(Acts at detection)

Standard expectation:
v and v from transients arrive

simultaneously

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

Note: Not an exhaustive list



Standard expectation:

Standard expectation: m —_—
> Isotropy (for diffuse flux)

Power-law energy spectrum

Standard expectation:
v and v from transients arrive
simultaneously

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

Note: Not an exhaustive list



Standard expectation: @ Standard expectation:
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Standard expectation: Standard expectation:

Power-law energy spectrum Qec,\‘\)m Isotropy (for diffuse flux)
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Equal number of v,, v, V.

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

Note: Not an exhaustive list
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1. Neutrino-matter cross section:
From TeV to PeV
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Measuring the high-energy vN cross section

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
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Hussain, Mafatia, McKay, PRD 2008; Connolly, Thorne, Waters, PRD 2011; Marfatia, McKay, Weiler, PLB 2015
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2. New neutrino interactions:
Are there secret vv interactions?
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between - 200 N g strearrlling !
astrophysical v (PeV) and relic v (0.1 meV): G el --=- With attenuation |
L . —— With attenuation + regeneration
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See also: Esteban, Pandey, Brdar, Beacom, PRD 2021 .
Creque-Sarbinowski, Hyde, Kamionkowski, PRD 2021 Neutrino energy E [GeV]
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):
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between
astrophysical v (PeV) and relic v (0.1 meV):
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Secret interactions of high-energy astrophysical neutrinos

“Secret” neutrino interactions between
astrophysical v (PeV) and relic v (0.1 meV):
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Looking for evidence of vSI

» Look for dips in 6 years of
public IceCube data (HESE)

» 80 events, 18 TeV-2 PeV

» Assume flavor-diagonal and
universal: g, = g Oua

» Bayesian analysis varying
M, g, shape of emitted flux (y)

» Account for atmospheric v,
in-Earth propagation, detector
uncertainties
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No significant (> 30) evidence for a spectral dip ...
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No significant (> 30) evidence for a spectral dip ...
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No significant (> 30) evidence for a spectral dip ... ... so we set upper limits on the coupling g
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3. New physics from a neutrino flare:
From the time-distribution



DESY



DESY



New physics from high-energy neutrino flares

EIC A et WENl [ orentz-invariance violation may change

v source

= the neutrino speed relative to light speed:
o
e 8 n
& & B 1 ([ FE,
" NG v(E,) = |1— nx =1- Av(E,)
Detected v flare '

M,: LIV energy scale (unknown)

—
o
—
2
=
=
Z

From the time profile of a neutrino flare
we can bound the value of M,

without an electromagnetic counterpart and
without knowing the original time profile

Not to scale MB, Ellis, Konoplich, Sakharov, PRD 2025



New physics from high-energy neutrino flares

MB, Ellis, Konoplich, Sakharov, PRD 2025
I | |

I I

LIV makes the v flare time-distribution...

Neutrino propagation _

i

@

S
S

U
7’

= Modifledby £y » More uniform
Lorentz-invariance violation ! \
--- Standard | More uniform » Less peaky (lower kurtosis)
0.25 (higher regularity) —|

\ » More asymmetric (negative skewness)
Less peaky

1 .
(lower kurtosis)
1

=

ho

=
|

For a detected neutrino with E, in a flare:

tObS(EI/) — bS(EI/)(l + Zsrc) + Tn(Zsrc)E;iL

=

—

g1
I

Detection time  Intrinsic lag Effect
7 ofaatEarth in the source of LIV

=

—_

(@)
I

More asymmetric
(higher’skewness)
7/

We find the value of t, that restores
irregularity, peakiness, and asymmetry to
time-distribution of the flare

=
)
a1

”
-
o,

Uniform distribution

Number of neutrinos detected in a flare (normalized)

=
o
5

| | | |
.0 2:5 5.0 4D 10.0 12.5 15.0
Neutrino arrival time [a.u.]



New physics from high-energy neutrino flares

10H IceCube muon track events 70 A
from TXS 0506+056 .
"| mE Associated to 2014,/2015 flare Use IceCube .through-gomg
N (box time profile) { muons associated to the
| 7 e 2015/2015 flare of TXS 0506+056
8 .

o+

QO -

S

g v » Higher weight if closer to the source
£ 6

g » Account for uncertainty in linking

muon energy (measured) to
neutrino energy (inferred)

Neutrino energy (one random realization) [TeV]

MB, Ellis, Konoplich, Sakharov, PRD 2025

73 74 75 76 77 78 79 80 81
Right ascension [deg] -
36



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

TXS 0506+056: This work This work

multiple v Gl S (disfavoredl 95% C-.L.) 2014/2015 flare using only neutrinos
TXS 0506+056: _ _|

IC170922A / % / A \

SN %
PKS B1424-418: 1

HESE-35 1Y 2
GB6 ]1040+0617:m B %%%
IC141209A
PKS 0735+178:7 7 |7 ) | Limits from the coincident emission of

IC211208A
PKS 1123+264: 77 7 7 > neutrinos and electromagnetic emission

B o 7 7 1 ) (generally low or unspecified credibility)

3v IceCube
el | v
RN | ez :
AT2019aacl:

IC191119A %% IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII Z%I IIIIIIIIIIIIIIIIIIIIIIIIIII j MB, Ellis, Konoplich, Sakharov, PRD 2025

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

Neutrino LIV energy scale




4. New physics via flavor
Hard to do, but worth it



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

( Sources

% (fe,s) fu,s) frs)

\

>

Earth

Oscillations
d» a» a» a» *

(012, 023,613, 6cp)

b

(. /)
Y

Known from oscillation
experiments, to different
levels of precision

(fe.or fu@: fro)



Standard expectation: Standard expectation:

W) .
Power-law energy spectrum Qec,\‘\) / Isotropy (for diffuse flux)
5
&
&
>
s\C? - e ax'an
S /@(cts r)/ﬁg rotlon
X /
~ / DM-v interaction \
(Acts at productpn / / e

LorentZ+CPT violation

Heavy relics
DM ann|h|lat|o

DM deca

(Actsyat detectjon)

More: PoS ICRC’«’ﬂ9 (1907.08690)

‘---Angue].bfﬂﬁ Kheirandish, Palomares-Ruiz, Salvado, Vincent

/
Standagl expectation:

Standard expectation:
Equa}ﬁumber of Ve, vy, Vr

v and v from transients arrive
simultaneously
Note: Not an exhaustive list



New physics in flavor composition

Use the flavor sensitivity to test new physics:




New physics in flavor composition

Use the flavor sensitivity to test new physics:

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 Mixing + decay 0 No decay
[Beacom et al., PRL 2003; Baerwald, MB, Winter, JCAP 2010; -
MB, Beacom, Winter, PRL 2015; MB, Beacom, Murase, PRD 2017] GU, SCP: var. 36 0.1 = D =0.50
D =0.10
NH
°¢ M D=0.01
0.3 (complete)

0.8

o0 R

0O 01 02 03 04 05 06 0.7 08 09 1

Reviews: f e,o MB, Beacom, Murase, PRD 2017
Argitielles et al. (inc. MB), EP]C 2023; Mehta & Winter, JCAP 2011; Rasmussen et al., PRD 2017




New physics in flavor composition

Use the flavor sensitivity to test new physics:

. 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
: PR f
\\ // Y /
\ \\_ ;"
1 . 0 \\\ // / \ //
/ 7 7 7 7 0.0
0.0 0.2 0.4 0.6 0.8 1.0
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; v ‘ < ®
Kostelecky & Mewes 2004; Argtielles, Katori, Salvado, PRL 2015] sw .

(R SILTTRREN A SRR 0 0
00 02 04 006 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




Lorentz-invariance violation can fill up the flavor triangle
| Forn=0 0.0,1.0

(similar for n =1)

Hiot = Hstg + Hnp

| : 5 >
Heig — —UILMNS diag ((), Ah‘r-zgl,An-zgl) UpMNS

2F
EN' 1.0 0.0
Hp=Y (A_) Ut diag (01,002, 0,3) U, 0.0 02 04 06 08 1.0
n o 8>
. ae
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 IJMPA 2009; + many others Argiielles, Katori, Salvadé, PRL 2015



IceCube Collab., Nat. Phys. 2022
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Measuring energy-dependent
flavor composition



Flavor composition: measuring the energy dependence

Liu, Fiorillo, Argtielles, MB, Song, Vincent, 2312.07649
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Flavor composition: measuring the energy dependence

Today
Power-law (PL) diffuse v flux 0.0 (IceCube 7.5-yr HESE):
=T T L0 No evidence for flavor

e |
i | change with ener
s Low-energy (LE) | ] & 8y
& 8y | PL
7 1:2:0) |
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| .
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Liu, Fiorillo, Argtielles, MB, Song, Vincent, 2312.07649




Flavor composition: measuring the energy dependence
Future
Power-law (PL) diffuse v flux - ((HESE & thru. p
’ in IceCube + Gen2

+ Baikal-GVD + KM3NeT
+ P-ONE + TAMBO

T T IIIIIII T T IIIIIIII T T T F ETTE

!
Low-energy (LE) |
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(1:2:0)s | PL )
167 < _>: =
i High-energy (HE) W
| 1. R
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| & HE (> 200 TeV) i
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LA e 04 ©
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\
g decay

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

I
—— All-flavor : Projected year 2040
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Measuring flavor anisotropy



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 compositioﬁ: IceCube HESE (7.5yr)
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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
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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

foo
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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

foo
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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

foo
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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:
$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 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)
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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

k spectrum a la CMB

/ There is no sign of flavor anisotropy \

ork led By

/

Bernanda
Telalovic
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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, 2310.15224
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Anisotropic Lorentz-invariance violation makes the flavor sky anisotropic:

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

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

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

Neutrino oscillation probablhty becomes direction-dependent
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:_ :_ ANoLIV ﬂ—

0.00 0.30 1.00

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

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

Telalovic, MB, 2310.15224



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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Disfavored at 95% C.L. from flavor isotropy (this work, using IceCube 7.5-year HESE)
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Prospects at
ultra-high energies
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New physics from the
first UHE neutrino



Article

Observation of an ultra-high-energy cosmic
neutrinowith KM3NeT

Theinternational journal of science /13

KM3NeT Collab. Nature 638, 376 (2025)

One muon detected with 120?61010 PeV

COSMIC
CAICHER

Deep-seatelescope detects
neutrino with highest
energy ever recorded




COSMIC
CAICHER

Deep-seatelescope detects
neutrino with highest
energy ever recorded

Article

Observation of an ultra-high-energy cosmic
neutrinowith KM3NeT

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

Inferred neutrino energy: 220351%0 PeV



Article

Observation of an ultra-high-energy cosmic
neutrinowith KM3NeT

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 o after traveling 150 km through Earth

S

COSMIC
CAICHER

Deep-seatelescope detects
neutrino with highest
energy ever recorded

y: 22007 PeV




BSM models in connection to KM3-230213A

Lorentz-invariance violation

Superluminal neutrinos (2502.09548, 2502.12070, 2502.18256)
Time delay (14 years!) vs. gamma rays from a GRB (2502.13093, 2503.14471)
From the muon surviving enhanced u - e + vy while traveling underground (2502.13201)

Decay of heavy dark matter

Decay of 400-PeV DM (2503.00097, 2503.04464, 2503.14332, 2503.18737, 2504.01447)
Heavy scalar decays into sterile v that decays into active v (2503.07776)

Sterile-active neutrino transition
Motivated by observation in KM3NeT, but not IceCube (2502.21299)

Primordial black hole evaporation
Possibly with “memory burden” to lengthen PBH life (2502.19245, 2503.19227, 2503.21740)

Mirror neutrons
UHE n” - n - v reconciles heavy UHECR masses with high cosmogenic v flux (2503.14419)

Do we live in a simulation? (2504.08461)




Lorentz-invariance violation — from superluminal speeds

KM3NeT Collab., 2502.12070

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

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

V 5> vte+e

10~20
Cohen & Glashow, PRL 2011 =
E
Excess over light speed: d=c¢,-1 g 10-2! 4
- 3
Decay length: Laec=c¢y/T « E?d% ] S
JA 10722 4 E;
Decay width ] 2
=l
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

Cosmological
expansion

Energy scale of LIV
(10™-10" GeV)

GRB-v association: 2.40

Latitude [deg]

(p-value of 0.015)

Amelino-Camelia et al., 2502.13093
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Decay of heavy dark matter (DM - v +v)

All-flavor v flux, E2®, [GeV cm 2 s~ sr™1]

7

Fiorillo, Valera, MB, Winter, PRD 2023
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Decay of heavy dark matter — supersymmetric
Multi-component DM: heavy (X, unstable) & lighter (y_, stable)

Jho, Park, Shin, 2503.18737
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Sterile-active v transitions

Brdar & Chattopadhyay, 2502.21299

High-energy
. Atmosphere [ keV-scale
0 km altitude / sterile
1.6 AUIGE 1 ranean neutrino
....... 4"
KM3NeT Vs
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Sterile-active v transitions
New neutrino-baryon interactions inside Earth (by gauging U(1)s symmetry)

Relative strength vs. standard weak interaction: €,, = G /(V2GF)

For -ess = 150, transitions are resonant in KM3NeT,
but not in IceCube
10~ 1¢

Brdar & Chattopadhyay, 2502.21299
T L] 1 T T L]

ms=3 keV A kM3NeT
—3 '
1 O /-\ ' [\ U s o o 5 5 s 33 5 5 © 5 @ 35 6 D 25 6 L

0|

10—7.

Probability of v - vy




Primordial black hole evaporation

Dvali, Zantedeschi, Zell, 2503.21740

. . L i " 1/2
Primordial black holes (PBHs) o7L %108, p=3 my
. . . [+
evaporate through Hawking radiation :‘;%7 ] o
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(@ < o
— s \ S
“Memory burden” effect: T no ae® N RICAN
. =" . R <
quantum back-reaction lengthens & 1078 = NN el
1 N Wt
the life of the black hole & 1 | ) ks
I o °
G ’ °
>
Most of the contribution is from kel 9 i . Z— upper limits
intermediate-mass PBHs, = 107
Coe . Sy NST (2022)
transitioning to memory burden i
HESE (2021)
Glashow (2021)
Galactic + extragalactic contributions, 10-10] |
monochromatic mass spectrum, : MpRel 3PP
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Neutrino cross section
at ultra-high energqies



Valera, MB, Glaser, JHEP?2022

Adapted for Snowmass 2021: Ackermann, MB, ef al,, JHEAp 2022
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TeV-PeV:

IceCube

Earth is almost fully opaque,
some upgoing v still make it through




TeV-PeV:

IceCube

Earth is almost fully opaque,
some upgoing v still make it through

> 100 PeV:

IceCube

Earth is completely opaque,
but horizontal v still make it through




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

Center-of-mass energy /s [GeV]
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Valera, MB, Glaser, JHEP 2022

Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022
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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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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
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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

0.0

IceCube-Gen2 (radio) - L9 ® 7t decay: (1:2:0)g
UHE v: 108-1010 GeV ' 09 I p-damped: (0:1:0)q

Flux: TA cosmoge

A ndecay: (1:0:0)qg

(Fraction of v, + vT\

Secondary muons
and tauons create
showers that hit

\_ >1 radio station )

~N

Fraction of v,

Showers are
elongated due to
the LPM effect

¥
1.0 /Al regions: 68%, 95%
/ 7 7 7
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Fraction of ve, fe 4

Coleman, Ericsson, MB, Glaser, PRD 2024
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Precision

Colliders
(higher lum.)

Today

HE
CoSmic
particles

In 10-20 years

HE
cosmic
particles

/How?

» Event statistics (more detectors)

» Identify more sources

» New detection techniques

» Shrink particle and astro systematics

>
Energy
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I NGC 1068 Astro. v,
TXS 05064056 ~ =—¢=— Astro. v, v,
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Neutrino-dark matter scattering

X (fermion) X

Upper limits (90% C.L.)
Signature: On  Gmax = \/Ix9v

Deficit of high-energy v
from the Galactic Center

(scalar)

+: cascade
X: track

; 103 10-2 10~ 107
—— il 4 m,/GeV

Galactic

IceCube, JCAP2023
s /-5 years of ; randish, Vincer,
21.3 TR T 28 [ceCube HESE data Argitielles, Kheirandish, Vincent, PRL 2017



Measuring the high-energy v/Vcross section

Number of detected neutrinos (simplified for presentation):

N x P, 0, ve N = (I)VO'VNG_LU”NTLN

—— S
Neutrino flux Cross section

Hooper, PRD?2002; Hussain et al, PRL 2006; Borriello et al, PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD?2011; Marfatia, McKay, Weiler, PLB2015
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Downgoing neutrinos
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Measuring the high-energy v/Vcross section

Number of detected neutrinos (simplified for presentation):

N x (I),/O'VNG_TVN — (I),/O',/NG_LU”NnN

——
Neutrino flux Cross section

Downgoing neutrinos
(L short » no matter)

N x (I),/O',/N
a_J

Degeneracy

Hooper, PRD?2002; Hussain et al, PRL 2006; Borriello et al, PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD?2011; Marfatia, McKay, Weiler, PLB2015




Measuring the high-energy v/Vcross section

Number of detected neutrinos (simplified for presentation):

N o ®,0,ve ™Y =®,0, e LN
N e a—
Neutrino flux ~ Cross section
Downgoing neutrinos Upgoing neutrinos
(L short » no matter) (Llong — lots of matter)
N x ®,0, N o @0, ye bomny
——
Degeneracy

Hooper, PRD?2002; Hussain et al, PRL 2006; Borriello et al, PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD?2011; Marfatia, McKay, Weiler, PLB2015




Measuring the high-energy v/Vcross section

Number of detected neutrinos (simplified for presentation):

N o ®,0,ve ™Y =®,0, e LN
—— N
Neutrino flux ~ Cross section
Downgoing neutrinos Upgoing neutrinos
(L short » no matter) (Llong — lots of matter)
N x ®,0, N o ®,0,ve Hovmn
—— | ~ J
Degeneracy Breaks the degeneracy

Hooper, PRD?2002; Hussain et al, PRL 2006; Borriello et al, PRD 2008
Hussain, Mafatia, McKay, PRD 2008 Connolly, Thorne, Waters, PRD?2011; Marfatia, McKay, Weiler, PLB2015




A feel for the in-Earth attenuation

Earth matter density Neutrino-nucleon cross section

(Preliminary Reference Earth Model)
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A feel for the in-Earth attenuation
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Deposited energy Egep [GeV]
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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In-Earth distance to IceCube D [km]
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Was it a cosmogenic neutrino? KM3NeT vs. IceCube

Diffuse flux of high-energy
astrophysical v
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Was it a cosmogenic neutrino? KM3NeT vs. IceCube

UHE v flux inferred from KM3NeT event Flux is above upper limits! 2.50-30 tension
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Was it a cosmogenic neutrino? KM3NeT vs. IceCube

UHE v flux inferred from KM3NeT event Flux is above upper limits! 2.50-30 tension
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Was it a cosmogenic neutrino? KM3NeT vs. IceCube

UHE v flux inferred from KM3NeT event

Flux is above upper limits! 2.50-30 tension
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Was it a cosmogenic neutrino? KM3NeT vs. IceCube

Joint fit to IceCube and KM3NeT v data + Auger UHECR data

Muzio, Yuan, Lu, arXiv:2502.06944
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5. Dark matter:
Annihilation and decay into v



High-energy neutrinos from dark matter

Dark matter co-annihilation: v + v yield from DM (at source)

X+X—V+v |
— 2
X+tx—...ov+v+... i
Emax = Ty g 101_;
o] ]
Dark matter decay: S
X = V4D ol

X —7... > V+UV+... ot AN

1075 107 107 1072 107! 100
Emax — mx/ 2 Ev/Emax IceCube, JCAP 2023

Approximate independence on 1,

Electroweak corrections (off-shell W and Z valid for 11, = 100 TeV-10 PeV

emission) broaden the v spectrum
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Limits on dark matter decay

Per annihilation channel Compared to other limits
(assuming 100% branching ratio) (assuming decay into muons)
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Two DM contributions: Galactic (anisotropic) + extragalactic (isotropic)

Plus background of atmospheric neutrinos (anisotropic, but different)



Limits on dark matter annihilation

Per annihilation channel
(assuming 100% branching ratio)

:Einasto profile USil’lg 7.5 years Of 90% CL
IceCube HESE data
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Two DM contributions: Galactic (anisotropic) + extragalactic (isotropic)

Plus background of atmospheric neutrinos (anisotropic, but different)



Limits on dark matter annihilation

Per annihilation channel Compared to other limits
(assuming 100% branching ratio) (assuming annihilation to muons)
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6. Unstable neutrinos:
Are neutrinos for ever?



Are neutrinos forever?

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

» One-photon decay (v; » v, +y): 1> 10% (mm,/eV)5 yr e of U
> TWO-photon decay (v, -» v,y + y): T> 109 (m,/eV)?® yr » (~g1€4(.)5 G;l;\)ferse

» Three-neutrino decay (v, —» v, + v, + v): T> 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, +y): 1> 10% (mm,/eV)5 yr U
> TWO-photon decay (vl. -V +y+ Y)I > 109 ( m, /ev)-g yr » (~g1€4(.)5 G;l;\)ferse

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

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

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




Astrophysical sources Earth
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-------------------*
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The flux of v, is attenuated by exp[- (L/ £) - (m,/1))]
——

Mass of v, Lifetime of v,




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

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

Only sensitive to their ratio
—h—

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 |

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

—

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

... but v that travel longer L are more attenuated!



Astrophysical sources Earth
| L ~up to a few Gpc |
| |
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vi lightest and stable
(normal mass ordering) L y
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(If decay is complete)




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)

- -
o - -
N
\
v;lightest and stable

(inverted mass
ordering)




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

V2, V3 - Vi1

|
\ J
Y
vi lightest and stable
(normal mass ordering) o= ® y
-

-
”

(If decay is complete)

T
. ) Sew
Fine print: U ) o+
» Decay can be incomplete e
» Final-state v might be detectable or not v;lightest and stable

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




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

V2, V3 - Vi1
N J
Y

vi lightest and stable
(normal mass ordering)

Fine print: \ )
» 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) orderjng)



What does neutrino decay change?
Flavor composition <~ > Spectrumshape < >  Eventrate




What does neutrino decay change?

Flavor composition

Flavor content of mass eigenstates:
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What does neutrino decay change?

Flavor composition

V2, V3 - V1
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(normal mass ordering)
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(inverted mass
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What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. ® 1y
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Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD?2020 /
MB, 2004.06844
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What does neutrino decay change?

Flavor composition

v decay 0.0
All regions 99.7% C.R. o1 ® 1
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Approx. today
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What does neutrino decay change?

Flavor composition

v decay 0.0
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What does neutrino decay change?

Flavor composition

v decay 0.0
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What does neutrino decay change?

Flavor composition

v decay 0.0

All regions 99.7% C.R. o1 R

202050 ‘ 09 Bwn Two ingredients:

W LW 2040: J{%I}TJ%E 0.2 A y;  Distribution mixing parameters
+HEK ; & IceCube flavor posterior

Approx. today

o ———

-2020 (prof.): IC 8 yr (99.7% C.R.)
==2040 (proj.): IC 15 yr + Gen2 10 yr (3
—— 2040 (proj.): Combined v telescopes

/ / T 4 / 7 / / ¥/ / /

0.1 03 04 05 06 07

Fraction of v,, f g

0.2

Neutrino lifetime, T [s]

See also: Beacom ef al,, PRL 2002 / Baerwald, MB, Winter, JCAP2012 /
MB, Beacom, Murase, PRD?2017 / Rasmussen et al., PRD2017 /
Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD?2020 /
MB, 2004.06844

6 Song, Li, Argtielles, MB, Vincent, /CAP2021
1 0 T T T T I T T T T .,I T T T
Invisible decay 2020 (measured):

IC (ApJ 1,98) ® NuFit 5.0

2020 (projected):

IC 8 yr ® NuFit 5.0

2040 (projected):

(IC 15 yr+IC-Gen2 10 yr) ®
(NuFit 5.0+4JUNO+DUNE+HK)
2040 (projected):

(Combined v telescopes) ®
(NuFit 5.0+4JUNO+DUNE+HK)

Early Universe (2011.01502)

10°

—_
o
S

—_
o
W

Lol

ed mj3 region

\
, /' * Approx. today

10~

—
=)
N

~
Allowed m»

N

Neutrino mass, m [eV]



What does neutrino decay change?

Flavor composition
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See also: Beacom ef al,, PRL 2002 / Baerwald, MB, Winter, JCAP2012 /
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See also: Beacom ef al., PRL 2002 / Baerwald, MB, Winter, JCAP2012 /
MB, Beacom, Murase, PRD?2017/ Rasmussen et al., PRD2017 /

What does neUtrinO decay Change ? Denton & Tamborra, PRL2018 / Abdullahi & Denton, PRD?2020 /
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See also: Beacom ef al., PRL 2002 / Baerwald, MB, Winter, JCAP2012 /
MB, Beacom, Murase, PRD?2017/ Rasmussen et al., PRD2017 /

What does neUtrinO decay Change ? Denton & Tamborra, PRL2018 / Abdullahi & Denton, PRD?2020 /

Song, Li, Argtielles, MB, Vincent, /CAF2020
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° S Iso: B tal., PRL 2002 / B 1d, MB, Winter, JCAP2012 /
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See also: Beacom et al., PRL 2002 / Baerwald, MB, Winter, JCAP2012 /
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What does neutrino decay change? .
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Song, Li, Argtielles, MB, Vincent, /CAF2020

Event rate

Glashow resonance (GR):
v,+ e - W - hadrons —» shower

If v, had decayed en route to Earth,
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What does neutrino decay change?

Song, Li, Argtielles, MB, Vincent, /CAF2020

Event rate

__ Glashow resonance (GR):

v.+ e - W - hadrons - shower

So by having observed 1 GR event we can
place a lowerlimit on the lifetime of v, (= v,)

If v, had decayed en route to Earth,
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What does neutrino decay change?

Number of showers Egep dNgp /dEgep (4.6 y1)

Neutrino lifetime 77, T [s]
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What does neutrino decay change?

Number of showers Egep dNgp /dEgep (4.6 y1)
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New physics in the UHE v/V cross section
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via the dipole portal
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Multiple v-induced
bangs

Huang, EPJC2022 [2207.02222]




HyN (UB)

Heavy sterile neutrinos

via the dipole portal
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New physics in the UHE v/V cross section

Leptoquarks,
charged Higgs, efc.
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Quick aside: how to read a ternary plot

0.0

Assumes underlying unitarity —

sum of projections on each axis is 1

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

Always in this order: (f,, £, f,)
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How knowing the mixing parameters better helps

— IceCube 15 yr (68%, 95%;, 99.7% C.R.)
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Flavor composition: measuring the energy dependence
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Flavor dipoles and quadrupoles in the sky?
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