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IceCube — What is it?

» Km? in-ice Cherenkov detector in Antarctica
» > 5000 PMTs at 1.5-2.5 km of depth

» Sensitive to neutrino energies > 10 GeV
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Standard expectation:
Power-law energy spectrum
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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 Center

IceCube, PRD 2021




High-energy neutrinos from the Galactic Plane
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High-energy neutrinos from the Galactic Plane
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High-energy neutrinos from the Galactic Plane
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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:
(ﬂ,S/ fp,S/ fT,S) = (Ne,S/ NH,S/ NT,S )/Ntot

Flavor ratios at Earth (a=e¢, y, 1):

foz,EB — Z PVB—H/& fﬁ,S

B=e,u,T



Astrophysical sources Earth
| Up to a few Gpc |

Oscillations change the number

L L L

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

Different production mechanisms yield different flavor ratios:
(ﬂ,S/ fp,S/ fT,S) = (Ne,S/ Np,S/ NT,S )/Ntot

Flavor ratios at Eartw, LS N N .

i Standard :

_ E ! oscillations '

fOé,EB — Pyﬁ—ﬂ/a fﬁ,S E or | E
B=e,u,T ! new physics !



Measuring flavor composition

Song, Li, Argiielles, MB, Vincent, JCAP 2021
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Standard expectation:
v and vy from transients arrive
simultaneously




What have we learned
about astrophysics?



Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars




Gamma-ray bursts and blazars — not dominant

Gamma-ray bursts Blazars
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Blazar TXS 0506+056:

IceCube, Science 2018
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from p-1x10- to p-gxio—s 3.50 significance of correlation (post-trial) 1.40 significance of correlation
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‘ DESY



NGC1068: The first steady-state source of high-energy v

Active galactic nueleus |
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&
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Significance: 4. 26 (global) B
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IceCube Collab., Science 378, 538 (2022) . i ;{:bbl: Spaci[ Tel}elscope,
A, ESA & A. van der Hoeven
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about particle physics?
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(Acts at production)
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(Acts at detection)

Note: Not an exhaustive list



Standard expectation:

| Standard expectation:
Power-law energy spectrum

Isotropy (for diffuse flux)

y : .
?) (Acts during propagation)
[

(Acts at production)

~Heavy relics
~ DM annihilation,

DM decay.

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:
Power-law energy spectrum

Isotropy (for diffuse flux)
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Standard expectation:

Standard expectation: m _—
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Power-law energy spectrum

Standard expectation:
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Standard expectation: @ Standard expectation:
Power-law energy spectrum QQ'O\S\) Isotropy (for diffuse flux)
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Argiielles, MB, Kheirandish, Palomares-Ruiz, Salvadd, Vincent

Note: Not an exhaustive list



Standard expectation: @ Standard expectation:
Power-law energy spectrum QQ'O\S\) Isotropy (for diffuse flux)
; /
&
<

«/DM-v interaction

N

£ N L

Je b //@{C\tsgi@r)/ﬁg propagation)

& / > | i
(Acts at production ///, /

7\

/ _LorentZ+CPT violation

(Acté{at%{eted\i

A\ o

4

Standard expectation:
v and v from transients arrive
simultaneously

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

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

Note: Not an exhaustive list



Standard expectation: Standard expectation:

Power-law energy spectrum Qeo\‘\)m Isotropy (for diffuse flux)
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Reviews:
Ahlers, Helbing, De los Heros, EPJC 2018
Argiielles, MB, Kheirandish, Palomares-Ruiz, Salvado, Vincent, ICRC 2019 [1907.08690]
Ackermann, Ahlers, Anchordoqui, MB, et al., Astro2020 Decadal Survey [1903.04333]

-

" >{perid ‘ Monopoles
(Acté%at}s{etecﬁ\i

A\ o

. _/

4

Standard expectation:
v and v from transients arrive
simultaneously

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

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

Note: Not an exhaustive list



Valera, MB, Glaser, JHEP 2022 —Of-
Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022 Center Of mass energy \/g [GeV]

o100 101 102 108 104 10°

— 10 § IIIII T T |||||I| T T ||||||I ‘ T |||I||I A | T
g [ 4 T2K(CH)14 B GGM-PS79 . =
o 100 £ % TK(©13 V¥V IHEPITEP79 #: HASER Hilot2l (4vg, ¥+ 1)
i E A ArgoNeuT14 V IHEPJINRG ¥ FASERat5f~" (avg. v+, proj)

o - ® ArgoNeuT12 ® MINOS 10 < FASERv proj.

= 105 _ % ANL79 A NOMAD 08
8 Z, = O BEBC79 ¢ NuTeV 06

S " A BNLS2 X SciBooNE 11

" 4 0 CcRR97 ® SKAT79

g 10 = O CDHSS§7

.-.,:1' B

8 i

N 3L

9 10 E

8 C

5 - Accelerator v

¢ 102k

) F

(D] L

— L

5 10!

z 10°¢

Q i

oy

_.g 100 &

D - =k

Z _1 1 |||||III 1 ||||l||| 1 ||||II|I 1 ||||Il|| 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 |||||I|I 1 |||||I|I 1 |||||||I 1 L1111

—_
(@}

10~ 100 10! 102 10° 10* 10° 10® 107 10% 102 1010 oMt
Neutrino energy, E, [GeV]



Valera, MB, Glaser, JHEP 2022 v
Adapted for Snowmass 2021: Ackermann, MB, et al., JHEAp 2022 Center Of mass energy \/g [GeV]

o 100 10! 102 10° 10% 10°

Cr\l_q 10 E T IIII T T T T T IIII T T T T T IIII ‘ T T T T III A T T T T III A ¥ T T T LI IA T —I————’E
= C LEP Tevatron LHC FCC...— = i
S C .
2 10°F 3
| F ]
= i i
— 5L -
= 10
S ; f

> 4 L -
g 10
- C =]
9 C ]
N 3L -
5 107k -
2] = a
O u .
!Gi - il
c 10%¢ E
o E 3
@ 2 ]
5 10! L '
= 10" £ E
o - ]
5 i T
£ 100¢: Bertone, Gauld, Rojo, JHEP 2019 =
2 £ ——_ 3
2 i t—1 vN DIS prediction b.f. & 1o (BGR18) 7

_1 1 1 IIIIIII 1 1 IIIlIII 1 1 IIIIIII 1 1 IIIIlII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 | IIIIIII 1 1 IIIIIII 1 L1111

10~ 100 10! 102 10° 10* 10° 10® 107 10% 10° 1010 oMt
Neutrino energy, E, [GeV]



Horizon

IceCube




(VN charged current scattering
N hadrons
- !

Horizon

IceCube




IceCube

(VN charged current scattering

N hadrons

Horizon

(VN neutral current scattering

N hadrons
. \ .
\ (lower energy)



IceCube

(VN charged current scattering

N hadrons

Depletes the flux

Horizon

(VN neutral current scattering

N hadrons

Shifts flux to

lower energies

V) V)

\ (lower energy)




Measuring the high-energy vIN cross section

Below ~ 10 TeV: Earth is transparent Above ~ 10 TeV: Earth is opaque
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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 f61010 PeV
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Deep-seatelescope detects
neutrino with highest
energy ever recorded
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Theinternational journal of science /1

KMB3NeT Collab. Nature 638, 376 (2025)

One muon detected with 120 f61010 PeV

But is it due to a neutrino?
Yes! Direction points underground,
after traveling 150 km through Earth
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Observation of an ultra-high-energy cosmic
neutrinowith KM3NeT

KMB3NeT Collab. Nature 638, 376 (2025)

One muon detected with 120 f61010 PeV
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Yes! Direction points underground,
after traveling 150 km through Earth

“_-’

osme” -7
CATCHER

Deep-seatelescope detects
neutrino with highest
energy ever recorded




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! 2.56-3c tension

------- Upper limits
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Was it a cosmogenic neutrino? KM3NeT vs. IceCube

UHE v flux inferred from KM3NeT event Flux is above upper limits! 2.56-3c 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! 2.56-3c 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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All-flavor neutrino flux, E%CDUW [GeVem2s tsr 1]

ceCube 7.5 yr) extrapolate
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IceCube HESE (7.5 yr) polated
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@ IceCube HESE (7.5 yr) extrapolated Bergman & van Vliet, fit to TA UHECRs Rodrigues et al., HL BL Lacs @ Padovani et al., BL Lacs
@ IceCube vy (9.5 yr) extrapolated Rodrigues et al., all AGN @ Fang & Murase, cosmic-ray reservoirs () Muzio et al., maximum extra p component
@ Muzio et al., fit to Auger & IceCube

All-flavor neutrino flux, E12,<I>U+g [GeVem2s tsr 1]

Heinze et al., fit to Auger UHECRs QRodrigues etal., all AGN
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All-flavor neutrino flux, E12,<I>U+g [GeVem2s tsr 1]
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Detection with

[ a carbon target
D

v, from B-decay of boosted
°He ions in a ring (5-150 MeV)

... with a factor-of-5000 hike in luminosity!

5gcm?® (iron-rich)

10 g cm™ (oil) _

1gcm?® (water)
Pcavity =
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How Neutrino Beams Could Reveal Cavities
Inside Earth

Geophysicists want to use neutrinos to ‘x-ray’ the Earth, a technique that could
reveal undiscovered oil fields. But how practical is such a scheme?

By Emerging Technology from the arXiv February1,2012

Neutrinos are peculiar particles. They have little mass, no charge and come in
three flavours. These flavours are not fixed. The strange thing about
neutrinos is that once created, they change from one flavour to another as POPULAR
they travel.
How a top Chinese Almodel overcame US
For a long time, that puzzled physicists. A sanctions
neutrino’s variety determines how it CaiweiChen

interacts with matter. Physicists built
OpenAl has created an Al model for

experiments to detect the flavour coming | s
ongevity science

out of the Sun only to find far fewer than
Antonio Regalado

they expected.
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would these "neutrino beams" be harmful to underground organisms at all ? (sorry, i don't know anything about
the intensity of these beams. just curious if they would be blanketing vast areas of land/seabed with rays that
would kill bacteria and/or fungal ecosystems.)

£ Award 4> Share

mbustamante - 13y ago

Neutrinos interact very weakly with matter. In order for neutrinos to be harmful to an organism, one would
expect that their energy and/or flux (i.e., number of neutrinos per interval of energy, per second, per area
of impact) would have to be tremendously large (e.g., perhaps the neutrino flux from a very close
supernova; please note that this is speculative at best). The energies and luminosities involved in the low-
energy beta-beam of our proposal are very, very far from that.

1 £d Award 4> Share

walop
For a long time, that puzzled physicists. A sanctions

neutrino’s variety determines how it 5 CaiweiChen
interacts with matter. Physicists built

experiments to detect the flavour coming . OpenAl has created an Almodel for

i longevity science
out of the Sun only to find far fewer than

Antonio Regalado
they expected. »
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To c.arguelles@pucp.edu.pe <c.arguelles@pucp.edu.pe> @ 2/6/12,15:13
Cc mbustamante@pucp.edu.pe <mbustamante@pucp.edu.pe> @
Subject Monetizing Oil & Gas Fields

Dear Prof. Arguelles,

There is a great interest in discovering large new oil & gas fields - that including in Arctics and deep ocean,

www.nature.com/news/the-great-arctic-oil-race-begins- 1.99332

however also other deposits such as iron ore. coal, etc. Hence, I did recently note your rather intriguing (attached) publication describing a hypothetical - yet not inconceivable, method to help discover them one day especially in difficult to
access such remote areas. I thought however that given a need to discover natural resources - that including fossil fuels, it would be interesting to verify its practical viability. The key question is probably whether your described low enerdy
beam neurino based method would provide sufficient degree of detectability for relevant natural resources of interest - that especially relevant geological oil & gas configurations.

If that hypothetical method would turn out to be viable to discover and 'precision estimate’ natural resources existing and finds, it would allow their upfront monetization to fund accelerated economic development. I did share several years
ago with severl folks my note on the creation of potentially as large as $100Trillion liquid still-in-the-ground natural resources asset backed securities market. Realistically, that could be $10-$20Trillion large, however that would be already
a non trivial addition to the wealth creation. The idea was to monetize known natural resources still in the ground even if untapped so as to create wealth for relevant countries. To be sure given a strong rebound in energy commodities,
that was also a good timing to float such a concept.

B "If that hypothetical method would turn
out to be viable [...] creation of potentially

as large as $100Trillion liquid still-in-the-

ground natural resources asset backed

. securities market."

$100 Nominal
I Real (April 2011 US dollars)

$80

$60

58 3 ¥ & @ B * & & L & @& 5 5 8 B x & &5 B B & T
g2 2 2 2 2 2 2 2 2 2 2 8 2 3 E R RE R ESEEE R R
»E & & & E E E & & & & & E E & & & & & & & & £ €
§5 35 55 %558 3% 5§ 535 5 8588858538333 35 3

Since the idea was also for relevant central banks in their 'market making' capacity to help scale that market, it would have had made money for them too, and allowed today to stimulate target economies. As you might recall that idea was
also intended at that time to help anchor 'Gulf Union' commen central bank platform since for example Saudi Arabia or Iraq have reportedly as much as 50% of population less then 24 years old which - as anywhere else, aspires to ever
better education, jobs, etc. Assuming for example $5Trillion of such assets today on those central banks balance sheet, Gulf States would have been provided with incremental financing capability for its own as well as MENA (Middle East
North Africa) states economic development.

Having said that, clearly there are many other energy commodities, futures, etc. public and private securities structures, both liquid and illiquid. Yet, since there are $100Trillion in such energy assets still-in-the-ground - that including
also in the US, Canada, or Brasil, it was an intriguing conceptually idea at the time.

I had also thought that you can actually also do it for the farm land - that including folding the so designed public exchange listed securities it into ETFs. Some investors from for example Saudi Arabia, ete. could have wanted to swap their
oil & gas still-in-the-groumd securities for 1IS or Brasilian farmland securities so as to ensure 'fond security'. That is certinalv viable todav in private transactions however not tradeahble ones.
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Thanks!
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Neutrino energy spectrum

IceCube data is fit well by a power
law in neutrino energy:

IceCube Preliminary
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Neutrino energy spectrum

IceCube data is fit well by a power
law in neutrino energy:

IceCube Preliminary
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One likely TeV-PeV v production scenario:
p+y —>mnt— put+v, followedby utr—et+v.+v,

Full 7 decay chain
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Note: v and v are (so far) indistinguishable

in neutrino telescopes
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One likely TeV-PeV v production scenario:
p+y —>mnt— put+v, followedby utr—et+v.+v,

Full 7 decay chain

(1/3:2/3:0)s
Muon damped
(0:1:0)s
/ / _
03 04 05 06 O ] : : Note: v and v are (so far) indistinguishable
Fraction of v, in neutrino telescopes



One likely TeV-PeV v production scenario:
p+y —>mnt— put+v, followedby utr—et+v.+v,

rECseay Full m decay chain
u-damped
' A A ndecay (1/32/30)5

Muon damped
(0:1:0)s

Neutron decay

(1:0:0)s
00 01 02 03 04 05 06 07 08 09 10 Note: v and v are (so far) indistinguishable
Fraction of v, in neutrino telescopes
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Weighing the Earth with neutrinos

cosf, = —1

—— PREM Model
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Donini, Palomares-Ruiz, Salvadé, Nature Phys. 2019




Weighing the Earth with neutrinos

With 1 yr of IceCube (atmospheric) TeV v
I

—— PREM Model
¢+  Max 1D pos.
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Mass of the Earth using v: 6.0 19 % 10 kg

From gravitational measurements: (5.9722 + 0.0006) X 10>

|
2000

Donini, Palomares-Ruiz, Salvadé, Nature Phys. 2019



Weighing the Earth with neutrinos

1 _ . t-
cosf, = —1 0 yearI projection

—— PREM Model
¢+ Max 1D pos.
¢+ Max 1D pos. (10 yrs.)
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Donini, Palomares-Ruiz, Salvadé, Nature Phys. 2019



Neutrino energy spectrum

With > 10 years of data, deviations from a power law start to be testable:
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Upgoing vs. downgoing neutrinos
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Upgoing vs. downgoing neutrinos
u

Northern sky .
Neutrinos from the Northern sky

Upgoing neutrinos

» Atmospheric muons stopped
» Dominated by atmospheric v

» High-energy v flux attenuated

» High statistics

» Good for finding sources with

. through-going muon tracks
Horizon

Southern sky Detector
(Galactic Center is here)



Upgoing vs. downgoing neutrinos

Northern sky

Horizon

Southern sky »

(Galactic Center is here)

Neutrinos from the Southern sky

Downgoing neutrinos

» Need to mitigate atmospheric
muons and v:

» Use higher-energy events
» Use starting a self-veto

» Dominated by astrophysical v
(after event selection)

» [Low statistics

» Good for measuring the
diffuse flux of astrophysical v



Deep inelastic scattering

What you see Beneath the hood
ve(py) £ (pe) ve(py) ¢ (pe)
W (q)
W (q) w(pr)
d(pi)
X(px)
N(pN) N(pn)

(Plus the equivalent neutral-current process (Z-exchange))

Giunti & Kim, Fundamentals of Neutrino Physics & Astrophysics



High-energy neutrinos from the Galactic Plane

© KRA] Model  —— KRAJ Best-Fit v Flux Three models of Galactic diffuse v:

* KRAZ® Model ——— KRA2? Best-Fit v Flux

- 0 :
= «° Best-Fit » Flux T : MeV-GeV n° template inferred from
| lceCube All-Sky v Flux (22)

« 7Y Model

gamma rays extrapolated to TeV

—t
3
=]

KRA? : Spectrum varies spatially, harder v
spectrum, cut-off at 5 PeV in CR energy

KRAiO : Cut-off at 50 PeV in CR energy

—_
=
-1

None of the models matched data

(caveat: there are relatively simple models)

E2 45 [GeV s7! em™?]

No Galactic v source identified
(likely diffuse + source: Fang & Murase, 2307.02905)
1079

N ] GP fluxis 6-13% of all-sky at 30 TeV
103 10* 10° 106 107

E, [GeV]
IceCube Collab., Science 2023



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: 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 ~ k,, - E" - L} - = 0: CPTodd Lorents 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: k, < 10 PeV, k, < 10




The IceCube pie chart

Sources with associated v emission:

Name Type p

NGC 1068 AGN  0.008
TXS 05064056 blazar 0.001
PKS 15024106 blazar 0.01
PKS 1424-41 blazar 0.05

AT2019dsg TDE  0.002 |
TDE
Fractional contribution /
of each source population S5, other
%
to total diffuse flux v

I Bartos et al,, Ap jzozﬂélao _Og%%]an anal}’515) Note: Outer rings are from separate stacking

P A



Radio emission: geomagnetic and Askaryan

Geomagnetic

' Shower Axis

- N
X . .
5 — - —l
{ — L ——

. ol

Shower Front

» Time-varying transverse current
» Linearly polarized parallel to Lorentz force

» Dominant in air showers

Askaryan

& o
£ ® shower Axis

’? - Shower Axi N
T P

8,
5 &
7
o .
T (]
é;- '

®’
~

@/ Shower Front

S

» Time-varying negative-charge ~20% excess

» Linearly polarized towards axis

» Sub-dominant in air showers

Figures by H. Schoorlemmer and K. D. de Vries



Radio emission: geomagnetic and Askaryan




Where did it come from?

From the Southern Hemisphere
(RA =94.3°, dec =-7.8°)

Not far from Milky Way plane
But likely not of Milky-Way origin

KM3NeT Collab. arXiv:2502.08387

Likely extragalactic origin




Where did it come from?

From the Southern Hemisphere
(RA =94.3°, dec =-7.8°)

Not far from Milky Way plane
But likely not of Milky-Way origin

KM3NeT Collab. arXiv:2502.08387

Likely extragalactic origin

Few extragalactic sources
(blazars) near event position,

L1 R(68%)

< VLBI

but no strong association

KMB3NeT Collab. arXiv:2502.08484

1 RO9I%)

O Gammaray # 5BZCAT [ X-ray + radio + infrared
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~11
. . . ‘ KM3NeT Collab. Nature 638, 376 (2025)
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RA J2000 (%)



Where dld lt come from? T RE8%) I R©O0%) [ R©9%)

< VLBI O Gammaray # 5BZCAT [ X-ray + radio + infrared

From the Southern Hemisphere Ml Could be a year-long transient source

Li, Machado, Naredo-Tuero, Schwemberger, arXiv:2502.04508
Neronov, Oikonomou, Semikoz, arXiv:2502.12986

(RA =94.3°, dec =-7.8°)

Not far from Milky Way plane
But likely not of Milky-Way origin 21

KM3NeT Collab. arXiv:2502.08387 g o [KM 3_230;‘1 3 A] m
S T X T Gug
. . .« . é ] 0O i
Likely extragalactic origin AN
. ~10 | - [#5)
Few extragalactic sources -
(blazars) near event position, 1| / ]
but no Strong association . . ' ‘ KM3NeT Collab. Nature 638, 376 (2025)
98 97 96 95 94 93 92 91

KMB3NeT Collab. arXiv:2502.08484

RA J2000 (%)



Glashow resonance:
Long-sought, finally seen



First observation of a Glashow resonance
Predicted in 1960:

IceCube, Nature 2021
Glashow, PR 1960
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Predicted in 1960:
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First observation of a Glashow resonance

Predicted in 1960:

hadrons
6.3 Pe\> (, 1,
Br = 67%

A%

e W Vl
6.3 Pe\> _____ < Br = 33%
e [-

IceCube, Nature 2021
Glashow, PR 1960

First reported by IceCube in 2021:




First observation of a Glashow resonance

Predicted in 1960: First reported by IceCube in 2021:

Pions decay
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IceCube, Nature 2021
Glashow, PR 1960




First observation of a Glashow resonance

Predicted in 1960: First reported by IceCube in 2021:

Pions decay

- @
promptly . +(V)

;xad_mne/> 2 *
6.3 PeV =
S’_tif Early muons detected
Br = 67% £ before the shower °

A%

e W Vl
6.3 Pe\> _____ < Br = 33%
e I

IceCube, Nature 2021
Glashow, PR 1960




First observation of a Glashow resonance

Predicted in 1960: First reported by IceCube in 2021:
a%‘ 05 — Data
hadrons E* 041
6.3 Pe> §< 2 03-
Br = 67% 502
% 0.1
" : ; 7 ; 0

Visible energy (PeV)

v

6.3 Pe\> _____ .< Br ~ 33%
e I

IceCube, Nature 2021
Glashow, PR 1960




First observation of a Glashow resonance
Predicted in 1960: First reported by IceCube in 2021:
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IceCube, Nature 2021
Glashow, PR 1960

Monte Carlo

MC events in 4.6 yr per bin

Visible energy (PeV)




Valera, MB, Glaser, [HEP 2022

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

Center-of-mass energy /s [GeV]
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Valera, MB, Glaser, [HEP 2022
Adapted for Snowmass 2021: Ackermann, MB, et al., [HEAp 2022

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

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

Center-of-mass energy /s [GeV]
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g 10 = (Bustamante & Connolly 17) Using IceCube vy, flux (9.5 yr), E
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4. 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 |
X+tx—...ov+v+... 10%:

Emax — My g 101_;
,_d ]

Dark matter decay: S
X > V4V u
X —7... > V+UV+... ot AN

105 107* 103 10"2 10°!  10°
E max — mX/ 2 Ey/Emax IceCube, JCAP

2023
Approximate independence on m,

Electroweak corrections (off-shell W .
valid for m, =100 TeV-10 PeV

and Z emission) broaden the v spectrum



Dark matter in the Milky Way
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Limits on dark matter annihilation

Per annihilation channel

(assiiming 100% branchinge ratin)

[Finasto profile Using 7.5 years of 90% C.L.
IceCube HESE data
—_ 10—22
lUJ
=
=
< 10—23
= _
= bb — T
_ ——ptpT e WRWS
10724 i
105 106 107
m, [GeV]

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
(assiimine 100% branchine ratio) (assum1ng annihilation to muons)
[ rote Using 75 yearsof  90% C.L. 10-22 7 XX HTHE
IceCube HESE data j o
— 10722 — 10-23
lUJ ICIJ
m m —-24
= = 10
= =
= 10—23 < —25
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~ bb —TtT e 5| —— IC:Cascades2yr ~—— VERITAS
_ — T — WW 1074 ... 1C: Muons —— ANTARES
10-24 — VD | == HAWC: dSPH = H.E.S.S.
1 : -— : -_— 10-27 : :
10° 106 107 10t 103 10° 107
mX [GeV] mX [GeV] IceCube, JCAP

2023

Two DM contributions: Galactic (anisotropic) + extragalactic (isotropic)

Plus background of atmospheric neutrinos (anisotropic, but different)



5. New neutrino interactions:
Are there secret vv interactions?



Astrophysical neutrino sources Earth

| Galactic (kpc) or extragalactic (Mpc — Gpc) distance |
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Astrophysical neutrino sources Earth

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

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

Non-standard case: high-energy v scatter of CvB
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Secret interactions of high-energy astrophysical neutrinos
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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 Lookine for evidence of vSI
astrophysical v (PeV) and relic v (0.1 meV): 5

AstroV v » Look for dips in 6 years of
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RelicV

.-~ New coupling
{ g4 ) s
Cross section: 0 =‘<=3* 7=
47t (s — M2} + MT? , , ,
. » Bayesian analysis varying

Mediator mass M, g, shape of emitted flux (y)

» Assume flavor-diagonal and
universal: g, = g0,,

MZ

2m,,

Resonance energy: Eres = » Account for atmospheric v,

MB, Rosenstroem, Shalgar, Tamborra, PRD 2020 ln_Earth prop agatlon’ deteCtor

See also: Esteban, Pandey, Brdar, Beacom, PRD 2021 uncertainties
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No significant (> 3c) evidence for a spectral dip ...
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No significant (> 3c) evidence for a spectral dip ... ... so we set upper limits on the coupling g
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No significant (> 30) evidence for a spectral dip ... ... so we set upper limits on the coupling g
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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):

i . 4+ v): 36 (m, N
» One-photon decay (v, = v, +7): 1> 10° (m,/eV)° yr » Age of Universe
» Two-photon decay (v; = v;+ v +7v): 1> 10 (m,/eV)? yr (~ 14.5 Gyr)

» Three-neutrino decay (v, = v, + v, + v,): ©>10% (m,/eV)S 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):

i . 4+ v): 36 (m, N
» One-photon decay (v, = v, +7): 1> 10° (m,/eV)° yr » Age of Universe
» Two-photon decay (v; = v;+ v +7v): 1> 10 (m,/eV)? yr (~ 14.5 Gyr)

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

,/"\\ Nambu-Goldstone

\ —

L] . . . f

» BSM decays may have significantly higher rates: v, — v, *~¢' boson of a broken
l / 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
| L ~up to a few Gpc |

|
Eg,
Decay changes the number
of each v mass eigenstate, Vi, /\V,, /s °
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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,, /s °

Lower-Ev are longer-lived...

The flux of v, is attenuated by exp[- (L./ E) - (m,/7,)]

... but v that travel longer L are more attenuated!
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Astrophysical sources Earth
| L ~up to a few Gpc |
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(If decay is complete)

-
D P -
Fine print: \ y )
i Y
» Decay can be incomplete lohtest and stabl
» Final-state v might be detectable or not vslightest and stable

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




Astrophysical sources Earth
| L ~up to a few Gpc |
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|
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» Decay can be incomplete v
v;lightest and stable

» Final-state v might be detectable or not

» Many more possible decay channels (inverted mass

(see Winter & Mehta, JCAP2011) ordering)



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 — Vi
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(normal mass ordering)
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What does neutrino decay change?

Flavor composition

v decay 0.0
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Denton & Tamborra, PRL 2018 /Abdullahi & Denton, PRD 2020 /
MB, 2004.06844
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What does neutrino decay change?

Number of showers Egep dNgh/dEqep (4.6 yr)
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What does neutrino decay change?
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Radio emission: geomagnetic and Askaryan
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Radio emission: geomagnetic and Askaryan
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* Bow-tie design, 3 perpendicular arms

| % * Antenna optimized for horizontal showers
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