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Outline

Cosmic-Rays
Physics

* Neutrino Astronomy and
lceCube

* Highlights:
- Diffuse Neutrinos
- Search for the sources

* The Future
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Neutrino Astronomy

Cosmic Ray Source
\\ // _______________ Gamma-Rays
AN, el They point to the sources but they get absorbed. Multiple
/ \ A R I RRL. . emission mechanisms
............ v ol R ~ - .
Ve, TTE=ell T
Gravitational Vel e
Waves T
O A 'V. S
V-
o Neutrinos .,
E’ They are neutral and weak particles:
point to the source carrying RV
information from the deepest parts. '
.
P Cosmic Rays air shower

Astronomy possible at E >1019 eV /

o P

RICAP 2024 5



1
Amundsen-Scott / 4 ;
IceCube Lab South Pole Stati e ;

1= 5,160 Digital Optical
. Modules (DOMs)

y

86 strings of DOMs,

lceCube Neutrino

Completion in December
2010

S

B il b 86 string with 60 DOMs

(O each

1450 m / .
> 6 denser strings called
E DeepCore
Enhanced
g 1 km2 surface array
with 324 DOMs: IceTop

O 2450 m

w

IceCuBe



In-lce Signatures

Track topology (data)

®* Good angular resolution 0.1° - 1°:
- Neutrino Astronomy Yu H
®* Vertex can be outside the detector: 0%
- Increased effective volume
* Stochastic energy losses: N N’
- Challenging energy estimation

Cascade topology U, U,
* All flavors 7
* Fully active calorimeter: N A
- Energy resolution £15%
* Angular reconstruction possible: Ve €
- ~10° @ E > 100 TeV 1%
N N’

RICAP 2024 7



Background Rejection

Using the outer layers as an active veto to
select starting events.

Using up-going through-going muon events
a using Earth as a shield against atmospheric
muons.

v Veto

..................................... \./

Ll
X

V dominated

1A
R4

RICAP 2024
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Astrophysical Neutrinos



Astrophysical Neutrinos

Through-going muons

 Clear excess > 100 TeV (57 events)

 High statistics sample ~650,000 events

- ~1000-2000 astrophysical
 Northern Sky only

* Energy range:
- 15 TeV to 5 PeV

» Hard spectrum: E=>/

- Slightly softer than previo

RICAP 2024

US 8yr results

due to better treatment o
cosmic-ray flux

" the primary

10

Astrophysical Journal 928 (2022) 50

105_5 ——  Astrophysical
/\ - (Conventional Atm.
10% = —— Muon-Template
; — SUM
10% = \* Exp. Data
10% =

10! =

10V =

1(}—1 _:lllll

- llllll | llllllll | llllllll l\lllllll| ' lllllll'
1D =

1.0 Wﬁﬁ}w{_ bt

0.5 —llll| o Illllll | ! lllllll LI llllll' | 't IIIIHI - ' | Illllllq
107 10° 10° 10° 10° 107
Muon Energy Proxy / GeV



Astrophysical Neutrinos

Cascade events

Physical Review Letters 125, 121104 (2020)

m— astro. Ve + V¢
e astro. v,

d
-
o
vl

1 lllllll I

B mesum
atm. p

107

mmm—— CONV. V,

e Cascade from v, and v,
o * All Sky
s prompt ) v
- == 90% UL * Energy range:
1 - 10 eV to 2.0 PeV
e Slightly softer spectrum than

1 lllllll

<

+
Q
AV
0
RRLL

-
O

LU Ll
I llllllll

NE L . racks: B2
[:]1.0 —
8 0.5 | —
< 0.0 TTTT] T T 11T T T TTTTT] 1 T TTTT
10° 10* 103 106 107
Ereco [GeEV]
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Enhanced Starting Tracks
ESTES

% Total MC
. v 10* —! Atmos Nu Conv
2 z\‘ (:" "L Atmos Mu
ol\ooooooooooo ) [ Astro Nu
S 9 9 0 0 0 060000 00 - 1 @0 -@
L 2 — o ® Data
X ® 6 o 0 0 0 0 0 0 0 o0 10° {.@ ®
< - ] @
O ®© © o 2 0 06 060 0 0 0 o = :
|_ >
w o o e e ® o0 0 0 0 o -
> O
® o o o o ® 06 00 0 0o
© 60 000 @ 0 0 0 o 5102
® 0606 0 0 0 o ®© o o o Q.
® 606060 0 0O © @ e ﬂ
® 6 06 06 0 0 0 0 @ e -
®© 60600 0 0 0o O c;)101
e o000 0 0 0 L
©
e
o
= 100 -

0.50

e Selection of 10.3 years ~
e Energy range: 3 - 550 TeV O 025
= 0. __._.._..._Q_.._..._Q____t_ - —o—--4--2-4-4--—-
. Spectrum: E258 s o Aot T
- Compatible with other channels. B -050

Reconstructed Energy [GeV]

lceCube Collaboration, arXiv:2402.18026
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E - (Cascades 6yr(2020)
WV 3 5L —— HESE 7.5yr(2021)
NE Through-going
O tracks 9.5yr(2022)
S 30 ESTES 10yr
CIJ (2022, prelim.)
Q === (lobalFit (this work)
o> 2.5
— -
o A
— 2.0} ="
S
>
= 1.5}
>
A= Y AR P P it o
i§ 1.0} — 68%C.L. |
3‘e© lceCube Preliminary --= 95% C.L.
0-5 2.2 2.4 2.6 2.8 3.0 3.2 3.4

spectral index y
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Cascades 6yk(2020)
HESE 7.5yr(2021)

Through-going
tracks 9.5yr(2022)

ESTES 10yr
(2022, prelim.)

GlobalFit (this work)

W

W
Ul

W
o

N
Ul

18/GeV/cm?/s/sr]

~

Through-gol
tracks

flavc

=
U

=
o

v+ D, per —
@100TeV

O,
O

— 68%C.L

IceCubeé Preliminary --=- 95% C.L.

2.2 2.4

RICAP 2024

2.6 2.8 3.0 3.2 3.4

spectral index y
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Céscades 6yk(2020) |
HESE 7.5yr(2021) _________________________________________ _________________________________________ _,_.-—-.-\ ______________________________ ________________ i

Through-going . .
tracks 9.5yr(2022) / \\2

ESTES ]_()yr ........... .......................... /, ......................................... ......................................... ........................................ \ .............. -
(2022, prelim.) R \

GIobaIFlt (thls work) 7

~18/GeV/cm?/s/sr]
|

N
Ul

Th:sough gomg

[1

flavor

(-

on
.
e
\
'\
N\
N

Cascades —— 68%C.L.
| 5 ~ IceCube Preliminary -=-= 95% C.L.
2.2 2.4 2.6 2.8 3.0 3.2 3.4

spectral index y
RICAP 2024 5
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E e Céscades 6yk(2020)
W 35t —— HESE 7.5yr(2021)
NE Through-going

O tracks 9.5yr(2022)
S 30 ESTES 10yr

Q (2022, prelim.)

;\D ) g | — GIobaIFlt (this work)
—

y

Through- gomg

GlobalFit-

tracks
= Tracks+Cascades :
q—_l 1.5k LN ) — ”/ _____________________ P oS(ICRC2023)1064
Tk 4 ,’ ; |
v D = - |
= o=~ o S e |
= Cascades —— 68% C.L.
36@) | ~ IceCube Preliminary --- 95% C.L.
0-5 2.2 2.4 2.6 2.8 3.0 3.2 3.4
spectral index y
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Beyond the Simple Power Law

Segmented E-2 flux

. 10-6|— —Single Power Law (Thi§ work) —— Single Power Law (')U
N - - Broken Power Law (This work) IceCube LogP bol N
= . L e Segmented (y = 2) (This work) — 107° , Ograranola =
- N i v Work in Progress —— Broken Power Law L
Q Tm Nﬂ 4+ Segmented E=? Flux | S
N Nm 1077 E - 8
> I -
2 O _7 «
E 2 g 1 GlobalFit: =
©
>

- q) 0
c v S
5 R S) . Tracks+Cascades

0 S s 107°¢ N ;
0 © et

© = = 'i
— |

O o 8_ >
U 20 10—9 : ,e_

O N>
0 (N ¥ 9

=) L [ v Cascade 6 year L 10-9¢
% - ®m NS Tracks 9.5 year -
L I HESE 7.5 year | | R T T T T T

-10 Ll L Ll AR NN W 3 4 5 5) 7 8
10 103 107 10° 10° 107 10 10 | 10 10 10 10
Neutrino Energy [GeV] neutrino energy E, [GeV]

The observed spectrum is consistent with single power-law but favors more
complex shapes

RICAP 2024 17



UHE Neutrinos

Photopion production/ ®n Photo-disintegration / "e
‘.'----"’ ---‘.>"7[ 1*., --.’».
P § o
CMB CMB, IR

e Only 3 events observed
- Compatible with astrophysical origin

o All-flavor Iimit at 1 EeV:
E?® ~ 107° GeV cm—2 s—! sr-!

e Constrain on the proton fraction of
UHECR < 70%

- First constrain on neutrino data

RICAP 2024

E2.® / (GeVem 2 srts)

18

10~7 4

‘L

{ == IceCube 12.6yrs

IceCube 12.6yrs sensitivity

: — == Ahlers 2010 1 EeV

Ahlers 2012
— = van Vliet 2019

... Auger (ICRC2017)

IceCube 9yrs

L
o
L
L
L ]
L
ol
L J

N\, Anita I-IV _

ARA 4yrs

=}
wsv"®
-
.“

“
‘

Up -turn of the [rmlt due to N

R ]
......
. ..
. »
L}
‘e
0

observed PeV events

g w— .

\

\
\

|

10—10

IceCuhe .prelimina,ry

107

108

E, / GeV

o




UHE Neutrinos a0

The highest energy event... in IceCube

. » . - - . . - - - -
PE——— Y |
St e B ) Y e e

e Muon neutrino with contained vertex KRR H ity
position RIHREENFY

- Observed in the EHE (and HESE)

oD
5]
e

* Deposited energy 4.8 PeV RIERIRE L
BIEt A RERiTH RIR 1R )
dE R

1D VL T G B
SHIRRE AR RIRER BOHR R N
| .... 1 { I ". . .‘I .. ... I..' -.E. ‘. .'. '..."’:|I. l‘
1.125 TeVV/m over last 400m IR R (R
. (3 ' | 11 .'_ v, 8 02 i . e i il .:-: :v: ¥
® BIERIRE RN R EE R R R .
p 3 * 3 . 3 ‘ ',. k ',, 13 “.- :' I " :.\.on..' .'u
- '.'.‘. - . .'; .... " P ". : ;:-‘
L. o

e— - . - ]
- .- )
ap— -
e = PR S——
so—— . PR e o O N
2 v : 2 ) / . B s B sl P—— - - - P . - .
= B ™ ~—— — e e
v «f F g B o
— Q- ; W Ve S R e e R TN S
v ——— e - — pren—— — S S np— - —
~ - e — - - -+
S - - e -0 - . - . - - . .
O O — v RGN
- - - N - . . . . - - - - . . - - - -

......
----

e Resimulation: £, = 11.6 2.6 PeV e R

- Likely Astrophysical origin instead of < ain f °
cosmogenic {B R

https://user-web.icecube.wisc.edu/~lulu/ICHEP2024/IceCube_190331A.mov
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Origin of Astrophysical Neutrinos




Where is Our Galaxy?

s5a

(D)
29
S
> &
nd
O O
—
Ct
S o
22
——
lwm
ﬂd
o>
v
3 o
OL
®

f the Galaxy

ray emission o

}/_
* |f pions are produced, also

hould produced

INOS S

neutr

7. \N\\\\\\\\\\\\\\\N\\\\\\\\\\
T T 3T
T

Q\\\N\\\\\N\\\\\\\\\N\\\\\\\\\

AT

Yy

ic Center

* Much of the Galact
in the Southern Sky

T el 777

7

IC

- Large muon atmospher

background
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The Galaxy with Neutrinos

 Final Sample:
- 94% v, 6% pum

- 57% of v with

E > 10 TeV are
astrophysical

e Jested 3 galactic models:

7’ 4.71o
KRA> 4.37c
KRA>" 3.960

Latitude [b] Latitude |b] Latitude |b] Latitude D]

Latitude |b]

15°

Y. Optical

Y. Gamma Ray: '

Northern Sky

- L - S

Southern Sky

Northern Sky

Southern Sky

Galactic Coord.

Galactic Longitude [/]

KRA model: D. Gaggero, D. Grasso, A. Marinelli, A. Urbano, M. Valli, Astrophys. J. 815, L25 (2015)

RICAP 2024
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-120°

N
o

log10(Counts)

N
Weight

oo
Ut

_1]

o
Significance ©

N

o

»O

9)

Science 380 (2023) 1338

[sr™1]

Weight [sr

[o]



- =
Galactic Neutrinos |
| KRA?YO Model e KRA?YO Best-Fit v Flux

« 79 Model 7V Best-Fit v Flux

lceCube All-Sky v Flux (22)

—_
T
o

e We observe the Galactic plane
in >TeV neutrinos: 4.50

Diffuse neutrinos

e | ess than 9-13% of the total
cosmic neutrino flux seems to
originate from our own Galaxy (30

TeV)

 The nearby sources from our own
Galaxy do not outshine the
neutrino flux from the Universe 1078 -

- Powerful accelerators operate in | AN
galaxies other than our own 103 104 10° 106 107

SHEICQY N Scicnce 380 (2023) 1338

[GeV s71 cm™?]

 —
N
\]

2 dN
v dE,

E
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POint Sou rce SearCh Previous results: Science 378 (2022) 538-543

; 5 I C b I I. .
- - - -~ = - y
- =" s " . ~ Y . = -
- - - ’ ! ~ ~ = -
> - = - - - ~ o~ o -
- - = % ’ - 1 ~ -~ -, * - =
= - - - .—- Pl ~ ~ - -~
o - - - ~
— - @ B T T e T i <
- - ~
— - PR 04 1 .
- e - ¢’ d .
. -’ F . '
~ - b . .
-
~ o < 4 : -
~
- - z g ,,’ . 4 1 .
<
L d - - o

-
-
-------
-------
------------------------------

+25° /

Declination
U
/\ -
N
=
N
N
B 1.
..|_
N
D
O

i e g K _ ot TX50506+056 ol
o [0 T R i d ,; ENe ALY : Q NGC 1068
O --‘-"-'-'----.-:‘-,_- A L UG Tl oibel A DT pu s = i W RN e e - e 7---: ----- R ->--: ------------ .-@ --------
24h 12h Oh

Right Ascension

B
0 2 4 0
_|091O (plocal)

RICAP 2024 24



POi nt Sou rce SearCh Previous results: Science 378 (2022) 538-543

+75° . _ lceCube Preliminary

- = = -
—————————

- +50°
O
)
O 425°
O MR v b E
s e K O
YR TS ROAR ST ok CC)
24h D
c
e New results with 13 years é
a
e Hottest spot moved closer |: 0.4 -
to NGC1068
0 41.0 40.6 40.2
e Global Significance: 4.0c Right Ascension [deg]

RICAP 2024 25



orona Model

The Disk-

* NGC1068:
- AGN powered by a SMBH with mass

~107 - 108
- It is close! ~14.4 Mpc

- Intrinsically the brightest Seyfert in the
X-ray band

* Electron and protons are accelerated e
In the high field regions associated '
with the black hole and the accretion

disk

* They produce neutrinos in the optical

thick corona
- Gamma-rays are absorbed

Image credit: NASA/JPL-Caltec

RICAP 2024



IceCube Preliminary

Searches for Neutrinos

—— 68% S

- 15 1 e o & X

from Seyfert Galaxies ¥

o 4.0 4

 Two analysis searching for neutrinos S §
from bright hard X-ray AGNs and 3.5 1

Seyfert galaxies
- Stacking and Catalog

(GCG 420-015 740 73.5 T73.0 725

* Results RA [deg]
7
_ . 25 - est-fit value

Catalog search: Two sources 4025 5
appeared as excess 40-00° : o
* CGCG 420-015 2.5¢ = - N Z
| 3 39.50- ) N
- S 3 B
* NGC 4151. 290 '\‘ §39.25 3§H’ 8
. . | o
- Stacking: No evidence found B 39.00 2 3
o8 38.75 1 1 =

NGC4151  sss0- ;

183.5  183.0 182.5  182.0
RICAP 2024 27 R.A. [deg]



The Future




The FUtu re  lceCube Upgrade:

Lower Energies - Seven new in-filled strings
pr— ———"—— e« Better efficiency and reconstruction at low
R energies
IR .- e Improved calibration of ice, reduced
. o | - O systematic uncertainties
° o ,o. AN - Improved angular and energy
o ¢ [ reconstructions at all energies.
o ™Y * Goals:
___________ s 9 - Precision measurement of atmospheric
- - o R i neutrino oscillations.
ceCube  DeepCore  Upgrade asom  21%m - 21s0m - Re-processing of eV data.

e Delayed due to Covid-19: deployment in
% ICECUBE 2025/26 season.
UPGRADE

29




Surface Array | Station

Optical Array | Sensor = — oS8 g IceCube | Laboratory

e

; EIBEBUBE
\ |




I Cec u be - G e n 2 https://icecube-gen2.wisc.edu/science/publications/tdr/

Point Sources

S S IR S S R SR SR SCERE SR
| = |ceCube-Gen?2

- 5 X improvement in effective area 10 1 lceCube -
- 2 X improvement in angular resolution © | _
2 NGC 1068
-
e IceCube-Gen2 will allow to firmly s
discover the brightest AGNs on < O [ Hiscovery threshold " i
the neutrino sky D 3 '

e NGC1068: 10 o after 10 years I
- Precise measurement of the L ...
spectral shape of the neutrino L 5 10 15

emission Observation time (years)

31




Conclusions

* |ceCube has been investigating a diffuse flux of astrophysical >TeV
neutrinos for almost a decade. We start to see deviation from a simple
power law.

* First sources of neutrinos are being unveiled and we start having a
blueprint to the sources of neutrinos

* ... however neutrino astronomy Is never that simple and we can
expect more surprises

* Beyond astrophysics IceCube is at the forefront of many science
flelds: neutrinos oscillations, dark matter, cosmic-rays...
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Detection Principle &
Reconstructions



Detection Principle

Backgrounds . Atmospheric Background
oF o\ 3 atmospheric | _-T - 3kHZ
109 -
10-11
10-13 1
107 1=\ induced p 2mHiz \
10-17 -

-1.00 -0.75 -050 -025 000 025 050 075 1.00 1N A | :éMB
cosé
a/eZ(eCLZ‘ol‘
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/

In-lce Signatures

Track topology

1oN

* Good angular resolut

0.1°-1°

Neutrino Astronomy

D
-
e
D
S,
)
e
)
o,
O
O
-
®
O
X
)

e

W
=
©

@® Early photons

by 2

Ii
—

detector

Increased eftective volume
* Stochastic energy losses

Difficult energy estimation.

/
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In-lce Signatures
Cascade topology

/

/

* All flavors

* Fully active calorimeter

/oﬂ
o O
RS
+
-
S
- 5
RS
O O
— O @
S
%nlam
i BT
-
___mﬂuu%
<< O
o

> 100 TeV

~10° @

e S ——

—,———e

e —
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In-lce Signatures

Tau neutrino

Simulation 10 PeV - Double Bang

O
.

RICAP 2024

39

Double pulse

Double Cascade

1-2 candidate events

7 candidate events




Muon Energy Reconstruction

EM hadronic
shower shower

/ 1 0—2 E ............ lonizati
e —— gcg‘i'ru:)rlg;uction
[ - Bremsstrohlung ]
C -3 [ ?:30::::(: loss Y
e N o _107F 4
/O@//llof é/@/))\\\ /70/0/) — - ,’/. p ./:
%%, S ‘e, = In water v
9 C//ZQ N - ' /
Cherenkov photos > ; 2 T
O X R .
: = s .
10 °F L E
dE | - f s
° — S proport|ona| to the muon energy } AL ;.,’..,....'.‘:,. ...............................
dX © 1 0—5 _ '-:.’. /"./ -
e Improved tools to resolve stochastic energy losses along the s
km long tracks. | Ry 1
. . 1 B IR R TIT B T ;’ILMI_HA.MI_MJ_J_M
® Energy deposited is a lower-bound of true energy. | 10-3 1(;_2 15_1 : 10

e Limited by fluctuations in energy deposition
rms of log10 E: ~(30-25) % (> 100 TeV)

RICAP 2024 40
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Probability Distribution [a.u.]
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

1 1 | i ‘ ‘ ‘ ‘

Muon Energy Reconstructio

103 104 10° 10°
True Neutrino Energy [GeV]

_I- 1 1TeV 1 100 TeV
[ 1 10 TeV 1 PeV

Probabilty Distribution
o
N

0.0 ———rr— T
10° 104 10°

RICAP 2024 41 Reconstructed Energy [GeV]
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Systematics



Cross-Section

e Using attenuation of Earth

to study the neutrino cross-
section

e Measurement of CC cross-

section between 60 TeV and
10 PeV

e Measurement in agreement
with the CSMS model.

RICAP 2024

10792 -

——— Argiielles et al. (v)

= Cooper-Sarkar et al.

= Bustamante and Connolly
¢ This work

109 107
E, |GeV]



Energy reconstruction systematics \IMA 711 (2013) 73.89

Considerations for this event’s energy reconstruction
1. Parametrization of bulk ice scattering and absorption
2. lce anisotropy

3. Energy scale calibration

W \
o
40
0

122 m

N
&)
lll'

—sim
-- data

N
o
I'll

—_—
(&)
TS

1 217 m (x10)

—_
o
o L

Six horizontal and six tilted LEDs on each DOM

“Flasher” data used for calibration R e
0 1000 2000 3000 4000 5000

time from the flasher event [ ns |

photoelectrons in 50 ns bins T

&)
""I
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lce model calibration and uncertainties

Fit for bulk scattering and absorption parameters vs depth
Constraints can be placed on sca/abs scaling factors (+/- 5%)

global fit: with time

1.2
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—
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- Yy
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lce anisotropy systematic

Glacial ice exhibits anisotropic light attenuation

Exact causes unknown, but modeling ice as birefringent has been recently
put forth as a possible explanation for some of the features

See: arxiv:1908.07608
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Systematics

e Example of

systematics for the
ESTES analysis.

RICAP 2024

Parameter Boundary  Constraint (u &+ o)

Best-Fit

Description

Astrophysical Flux Parameters
[O) OO) N
[07 OO) -

(I)Astro

“YAstro

1.6810-25

0.10
2.5870.09

Astrophysical neutrino flux normalization

Astrophysical neutrino flux spectral index

Atmospheric Flux Parameters

®muon 0, 00) - 0.6 £0.4 Atmospheric muon flux normalization
D.onv 0, 00) - 1.5 4+0.3 Atmospheric conventional neutrino flux normalization
Pprompt 0, 00) - < 3.19 (90% U.L.) Atmospheric prompt neutrino flux normalization
€EvD-ratio 0,2] 1 +0.10 1.04 + 0.08 v-ratio
NH4a—GST [—2,+1] - —1.4+04 H4a-GST cosmic ray flux model interpolation
M2.3c—DPMJet [—2,+1] - —0.6 = 0.6 2.3c-DPMJet hadronic interaction model interpolation
NSelf —Veto 1, 3] - 2.170% Self-veto muon rejection intensity, logio(Sa&Y ) units
Detector Systematic Parameters
€Scattering [0.8,1.2] 1 £ 0.05 1.04 £0.03 Bulk-ice model scattering coefficient scaling
€Absorption [0.8,1.2] 1+ 0.05 0.98 +£0.03 Bulk-ice model absorption coeflicient scaling
€ Angular, DOM(po) [—0.5,0.3] —0.34+0.5 —-0.34+0.3 Angular PM acceptance parameter p0
€Angular,DOM(p;) | —0.10,0.05] —0.04 £0.10 —0.09 £ 0.05 Angular PM acceptance parameter pl
€Overall, DOM [0.8,1.2] 1+ 0.10 0.91 £0.05 Absolute DOM acceptance

TABLE IV. Summary of all parameters used in the measurement of the astrophysical diffuse flux using a single power law.
All parameters with constraints are modeled as a Gaussian penalty term in the likelihood. All parameters are assumed to be

independent.
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lceCube by the Numbers

per year
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99.55% detector uptime
0.7% sensor drop-out post deployment
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Rare Events: Tau, Glashow



Most illuminated string and its
2 nearest neighbors

Flavor Ratio

The search for v,

e Flavor studies consistent with
(1:1:1) but missing v_ identification

String #1 | String #2 | String #3
® EXCIUS'Ve Channel p.e.(i) 10 20 30 p.e.(_[) 5 10 15 p.&o 25 5.0 7.5 100
- Trained 3 independent CNNSs b e G 2rovpe Qu=1oASpe
R
= 301
* Backgrounds: =35
A 50
- Vastror YVarm. » @A Hagy, (Sub- o0 L
dominant) o —— — N
e fo S
m n = 40 B WV RN
7 candidate events found in 10 Bl el — o
years of data QA P (S
Physical Review Letters 132 (2024) 151001 45o 250 500{750 /10'0012'5015'00 0 250 50(?2(?}17)’0012’5015’00 0 250 500t.750 /10'0012'5015'00
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Astrophysical Neutrinos

Cascade Events

e Cascade from v, and v_

e Slightly softer spectral
index £ 2

RICAP 2024

Physical Review Letters 125, 121104 (2020)
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Atmospheric Fluxes

Prompt Upper Limit(v, + v,) [1.06x ERS]

Conventional (v, + v,) (zenith-averaged) [1.00x Honda2006]

T+

Measurements

o Cascades Differential |

v, Best Fit (E~%%)

New event!
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Farly muons in

hadronic cascade!
° -200 - -200 -
'_‘—250‘ —-250 1
€ =
° = ~300- = ~300
° ~350- —350-
~400 - -400 -
~450 - —450
~500 - ~-500 -
134 13.6 13.8 14.0 142 144 146 148 15.0 13.4 13.6 13.8 140 142 144 146 148 150
thst (us] pom [1s]
C DOM 54, string 67 d DOM 55, string 67

10° - -

" 1024 [=1, t<t,

C . -

Ty - -

Glashow Resonance g 10 ;

€ Mesons Muons g_J 0 :

- - ) Il
q 10—1 T T T |
7, Hadronic Cascade 250 300 350 400 450 250 300 350 400 450
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Glashow Resonance Event

C v T
Ve JL

e The SM predicts a resonance effect in

10—30

10—31

 p—

thev, + e~ — W™ process at center ofN§ 10
mass energy: /s = My, = 80.38 GeV ¢

e At the electron rest frame:
Ep = M,/2m, = 6.32 PeV

e Observed one event with most likely
neutrino energy: 6.35 = 0.3 PeV

RICAP 2024

Nature 591 (2021) 220-224

E_ Cﬁ 4”"‘*% .«-—""””’
E /::""'ﬂ(}?}*”"*
33 I /”/’,’,, v /’/”””’
10 _,:;/’ ,,,,,,,,,, Y
-, ,,,/’,/ SO“QY ID )
,///,/ W"OO ITJ ’V*C T
i _ VM |,L
~34 eV
10 F
i Zhou et al. Phys. Rev. D 101, 036010
_35 IIIIIII | | IIIIIII | | IIIIIII | . 1 1 L1l
10 = 5 6 7 3
10 10 10 10 10
s E, | GeV ]



Diffuse Flux



Backgrounds

e Typical models for cosmic ray primary flux Gaisser-H3a model
e SIBYLL 2.1 as the hadronic interaction model

e Prompt: BERSS model
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Global Fit: Data/MC

Cascade histogram

Track histogram Cascade histogram
. | e S — Oy ——— = ——— - ——— . ———
20 —— MC sum —— Prompt Atm. 10"F —— MC sum —— Prompt Atm. mCsum Prompt Atm.
)L —— Astrophysical BPL = Muon-Template —— Astrophysical BPL = Conventional Muon Astroph){smal SPL Conventional Muon
10 —— Conventional Atm. ® Data (8.5yr) 105}  —— Conventional Atm. ¢ Data (11yr) ) 105  —— Conventional Atm. $ Data (11yr)
0 " b :
5 < S GlobalFit
: : 10°f z
= = e =
101F - e —‘—\__‘EL—.
O 9 ) o
4+ +J -
° n E - O $
oL_lceCube Prelminary, ., = 1 | . ollceCube Preliminary,, =+ 11 . . _lceCube Preliminary, . £% 7
103 10° 10° 10° 10’ 10 10 10° 10° 10’ 0™103 107 105 106 107
reconstructed E;, @ detector [GEV] reconstructed Egeposited [GEV] reconstructed Egeposited [GeV]

* \We see an excess of data at around 20-30 TeV in reconstructed cascade energy (compared to a SPL)
* \We see a deficit in the reconstructed cascade energy spectrum at a few hundred TeV

* Tracks sample do not provide the energy resolution necessary to resolve these fine features but help in the combined fit by constraining
the atmospheric flux and detector nuisance parameters due to the high statistics of the sample.
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Diffuse Flavor Ratio



Astrophysical Neutrinos
Flavor Ratio

A . YAVAVAVAVA ™ INAVINONO Ve
pion production . results
Tt = uT + 9/_/; -
1+ - ., @20 5 g
e+, tu, - , @;%

neutron decay A 4 S\ R

n—->p+e +rv, (1.0:0)

muon dumped
(—)

Tt — U+ U, (0:1:0)

Fraction of v,

ral Scientific Meeting Prague 2023 60



(Galactic Plane



Fermi 2012

Galactic Gamma-
ray Diffuse Emission

e Cosmic-ray interactions
with the ISM dominate the

diffuse y-ray emission of
the Galaxy!

* |f pions are produced, also
neutrinos should O O
produced. S

5824R201150%5

E}%JY(E},) [MeV cm ™2 s~ ! sr71]
S

[
=
N

e Much of the Galactic
Center in the Southern Sky

- Large muon atmospheric
background

|
R e
(ST S N N

(data-model)/data
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Improved Cascade Reconstruction

- B | T =+ _T =

» Deep Neural Networks improves angular A‘; e AT 1 2 AT +TLT

resolutions for cascade a factor 2 at TeV. FIFELE 3 Sleml ] AT

T - 1 it ] = 7
L
e Order of magnitude increases in | J
. ¢ |!

acceptance in Southern Sky by \ 55

reconstructing even partially contained \

events.

40° T

P =< 80% This work — 50% This work (all events)
357 - mammm <= 50% This work — = 50% This work (contained events)

30°4 mmmm =< 20% Thiswork  =—- 50% Previous Cascade Analysis (12)

Opening Angle AW
N
o

o Ul
o o

103 104 10° 10°
Neutrino Energy E, / GeV

Science 380 (2023) 1338
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The Galaxy with Neutrinos

e Final Sample: e
- 94% v, 6% pm —

- 57% of v with E > 10 TeV
are Astrophysical

v Predicted r° Northern Sky

e Tested 3 galactic models:

v Analysis Expectation

y _—

" 4710

@-——"“—"" ""‘\-\._.—-"'—_ﬂ:_'r Galactic Coord.
[< I z A 5 =" Y gy e T
~~~~~~~~~ \,
14 4 . 3 7 O _UnderEmbargo, Not ForProceedings — & — ‘\
180° 120° 60 ° -120° -180°

50
KRAy 3 ° 960 ° Pre-Trial Significance (n-0)

KRA model: D. Gaggero, D. Grasso, A. Marinelli, A. Urbano, M. Valli, Astrophys. J. 815, L25 (2015) Sci 380 (2023) 1338
cience
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The Galaxy with Neutrinos

+60° — C
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== 10 20%
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4 —_— rrso 50%
Galactic Coord.
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Spectral index y Science 380 (2023) 1338

RICAP 2024 65




NGC1068
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' PRS 23204085 FSRO R IsTUJE T S 3 1Y) RS A5 3.3 Mkn 421 BLI 166,12 98.21 2.] 1.9 0.38 53
ata I O Sea rc h 3IC A543 FSROQ 34350 1616 64 22 0.62 5.1 1C 401,28 BLI 164.6] 1.56 0na - 29 026 24
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RGE 122434203 BLL 099 2036 00 30 0.33 3.1 IC +55.17 FSIQ 14942 5508 119 33 1.02 10.6
CTA 102 FSRQ 33815 1173 00 27 (.40 2.8 M 52 SHG 14855 63.67 00 26 36 5.5
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IGNINESS and el ube sensitivity a womin omyomw wsooo ar o a | I e T
PKS IT17+177 BLL 2509 .51 17.75 9.8 J.6 132 (b ‘e 19YF L 16 QU £ . oy
object’s declination ~ — [ —
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e 1in 1()() 000 scrambled data | e PSRG imod :thcll:‘;lch; Il‘acz(rynhelgtcrlil:s;mlssmn from the nearby | o]

Sets have ObJeCt 5 2 G IceCube Collaboration™{
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The Neutrino Slw s

A Ry W 0.6
3 0.4
Eﬂ' 0.2
@ ---------------------------------- 0
2 .' s ; sz Q506+056 - o
Wy O g . O, o S T i 0 NGC1068
i LW R o e N i O SR R EeE i TR SRS S YL Lt Y 4 dds SRR FalB AR ot ke @ """" 0.2
24h oh
— Global Significance 4.20 ~0.4
1 . : : 412 41.0 408 40.6 404 40.2
_%3 o : r.a. [deg]

e Strongest neutrino emission (best-fit):
- Located at R.A. 40.69° and Dec. 0.09°.
-n =381
2,

Evidence for neutrino emission from the nearby
active galaxy NGC 1068

IceCube Collaboration™

RESEARCH

e |t also appears in the the list of 110 pre-define sources

RICAP 2024 69




The NGC1068 Neutrino Excess

- '“.‘:—‘;]u (]’lm-nl )
] 3 D T

Science 378 (2022) 538-543

1 Signal Total
Background ® Data

(Distance to NGC1068)2

h-H“‘--——__- ——

#Events
—

+

Declination [deg|
o

13 42 41 40 39 38 0 1 2 3 4

"‘.) e
~ - 2 [deg?
Right Ascension [deg) Y= |deg”]

* NGC 1068 is consistent with location of strongest clustering of neutrinos in the sky
e Distribution of neutrino events matches our model predictions
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NGC 1068

Neutrino Flux

10—“) A
i Where are the ,
gamma-rays? A
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®,.5 [TeV cm™2 s71]
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|
\
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E*® [TeV cm™

Astrophysical diffuse flux v,

7p 10—]] E

> 10—12 _ﬁ *_T__+_ +
: - \
3 = A
o wo-®4 l(y—IS E
103 104 10° 108 107 11 el f , '
E, [GeV] 10° 103 10°

Energy [GeV]
e TXS 0506+056 and NGC 1068 contribute each ~1% of the total astrophysical
diffuse neutrino

* Measured neutrino flux exceeds TeV gamma-ray upper limits
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NGC 1068

An AGN with an obscured black,_holé :

'\ | g : .a_d.- ° ;- ,“'.‘ ‘,\
. v %&i o, ~ b T\ | :

* Very active starburst splralgal v IO

9’ ?’?‘.’ (,; .

* Itis close! (~14.4 I\/ng) fyf .

* It hosts a Comptén‘-'lil ¢ AGN 1)’

- AGN powerec $ { with . §

" mass ~107 - L&

.+ Intrinsically the bri
the X-ray band



The Disk-

orona Model

* Electron and protons are
accelerated in the high field

regions associated with the black e
hole and the accretion disk

4

* They produce neutrinos in the
optical thick corona

- Gamma-rays are absorbed

7Y
O..
Ny

Black Hole

RICAP 2024 Image credit: NASA/JPL-Caltech



The Disk-Corona Model

L 4

we are force to have a
compact region

Corona ‘., “a" Accretion Disk * Gamma-rays will be
IRRLLLY Ll (infalling material) absorbed as 7, ~ 30()pr

Black Hole
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The Disk-Corona Model

No MeV observations

Y. Inoue et al., ApJL20

e Only if gammas are
produced at the
center of the corona

10785
10—9 - GRAMS

(35 days)

o,
and not uniformly. T 1A
1071 ‘gi/"' """""""""
* Other mechanisms RN
needed to explain P s
2

Fermi data.

e Large gamma-ray flux
at MeV where there is

IceCube

\

|
108

no observations!

1061/0

|
107

v : Corona

7v: Corona (Screen)

7v: Corona (Uniform)

N [ceCube
O 4FGL
) 3FHL
N MAGIC

1611
Energy [eV]

1610

Accompanying pionic gamma-rays

RICAP 2024

75

1613 1016

Range of possible neutrinos



Gen2 & Upgrade




lceCube-Gen2

Layouts
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lceCube Upgrade

Detected light
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lceCube-Gen2

Science
e S5x Improvement : . .
. o s ¢ Diffuse y (Fermi LAT) IceCube (ApJ 2015)
N effeCtlve alrea 10 F $ Cosmicrays (Auger) 1 IceCube (tracks only, ApJ 2016)
‘T’H i # Cosmicrays (TA) ¢ IceCube-Gen2 (10 years)
. E 00|
e 2x improvement o 19 ?”“"“w ~
In angular =2 07 “oo.,“ e X
resolution > L " e
O 10 F T b
- e ! P4
Multimessenger S *'U:'f'-t
spectroscopy # o
10 = o L ]
Is there a change in the spectrum? 107 10° 10 102 10° 10° 10° 10° 107 10° 10° 1 0
Is there a cut-off? | | Energy [GeV]
Are there cosmogenic neutrinos there?
’ ICECUBE
GENZ2
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Plans for lceCube Gen2

e Scale of funding for full IceCube-Gen2 is ~$340M from National Science
Foundation (NSF), ~$70M from international partners.

e This scale of funding from NSF must go through the MREFC (Major
Research Equipment and Facilities Construction) funding line and be
approved by the National Science Board.

‘zi. ICECUBE
N ;
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The Future

. . f
Higher Energies
s 2 j . . | k=
Three new elements, D S im0 0 o
leveraging complimentary

technologies, to achieve
sensitivity to MeV-EeV
neutrinos:

€Y Enlarge deep optical
array

€) Surface Array
extension

9 Shallow Radio Array
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Multimessenger Spectroscopy

Gamma-rays, neutrinos, and cosmic rays connection

IceCube v EHE limit (2019) = Fermi gamma-ray (2014) IceCube v Glashow (2021)
++ Pierre Auger cosmic rays (2013) —é— IceCube v globalfit (2023) W lceCube v ESTES (2023)

o isotropic y-ray high-energy ultra-high energy e Diffuse baCkgrOund
_ ++ background neutrinos o cosmic rays with 3 different
i B, (e T (iceCube) - (Augen) messengers:
T b, n - Similar energy
@ t +¥ ) densiti
= by %4 Glovait T " ensities...
> t et e - ...but also evidence
2 + of different origin
S. 10 - B .
L | -

| T 1 ﬁ . * Interesting interfaces
| e voncinprges | ' between messengers

10 100 10° 104 10° 10° 107 10° 10° 10*° 10

energy E [GeV]
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UHE Neutrinos

10~
Photopion production/‘ n Photo-disintegration /"i‘r
@ ———Pp @ —0y, D —P @ 1077 -
p § ‘]Z' '31 'gt‘ ‘3 :I‘_\ .
CMB CMB, IR [
 The detection of these neutrinos > 10
could provide an independent ~
measurement of UHE CR :
composition and source evolution .
o All-flavor Iimit at 1 EeV:
- E*® ~107° GeV cm~2 -1 sr-!
101
RICAP 2024 83

~T
IceCube 12.6yrs -
IceCube 12.6yrs sensitivity
Ahlers 2010 1 EeV
Ahlers 2012
van Vliet 2019

\.
¥y ===
By =2
- e s s aam

ARA 4yrs

... Auger (ICRC2017)

IceCube 9yrs

0..
L J
L
.....
o o
5] o
Ngt®

TR
"""""
* L
. * e
. .,
N

observed PeV events ™,

N, Anita -1V .

-

e \
,, - ) P . N ~ . |
- /, 0/ \.
1 /7 R N,
: // 0/ \¢
_F‘ " — ~ . ’/ \
| ~ / |
. \‘
IceCuhe preliminary \‘
107 108 10° 1010 10"
E, / GeV



lceCube Installation

New surface technology

A
\

lceCube Upgrade / Gen2 Phase 1

Radio-Tests in Greenland
ICECUBE

Operating sensors in the ice since
2006, with no evidence for aging

Scintillator / radio station deployed
at South Pole (2019) (PoS ID 314)

Deployment of next generation
sensors (see next slide)

(2021, see S. Wissel et al., PoS ID 001)

RICAP 2024 84



Oscillations




Neutrino Oscillations

cosmic rays

® Use of atmospheric v, to study oscillations.
1.0 100% E’L

%  BL expefinen

U, disappearance

0.5

60%

3 DeepCore 3
g 0.0 11
n ~
S 40%

- 20% ,
tau neutrino

~

lceCube

0%

10° 101 o 102
Energy (GeV)
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1e3 DeepCore 9.1 yrars

high-pid
61 e Arm, - v, + 0, CC - -0,
v, + v, CC - v, 4+ CC $ Data
51 Vs + 0 NC s Total MC
841 . : =
— |
£ high-pid
21
]4
0 —
4] - - 05N lClCtiBlE PRELIMINARY
I Dot a/MC -
e Data taken from 2011-2021 L |
e e e e e e B ¥

 Total of 150,257 events 210l i

e High signal (hnumu CC) and low atmospheric
background. 00,

e Particle identification PID (between tracks and
cascades) o

RICAP 2024 87 l
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Oscillation Results

e (Compatible with the results [rom the other experiment.
o Different sample and facing different systematics.

e (Competitive on Am*,, measurement.

2

e Room lor future improvements! 3.4{ Normal Ortering 5% C.L.
e eepCore 8.3 yeors (No FC)
\ - . - . - - . - NOA 2022
O ) - - 3.2
Flux model; ice model: light yield, etc RS oy oy s
— 30l super X 2020 {Prelminary)
”> ' === MINOS+ 2020
G
w 28 e
rerve ae MRCUME PRELIMINGKY AR ACIOC RACA ICECUEE PREUMNINARY O 1
(m-it.;:) .3:‘:..:; TN PO e — ! Dnﬁ?‘::‘g.)",": NOFC ) - . :‘, 2.6 -—-{' '___‘_;;;‘::-.---.
p M g g ' _..c."-\\ ”””” .
fiwpn Rvg 2102 & ~ ‘\ , ( s r \ /:
TIK 2033 et N— s a4 R ﬁ =y
IFekvernigl 1  [Svao ] 4 e iad
2.2 =SS
oK 300 B
NCwh 3062 , - & .
MO 3062 - 2.0 -
ICECUBE PRELIMINARY
VINCE= 000 | e : r— PR AL > 030 035 040 045 050 055 9060 065 070
0A 0s oA 24 iy
57 i) ami, 1107 ev?) sin“(8z3)




Neutrlno Oscillations: Sterile Neutrlnos with Decay

l

:
[

-1.0 -0.8 —-0.6 —-0.4 -0.2 0.0
10° |

104

(GeV)

true

3+1 (decay) I

—-1.0 -0.8 —-06 —-04 -0.2 0.0
RI cos@,’%‘:‘;e

103

E

102

100%

80%

60%

- 40%

Disappearance

Vi

20%

100%

80%

60%

40%

Disappearance

Vi

20%

0%

g’ =2.57

SBL Fit: B B

L 1 1111l
\

lllll

.= = % Best Fit
S _ == 90% CL
< - - = 95% CL
0.1 — — 099 CL
| Sensitivity (99% CL):
= Median B 10 20
0.01 T T T TTIT] — T T T T
0.01 0.1 1.0
SiIl2 2(924

® Looking for eV-scale unstable sterile neutrino.

® Decay reduces the tension in 3+1 global fits.

® Both 3+1 and non-sterile model are disfavored w.r.t. to the 3+1
decay. But p-value of 3% is compatible with 37 hypothesis.

[Tdd Ul pajdadde 21900 V022 AIXAe)
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https://arxiv.org/abs/2204.00612

Dark Matter



Indirect Detection of Dark Matter

v Yy e p
Primary Final
Channels Products

: 00000‘»

@ your favorite theory
W-Z b~

® No need of specialized detectors: Gamma-ray telescopes, neutrino detectors, CR-
experiments

o O
e p

@ Search for products of dark matter annihilation processes: Focus on large reservoirs of

dark matter
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Dark Matter Searches with Neutrinos Where to Look?

®e
o
Dwarf spheroidal Galaxies ‘
Cluster of Galaxies ®
Probe velocity-averaged DM Galactic Halo

annihilation cross section (o,V)
Probe velocity-averaged DM

annihilation cross section <5AV>

N

N\ Galactic Center
®

Probe velocity-averaged DM
annihilation cross section (o)

Local Sources (Sun, Earth)

Only accessible with neutrinos ® ®
Under equilibrium they can
probe osiand osp
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Dark Matter from the Galactic Halo (Case Study)

Flux from annihilation (very similar for decay):
d®, 1 (o) dN,
dE, 4z 2mz dE,

J dQJ p(r(s, ¥, 0))ds
[.o.s.
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Dark Matter from the Galactic Halo (Case Study)

Flux from annihilation (very similar for decay):
do, 1 (o,v) AN,
dE, 4r 2m; dE,

U

> Astrophysics input

—_
- p—t
I
—_

| —  Burkert
| — NFW

Density [107 M, /kpc?]

p—
3
N\

The central cusps in dark matter halos: fact or fiction?

[arXiv:1808.03088v2]

10~1 10V 101 102
Radius [kpc]

p—
=
—_
DO
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Dark Matter from the Galactic Halo (Case Study)

Flux from annihilation (very similar for decay):
AQ
do, 1 (o,v) dN,, J'
dE, 4r 2m; dE,

U

dﬂ[ p(r(s, ¥, 0))ds
0 [.o.s.

T —_— [arXiv:2007.15010, arXiv:1012.4515, arXiv:2007.1500]
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Dark Matter from the Galactic Halo: Neutrino Lines

N /'
Pl N

|
<0Av>a —
i

A X

Energy
resolution

@ Focusing on direct annihilation/decay to
neutrinos.

® No astrophysical background: - >

smoking gun sighature of dark matter. Astr'ophysical n,
processes « E~7
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A“a%ﬁéﬁheﬁlﬂﬂal PDFs Scrambled Signal (HE sample)

0.75
0.4
0.50
II|||I B II
0.00 llll.-—_ 00 [
4.0 4.0

'>' 3.0 — ;‘ 3.0 e
D) —— D) =
O s & O s =
Q = Q =
_ 20 =~ 20
(-] (-
— —
o] §)
%D 1.5 o 15
— —
1.0 1.0
0-3.0 05 1.0 15 20 > 5 30 0O 5 0-3.0 0.5 1.0 1.5 2.0 2.5 30 O 2

U, ..lrad| U, ..rad|

® Binning follows the same binning as the background PDF.
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Dark Matter from the Galactic Halo: Neutrino Lines
® 5 years of IceCube/DeepCore data: 10 GeV to 40 TeV

@ Sample focused on cascade events: energy resolution ~ 30 %

—&— Upper Limits (90% CL) 95% containment HESS 95% C.L. (Einasto) [PRL 117 (2016)]
-®- Sensitivity (90% CL) 68% containment Fermi-LAT + MAGIC 95% CL (dSph) [JCAP 1602 (2016)]
1021 — = |ceCube Tracks 90% C.L. [EP) C77 (2017) 627]
S — Combined ANTARES/IceCube 90% C.L. [PRD 102 (2020)]
IceCube Preliminary ANTARES 90% C.L. [PLB (2020) 805:135439]
—&— |ceCube Cascades 5 years
XX — VeV, NFW 104
107272 - C
— Upper Limits 1022 . [ceCube Preliminary
|
o —
| 10723
é 10-23 com
o E -24
A~ _©, 10
~
b N
~— -~ 10725
1024 S
1072° T —
X —7" 17 , NF'W
sensitivity 1027
10 101 107 103 10° 10° o 1 1 1o 10
m, |GeV]

GeV]

mX )
DarkMatters 2022 98 Juan A. Aguilar



Dark Matter from the Galactic Halo: Neutrino Lines

—&— Upper Limits (90% CL) 95% containment Fermi-LAT 95% C.L. [AP) 761 (2012)]
-®- Sensitivity (90% CL) 68% containment HAWC 95% C.L. (dSph) [AP) 853 (2018)]
-8 — = |ceCube 90% C.L. (Burkert) [EP)JC 78 (2018)]
10 —&— |ceCube Cascades 5 years
1028
. '.'.
@ ®.q

1027 R
sensitivity -._ 1027
1026 1026
%) S
- L
> 102>
b~ . e >
10%° Lower Limits 3
1024
24 —
10 X — V.U,, NFW 02
Y—T7"7, NFW
1023 1022
101 102 103 104 10°
101 102 103 104 10°

[publication in preparationl

RICAP 2024 99



Dark Matter from Celestial

S P
P
‘ ® °
V *\ e
. :
® ® ® S
®

/ annihilation ~
AN OA £ )
=Cg— C4N* -,V £
dt L % 10°
J )k
capture i . : 10:2
P evaporation 107}

y—N
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Bodies

® Dark Matter can be gravitationally
trapped inside celestial bodies

® Signal cannot be mis-interpreted as
an astrophysical source (except for
solar atm. neutrinos).

® Halo models agree in the Solar
System.

Plocal ~ 0.3 GeV/cms3

—  Burkert
— NFW

10~2 107! 10° 101 107

Radius [kpc]



Celestial Bodies: The Sun

eqmllbrlum'
—>
®, - C, -} C. = Oy
—— bb — VD
. 10737 ——— . —
LPEhAn?QIYSIE 105 06200 : :(C::gluJE: 97)y5ryIfE|_IE ‘/,/'/’E HE AnaIYSiS
Phys Rev | T leerube ST S [PoS(ICRC2021)020]
10-38L — ANTARES . .
) g ‘Super-K ~
® / years of Icet.ube | \ ® 9 yvears of muon track
DeepCore data (most | \
S N data (HE)
cascades) £ 107 \\ =i
; 5z [\ \
‘\ S N\ \ \\
\‘ Lg-sol W \\\ ..............................
?\\\ \\\
~~..----——‘v_ \\§\v’
1041 ——
lceCube Preliminary

~10® 10?2  10° 10
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https://pos.sissa.it/395/020/

The Galactic Center The Particle Phy5|cs Input

® Neutrino Spectra from primary
(neutrino lines) and secondary

production(W™W~,t7¢™,...)

“"https.//arxiv.org/abs/1012.4515
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