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The Elusive Neutrino

Standard Model of Particle Physics

e three neutrino flavours

* very small masses
(unknown origin)

1947: Manchester University 1977: Fermilab

d s|b

strange quark Gutam quark

* large mixing between
flavour and mass states
(unknown mechanism)

* 2nd most abundant
particle in the Universe
(impact on cosmology)

* unique probe of
high-energy astrophysics

(+ Higgs boson)

Markus Ahlers (NBI) Georges Lemaitre Chair 2023



Neutrino Astronomy

Unique abilities of cosmic neutrinos:

no deflection in magnetic fields
e (unlike cosmic rays)
source
coincident with
magnetic . .
deflection photons and gravitational waves

no absorption in cosmic backgrounds
(unlike gamma-rays)

/ \ P smoking-gun of

unknown sources of cosmic rays

absorption

BUT, very difficult to detect!

Markus Ahlers (NBI) Georges Lemaitre Chair 2023 3



Multi-Messenger Interfaces

Acceleration of cosmic rays (CRs) -
especially in the aftermath of
cataclysmic events, sometimes visible

In

multi-
messenger
source

cosmic ray  ambient
nucleus matter

magnetic
deflection

/ e Secondary neutrinos and gamma-rays
Y from pion decays:

absorption

= T+, > y+y

_|_ —
L e+, + 7,

Markus Ahlers (NBI) Georges Lemaitre Chair 2023 4



Pion Production Efficiency

- pion production depend on target opacity 7 = Zon

- "bolometric" pion production efficiency (with inelasticity x):
fi=1=e™

- inelasticity per pion: x, = k/(N_) ~ 0.17 — 0.2

- "bolometric" relation of the production rates Q:

E2 <N ni>

~ 2
T (N} + (N EONE ;e
+ with charged-to-neutral pion ratio K_:
K (N..)
E;Q,: ~ —— |f[,.ExO\E K,=—"—=
+On 1 + K, [f” VM N)] Ex=E,/K; " (No)

Markus Ahlers (NBI) Georges Lemaitre Chair 2023
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Sidenote: Clebsch-Gordan

J1 ]

CG coefficients: from pdg.lbl.gov
(J1j2mima|j1joJ M)

* * 3/2
1x1/2 ’+3/2|
[+1 +1/72] 1 +12 +1/2) < M

3/2 1/2| < J

+1-1/2

T

m, m, |=1+172] 1/3-2/3|-3/2

O0+1/2\2/3 $1/3|-1/2-1/2

1/3\2/3} 3/2 1/2

Notation:

0-1/2| 2/3 1/3|

3/2 m, m, | Coefficients

-1-1/2

Note: A square-root sign is to be understood over every coefficient, e.g., for —8/15 read —/8/15.

+ For A" resonance: | J1s Jos I, M) =

. coefficient for

. coefficient for

J1>J25 mlam2> —

J1>J25 ml»m2> —

1,1/2,3/2,1/2)
1,1/2,0,1/2) : Br(p + z°) = 2/3
1,1/2,1,— 1/2) : Br(n + z*) = 1/3

Markus Ahlers (NBI)
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Average Energies

* Average energy fraction of pions from
CR nucleons:

(x.) =k, ~20%

* Average energy fraction from
relativistic pions (r, = (m /m )2

(x,) = —= ~21%

U

3+4r,
“u 20

24+ r
(x,) = 2 ~26%
¢ 10

* Approximately:

~ 26 %

()=~ (E

le.g. Lipari, Lusignoli & Meloni '07]

1.0

S
o0

O
o)

—
~

0.2

xy{(F)(xy) from 7 (n£7) decay

Vi (V)

Vi (V)

© Ve (‘_/e)

0.4

energy fraction xy

0.6
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Neutrinos in the Standard Model

Neutrinos are part of weak isospin doublets and anti-doublets:

G, () ¢, (5 (6) ()

Participate in charged (W) and neutral (Z) current interactions:

YV, - % .
gWIZW\g/ \{&UZW — Q'sin® Oy)
W:t Z()

Markus Ahlers (NBI) Georges Lemaitre Chair 2023



Neutrino Interactions

* Low-energy (<10GeV) neutrino interaction with matter in coherent,

quasi-elastic or resonant interactions.

* High-energy neutrinos interact with nuclei via deep inelastic scattering.

interaction with
individual quarks

N

nucleon

Markus Ahlers (NBI)

lepton scattering

n
»

p

g/

hadronic
cascade

v and v CC cross section [pb]

v and v NC cross section [pb]

105 L

1000 -
10+

0.1

105 L

1000 -

10 -

0.1

== v CC xsec (HERAPDF1.5)

== v CC xsec (HERAPDF1.5) / |
100 10* 100 108 1010 10!2
E, [GeV]
== v NC xsec (HERAPDF1.5)
== v NC xsec (HERAPDF1.5) E
//
100 10* 10° 108 1010 10'2
E, [GeV]

[Cooper-Sarkar, Mertsch & Sarkar’11]

Georges Lemaitre Chair 2023
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Neutrino Astronomy

Neutrino charged and neutral current (CC & NC) interactions are visible
by Cherenkov emission of relativistic secondaries in transparent media.

-

§ 10°
flux of PeV neutrinos: ¢ ~ |
i km? yr

cross section: ¢, ~ 1078 ~ 10~cm’

5 %4 !

) targets: N — W

| : 8 target =3 |
s o few
L Td e N, events — N target X Gyp X ¢y o T yr |

e - - IS TSN e

minimum detector size: 1km3

Markus Ahlers (NBI) Georges Lemaitre Chair 2023



Optical Cherenkov Telescopes

Bt ™ |

Markus Ahlers (NBI) Georges Lemaitre Chair 2023 11



Optical Cherenkov Signals

Vall Yu
“cascades”
“tracks”
NC showers CC showers muon tracks
Vr Vr Vr :
rare events
fl" om CC I/T double pulse double bang “lollipop”
: * Vr ~ Vr ~ Vr ~
interactions @t
inverted “lollipop” “sugardaddy” “tautsie pop”

Markus Ahlers (NBI)
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lceCube Observatory

i"—/

S leeTop + Giga-ton optical Cherenkov

= telescope at the South Pole

lceCube Array ° Collaboration Of about 300
scientists at more than 50
International institutions

+ 60 digital optical modules
(DOMs) attached to strings

DeepCore

+ 86 IceCube strings

lceCube Lab \
50m —— T oS s

1450 m 111
32
1
g3

2450 m %E

2820 m

Bedrock

Markus Ahlers (NBI)

Ajggifgowef instrumenting 1 km3 of clear
glacial ice

+ 81 IceTop stations for cosmic
ray shower detections
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Neutrino Selection |

COSMIC ray

atmospheric cosm i C
neutrino °
atmosphetric neUtran

K

IceCube
up-going

down-going

cosmic ra)/

Markus Ahlers (NBI) Georges Lemaitre Chair 2023




Neutrino Selection

 Quter layer of optical
modules used as virtual
veto region.

* Atmospheric muons pass
through veto from above.

» Atmospheric neutrinos
coincidence with
atmospheric muons.

e Cosmic neutrino events
can start inside the
fiducial volume.

* High-Energy Starting
Event (HESE) analysis

Markus Ahlers (NBI)

‘0
*

|“¢’| | | 1 .
, s, atmospheri¢c
I | ’.l | Mmuen
([COsmIC fo, | |
neutnino | 4
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High-Energy Neutrinos

First observation of high-energy astrophysical neutrinos by IceCube in 2013.

"track event" (e.g. v, CC interactions) "cascade event" (e.g. NC interactions)
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(colours indicate arrival time of Cherenkov photons from early to late)

Markus Ahlers (NBI) Georges Lemaitre Chair 2023



Diffuse TeV-PeV Neutrinos

107° | ]
— 0 : isotropic y-ray high-energy w ultra-high energy
. | background neutrinos e cosmic rays
Tm 07 | @m%$(Fermi) (IceCube) . (Auger) __
2 F cascades °
(Q\ i ol
| [ ’ﬂf (6yr) lﬂ_
= j a ++ ol
&) T oy
—8 iol
% 10 3 M L E
i tracks “m
— 1 (9.5yr) ‘
‘\E I HESE '!'
10_9 - (7.5yr) B ;
| el el el el bl . .T..I el el sl — .....TI . -
10 100 10° 10* 100 10° 107 10® 10° 10 10"
N. energy E [GeV]
o X
& [lceCube, PRL 125 (2020) 12; PoS (ICRC2019) 1017; arXiv:2011.03545]
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https://arxiv.org/abs/2001.09520
https://pos.sissa.it/contribution?id=PoS(ICRC2019)1017
https://arxiv.org/abs/2011.03545

Isotropic Diffuse Flux

‘—|< —
5 391 eee o059 HESE (7.5y Full-sky) cO
n 0 Phys. Rev. D 104, 022002 (2021) A\
o 309 == 68% Inelasticity Study (5y, Full-sky) ~
|E Phys. Rev. D 99, 032004 o
257 Cascades (6y, Full-sky) N
N Phys. Rev. Lett. 125, 121104 (2020) =
8 2.0 - R R ____ This work: Through-going Tracks <
o 2T \‘ (9.5y, Northern-Hemisphere) 5
L o154 7’ A x / ~ 3 ANTARES Cascades+Tracks —g
= S/ P (best-fit: 9y, Full-sky) PoS(ICRC2019)891 (O
~ . . b
/ P /7
= - N—" - O
% 1.0 l,/ . R O
L‘_ﬁ ~ ~——="" 1077
E& S 0.5 - I Conventional Atm.
=S — Piece-wise (7 = 2.0)
i__é 00 | I I I I I I 4 ' T LOg ParabOIa
2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 _ v |77 SPLw. Cutoff
S p ectral Index YspL Tm Single Powerlaw (68%)
. Cor CE
- Diffuse flux agrees across analyses (within 3z
their overlappmg energy reglons). &
(\Llub
» However, mild tensions though for a
| . 1 .
vanilla" single power-law flux. 10

107
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Isotropic Diffuse Flux

Q S5 E
S.E ' | | | E Baikal-GVD (2018-2021, Upward-going)
m = = this study, best fit
\@d\ 4 = E IceCube HESE (7.5y, Full-sky)
3.5 & — Phys. Rev. D 104, 022002 (2021)
3 z— X —i IceCube Inelasticity Study (5y, Full-sky)
5 £ = Phys. Rev. D 99, 032004 (2019)
| S s S AN I L. O s iE [ceCube Cascades (6y, Full-sky)
s = x ] = Phys. Rev. Lett. 125, 121104 (2020)
T E = [ceCube Tracks (9.5y, Northern Hemisphere),
LE | | J T The Astrophysical Journal 928, 50 (2022)
0.5 E_ | —; ANTARES Cascades+Tracks (9y, Full-Sky)
0+ | - | | T T —— PoS(ICRC2019) 891 (2020)
2 2.2 2.4 2.6 2.8 3 3.2
Yastro

[ANTARES, PoS (ICRC2019) 891 & PoS (ICRC2021) 1121; Baikal-GVD, arXiv:2210.01650]

+ Independent probe of diffuse flux by Baikal-GVD and KM3NeT.

+ Complementary field of view allows to decipher anisotropies, e.g. by
Galactic diffuse emission.

Markus Ahlers (NBI) Georges Lemaitre Chair 2023



Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix

L0 0 ci3 0 spe™| (e s O)[eiF 0 0
U=|0 ¢33 53 0 1 0 =515 ¢ Ol o0 &% 0
O _S23 623 —S13€i5 O 613 O O 1 O O 1
"atmospheric” &R Dirac phase "solar"  €P Majorana
mixing x sin 6, ; mixing phases

flavour transition probability (in vacuum):

SERE Am-Jz-f

— [T -

P (O) =) 1UaiUﬂanjUﬁj exp | i——
i=1 j=

2 = m? = m?

notation: ¢; = cos 0; & s5;; = sin6); & Am ;

] 7
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Astrophysical Flavours

ternary graph 0.0

1.0 :
flavor ratios

® (1:2:0)s 44— on production

3-tlavor \4

oscillation 0.2
(V' fl t v 5.0 / NO) ...................................

= Superposition of
flavor and mass states
induce oscillations.

1.0
0.0 0.2 0.4 0.6 0.8 1.0

v, fraction (feq)

=
>
Qs
0
¢

erassassassassaesaentansententenrenrearianiammansanraneenhl ol el e e e it ienteerta e e ta e e e et e e a st st n s s a et astasiantantantantantan
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Astrophysical Flavours

Cosmic neutrinos visible via their oscillation-averaged flavour.

Likelihood contours ‘©
of observed
flavour ratios

) 1.0 —— HESE with ternary topology 1D
% Best fit: 0.20 : 0.39 : 0.42

Global Fit (IceCube, APJ 2015)
Inelasticity (IceCube, PRD 2019)

-------- 3v-mixing 3o allowed region

Ve - Uy @ Vr at source — on Earth:

0:1:0 — 0.17 : 0.45 : 0.37
e 1:220—0.30:0.36: 0.34
A 1:0:0 - 0.55:0.17 : 0.28
¢ 1:1:0—0.36:0.31:0.33

[lceCube, Eur. Phys. J. C 82, 1031 (2022)]

Fraction of v,

Markus Ahlers (NBI) Georges Lemaitre Chair 2023



Astrophysical Flavours

== Single, no brights

== Double, no brights

=== Double, with brights

<+ Exp. Data

Photoelectrons

bright DOM

o
c 00
oo 9 22
e © o °
e © PS
°s «
e %O o % bright DOM
e WO ONE<a S5 o | bright DOM.
Q © o &5 O O T R o
c o’ N
“ S o o | i
o O Q o
o o O -+
g ° lceCube
4 PRELIMINARY

bright DOM

Markus Ahlers (NBI)

[IceCube, arXiv:2011.03561]

Georges Lemaitre Chair 2023

tau neutrino
candidate

ICECUBE

 Tau neutrino
charged current
Interactions can
produce delayed
hadronic cascades
from tau decays.

* Arrival time of
Cherenkov photons
is visible in
individual DOMs.



https://arxiv.org/abs/2011.03561

Astrophysical Flavours

Glashow
resonance
candidate

(i e

.

IcCECUBE

Resonant interaction of electron anti-
neutrinos with electrons at 6.3PeV:

v,+e - W =X

— data

Significance depends
on spectral index of
neutrino flux: E™7

¢ 1 1 1
. 230 fory = 2.49 5 6 7 8 9
“—’b; R A I Visible energy [PeV] (posterior)
10° b Vet € 2. 70 for Y = 2.39
- GR h. - CC
10* | 266 for y = 228 GR e. NC
2 10 < 1074
; ? k=
10% v
i qc) 10_35: ‘*;H N ] ] ]
o 6.3 PeV it 4 5 6 7 8 9
100 b J Visible energy [PeV] (MC)

| 5
1012

E [eV]

il A PR
1012 1013 10+

1016

e | L
1017 1018

[lceCube, Nature 591 (2021) 220-224]

Markus Ahlers (NBI)
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https://www.nature.com/articles/s41586-021-03256-1

Very-High Energy Cosmic Rays

% Knee
10* | =
: 1 =
B 2nd Knee (b;/) ady \( £ 1
— 2V~ p
' - O HAWC O N N
s -—
1 03 | vV MSU % ~ —
7 5 o T © =
N = Tibet = A :
= L O Akeno @), ]
< " O CASA-MIA ]
% O Kascade
D10’ @ Kascade Grande L E
Eﬂ\ E ¢ IceTop B E
~— L O HiRes1 — C ]
3 . © P
o s ¢ HiRes 2 Q] i
N DD 4
R g O Aveer S .
- % Telescope Array -;<-* % ]
B > n ]
1 | | | ||||||| | | ||||||| | | ||||||| | | ||||||I | | IIIIIII 1 | lllllll | 1 lllllll | | i
10" 10 10° 10" 10" 10" 10" 10%
E [eV] [Particle Data Group'21]
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Status of Neutrino Astronomy

Most energetic neutrino events (HESE 6yr (magenta) & v, + v, 8yr (red))
=LA T

Earth
absorption

Galactic Plar

Galactic

No significant steady or transient emission from known Galactic or
extragalactic high-energy sources, but several interesting candidates.

Markus Ahlers (NBI) Georges Lemaitre Chair 2023



Status of N

* High neutrino intensity
compared to other
cosmic backgrounds.

eutrino Astronomy

multi-messenger interfaces

isotropic y-ray
background
(Fermi)

high-energy
neutrinos

cosmic rays
(Auger)

(IceCube) proton (E™)

T
7
T 107 -
o Nm S SO HESE calorimetric @
+ Open questions: P o0 it [
o \7 4 "-=--2
-8 + 0 =~ - _
* origin? E 10 @ng)dl{cgon -
' | VU
Py e (8yr) ., —
* SpeCtraI featu ress - 10—9 y-rays from Cosmogenic“."‘g

* consistent MM emission?

- Some strong indications
for individual sources:

* blazar TXS 0506+056
* Seyfert Il galaxy NGC 1068

* Galactic plane f
- Many interesting (but

weak) correlations with
other candidate sources.

70 decay v+T

F M. Ahlers (2017)
el " el " el

« ultra-high energy _

[(81L07) ¢OL dNdd ‘uaz|eH » VW]

104 10° 10° 107 108

10° 1010 10!t

10 100 103
energy E [GeV]
TXS 0506+056 NGC 1068
T i © famen 0.6

+ NGC 1068

[(2207) 8¢ 92uUdldg ‘DqnDH|]

=)
2
6.5 & 0.4 -
zzzz
S \('D -, ~
. LT ped —
AL R : R 7741 77.37°%77:33 x qb_)D 02
6.0 AR R ST N G N -
R SR G .o 2 ’::‘ IS)
e TxsoReesdD S & < 00
~ 0o 4
S | | S 0.2 -
.0 ? 5}_{5;0562@4Q )
,,,,,,,,,,,,,, —04
78.5 78.0 775 77.0 76.5 41.2 41.0 40.8 40.6 404
Right Ascension [°] r.a. [deg]

40.2
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Galactic Cosmic Rays

Standard paradigm:
Galactic CRs accelerated . T

[Baade & Zwicky'34]
[Ginzburg & Sirovatskii'64]

s

- diffusive shock
acceleration:

nCR X E_F
- rigidity-dependent escape

from Galaxy:

90

nCR X E_F_5
- Interaction of CRs with
interstellar medium creates

hadronic y & v emission. o illustration of Milky Way
[Credit: NASA]
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Gamma-Ray vs. Neutrinos

* neutrino emission from charged pion decay:
7t - ,u+ + v,

1
3 Z E,Q,(E,) = |E,Qp(E,)] pear, M@ TR

[

- y-ray emission from neutral pion decay:

= y+y

1
EE}/QV(EI/) = [EﬂQ”O(E”)] E,~2E,

- intrinsic relation between neutrino and y-ray emission:

1 1
= > 20, (E) =K, | EX0,E))|
. Z OUE) = K EOE)]

- observable y-ray emission is attenuated in sources and, in particular, in
extragalactic background radiation.
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Galactic Neutrino Emission

Galactic diffuse v emission at 4.5¢0 based on template analysis.

15°
Y. Optical

Latitude [b]
o

A

-15°
__15° 2.0 &
S 2
)] >
¢ o ;
= o
= 15e 0.5 =2

15° 4

Predicted m° Northern Sky

N
Weight
[sr1]

Southern Sky

Latitude [b]
o

-15° 0
— 15° 0.5 —
Q v Analysis Expectation L
) ’ )
S 0 * Typical Event Uncertainty <
= o
15° 0.0 =
__15° . 4
) W : Galactic Coord. Y
% .- L S
S 0 225
S E <
© =
~ 150 — - oV
180° -120°

Galactic Longitude [/]

[IceCube Science 380 (2023)]
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Galactic Neutrino Emission

Best-fit normalization of spectra Templates with different resolution

n® Template

B
KRA§3 Model KRA? Best-Fit v Flux ’
KRA®® Model —— KRA> Best-Fit v Flux 9 :
%, no smearing
- 1° Model — 110 Best-Fit v Flux
IceCube All-Sky v Flux (22)
1 0—6 i
ll°, 7° smearing
‘E iC
o L] L] °
N ISOtrOplC Wl °, 15° smearing
g 180° 120° 60° I=0° -60° -120° -180°
()] Sor KRA> Template
2 47| :
gl
CI:IU> , N0 smearing
A , 7° smearing
galactic .
1078 4 h2

, 15° smearing
180° 120° 60° I=0° -60° -120° -180°

103 104 10° 108 107
E, [GeV]

1.2

Density / srt

[lceCube Science 380 (2023)]  [templates: Fermi'12; Gaggero, Grasso, Marinelli, Urbano & Valli '15]
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Point-Source Significance Map

+75°
+60° No signif;

+15°

24h

Declination 6

I
=
9

Equatorial Coerd.
-—= 12 20%
—-= 12 50%
FBs 20%
FBs 50%
% PWN

e K1 SNR
Galactic Coord. \% o UNID

-120° -180°

0.0 05 1.0 15 2.0 25 3.0 3.5 4.0
Pre-trial significance / o

ICECUBE [lceCube Science 380 (2023)]
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Point-Source Significance Map

+75°
oo No Signific,

i ’ | . u
‘ ‘ G, |
4 . i aCth PI
+15° | - N

24h

Declination 6

I
Ul

Equatorial Coord.

——- 1% 20%
=

Al —- m050%
Galactic Coord. '

-120° -180°

10 15 20 25 30 35 4.0

ICECUBE Spectral index y [IlceCube Science 380 (2023)]
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Ll HAASO Diffuse

Emission

L HAASO observes
enhanced 0.1-1 PeV

diffuse y-ray emission
along Galactic Plane.
[LHAASO PRL 131 (2023) 15]

= (a)

Galactic Latitude [deg]
AARPWON O LNWAO

........................................................

I O=NWwhrL O

|
apd oo =

50 60 70 80 90 100 110 120
Galactic Longitude [deg]

Galactic Latitude [deg]
AP WONLOLDNWA~O

........................................................

g

I ©O=NDWwhwu

|
abh O =

10”

F(a)

_1)

-2 -1
cm S Sr

U

<
[E—
)
I

E>Flux (TeVI'5

LHAASO-KM2A o — 1
power-law fit ——— ]

15%l1<125Y, 5Y<b<5Y

RSNt

Markus Ahlers (NBI)

10
E (TeV)

10°

_1)

-1

-2
cm S Sr

E>Flux (TeVl'5

[E—

S
[
()

101

160 170 180 190 200 210 220 230
Galactic Longitude [deg]

LHAASO KM2A (outer)
power-law fit — — — ]

125Y1<235Y,; 5Y<b<5Y

10! 102 10°
[LHAASO PRL 131 (2023) 15]
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Analysis Sample

Analysis is based on novel cascade event selection and
reconstruction using deep neutral networks (DNNcascade).

10 A .|B
] 10"
_ 101 E’('I; '
(o] V
] \Y;
OO (o]
Y 10 S
S S
— 1072 T
E S
%ﬁ 10" . %10 10 X more events
10-4 -Cl;gfc\;\;o;g (12) z compared to previous
Tracks (20) analyses
10 +—"r———————— 12—
103 10* 10° 10° 10° 10* 10° 10°
Ey [GeV] E., [GeV]

[lceCube Science 380 (2023)]
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Analysis Sample

Analysis is based on novel cascade event selection and

reconstruction using deep neutral networks (DNNcascade).
40° T—
D < 80% This work === 50% This work (all events)

mamm < 50% This work - == 50% This work (contained events)
30°41 =mmm < 20% This work -+ 50% Previous Cascade Analysis (12)

35° -

Opening Angle AV
=N

Neutrino Energy E, / GeV

[IceCube Science 380 (2023)]
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Template and Catalog Searches

Flux sensitivity @ P value Best-fitting flux ®
........................................................................... Diffuse Galactic plane analysis .
i 5.98 1.26 x 107 (4.710) 2187
KRA? 016 x MF 6.13 x 10° (4.370) 0.55%01% x MF
KRAZ 0.11 x MF 3.72 x 107 (3.960) 0.37155 x MF
S R g st st
SNR e 390X 10 BRAGNE
R B i (g
e R ”
o ey
e A oo POSt-trial p-valye
e 055 (07 template search
HOESPOE (NOTt) o 0:28.(0580) 456
Hotspot (south) 0.46 (0.100) s —

*Significance values that are consistent with the diffuse Galactic plane template search results.

[lceCube Science 380 (2023)]
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latitude

latitude

Galactic Neutrino Populations

azimuthally symmetric distribution following SNRs (Case et al.)

30°
OO
-30°
180° 120° 60° 0° 300° 240° 180°
longitude
+ modulation with spiral arms
30°
0° 7
-30°
180° 120° 60° 0° 300° 240° 180°
longitude (credit: Kathrine M. Groth)
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Galactic Neutrino Populations

azimuthally symmetric distribution following SNRs (Case et al.)
30°

latitude
<

-30°
180° 120° 60° 0° 300° 240° 180°
longitude
: : : yical angular
+ modulation with spiral arms typical angu
30° resolution

opsp =

latitude
<

-30°
180° 120° 60° 0° 300° 240° 180°

longitude (credit: Kathrine M. Groth)
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Hidden Galactic Sources?

Contribution of neutrino from "freshly" accelerated CRs
most likely to dominate at highest observed energy ( ~ 100TeV).

isotropic diffuse:
10—6 ! — HESE (7.5yr)
3 — cascades (6yr)
— tracks (9.5yr)
T
p]
q
£ 1077
O
>
)
)
o
(q\l
AR _
| Galactic diffuse:
107°} : 0
— Fermi-LAT 7t
— KRA, 5PeV
— KRA, 50 PeV
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o

—_
V)1
o

\O

OOQ

SNR
M 4-arm spiral f
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-

Normalized quasi-diffuse emission ¢qp, / ¢;., at 100 TeV
(|7 £90°and |b]| < 15°)
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[Ambrosone, Groth, Peretti & MA'23]
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Point-Source Sensitivities

| e This Work Sensitivity
| === This Work 40 DP

10_10‘5 —— Cascades (12) ¢ X E_2
| === Tracks (20) v
""" ANTARES
v Upper Limit 90% C.L. 2
10-11- A

—

3
I
No
1

E%.-dN/dE at 100 TeV [TeVs lcm™?]

107134  Northern Hemisphere Southern Hemisphere
] < > < >
—1.0 —0.5 0.0 0.5 1.0
sin(0)

[IceCube Science 380 (2023)]
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Effective Field of View

IceCube Tracks 5¢ DP IceCube Cascades 40 DP

% "8 o) o o o)
E = 60 0 300 240
= =
lonos S .
ongitude longitude
KM3NeT expected 50 DP (6yr) IceCube-Gen2 expected 5¢ DP (10yr)
9 < A
3 3 2400
S | lengifuce
0 5 10

(credit: Kathrine M. Groth)
discovery horizon [kpc]
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Point-Source Discovery Horizon

Discovery horizon for Liggrey = 10°* erg/s (® « E~2)

8_
4_
O_
%)
g
~
=
Y—
c —8
)
QO
o)
I
= —127
W)
—16-
[ IC Tracks ko A
\
—2041 [ IC Cascades \\ N\ u SNRs
L_i IC-Gen2 (10yr) \\\\ ) 2 PWNe
o KM3NeT (6yr) R TS /'« YMSCs
16 -12 -8 -4 0 1 8 12
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Galactocentric x [kpc]

[Ambrosone, Groth, Peretti & MA'23]
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Point Source vs. Quasi-Diffuse Flux

Populations of galactic

10%
neutrino sources visible as 7, stended sour
. 0} extendaed source
A % discovery A
5.4 10F. potentials 110
= " (Rsre = 10 po)
and by the ol 2 3
° ° ° ° ° g) 1 E - 10
combined isotropic emission. £ .
: : : ”§ 0.1 1102
The relative contribution can @
be parametrized (to first order) 2  ICTracks . YMSE&HD
b h T‘UQ 107%2F — IC Cascades ’ ‘ 110
Y the average 3 - IC-Gen2 (10yr) ™.
KM3NeT (6yr)
source surface density 2, 103 . . S
1030 1031 1032 1033 1034 1035
an d neutrino luminosity Ligotev [ergs ']

I - A th, Peretti & MA'23
source luminosity L, yrev [Ambrosone, Groth, Peretti & ]
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Point Source vs. Quasi-Diffuse Flux

point-sources extended sources
10% 10% 1
S D, point-source “ D, extended source
‘Tr'— . discovery . ‘Tr'— g discovery A
é 10F potentials 110 'é_. 10 . potentials 110
A K g5 RO ¢ 5
> - = . PWN =
T 1 10°2  F 1} 3 =
Fé g‘ Fg) A SNR*. ?y‘
£ ] 102 9"’ S 9h
5  0.1¢ 3 5 0.1 3
; 2z :
3 — IC Tracks . ? — IC Tracks ™
= 1072} — ICCascades 10 = 1072} — ICCascades
§ -- IC-Gen2 (10yr) ™ § -- IC-Gen2 (10yr)
KM3NeT (6yr) KM3NeT (6yr)
10_3 1 1 e ey 5 ]. 10_3 1 1 ) ey “" 1
1030 1031 1032 1033 1034 1035 1030 1031 1032 1033 1034 1035

neutrino luminosity LigyTev [erg s 1] neutrino luminosity LipTev [erg s 1]

[Ambrosone, Groth, Peretti & MA'23]
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sensitivity scaling:  ®pp(E,.5,04) = Dpp(E,, 5),
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Multi-Messenger Fits

Contribution of unresolved Galactic sources improve MM fits.

10-44  Inner Galaxy: [b] < 8°, ]I < 80° 1 Inner Galaxy: |b] < 8°,|I] < 80°
. ] ]
i
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[Schwefer, Mertsch & Wiebusch '23; see also Shao, Lin & Yang'23] a
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E2"Jins tem2sr ! GeVY’

Multi-Messenger Fits
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Ll HAASO Diffuse

Emission

L HAASO observes
enhanced 0.1-1 PeV

diffuse y-ray emission
along Galactic Plane.
[LHAASO PRL 131 (2023) 15]
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Cygnus Region
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- LHAASO observes extended y-ray emission from Cygnus region.
[LHAASO, Sci.Bull. 69 (2024) 4 '23]

- Soft spectrum (I" ~ 2.7) with "hot spots" correlated to molecu

» Emission reaches PeV, indicating CR PeVatron(s) in the centra

ar clouds.

region.
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