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m Introduction: Milky Way Galaxy: cosmic ray, gamma-
ray and neutrino connection

m Multi-messenger models

m High energy diffuse gamma-rays in Galaxy with> 100
TeV with Tibet, HAWC and LHAASO

m Neutrino flux in IlceCube, Baikal-GVD and ANTARES:
galactic contribution from Ridge

m Gamma-ray and neutrino flux from Sygnus region
m Conclusions
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Introduction:
Cosmic rays



Electroscopes discharge
spontaneously. Why?

e 1785: Coulomb found that
electroscopes can spontaneously

discharge by the action of the air
\ and not by defective insulation

DARK CURRENT 1785-1912 (137 years)

UNoTI VAlLivil VY \.aUUIUIIIIJ, \VA'ARY D

better insulation technology

* 1879: Crookes measures that the
speed of discharge of an
electroscope decreased when
pressure was reduced
(conclusion: direct agent is the
ionized air)

A. De Angelis 2012 5
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I-th-energy particles from Spéc%

Cosmic Rays (CR) are
charged high-energy
particles coming from outside
the atmosphere.

Discovered 113 yr ago by

V.Hess in 1912, via detection | ey :
of increase of the rate of ey | 1202 ;‘5
discharge of an electrometer . 29" ¢
with increase of the altitude. - L. —- %, d
g 1of @ 3 e o oy
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Cosmic rays: historical remarks

m 1938 Pierre Auger observed extensive air showers

m 1954 First measurement of extensive air showers by
Harvard College Observatory

m 1958 Discovery of CR knee in Moscow University
(Kulikov and Khristiansen)
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Supernova ?
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Galactic Longitude
0°
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opace.

Long missions (years)
Small payloads
Low energies..

IMP series < GeV/n
ACE-CRIS/SIS Ekin < GeV/n

VOYAGER-HET/CRS < 100 MeV/n
ULYSSES-HET (nuclei) < 100 MeV/n

ULYSSES-KET (electrons) < 10 GeV
CRRES/ONR < (nnelail ANN Mal//n

Short missions (days)/ Largerpayloads

CRN on Challenger
(3.5 days 1985)

AMS-01 on Discovery
(8 days, 1998)

Long missions
Large payloads
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.| Transition Radiation Detector Incoming CRs

Time of Flight
4

Silicon Tracker

Ring ImagiggECherenkov

Electromagnetic Calorimeter
E of electrons
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A , : ¢
The Charge and Energy are measured | \L——' >
independently by several detectors | .
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Spectra of individual nuclel

pifferential Intensity (m™? sr-! s! Gev-l)
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Detection techniques

primary
particle

radio + air-Cherenkov

radio light
antenna  detector

e
particle
detector

telescope
for fluores-
cence light

atmospheric depth (g/am?)
Paad
g g

1000

profile of vertical showers _|;,

average of 100 CORSIKA simulations
with QG SJETO1 for 10% eV proton -
by . Heck, Kartaruhe Institule of Technobgy

1 2 3 4 5 6 xi0°
particle number

altitude (km)
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Knee in CR spectrum

Knee was discovered by Kulikov

10

'{E and Khristiansen in data of MSU
o | Experiment in 1958
° It was confirmed by all new
e @haly' | independent eperiments
“o1 il 2
g 1
r-.% ]
a0 w

. .
10" 1w 107 1™ 10"° 1 1w " 1" 1w 1™
DHeprua, 3Baapo



O DESY Berlin seminar, May

Features in CR spectrum

1012

ATIC-2 2009

- TUNKA 2015

TUNKA HiSCORE 2017
Auger 2013 E*1.1
TA 2015
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E [eV]

10" 10" 10" 10™ 10" 10" 10" 10" 10" 10%° 10?

Ankle 300 GeV

Bump 103 eV

Knee 41015 eV

Second knee 2 107 eV
Ankle 31018 eV

Instep 4 10'% eV

Cutoff 6 101° eV



KASCADE experiment

40000 m* 105-10'7 eV

Measure electron and muon size at Karlsruhe, Germany
(near sea level).

Energy spectra of S primary mass groups

are obtained from two dimensional Ne-Np spectrum

by unfolding method (P,He,CNO,Si,Fe).
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Fig. 1. Lefi: lnyout of the KASCADE air shower experiment; Right: sketch of a detector station with shielded and unshiclded
scintillation detectors

Operated before 2000
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Knee-composition

—_— Z=1 M Casa-Mia @® CREAM (C) & KASCADE (Fe)
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.
KASCADE-Grande

m KASCADE-Grande
covered an area of about
1 km? and studied energy
range 1010 eV-10"8 eV

m Operated 2003- 2013.
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KASCADE-Grande
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All-particle energy spectrum & <InA>
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LHAASO
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Air preesure +3%

Composition models +1.5%

Interaction models +2.5%

hhh(@ihep.ac.cn

L HAASO collab., Zh.Cao et al, 2403.10010
, Phys.Rev.Lett. 132 (2024) 13, 131002



https://arxiv.org/abs/2403.10010
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The all-particle and TLM spectra by KM2A
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Does proton spectrum break at the knee?

* Parameters from LHAASO paper
* All-particle flux
e <|nA> I ( E )Ym
»TLM 1 PeV

* Loss
* All-particle flux 2~
« TLM
* <InA> of AF * Hy: no, q,=0 -> best-fit

My = %= @ Xy + (1= ap) Xmane = (1-a) xmane  * Hj: yes, q,>0 > best-fit
* TLM anticipation * Significance of rejecting Hy: 36.8c

K,

hhh@jihep.ac.cn
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Only proton spectrum breaks at the knee?

* Hy: yes, q,=1
* H;: no, q,<I
* Significance of rejecting H,

* Paper: 41.8c

e 1-10 PeV: 6.30

AM
Mpr = 3 = (1-gp) X Mape

* proton proportion
* Paper:  52.7%%1.2%<q,<83.7%=£0.04%
* 1-10 PeV: 72.6% £ 4.5%<q,<90.6% 1+ 1.5%

hhh@ihep.ac.cn
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Features of the proton knee

*E =3.240.2PeV
* Spectral index before the cutoff: -2.6559 +0.0009
* Change of spectral index: -0.79+0.03
e Sharpness: 5.11+0.5

* £=0.4310.06

== L flux (P+0.66:<He)

+ Light: 2.35£0.06 X 102 /GeV/m¥st/s f
« (all: 3 X 1012 /GeV/m?/st/s) )

hhh@ihep.ac.cn 10° 2x10°
Energy (GeV)
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Discovery of an ankle-like structure due to Fe
* Break energy: 9.710.2 PeV
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https://arxiv.org/abs/2407.11911
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Knee in Galaxy vs local Cosmic Rays

10°

Protons e Outer Galaxy
w=e He CALET
=== Intermediate ! HAWC
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~~~~~~ Inner Galaxy { LHAASO

103 ;

—— Fit LHAASO
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C. Prevotat et al, 2407.11911



https://arxiv.org/abs/2407.11911
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Gamma-rays from Milky
Way Galaxy and
connection to cosmic
rays
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Galactic Longitude
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Cosmic ray enerqy spectrum
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2lon production
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Conclusion: CR, photon and neutrino fluxes are connected
iIn well-defined way. If we know one of them we can predict
other ones (model dependent) : E;Of ~ E‘f‘”



:
Fermi Large Area Telescope (LAT)
ACD Large Field of View >2.4 sr
scintillato1\3road Energx Range 20 MeV - >300 GeV
89 tiles :

Tracker

Si strip detectors

Tungsten foil
converters

pitch = 228 um

8.8x10° channels
18 planes

Calorimeter
Csl crystals
hodoscopic array
6.1x103 channels
8 layers
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Diffuse y-ray observations from space

OSO-3: 621 gamma-rays | COs-B
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Origins of Galactic diffuse y rays

p,a + ISM — 70 — 2y

e + ISM — vy (bremsstrahlung)

e + ISRF — y (inverse Compton)
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Diffuse gamma-ray and neutrino

fluxes
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"
erenkov telescopes

Very high energies, above 50 GeV

Crab nebula: flux(E >1TeV ) =2

% 1017 cm-2 s-1 Gamma- Detection of
- . ray h h_

Large effective detection areas 9;9mmi”fgy95y

(>30 000 m?) needed Particle |

-> Back to the ground shower ¥ i e

Use the atmosphere as a
huge calorimeter and
detect y-ray-induced
atmospheric showers
through Cherenkov light
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Detection Technique of the EAS

'.
1 =57
©290 A Biegewt Bascms Uve trensts, A

7-Dec-2015

Arrays

I TeV Gamma-ray ' r 1 TeV Nucleon ‘

Elevation (km)
B

|
A ve— Al
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The particle detectors can be tanks full of water. Particles from the
shower pass through the water and induce Cherenkov light detected by
PMTs.

Gamma’/hadron can be discriminated based on the event footprint on
the detector. Although is one of the challenges of this kind of detectors.

F. Salesa Greus - HAWC 6
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VHE diffuse emission by HESS
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ray flux measurements were made over an extensive grid of celestial locations. Longitudinal
and latitudinal profiles of the observed v-ray fluxes show characteristic excess emission not
attributable to known ~-ray sources. For the first time large-scale y-ray emission along the
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Fermi LAT galactic plane 1TeV

10! ; = = Galactic diffuse
== 4FGL sources

mmmm | AT Total at 1 TeV
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A,.Neronov and D.S., Astron.Astrophys. 633 (2020) A94, arXiv:1907.06061



O DESY Berlin seminar, May 16,

HESS vs Fermi LAT galactic plane 1TeV

12 == = HESS diffuse at 1 TeV
i
14 — = HESS diffuse at 1 TeV HESZFf?“' at1Tev
mmmm HESS total at 1 TeV 101 = = LAT diffuse at 1 TeV
12 = = LAT diffuse at 1 TeV N mmmm | AT total at 1 TeV
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(V] -
= )
& o
'y =
S <=
= o
1 5
2 —
— -
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A,.Neronov and D.Semikoz, Astron.Astrophys. 633 (2020) A94, arXiv:1907.06061
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HAWC sky map 10 TeV
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The LHAASO experiment

¢ 1 km? array, including 4941 scintillator detectors 1 m? each, with 15 m spacing.

® An overlapping 1 km? array of 1146, underground water Cherenkov tanks 36 m?each, with 30 m
spacing, for muon detection (total sensitive area = 42,000 m?).

¢ A close-packed, surface water Cherenkov detector facility with a total area of 80,000 m?.

* 18 wide field-of-view air Cherenkov (and fluorescence) telescopes.
G. Di Sciascio, Roma Tor Vergata, January 14, 2016

15
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Sensitivity future detectors
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CR background Rejection in KM2A

Counting number of measured muons in a shower
Cutting on ratio N ,/N,<1/230
BG-free (N,>10N¢g) Photon Counting

for showers with E>100 TeV from the Crab

gamma
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No.of Electron LHAASO Coll., Science, 373, 425 (2021)
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1 LHAASO catalog

WCDA (1-25 TeV) Excess Map
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90 in 1st LHAASO sources.
32 new discoveries 102
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LHAASO diffuse
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LHAASO collaboration, arXiv: 2305.05372, 2411.01621
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Neutrino measurements
and connection to
cosmic rays
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Detection of neutrino

Interactions

Hadronic
cascade

Electro-magnetic
cascade

Cherenkov radiation “
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ackarounds: atmospheric muons and neutrinos
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Atmospheric neutrinos:

 upward tracks are good neutrino
candidates;

 event direction and energy
criteria can be used to
discriminate background from
astrophysical signals.

Atmospheric muons:

« downgoing events background is
due to mis-reconstructed (fake)
tracks;

« improve analysis filters for
atmospheric muon background
rejection.



... you looked at 10msec of data !

muons detected per year:

« atmospheric* L ~ 10
e atmospheric*™ v 2 pu ~10°
* COSMIC V=2 U ~ 10

* 3000 per second ** 1 every 6 minutes
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lceCube |0-year: point-source with tracks
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Cube HESE data ICRC 2023

IceCube Preliminary

-180°

-75°
+ Shower
X Track

Galactic

0 9
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E<300TeV 300TeV<E<1PeV
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DESY Beilin sc:nimr' nelJtran Sky map
4 years E> 100 TeV and Fermi E>100
GeV 5 degree smoothed
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A. Neronov & D.S. arXiv: 1509.03522
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ost-trial probability is 1.7*10-3
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A. Neronov & D.S. arXiv: 1509.03522
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lceCube cascades

+75°

Declination 6

=75° Right Ascension a

-

0.0 0.5 1.0 1.5 2.0 2:5 3.0 3.5 4.0
Pre-trial significance / o

IceCube collaboration, Science 380, 1338 (2023)
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lceCube flux all sky

Diffuse Galactic e .
Flux sensitivity p-value Best-fitting flux ¢
plane analyses
0 5.98 1.26x107° (4.710) 21.8 122
KRA? 0.16xMF 6.13x107¢ (4.370)  0.557318xMF
KRA® 0.11xMF 3.72x107° 3.960) 0371013 xMF
---- KRAS Model —— KRAS Best-Fit v Flux L " A T A A L I
-+++ KRA% Model —— KRA%® Best-Fit v Flux [ gy, AT AT
== 7° Model 7° Best-Fit v Flux 1078 £ "
77 lceCube All-Sky v Flux (22)
1076 4
Ig ? 10-9
—_ 10—7 a :
sk ERLS
(Llu> =
10—11 E
1075 E
o > 2 0.0001 0.001 0.01 0.1 1 10 100 1000‘
103 104 105 10° 107 Energy, TeV
E. [GeV]
IceCube collaboration, A.Neronov and D.S. 1412.1690

Science 380, 1338 (2023)
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Status BAIKAL
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Confirmation of astrophysical neutrino flux

Baikal-GVD preliminary Baikal-GVD preliminary

10 2018-2023 cosf < -0.25

- 2018-2023
== Vastrosatm Vastro

Vastro - Vam

- Vam

Events per bin
Events per bin

107!

1.6 18 2 22 24 26 28

logm( E s‘hfl‘eV)

Baikal collaboration, RICAP-2024 conference

5.5 sigma confirmation of diffused flux
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Event triplet near Galactic plane

oo e ol o rosssnens,  Three events (GVD190216CA, GVD190604CA and GVD210716CA) close to
it N RX 0148.9+6121 V0332453 the Galactic plane (grey line) and their corresponding 90% errors (black).
wift ) .6+
The red plus and circle — IC hotspot and 0.5° uncertainty at 90% level
(Aartsen & et al. ApJ, 835,151 (2017))

~
o

o
vl

Stars - Several close high-mass X-ray binaries.

Declination (°)
o
=}

Dots - Galactic pulsars (Manchester et al. 2005, SIMBAD Astronomical Database)

v
o

* LSI +61° 303 Y-ray active binary system

w
o

; : Swift J0243.6+6124 s the only discovered pulsating ultraluminous X-ray
80 60 40 20 source (PULX) in the Galaxy.

Right Ascension (°)

»
w

LS| +61 303 and the two Baikal-GVD events
LS| +61 303 — y-ray microquasar 3.1° from
GVD190604CA and 7.4° from GVD190216CA
(both are down-going events). Using the PSFs of
Fowranl all 16 HE-events, the chance probability to
- observe such a doublet near LS| +61 303 was
estimated as 0.0187 (2.350) [not corrected for the

sl “look elsewhere effect’]

Declination (*)
\
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Cascades E>200 TeV Baikal and IceCube

+30

S,
o

Baikal collaboration,

Table 2
Results (This Work) of the Search for the Galactic Component of the Neutrino
Flux above 200 TeV (see the Text for Details)

Sample 6] med {|b|mea) p 2411.05608
Observed Expected
(deg) (deg)
Baikal-GVD cascades 10.4 314 1.4 x 1072 (2.50)
IceCube cascades 12.4 31.9 8.7 x 1072 (2.60)
Combined 12.4 315 1.7 x 107* (3.10)
IceCube tracks 247 36.0 1.8 x 1072 (3.10)

All combined 234 35.0 3.4 x 107* (3.60)



https://arxiv.org/abs/2411.05608
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use gamma-ray and neutrino
flux

1[]—5_:" ' ! I I LA L L T T Fl'lr1:
t W expected from Tibet-ASy B IceCube, r° template :
expected from LHAASO - - IceCube, KRAy; template
- - lceCube, KRAy:, template
@ 10°% ¢ — Kovalev et al., median |b| |
NE E-.‘ : — Baikal-GVD, median |b| (this work)
— -
= =~
@ -~
O =
l.Ij T, = -
D 10TE L e ~ |
zZ F N Oites L — ]
W i B A P ~
o= o _-_;-“ i . " -
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1078 3 i I

T s o s o
E, TeV
Baikal collaboration, 2411.05608
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https://arxiv.org/abs/2411.05608

. KM3NeT in the Mediterranean
Environmental parameters Telescope design
Mediterranean Sea — salt water | ~3.5-6 km? (depending on spacing)
3 installation sites 6 shore-cables for 6 building blocks
distance to shore ~40-100 km 6 x 115 = 690 detection units
L. ~60-100 m 690 x 18 =12420 OMs
L. .. ~50-70m seabed data transmission
depths ~2500-4500 m infrastructure
installation requires ship + ROV
e all-data-to-shore concept
3 installation sites % § 3
s o
2 q % FREE T
km3net.org - @km3néet vner ﬂ%} | “
g ST T i ——
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Building blocks

-150 4

-200

-250

: funded: 48 lines

-250 -200 -150

-50 50

100

ORCA
(France)

@ Ligne détection

@ Nceud (N)

# Structure calibration (CB)
A Manifold (MF)

@ Ligne instrumentation (IU)
# Module d’interface (MII)

@ Boite jonction secondaire (BJS)
. = S m
150 200 250

T

. KM3NeT-ARCA block 1

N
HASE 2 - BLOCK 2 %
w

unded:130 lines

mass

ORCA ARCA
String spacing |20 m 90 m
OM spacing 9m 36 m
\ Instrumented |7 Mton |500*2 Mton

o U




Cascades
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86 strings with 240-340 m spacing

T T T T T ) T T T T
Dark Sector - , Clean Air Sector : : Clean Air Sector
3000k------ ............ ............ ............ : ............ ...... o 300D ...... B KA ............ ............ ............-: .......
: : * : :
£ 2000 £ 2000 § 0.9 0 " @ R
a Lt :
> 1000 © 1000 -
a L] .
_g 0 .
o 3 :
¥ S |
~ = S o i
¢ O i ° 5
= = &
3 s
o
£ -1000 % —-1000 ... .
S 5
B =
uo'r wn
a —2000 2 —2000 ;
-=3000 SR ; : : ; : _3009_ ...... i
Downwind Sector : - Quiet Sector Downwind Sector 5 ' Quiet Sector
L 1 | 1 ] I l : | I
—2000 -1000  © 1000 2000 2000 -1000 O 1000 2000

position offset w.r.t. IceCube center (m) position offset w.r.t. lceCube center (m)

(a) 240 m string spacing (“benchmark”) (b) 300 m string spacing
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Effective volume

o Tanst 4l m o

14l ... e ‘ o
‘ —  300mM (Vi 40 =14.24 km® )

projected area [km™2]

lceCube Collaboration, arXiv:1412.5106
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TRIDENT project 30 km3

1.00 10"

— Reco. angle
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Figure 15: Effective areas at event reconstruction level for v, track events as a function
of primary neutrino energy and zenith angle in TRIDENT. At an energy of ~ 100 TeV, the
effective area for up-going events is expected to reach 7 x 102> m2. Only events with anglular
error less than 6 degree are selected to evaluate the effective area.
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TRIDENT project 30 km3

20 z
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Lipari-Vernetto model



eny(e) [cm™]

DESY Berlin seminar, Ma

Gamma-ray absorption in Galaxy
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Lipari & Vernetto (2018)
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Cosmic ray interaction

50+ = & AMSO02(p,He) :
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Gas density and fit of 10 GeV data

T T T T T T T T T T T T T T T

100 :
Total 0.50 -
— — — - Atomic hydrogen
- — - — Molecular hydrogen
10 T
3 Ionized hydrogen = 020
«
~ %
<D o 0.10
=) o
S £
)
3 = 005
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\
0.01 L . - :
0 5 10 15 20 Galactic T.anoitnde (deorees)
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Lipari & Vernetto (2018)
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20 4

25

30

Gamma-ray spectrum predictions
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e: IceCube v's (muons)
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Lipari & Vernetto (2018)
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New multi-messenger
model of Milky Way at
PeV
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1 PeV CR density in the Gal. plane

20 -15 -10 -5 ©0 5 10 15 20

P.Lipari & S.Vernetto

(2018)
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000 .
-025 -
-0.50 -5 -
-0.75 101
100 197

2395 207

25
-1.50

30

R R T 5 10 15 20

G.Giacinti & D.S., 2305.10251
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ROTATION MEASURE

extragalactic RM

60000 extragalactic objects

RM = 0.812 J: :;ﬂ” 1?:"?33“ I dfm?.
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Model RM

binning scheme

T /”; \\\ n x>  x*mdf  ndf | i, xZ./ndf
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observation

JF12

Beck et al, 1409.5120

our model



O DESY Berlin seminar, May 16, 2025

Dynamical halo model

: : m S
: \\ [:@W/ 74 XV )
’ W”; f/ i \ 'z /’//
8. 8, l fl 80 /."N :
;-' :—1 v‘ ‘f“‘ \—15 ’"' , \
-2 / ‘0‘ :;‘:%\\ N\ 2— I‘t“‘ \\
- //// I‘ M + / ‘\\ S
0 5y/kpc o _5 ,okpcs 10 i o T
b: t =25 Myr c: t =50 Myr

M.Under and G.Farrar 2311.12120
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New model 2024

2
1
v Sagittarius-
3. 0 Perseus Local ~ Carina cutu
N Local
Bubble
-1
-2 /
-12 -11 -10 -9 -8 -7 -6 -5 -4
X, kpc
-12 -10 -8 -6 -4 =2 0 2
X, kpc I - . T T - I
! _ ; ; ' ) | -6 -4 -2 0 2 4 6
-6 —4 ~2 0 2 4 6 B, Gauss le—-6
B, Gauss le—-6

A.Korochkin, D.S. and P.Tinyakov, 2407.02148
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ocal Bubble solved discrepansy
between RM and svnchrotron

—— Our model: Local Bubble + Halo -== QOur model: Halo
1.21 — uF23: Halo UF23: Halo
""" zero striatio
1.0
o R
- —
¥ 0.8 —
™~ N f_____——
[i+]
£
]
067
magnetic field lines ‘_____._:’_____:__‘,_.__.__--_-:_-_"_'_ ____________________________
041 =777
y
0.2 - : ; . .
10 20 30 40 50 60 70

galactic latitude |b|, deg

A.Korochkin, D.S. and P.Tinyakov, 2407.02148
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ceCube + Fermi LAT :
L ocal Bubble

NUCLEON 2018 He
CREAM-2011 He
KASCADE 2013 He
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Wall helium

Earth helium
NUCLEON 2018 P
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CREAM-III P

Earth proton
Wall proton
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M. Bouyahiaoui, M. Kachelriess, D.V. Semikoz

, arXiv: 20001.00768
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https://inspirehep.net/authors/1931003
https://inspirehep.net/authors/1931003
https://inspirehep.net/authors/1003990
https://inspirehep.net/authors/1003990
https://inspirehep.net/authors/989349
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FAN REGION
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For the first time self-consistent in this region: electrons
are in same GMF model of arms with DRAGON code

A.Korochkin, D.S. and P.Tinyakov, 2407.02148
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Diffuse gamma-ray and neutrino

fluxes

oo

=A4(B,1L8) = [ dsni @) (B,

AA,_W(E', E)
dFE

II/(E,l,b) = Z / dE’ EA’A,(E” l,b) do
A A’ E

In case of PeV energy and Milky Way galaxy
both gas and CR as space-dependent
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econdary gamma-rays and neutrinos from

AAfrag QGSJetll-4m

Gamma-rays

10!

neutrinos

== AAFrag (QGSJET-1-04m) 100 4
Kelner2006 SIBYLL

—— Kamae2006 Pythia 6.2

—— Kafexhiu2014 GEANT 4.10.0

—— Kafexhiu2014 PYTHIA 8.18
Kafexhiu2014 SIBYLL 2.1

—— Kafexhiu2014 QGSJET-I

E?-dN/dE, arb. units

100%

50%

1072 1071 10° 10! 102 103 104 10°
E, GeV

1072

10! 10° 10! 102 103 104 10°
E, GeV

S.Koldobskiy et al, Phys.Rev.D 104 (2021) 12, 123027, arXiv 2110.00496



test legend

1.99524e+22 5.7143%e+22 1.6366'Ie+23 4.6872'664-23 1.34243e+24

Giacinti,Kachelriess, ,
Koldobskiy, Neronov — [
D.S., In prep. (2025) :

— More patchy + Extended Src

— Less contrast inner/outer Gal ke ladand
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.
Zoom on our simulated Gal. plane

(0]
Galactic plane survey (|b| <3 Yat E =100 TeV in the simulation:

G.Giacinti, M.Kachelriess, S.Koldobskiy, A.Neronov, D.S., In

prep.
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Diffuse gamma-rays
with E>100 TeV
Tibet ASgamma

and LHAASO



Muon detectors :

v’ 2.4m underground (~515g/cm?2 ~9.X)) ) .
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Ooo0ooooao
0O 0OO0OD0DOOOQO0OOQOo
0000 oO0Ooonoao
0O 0000 o0oao0oao
O ooo
0O 0O 0o o
o ooao
0O oo o

0D oo o
o o e
DoDooooOoao
oooooooao
0Dooo
Dooo
oooo

O ooao

o2 0D 0000 D0oaGo
S'ooooooooo
s oooooooooao
[= I = I = = = N I = I

u] o a o

o o o u]

o o a o

[} a

Measurement of # of uin AS = y,/CR discrimination

DATA: February, 2014 - May, 2017 Live time: 719 days

Underground Water Cherenkov

o
o

o

0o o

0O o00o0oao
000000 O

oo
0o o
oo

a a =]
a =} [u}
o a

)
[\i)DDDDD

0O0oO0DoO0OoOoOO0DO0OO0OCODOCOOCODOOOCOOGOD~DO
00O0D0ODODO0ODODO0ODODODODOOOOOOO OO OO OO o
00000 O0OCDODOCODOoODO0DOoOO0DOoODOoOODOoOOOQOoOa O




DESY Berlin seminar, May 16520

Tibet AS-a gamma-ray sky

Number of excess

Tibet Asgamma collaboration
arXiv:2104.05181
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leet AS gamma sky 400 TeV

{0398 < EMTeV) < 1000

Hadron regection factor
1/1076

Number of excess

Tibet Asgamma collaboration S S N N
aI’XiV:21O 40 5181 Galactic latitude (deg.)




The LHAASO experiment

¢ 1 km? array, including 4941 scintillator detectors 1 m? each, with 15 m spacing.

® An overlapping 1 km? array of 1146, underground water Cherenkov tanks 36 m?each, with 30 m
spacing, for muon detection (total sensitive area = 42,000 m?).

¢ A close-packed, surface water Cherenkov detector facility with a total area of 80,000 m?.

* 18 wide field-of-view air Cherenkov (and fluorescence) telescopes.
G. Di Sciascio, Roma Tor Vergata, January 14, 2016
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amma-ray flux in inner and outer Galaxy

Knee in cosmic rays 10 TeV gamma
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Models in outer Galaxy 50-200 degrees
without mask (diffuse plus extended sources
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Tibet diffuse and LHAASO
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Unresolved leptonic sources
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Unresolved leptonic sources
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First 3 years: half of ICECUBE events E>100 TeV are
consistent with Galactic plane. Are they correlate with
gamma-rays”?

A.Neronov, D.S. and C.Tchernin, Phys.Rev.D 89 (2014) 10, 103002 arXiv:1307.2158
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Evidence of Galactic component in
4 year lceCube data E>100 TeV
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lceCube galactic plane
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ceCube and ANTARES
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lceCube muon neutrinos from Galaxy at 20 degree scale

m— expectation
[ Real
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4.3 sigma excess in 20 degrees from galactic plane

70 events: 23 33% atmospheric background
13 18.5% astro-anisotropic: galactic
34 48.5% astro-isotorpic: extragalactic

Yu.Kovalev, A.Plavin and S.Troitsky , 2208.08423
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Mal C OBE events E>100 TeV are in
Galactic plane. Are they correlate with
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A.Neronov, D.S. and C.Tchernin, arXiv:1307.2158
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Real multimessenger fluxes, alpha=2.5
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ANTARES 2022

.....................
e et i g ee et et et o e DN LMt

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

R 60°

B LT T T I P OPPPPTIS S PP P PPENSL PPREI

i .as Offizone re gio

onizone|regian N &0 "

30°

1 —-60° NL120° |
Fermi  ;

-
N
-

A.Albert et al, arXiv:2212.11876

0.40

o
w
)

o
w
o




Events per bin
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ANTARES 2022
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ANTARFS 2022
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lceCube cascades

+75°

Declination 6

=75° Right Ascension a

-

0.0 0.5 1.0 1.5 2.0 2:5 3.0 3.5 4.0
Pre-trial significance / o

IceCube collaboration, Science 380, 1338 (2023)



DESY Berlin seminar, May |

lceCube 10 years km3
cascades galactic plane

I y. Optical

° ;

°

>

=]

£

©

s |

— 2.0 0
= -
L 5]
5 o
b= =
J{G a

Predicted r°

Latitude [b]

-1]

v Analysis Expectation

Latitude [b]

Weight [sr

RO

N
Significance ©
[o]

Galactic Coord.

Latitude [b]

o

Galactic Longitude [/]

IceCube collaboration, Science 380, 1338 (2023)



DESY Berlin seminar, May 16

lceCube and ANTARES ridge

Galactic Ridge

1078

H
9
&

Flux with Gamma=2.5 in
Galactic Ridge

E*dN/dE, TeV/(cm?s sr)

¥. AAFrag protons, T =275

v, AAFrag protons, F=2.5
-10
10 v, AAFrag protons, I = 2.75

—=—- v, AAFrag protons, [=2.5
ANTARES v, (Ji| < 30°, |b| <2°), (ANTARES '22)
IceCube v, 1 template, (|l <30°, |b| <2°), (IceCube '23}
mm IceCube v, KRAY 5 PeV template, (|i] <307, |b| < 2"), (IceCube '23)
IceCube v, KRAY 50 PeV template, (|/] <307, |b] <2°), (IceCube '23)
+ Fermi/LAT y diffuse (|i] <30°, |b] <2}, (Neronov & Semikoz '20})
== |ceCube v, Neronov & Semikoz '13 (i <307, |b|<4")

1011 T T T T
1072 107 10° 10t 102

E, TeV

A.Neronov et al, arXiv:2307.07978 [astro-ph.HE],



DESY Berlin seminar, May

Cygnus region flux in
lceCube and LHAASO
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Gamma-rays from Cygnus region
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amma-rays from Cygnus
region
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Neutrinos from Cygnus region
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A.Neronov, D.S. and D.Savchenko, arXiv:2311.13711
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Neutrinos from Cygnus region
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above 25 TeV
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"
Summary

m \We can study cosmic ray flux in different places in Galaxy with help of gamma-ray
and neutrino observations.

m  \We are developing new model of cosmic ray propagation at knee, which include
anisotropic CR propagation, 3d gas density, new interaction code AAfrag. This 3d
anisotropic model of Milky Way can be tested in near future data of LHAASO in
gamma-rays and by KM3 and Baikal-GVD neutrino telescopes in neutrinos

m Tibet ASgamma detected first diffuse gamma-ray signal E>100 TeV, which was
studied in great details by LHAASO. First study of diffuse background by LHAASO
combined with Fermi, confirms that CR spectrum varies in different parts of Galaxy

m |IceCube cascade channel signal from galactic plane is dominated by Galactic Ridge.
Combined with Fermi, this signal is consistent with earlier HESE IceCube data and
with ANTARES hint of signal from Ridge. Multi-messenger data from Galactic Ridge
consistent with cosmic ray flux with power law index Gamma=2.5 in this region,
confirming variation of cosmic ray spectrum in Galaxy. km3 and Baikal will measure
Galactic Ridge with high significance in muon channel.

m  Sygnus region is brightest region of Galaxy in multi-TeV domain in North sky.
Pevatron source was seen by LHAASO and IceCube at TeV energies.

m V4146 will be seen in future in neutrinos by 10+ km3 detectors
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