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ATMOC(I)eprIe YepeHKOBCKMEe NMMa-TesIeCKonMbl
( IACTs — Imaging Atmospheric Cherenkov telescopes)

Kamepa Teneckona

500-1000 nuKcenei Ctepeo meTog,

famma —KBafT (>50 rsB)

NS
gamma ray

Pexkekuna cobbiTnii oT T —
KOCMMYECKUX yyen Ha 3ddeKkTnBHaa naowanb=10° m?
yposHe 10* no ¢popme
n3obparkeHuna B Kamepe

YepeHKOBCKMI Teneckon
(IACT — Imaging Atmospheric

Cherenkov Telescope)

LLUAJT oT ramma- KBaHTa

LLIAJT oT npoTOHa

dHepreTuyecknit nopor ~ 1 / ( nnowaab 3epKan)

10 m? — 1T3B 200 m? — 50 T3B




YCTaHOBKMW, peructpupytoLipe sapa*KeHHyto KomnoHeHTy LLAJ

dHepreTUYeCcKUM Nopor:

ana sbicotbl 4000 m  ~ 1 T3B

ANA YPOBHA MmopA ~1M>B

«KOMMNAaKTHOCTb»
YctaHoBka HAWC

Ep =20 TeV
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HAWC Array ( 4100 m Haa ypOBHEM MOPSA)

4.5m

7.3m

S= 0.02 km?, 300 BoaHbIX 6aKoB



Gamma/hadron separation

B | Range (%) | ebin
. 0 [44-67 | 250
Energy 1 nHit/ all pmt - Range  napameTp B - 167 105 | 275
2 110.5-16.2 | 3.00
2. E = F(SIZE40, ) 31162247 | 3.25
1247 356 | 350
5 356 485 | 3.5
G | 485618 | 4.00
7 618710 | 4.25
Muon content S| 740-810 | 450 50TeV
_ 0 | 84.0  100.0 | 475
Compactness = Nhit/ CxPE40 5.00
5.95
LIC= 1021y e = 10810 S22, Log Inverse of Compactness Log E(GeV)
DisMax - paccTtosiHMe B meTpax mexay P3Y ¢ HanbonbluMmu BocctaHoBneHMe
amnaAnTygamu 3HEeprumn
Nporpamma
Neural network
®dyHKUMA npocTpaHCTBEHHOro pacnpeaeneHus (PrP) (0703039

PINC (parameter of identification if CR) — napameTp «rnagkoctn» ®IP



3aBUCUMOCTb KO3dDDULIMEHTA PEKEKLMUM aiPOHOB OT SHEPIUMn

CtaHpapTHbIN noaxopa, (1701.01778)
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PoS (icrc2021)745

Use of Machine Learning for gamma/hadron separation
with HAWC



CneKkTp raMma-KkBaHTOB OT KpaboBMAHOM TYMaHHOCTM

EZ dN/dE (TeV cm~ 257 1)

Crab Nebula spectrum

107104

1 D_]‘l 4

1072

1 D—l] 4

F e HM M

- Meyer et al {IC)

Ground parameter best fit
MNeural metwork best fit
Previous HAWC Fit

Previous HAWC fit systematic uncertainty
Previous HAWC fit statistical error
GP systematic uncertainty band
MM systematic uncertainty band
Ground parameter flux points
Newral netwerk flux peints

HESS 2015 ICRC

HEGRA 2004

VERITAS 2015 ICRC

MAGIC 2015
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HenTpuHHaA acTpoPusmnKa




lceCube / Deep Core

9160 optical sensors
between 1.5 ~ 2.5 km

10 GeV to infinity

~ 0.5 degree on-line (L 40Aae LA
< 0.2 degree off line ) /
U R E | S/

< 30% energy resolution

324 m

Eiffel Tower
Deep Core




BAIKAL-GVD - 1km3

MnaH paseepTbiBaHNA feTeKTOpa 2024 —
CymmapHoe 14 Knacte pOB
- - ?.% ® - 2015 uucno
(A 1 - 1 i
-y - ® 2017 Knactepos
® -2018
® -2019 PECICARME 2016 1 288
750 m @ - 2020 MeXay
LeHTpamu
Knactepos 2017 2 576
300 m
i 2018 3 864
525
366& Fu S dEKTUBHbIN 2019 5 1440
obvem ans
: ooy 2020 7 2016
90m | Ocrammmcxan cobbiTui
b 0.35 Ky6 KM

2021 9 2592
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Pacific Ocean Neutrino
Experiment (P-ONE) — 1 km3

/ KnacteposB

10 cTpUHroB

1000 m




MTPUHHbIN TEeNECKOonN

Trident — He

B FOXXHO-KUTancKkom mope

o emwarregeENPRAERR

Arens

[

Depth ~ 3500 m

obbvem 8 Km3

1200 cTpuHros,

byaet rotos K 2030 rogy!



YTO perncTpmpytoT HEMTPUHHbIE
Te/IecKomnbl

MIOOHHbIN TpekK 3NIeKTPOMarHUTHbIN+ adpOHHbIN Kackag
v, +N —p +agpoHbl vV, + N — e+ agpoHbl
TOYHOCTbL BOCCTaHOBMNEHNE yrna < 1° TOYHOCTb yrna - 10 -15°

MIOOHHbIE HENTPUHO MOTYT aTMOCPEPHBIMN N aCTPODU3UYECKUMMU
Tay — HEMTPUHO — TONIbKO aTMOCEPHbIMMU



OCHOBHblE METOAMYECKME 33034

1. Bbiaenntb HEMTPUHHOE cobbiTHE

2. BoccTaHOBUTbL HanpaB/aeHMe TPeKa MIooHa U
3HEePrm MIOOHA

3. BoccTaHOBUTbL 3HEPrUto Kackaga U Hanpas/ieHue

4. OTANYNTbL cobbITUE OT aTMOCHEPHOTro HEUTPUHO OT
acTpodmnsnyeckoro

ATMmochepHOE HENTPUHO - HEUTPUHO PoXKaaemoe B aTMochepe OT KOCMUYECKUX NyYei

B nctouHuke: v, 1 v, vp = 2:1:0

Ha3emne:v,:v, : v =1:1:1 Ocumnnaumm HemTpuHoO

e



MCTOYHMKN POH3

1. DOHOBbIM CUTHA/M Ha ONTUYECKMM Moay/ie: BChbllKa cBeTa, 40K

2. 'pynnbl mooHoB oT LA/

3. ATmOoCcPepHble HEUTPUHO ANA PErncTpaLmm actpoPmnanyeckux

Patm ~ 1/ cosO Pastr - nsotponHble

P E2 ATmocdepHble HelTpuHo ( P ~ E 37)
Y / B yrne 1 rpag

\ \ KocMmunyeckne HEUTPUHO

~1 TaB E

>




Machine learning in lceCube

Approx. 50 literature results covering:

e Boosted decision trees [1705.08103]
Random forests [2006.05215]
Deep neural networks [1906.04317]
Convolutional neural networks [2101.11589]
Etc.

+ Many not-yet-public efforts

Arc of ML in physics (not just lceCube):

From Simple, analysis-level models on high-level
features

Towards Complex, multi-purpose models on
low-level features

— Focus on neural networks as a highly flexible
ML paradigm

Paradigm Inputs
Machine learning Engineered
(High-level,
low-dim.)
Deep learmning ow-dim.)
... with geometric structure Raw
(Low-level,
high-dim.)
BDT ... with dynamic geometric structure
RF RNN
Shallow MLP | Deep MLP CNN ()




Opening Angle AV (true, reco) [°]

Pe3ynbTaTtbl npumeHeHna ML

CNNs

TOYHOCTb PEKOHCTPYKLIMMN KacKagoB

50% improvement in resolution at high energies 2-3 orders of magnitude reduction in reconstruction time'
40 10°
CNN 80% Standard 80% | T 3= ,
= CNN 50% = Standard 50% 10-1— :
30 —:= CNN20%  —-— Standard 20% 2 :
g -2 =)o
2 10-2 -
L v
e b
20 1 - 1073 < : l Standard
g : | —— CNN
g 107 TR
101 L COU R |
10~5 (et S|
Sy =t
o) ol
0+ T T T [ I [ [ [ |
10° 10* 10° 10° 107¢% 107 10* 10¢ 10* 16°
True Neutrino Energy E, [GeV] Runtime per Event /s

2101.11589




‘Graph Neural Networks for Low energy
events Classification&Reconstruction

 (2209.03042)

Targets  Description Residual Definition
v/ u Classification of neutrino vs. muon events  —
E Deposited energy of neutrino interaction R =logo(Ereco) — 1021 Etrue)
6. ¢ Zenith and azimuth angles of neutrino Rangle = angle ., — angle .
r Direction vector of neutrino R; = arccos o e
|-"rec-:}| |-' Lrue|
Viyz Vertex position of neutrino interaction Ry, = |Preco — Puruel

T/C

Classification into tracks and cascades




Knaccnomrkaumsa cobbiTum

True Positive Rate

Area Normalized Counts

T/C
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BbiaeneHune cobbitnm ot T —
HEUTPUHO: ABOMHOWM KacKan

Bpems xnsHun T-nenToH
BTopoii Kackag 3 1013 cek

E=1PeV
T-nenToH
V /’éf NopeHu, dpaktop E/ m= 0.5106
T
‘ [Mpober = 50 m
\

AOPOHHbLIN KacKkag

[1BonHOM Kacka



Tay-HeUTpuHo- 2 KaHamnaata ( 2016)

[Mpober Tay-nentoHa ¢ aHeprmen 1 3B — 50 m
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HoBbIM nonck Tay-HenTpuHo (CNN)
50 TaB—1I12B

NaHHble 3a 10 net

Oxunagaemoe 4yncno cobbiTmii nocae otbopa

vrice [59]

astro
Vather

[59]

vism. [60-63]

VA o [56, 64-66]

paem, . [67-70]

all background

initial || 160 £ 0.2 (190 £ 0.3) || 400 £ 0.7 (490 = 0.8) 580+ 7 72+0.1 8400 £ 110 |9450 110 (9540 £+ 110)
final ||6.4 +0.02 (4.0 £0.02)||{0.3 £0.02 (0.2+0.01)| 0.1 =0.008 0.1 £0.001 0.01 = 0.008 | 0.5+ 0.02 (0.4 +0.02)
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AcTpodusnyeckne HemTpuHO

first evidence for an extra-terrestrial flux
shown at IPA2013 [/ceCube, Science 342 (2013)]

[lceCube, Phys.Rev.Lett. 113:101101 (2014)]
o3 yrs: 37 events in 988 days

obkg. 8.414.2 atm. pand 6.6+5.9 atm. v
o4 years: 54 events

mostly v, CC and NC cascades
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e zenith distrib. ~ isotropic astrophysical flux

Events per 1347 Days

Declination (degrees)

I ISIh;)\:vvlelrs |—o—| =
Tracks F—<—

3
10
Deposited EM-Equivalent Energy in Detector (TeV)

T
3 Background Atmospheric Muon Flux
1 Bkg. Atmospheric Neutrinos (n/K)
Background Uncertainties
= Atmospheric Neutrinos (90% CL Charm Limit)

! = = Bkg.+Signal Best-Fit Astrophysical (fixed slope E~%)
:_..¥.|eee Data

=== Bkg,+Signal Best-Fit Astrophysical (best-fit slope £ ™) |]

.:- _!T::__.L—

: lceCube Preliminaryé

%

77

1 .

10°

10°

“10°
Deposited EM-Equivalent Energy in Detector (TeV)



OTKprTI/Ie JNTORaJIbHOIoO MCTOYHWMKA Her/IITpl/IHO

22.09 1917 IceCube 3apeructpupoBasrn HENTPUHHOE COObITUE C

OHeprunen ~290 TaB. HanpaBneHne coBnagaet c HanpasneHne Ha brnasap
TXS -0506+056 ( B co3sesgumn OpuroHa)

OKCNEPUMEHT.
(RA) 77:43+0:95 - 0:65
(Dec) +5:72+0:50 -0:30 (degrees

BepoATHOCTb, YTO 3TO HE aTMOCdEpPHOE
HENTPUHO ~56%

JHeprus
HEUTPUHO
280 T3B

side view

nonoxeHune bnasapa
RA 77.36 degrees
Dec +5.69 degrees

Ep ~ 20 x Ev
~ 6 -10%° 3B

5800 b.3

MiooH

BblAenun
22 TaB
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YCTaHOBKM C nsiowaabio ~1 Km?
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3a3a4M YCTaHOBOK: BOCCTAaHOBUTL
SHEPreTUYECKMM CMEKTP M MACCOBbIN
COCTaB KOCMUYECKUX STyYen




LLnpokoyronbHble YepeHKOBCKMUE YCTaHOBKU AJ1A U3MepeHus
NPOCTPAHCTBEHHO-BPEMEHHbIX XapaKTepPUCTUK
yepeHKoBcKoro nsnydexHusa LWAIJI

Jueprus HIAJI
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JHepreTUYecKknin CnekKTp
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dli/dE » E*" [m? s7sr1GeV'" ]

HoBbI aHann3 aaHHbIX KASCADE
MO CNEKTPY rpynn aaep

2312.08279

-
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10°

2011 rop,

Sibyll 2.3d

A all-particle

® gleciron-poor (heavy)
o electron-rich (light)

8101638

Emax ~ Z ( 3apsg aapa)

1 I 1
8.5 9
primary energy |g(E/GeV)

dJ/dE x E25, [m=2 sr1 571 GeVl5]

103 i

102 i

He

BPL (x?/ndf = 8.4/16)
yi=—2.54+022
Y= —3.62+0.08

Ep =4.42 £0.72 PeV

PL (x¥/ndf = 39.3/18)
y1=—3.31+0.04

108

dl/dE x 25, [m~2 sr~! 571 GeV!]

1o
Energy, [GeV]
(a)

dJ/dE x E25, [m~2 sr~1 571 GeV!3]

102 - BPL (x/ndf = 4.8/16)
1 y1=—251+0.14
Y2= —3.35+0.14

Ep =11.37 +£2.75 PeV

PL (x*/ndf = 23.0/18)
T y1= —2.94+0.04

106 107 108
Energy, [GeV]
(b)
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10t { —
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CNN 2312.08279



3aK/JIKo4YeHme

MeToabl MaWMHHOIo 0by4YeHma BaXKHbI ANA
ACTPODU3MKMN YACTULL BbICOKUX SHEPTUN U
Ob6nactb UX UCnonb3oBaHUA byaeT
pacWnpATbLCA.

Cnacubo 3a BHMMaHUe
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