AcTpoduzuka BbICOKHX DHEeprum B
bankaJbLCKOM peruoHe.
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H.byaHes, VIpkyTckun rocygapCTBeHHbIN YHUBEPCUTET



TpaagULMOHHAA aCTPOHOMMUA OCHOBAHAa Ha perucrTpauum
$POTOHOB OYEHb Y3KOW BUAUMOMN YAaCTU CNEKTpa

‘ ANV | B [ | HH(i)paKpaCHOC
Doronel u3NTyueHue Pajio BOIHBL Xopomo |~ AUTHHHOBOHOBOE
ATMocdepa Hempo3padHa AJIs ramma, BHIMMOi OIJIOIIAETCS . perucTpupyroTCs Ha pafno u3JIyqcHue
PEHTTEHOBCKOTO U YABTPa(hHOJIETOBOIO | RLACEHCLL DS aTMochepoii, BeMile. MOTJIONIACTCS B
W3ITy4eHHUsS, BO3MOXKHA PETUCTPANHS B MOXKHO BOSMOKE noHocdepe.
KOCMOcCe PpEerucTpupoBaT peructpanus B
b KOCcMoOcCe.
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*KpaGoBuanasi TyYMaHHOCTD (OcTaTKu OJmkaiimas k 3emie CBepXHOBOIi, B30pBaBIIeHCs

4 uronsa 1054 roaa) B pa3HbIX JUANA30HAX AJIMH BOJH (3Hepruii) GpoToOHOB.
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OCHOBHble MeXxaHU3Mbl reHepaLnu
raMMa-KBaHTOB BbICOKUX SHEPTni

Electron acceleration Proton acceleration

X-ray(synchrotron)

x F22 IS High-energy proton
o \ T Gamma-ray
PRI Gamma-ray(IC) o« E 21
x 16 Nucleus Tk

BricOKOAHEprUYHbIE TaMMa-KBaHThl TaK»KE€ MOTYT OBITh U
PE3YJIBTATOM B3aMMOJICHCTBUU U PACHAL0B TMIIOTETUYECKUX
YaCTHUI] PEIIMKTOBOM TEMHOM MAaTE€PHUM OCTABIIMXCS OT OOJIBIIOIO

B3pbIBa
(A. de Angelis, M. Roncadelli, O. Mansutti 2007, Phys. Rev. D, 76, 121301)



17 anpena 1912 roga noaHABLUMNCL HA @a3poOcCTaTe Ha BbicoTy 5000Mm
aBCTPUUCKMM yuyeHbin Victor Hess aokasan daKT cyw,ecTBOBaHMUA
NPUXOAALLErO M3 KOCMOCA MOHM3NPYIOLLErOo N3Ty4YeHUA.

Flux JHepreTu4eckuim cnekTp

T 10
3 102:: % Fluxes of Cosmic Rays
519 * €= 1 yacTuua Ha 1 m?/cek. |
10_4::
" - e 1 yacTMua |-|a1 m2/rop.
10‘13:: ",K
_- \ Ho po cux nop
10‘15:: %ﬁ_ 'y’
- Flux (E) =AE-Y ™ He HanpeHo HU
F y: from 2.7to0 3 OAHOro UCTOYHUKA
62 Kocmuueckux nyuen
*[ 1 uacTuua Ha 1 kmYron. = % BDbICOKUX SHEprum
ok

10° 10'% 10" 10'% 10" 10™ 10" 10'® ¢

Energy, eV



Tpu TMNa Hocutenen nHpopmauum o
BcerneHHon BbICOKMX QHeprumn

SN 0540-69..

POTOHbI, B TOM YMCJie BbICOKMX JHeprum (ramma-
KBaHTbl), HE MOTyT NPOXOAUTb Yepe3 NMOTHbIe CIIoU
MaTepuun, HO COXpPaHAIT HanpaBrieHne Ha UCTOYHMUK.

 [pOTOHLI K Appa — obnagaroT 6bonbluen
NPOHMKaKOLWEN CNOCOOHOCTbLIO, HO TepsaoT
HanpaBneHne Ha NCTOYHUK U-3a AeNCTBUA
MarHUTHbIX NOJIen.

 HentpnHO — CNOCOOHLI NPOXOAUTL MNMMraHTCKUe
paccTossHUA 6e3 NOornoLeHns, CoxpaHas
HanpaBneHMne Ha UCTOYHUK, HO UX OYEeHb TPYAHO
perncTpupoBaTb.



* AnAa noHMMmaHnA PyHAaMeHTaIbHbIX 3aKOHOB
dopmuposaHmna u ssonouuu BceneHHON n NPUPOZHDbIX
MeXaHM3MOB reHepaunmn CBepPXBbICOKUX IHEpPrum
HeobXxoauMbI rMraHTCKUe YCTaHOBKU ANA perncTpauum
raMmma-KBaHTOB, AAep U HEUTPUHO B LUMPOKOM
AnanasoHe 3Heprum.



Mpubankanbe — eaUHCTBEHHOE MeCTO Ha 3emne ¢ braronpuATHbIMU
NPUPOAHLIMM YCNOBUAMMU ANA CO3[4aHUA KPYNHENLLUX KOMMIEKCOB AN
perucrTpaumm Bcex Tpex Hocuteneim uHopmauum o

e
T 2 R R R

["amma-o6cepBaropust TAIGA HT-200 Baikal-GVVD



HentpuHHaa actpodmnsmnkKa
BbICOKMX SHEpPrum



Ona o6vbAcHeHNA ocobeHHOCTE paaNOaKTUBHDIX
pacnagos B. lNayau cpopmynmnposaH runortesy o

CneKTp 3/1eKTPOHOB

obsetved |expected
spectrum | spectrum
Q

CyLLEeCTBOBaHMMN KHEBUANMOMN» YACTULLbI — HeﬁTpMHO.

* PaaMOAKTUBHDbIW
pacnag agep
0o 1930

ueme=vnMn

EOOn =E0n v ann2/2+ Eoe +meue2/2

* nocne 1930
o A1—>A2+ e+ VvV




Tenepb Mbl 3HaeM, 4TO:

* HentpmHo — ctabunbHble,
SNIEKTPUYECKN HENTParbHbIe
afieMeHTapHble YacTULbl C OYEHb
Marion Mmaccou, odeHb cnabo
B3aMMOAENCTBYIOLLME C BELLECTBOM.

e HenTpuHO poXOalTCcHa B A0EPHbIX
peakumax, a Takke npu
B3aMMOOENCTBUM U pacnagax
aNeMeHTapHbIX YacTul,.



Kak 3apernctpmpoBaTtb HEUTPUHO
BbICOKOW QHEPIrnmn?

e3aperncTpmpoBaTb HEMTPUHO O3HAYaET 3apPerMcTPUpoBaThb

pe3ynbTaT ero B3aumoAencTBmA C BeL,ecTBOM.

v,+N —>e(v,)+ X

v +N >,u(vy) X

Y7
v.+N —>7(v )+ X

v,+e— X




MIOOH

Macca miooHa npumepHo B 200 pa3 6onblue maccbl aneKTpoHa (105 MaB)

Bpema }U3HN 2.2 MKC

1 MaB = 10° 3B
MIOOH - ANMHHONPObEXKHAA YacTULa
1MB =10°3B
R Mpober mooHa B BoAE
(m) 1TsB = 10238
500 F
1MsB =10'°3B
250
1E3B =10'%3B
0)
>
0 50 100
E (B)



YepeHKOBCKOe nsnyyeHue
( N.A.YepeHKoB, 1934 )

3apa)KeHHble YacTUL,bl, ABMXKYLLUUECA CO CKOPOCTbIO 60/blLue, Yyem

dasosas ckopoctb cBeta (V,= ¢/ n .., ) U3NydaloT ceer.

Ons Boabl: O — YepeHkosckmii yron

Oc ~ 41 rpaa.

|'|p|,1 V¢>C

1

Cos =
() -

\Yc
> n _ NMOKa3aTe/lb

\ npenomneHmnA

MHTEHCMBHOCTb U3/Tly4EeHUA B BOAE
200 ¢poToHOB/CcMm

Q



Cherenkov Effect Cherenkov Effect

Medium, refractive index n

vecoh vech v>¢e/n v
o h O - CO® O -~ O A :"7-"‘4 (@ ' h
Qo)o‘,’oﬁn\) 00002, 00090 0F \
O - @) g s o)) “«y O -0 3 < ) O A -
50990008 Charged particle with v < ¢/n 809200083  §G288.5.0 3 o\
2O Of ‘:_'.)' AN oY) A < ( ,‘,‘,,\)‘ wl. 00 ? aHt 2500V \\9'-
08089 2950 traverses medium 08o3880 & O CREWLO00  var & \¥
5 0 ad e OO . A0 aZlEs OO0 00890000 N\
Formsoonod ==> local, shorttime S0 a00a08 LOOERLLG0 ARV
00000000 H larizati f di C00MmI0ao L 000 PCOs0 N\, oo
N0 O DS0A 1zati I 000 0Ps0% 000000 oA JANY)
o} 9987096 polarizartion or meadium 009 §©°0 §8°90°L '\k )
' . . . . | yCOS © = 1/fn
Reorientation of electric o Similar to sonic boom if v > ¢......

dipoles results in (very faint) ==> radiation from different points along the
isotropic radiation trajectory arrive in phase within narrow
light-cone at the observer ==> bright light
* Initially complaning about his boss: he had to
spend >1-1.5 hours in a dark, cold cellar, for
accomodating his eyes
* He noticed that the emission is not chaotic. but
is related to the track of moving particle.
*1934-1938 conducting a series of brilliant
expeirments.
* Obtained doctorate in 1940

30.09.2020, SINP @ LMSU, Razmik Mirzoyan: Recent Discoveries of TeV

Moscow, Russia --> Ether Gamma-Ray Emission from GRBs



Cherenkov, Tamm and Frank awarded Nobel

Prize in 1958

e S. I. Vavilov has
passed away in

1951 (after ~10

heart attackes).

* Nobel prize is
awarded only to
scientists who are
alive




B 1960 roay akapemuk M.A.MapKoB npeanoxxun
co34aTb HEUTPUHHDLIN TENECKON B OKeaHe.




MIOOHbI BbICOKUX 3HEPTUN
MoryT npoxoauTb B BoAe
[TyTb ONUHHOKO B
Heckonbko KnnomeTtpos! ...

[leTekTop
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~
~
~
~
~
~

HenTpuHo



—, DNIEKTPOH

—— (POTOH

Ha4a/ibHaA

SHepruAa E

<

KacKaaHbi "MBEHb

(8 BOAE)

d ~35cm

JdHeprma 4yacTuu, B
MaKCUMyMe NNBHA
E Ké ~ 80 M3B)

E=10TsB

[MonHoOe uncno
4aCcTUL, B MAaKCUMyMeE
JINBHA

4

nonepeyHbln pasmep
~1/3d~10cm

N maxN 10_

3aTyxaHue

L=d tn(E/E p

<+<— HeCcKo/1bKO MeTpoB

Ve

Vi

NCTOYHUKN NNBHEN

— 3/1eKTPOH + aZPOHbI

—MBEHb

— MIOOH + aApOHbI

—p JINBEHb

Yncno YepeHKOBCKUX
$oTOHOB

N =200 (E /2 M3B)

8
~ 10

KackagHbl nBEHb
BbICOKOM 3HEPIUM MOXKHO
3aperncTpmpoBaTb C
pacctoaHum ~100 m




Backgrounds

« Atmospheric neutrinos

- quasi-irreducible (|
background 5
(for downgoing events,
sibling atmospheric muons :
can be used as veto) 10° |

Atmospheric |5
H=1680 m.w.e.

« Atmospheric muons

Atmosphericp

B DOWﬂgOing Oﬂly H=3880 mw.e. ]

—
q
ab
~
T

Flux (em”s"'sr’)
—_
o

(Earth acts as filter) cosmic
13 rays

. 10 ¢ :
* EnVIronment_al 10-142_—\"Iinduced, E>100GeV | E
background light: FRR_ ey | S
i . 10" [ ===\ induced, E >1 TeV 3
Jaatural radioactivity Il :
( K), bioluminescence, " 10 08 06 04 02 00 02 04 06 08 10

: ) 0

chemiluminescence €08

— Limits low energy
sensitivity



MpoekTt DUMAND — HEUTPUHHbLIU Teneckon
0Ko10 [aBaUCKMX OCTPOBOB (1978 roa)

BblcOKaA Npo3payvyHOCTb cpeabl
Hebonblown ceBetoBoM $OH
[lpocTOE U AgelwieBoe pa3BepTbiBaHUE

,EI,OCTaTquaﬂ rny6|/|Ha

I'IpoeKT 6b|n 3aKpbIT B
s 7 AeBAHOCTbIE roAbl Nocae
FIG. 5. The first DUMAND array: DUMAND G, the 197 HECKOJIBKMX HeyAau C
model. See text for details (Roberts and Wilkins, 1978).

pa3sepTbiBaHUEM.




BankanbCckun
HEUTPUHHDbIU NPOEKT



OcCHOBHBIE TPEOOBAHUS K MECTY CO31aHUSI
HCUTPUHHBIX TEJIECKOINOB a IPUPOIHOU cpee:

-,

A,

Ly

A" 3 B 1980 roay

A.E.Chudakov npepnoxxun
UCNONb30BaTb 1€ 40BbIN
NoKposB o3epa bauKkan gna
MEeTOANYECKNX IKCMEPUMETOB,
TO6bI NOAYUNTL ONbIT
perncTpaumm 4YepeHKOBCKOro
U3NYYEeHUA PEeNATUBUCTCKUX
YyacTuy, B BoAe.



HenTtpuHHbIK Teneckon HT200(1998)

1. HT200: BbicoTta = 70m, nameTp = 42m

To shore Calibration laser rmﬁpmfﬂ.Hblﬁ oY <<KBa3ap»:
: 37cm (14.6"), rpmbosuaHan

© > {

a
! :
T o oo:
s oo £
o %o 2 o3

S0 %° o o
L opk L ozwﬁcf. - 8 TMPNAHA ONTUYECKMX MOAYAEN
oo ! mouue
¢ "o .,:” on - 192 onTnyeckux moayna
s oo o0 v
oo :3 C i t = 96 namepuTeNbHbIX KaHaNoB
L]

iy - o00s°° : - perncTpauma spemeHun npmxoaa
s o ool 9 YEepPEeHK. U3yYeHUa 1 3apasa
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) e 0'.;”” &

- oo ”si Water

e e © o o O s, laser
g 7 i T i | JHepr. nopor: ~ 150MB
- / —
& ~ A (—“"°”°' 3. nnowaab: ~ 2000 m? (1 TaB)

2. HT200+ : 3 BHELIHMX I'MprF;Hﬂ.I:I-I'IO 6 I¢¢. obvem: : ]C.)I\Z/ITM(;. (IEI.SE:I;BB) .

OM Ha pacctoaHnm 100 m













The neutrino telescope world map 2020

ANTARES
Deep water
0.02 km3

2008 —

Baikal/GVD

KM3NeT Deep water
e — 3

Deep water 5L

1 + 0.006 km? half-complete

Construction

IceCube IceCube-Gen2
Deep ice Deep ice

1 km3 ~10 km3
2011 — 2026+

IcECUBE

These neutrino telescopes form Global Neutrino Network -
see talk by Christian Spiering at yesterday’s neutrino session



lceCube

IceCube Lab I(;;Top air shower detector
50 Meters i, <o Completed in
2010
IceCube Array
86 strings, 60 sensors each 1 Gton
5,160 optical sensors 220 v / day
| ? /
1450 meters Qi (b BeepCore Threshold:
' b s 6 strings optimized lceCube: ~ 100 GeV
. for low energies -~
|/ _ 9 DeepCore: ~ 10 GeV
Eiffel Tower
. 324 meters
2,450 meters

2,820 meters

Evidence for High-Energy Extraterrestrial Neutrinos
with IceCube (Science 2013, 342, 1242856)

Neutrino emission from the direction of the blazar
TXS 0506+056 (Science 2018, 361, 147)
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Hot water drilling

e

2 MW power
3-4 days /2 km
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- 14 :
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Diffuse neutrino flux observed by IceCube

Cascade
£ arXiv:2001.09520  astr0, v, 49, ||
G>J 10 = astro. v, E_ 2 VyIs data, 410
S = o - Science 342 (2013)
102 — conv.v, |
— conv. ve = 3yrsdata,5.90
=t : == oIy b phys.Rev.Lett. 113:101101
10 - 4+ data I§_ (2014)
¥ ) -
10° < - L 4+2yrsdata, ~10 0
: 5 M E  Phys.Rev.Lett. 125:121104
. - ~ (2020
1o B —
:33:3_ sl .I.. o Threshold ~ 30 TeV
10° 104 10° 10° 107

Ereco [GeV]



Declination

Point-source searches

Some evidence for non-uniform skymap in 10 years of IceCube data
(3.30). Mostly resulting from 4 extragalactic source candidates.

No indications for galactic sources

1.70°

6.0

4.5

-0.30°

- IOgIO(p]ocal)

. s

qu.lfatorial 9

40.87° 38.87°

Right Ascension

42.87°

Strongest excess
(2.6 o0 post trial) close to

ANTARES E 2 Sensit.

- ANTARES E * Sensit.

=== 90% Sensit. E3

50 Disc. Pot. E=3
90% Sensit. E~2

50 Disc. Pot. E~2
90% Upper Limits F—>
90% Upper Limits F—3

=

—
—
— -
—

galaxy NGC 1068 (cross)

PRL 124, 051103 (2020), arXiv:1910.08488
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v v v ""‘
v v
'-l"-'v:'hf b anale
0.5
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lceCube 170922 / TXS 0506+056

0.1° off the position of the
known y-ray blazar TXS
0506+056

=t UwhSduia s
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Aeeee:
.‘...' .

P-0800020000 e
i

Most probable energy of
the neutrino ~290 TeV
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: . ¢ Fermi detects a flaring
22 September 2017, 20:54 UTC blazar within 0.06°

original GCN Notice Fri 22 Sep 17 20:55:13 UT
m refined best-fit direction IC170922A

—
o

6-60
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ANTARES
. Completed in 2008

»e o 12 strings

o « 25 storeys per string

. 3 optical modules
per storey

e ~ 12 Mton
Instrumented
volume

885 optical modules on 12 strings

Operating for 12 yr now ANTARES OM:
10” Hamamatsu PMT
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ICECUBE
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E24>1,+1—, [GeVem—2s~1gr1

Diffuse neutrino flux : lceCube + ANTARES

atmo. v, + U,
| (before HESE veto)

& (before HESE veto)

(Ahlers & Halzen 2018)
neutrino fluxes

(per flavor) |

atmo. vy, + 7y

..10“.

A102A

E [GeV]

Adding ANTARES
Total: 50 events, simulation: 36.1 £ 8.7

— 1.8 0 excess 8 1 2 1 1
Bestfit® =1.5+110 GeV cm sr s
y=23+04

=~ 0° = v, E7 spectrum =
5 FE N | o -
'E: B IC 8 years upgoing i
qu | IC HESE 7.5 years —
;1 0_7 E_ ANTARES 11 years -
[) - -
.(._D_, N ]
0 B _
&, B |
51 0°E E
L - 3

107°¢ 9

- L . ) . L | "r,"‘
10° 10° 107

E, (GeV)

(D. Samtleben Neutrino 2020)

ApJ 853 (2018) L7
arXiv:1711.07212



KM3NeT - ARCA Construction started

Digital Optical Module

« 31 x3” PMTs
« PMT HV

« LED & piezo

« FPGA readout
« DWDM

100 km offshore Sicily
Depth: 3400 m

2 X 115 strings

18 DOMs / string

31 PMTs / DOM

Total: 128 000 PMTs (3”)

Vertical spacing: 36 m
Horizontal spacing: 90 m

Volgme : 1
km

v Uniform angular coverage
v" Directional information

v" Digital photon counting

v All data to shore

photocathode
area similar to
al17” PMT

e gptical background (mainly
Ay K): 5-10 kHz/PMT



KM3NeT assembly and deployment

sy

N

\
Penetrator wep.

Cad

Top hemisphere

-

Pressure gauge

N
Q==
Nanobeacon \' 4 (
PMT SUPPOTt ep T

structure (top)
Signal collection boards
(top and bottom)

Cooling system (Z/'..-' . !
Power board 22
(and thermal sheet) B
. >
Cooling system (3/3) »
B / o,
Compass & tiltmeter Qﬂ
A £\ o
Piezo-sensor ) (')/

AN == -

' PMT support — KM3NeT
\ ‘ structure (bottom)

\PMT and base \

Light collection device Watch https://www.youtube.com/watch?v=tR8jwgG6uzk

Cooling system (1/3) ==

Bottom hemisphere

. Rapid deployment
https://youtu.be/7THKHWOhL xt4

hitps:/iyoutu belq2YOKD3kdxXs « Autonomous unfurling

https://youtu.be/xTi4ILMv1Fw

https://youtu,be/XFPCICOTfUg « Multiple DUs can be deployed
In one sea operation



https://youtu.be/7HKHW0hLxt4
https://youtu.be/g2Y0KD3kdXs
https://youtu.be/xTj4lLMv1Fw
https://youtu.be/XFPCfCoTfUg

Baikal-GVD collaboration

10 organisations from 5 countries, ~70 collaboration members

HNH!H

* Institute for Nuclear Research RAS (Moscow)

* Joint Institute for Nuclear Research (Dubna)

* Irkutsk State University (Irkutsk)

e Skobeltsyn Institute for Nuclear Physics MSU (Moscow)

* Nizhny Novgorod State Technical University (Nizhny Novgorod)

* Saint-Petersburg State Marine Technical University (Saint-Petersburg)

* |Institute of Experimental and Applied Physics, Czech Technical University (Prague,
Czech Republic)

* Evologics (Berlin, Germany)

e Comenius University (Bratislava, Slovakia)

» Krakow Institue for Nuclear Research (Krakow, Poland)




@ Baikal-GVD site

Railway stop “106 km” of
Circum-Baikal railway

Telescope is located ‘g
3.6 km away from shore ' Y
Constant lake depth: | 4ok
 1366-1367 [m] s
_4. ’,,r_' ,))-' l";‘,
ra—3 -
Water transparency: TN zv
* Absorption length: 22 m e r s}
* Scattering length: 30 - 50 m e,
(72 %V
Stable ice cover for 6-8 weeks in '] 74 fl»‘,"‘?/ (=)
. ¥ J.Vﬁ'« [l Z “'A" n‘!,r./‘ :;”
February - April e | {‘_’;'f;gg;q/ £z,
B gt ) ) z " -_’:/‘-'/_r{* Eahxsﬂlbib(
* Detector deployment Y CAIeA 7 ) R i
’:J/ 3’/ a7 .v‘\‘/r{'/é"‘i ﬁ"‘i‘!‘y’/'ﬂ‘ F 4%
* Maintenance i S Aaga ] 1/ e
- Tr' " ét{" 5 e | AW ud; /7
w MPT o 3B T A AU o oy

eeeeeeee

nnnnnnn

Telescope,
shore center

Baikalsk:
laboratory,
storage



B Hacrosilee BpeMs B pa3BepHYTO CeMb KJIACTEPOB
balkajJbCKOro HCUTPHMHHOIO TEJIECKOINA
KyOokmjioMeTpoBoro macimraoda Baikal-GVD.

/]

10368 onTHYeCKHUX AeTEKTOPOB B Auanazone rixyoun 600 — 1300 m ooneme 1,5 km®



HDeteKTop Baikal-GVD |

YyBCTBUTENbHbIN 31EMEHT TENIECKONA: ONTUYECKUN MOAY/b
No coctoaHmto Ha 2020 rog yctaHoBaeHo 2016.

MaHomeTp H f'\ BakyyMHbIA i
A o “'1{3 KnanaH

(.

Pa3bem Subconn % ¢
JlaTunk
TeMnepaTypbl

p
Akcenepomerp,

KomMmnac

% KoHtposinep OM

CranbHas pama ]

/

MnaTta nuTaHua

[epMeTHYHbII S
| ynnotHutenb na

( ®3Y Hamamatsu

R7081-100

KanubposoyHble |

s 5 g 4
OnTUyeckni e CBETOAMOAbl
\‘» y >
L refb “ib/f
1
\

~—

\ “ ~ . / CreknsHHas
R nonychepa



NeTteKktop Baikal-GVD 2020

laH pPpa3BepTbiBaHUA AETEKTOPa

CymmapH
. a2 S oe uncno
o :;g}? Knacrtepo
- B
:ig}g PacctoaHue
750 M @ - 2020 mexay 2016 1 288
LLeHTPaMM
KNnacrepos
300 m 2017 2 576
2018 3 864
525Mm 540 m
3PPeKTUBHDIN
36 0OM
obbem Ans 2019 5 1440
: KacKaaHbIX
90Mm L OCTaHKUMHCKaA CO6bITMI7I 2020 7 2016

TenebalHa 0.35 Ky6 KM

2021 9 2592
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@ Muon neutrino candidates
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O4VH 13 nepBbIX
KaHAMOATOB Ha cobbiTne
OT HEUTPUHO
acTpodusnyeckom
npuvpoapl

JHepruna 91 T3B. [laTa
23.05.2019 roga.

MepBbl KnacTep.




UccnepoBaHMA NOTOKOB 3apAXKEeHHbIX
yactuy B TYHKMHCKOU AO0NUHE

YctaHOBKa TyHKa -133.



LLinpoKue atmocdepHblie IMBHU —
KacKaAabl YacTul, B atTmocdepe
(OTKpbITbI P. Auger B 1938 roay)

3apsiskeHHbIE YaCTHLBI
YepeHKOBCKOE H3JIyYeHHe
dJryopecueHTHOe CBeYeHHne
Pagno uznydyenune

Measurement of Cherenkov
light with telescopes
or wide angle pmts

N\ 4
< S

/7

Measurement of particles with
tracking detectors or calorimeters

P, N,

«— Firstinteraction (usually several 10 km high)

Air shower evolves (particles are created
and most of them later stop or decay)

Measurement of
Some of the particles fluorescence light
reach the ground

Measurement of
Measurement with radio emission \

scintillation counters l \ \\ »
N

£ AN

Measurement of low energy muons
with scintillation or tracking detectors

Measurement of high energy
muons deep underground

/1151 3JIEKTPOHOB
E., >25 M3B

ATMoc(epa — THTAHTCKUM
KAJOPUMETP



EAS Cherenkov light

EAS Energy g detection with non-imaging”
E =A-[N;,(200m)] wide-angle detectors

g = 0.94+0.01 6, ¢
Average CR mass A X

LnA~ X ma

X... = C-D-Ig T (400)
(t(400) - width of a Cherenkov pulse
at distance 400 m EAS core from)

P -Steepness of a Lateral
Distribution Function Foo [ mupe
%
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History of the EAS Cerenkov light study in the
Tunka Valley

1996 — 1999 — Tunka-13 — 13 QUASAR-370 PMT
1998 — 2000 — QUEST (5 PMTs QUASAR-370 at EAS-TOP in LNGS).

2000 — 2003 — Tunka-25, S = 0.1 km? in the Tunka Valley —
Energy range 8-10'4—10%eV .




Tunka Collaboration
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Institute of Applied Phys. of Irkutsk State University, Irkutsk, Russia;
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M.l. Panasyuk, E.G.Popova, V.V. Prosin, A.A. Silaev, A.A. Silaev(ju), A.V. Skurikhin, L.G.Sveshnikova
l.V. Yashin,
Skobeltsyn Institute of Nucl. Phys. of Moscow State University, Moscow, Russia;
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Tunka-133 — kpymnHeias B MUpe yCTaHOBKA
IJIS KCCJIEIOBAHUA KOCMHUYECKUX JIyUYeHr
qepeHKOBCKI/IM MeToa0oM (2006-2012r.)

51" 48" 35
103° 04' 02" E
675m a.s.l.

50 km from Lake Baikal




YctaHoBKa Tunka-133

OnTuyeckmnmn Kadenb
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Advantage of the Tunka-133 array:

1. Good accuracy positioning of EAS core (5-10 m)

2. Good energy resolution (~15%)
2. Good accuracy of primary particle mass identification
(accuracy of X, measurement~ 20 -25 g/cm?).

3. Good angular resolution (—0.5 degree)
4. Low cost: the Tunka-133 —3 km? array ~ 10°Euro



JHepreTMYecKkuin cnekTp Kocmuuyeckux nyyei I(E)-E3
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1. Agreement with KASCADE-Grande, Ice-TOP and TALE (TA Cherenkov).
2. The high energy tail do not contradict to the Fly’s Eye, HiRes and TA spectra..



[amma-acTpoHOMUA B
TYHKMHCKOU AONUHE

[amma — o6cepBaTtopusa TAIGA



Alexander Chudakov and the
Cherenkov Technique for

Gamma Ray Astronomy

1921-2001

N C

N e Crlmea Experlment 1959-1965, E

Chudakov, et al., (SNR, radio galaxies)




The Pioneer Trevor Weekes and his 10m O

Whipple telescope gave birth to y-ray
astrophysies: 96 from Crab Nebula in 1988 !

 ,Ecnun Teneckon morKeT B

| TeueHMe HeCKOIbKMUX CERYHA,
NcnapuTb TBEPAbINA KYCOK
CTa/IN, OH TaKXe MOKeT
n3mepATb raMmma-ny4m”

=)




Bce OTKpbITUA B ramMma- aCTPOHOMMUMU caenaHbl C
nomoublo Imaging Atmospherlc Cherenkov Telescope (IACT)

\ wr boabme 200 ncTouHMKOB
HEGRA . -’ | ramMma-KBaHTOB ¢ 3Hepruei
gy Boiie 1 T3B oTKpbITO €

HESS MOMOIIbLI0 YCTAHOBOK HA
MAGIC o 0aze IACT.

S B Ho ne 3aperncrpupoBano
VERITAS = - o TOJBKO HECKOJILKO raMMa-
S ~ 0.01km? . 5 | = " KBaHTOB C Heprueii BoIlIe

o ; 50 TeV.

Future Project ‘ @;w @}* ., VL D EO

CTA > b5 YCTAHOBKH ILIOIIAALIO He
— menee 1 Km?
U ctoumocTiio 100

mian.EBpo/km?!!!!

camera

IACT — umeroT coctaBHOE
3epKaio JuamMeTpom
4 —24M, 1 MHOTOKAaHAJIBHYIO | |
Kamepy, B KOTOPOM
(ukcupyercs YepeHKOBCKOE
nzoopaxxkenue [IAJI

Mirrr with
Diameter 4-24 m




The formation of an image from EAS

Cherenkov angle depend
from the height

Canom msge
“cigar-shaped “form

......




Types of images seen by
atmospheric Cherenkov camera

Hadron Gamma ray

Muon Ring Sky Noise



KapTa Heba B ramma usnydyeHmm c £ > 1 TaB

Source Types

™ PWN
-

: XRB PSR Gamma BIN

® HBL IBL FRI FSRQ LBL
** AGN (unknown type)

: Shell SNR/Molec. Cloud
M Starburst
—

M DARK UNID Other
> 200 noKanbHbIX raMma UCTOYHUKOB .
™ uQuasar Star Forming
" Region Globular Cluster
Cat. Var. Massive Star
Cluster BIN BL Lac
(class unclear) WR



VHE-UHE Gamma-ray
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E*F(E) [GeV" m? s 53
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C nomouwbto yctaHoBKM Tunka-133 noka3aHa NnepCcneKTUBHOCTb
pa3BUTbIX NPK ee Co34aHNN TEXHONIOTUN ANA UccneaoBaHMn NPUPOAbI
FfaNnakTUYECKUX NCTOYHNKOB CBEPXBbICOKMX SHEPTUM, 3TO
ctumynuposano co3pgaHue TAIGA-Collaboration

Irkutsk State University (ISU), Irkutsk, Russia

Scobeltsyn Institute of Nuclear Physics of Moscow State University (SINP MSU),
Moscow, Russia

Institute for Nuclear Research of RAS (INR), Moscow, Russia

Institute of Terrestrial Magnetism, lonosphere and Radiowave Propagation of RAS
(IZMIRAN), Troitsk, Russia

National Research Nuclear University (MEPHI), Moscow, Russia

Budker Institute of Nuclear Physics SB RAS (BINP), Novosibirsk, Russia
Novosibirsk State University (NSU), Novosibirsk, Russia

iy i vy

Joint Institute of Nuclear Physics (JIRN), Dubna

Deutsches Elektronen Synchrotron (DESY), Zeuthen, Germany

Institut fur Experimentalphysik, University of Hamburg (UH), Germany
Max-Planck-Institut fiir Physik (MP1), Munich, Germany

Institut fur Kernphysik, Karlsruhe Institute of Technology (KIT), Germany
Fisica Generale Universita di Torino and INFN, Torino, Italy

ISS , Bucharest, Rumania



TAIGA - Collaboration

mm Irkutsk State University (ISU), Irkutsk, Russia

mm Scobeltsyn Institute of Nuclear Physics of Moscow State University (SINP MSU),
Moscow, Russia

mm Institute for Nuclear Research of RAS (INR), Moscow, Russia

m Institute of Terrestrial Magnetism, lonosphere and Radiowave Propagation of RAS
(IZMIRAN), Troitsk, Russia

m= Joint Institute for Nuclear Research (JINR), Dubna, Russia

m= National Research Nuclear University (MEPhAI), Moscow, Russia

m= Budker Institute of Nuclear Physics SB RAS (BINP), Novosibirsk, Russia

== Novosibirsk State University (NSU), Novosibirsk, Russia

mm Altay State University (ASU), Barnaul, Russia

™= Deutsches Elektronen Synchrotron (DESY), Zeuthen, Germany

= |nstitut fur Experimentalphysik, University of Hamburg (UH), Germany
== Max-Planck-Institut fiir Physik (MPI), Munich, Germany

B B Fisica Generale Universita di Torino and INFN, Torino, Italy

B8 1SS, Bucharest, Rumania



TAIGA: coyeTaHue aAByxX YepeHKOBCKNX TEXHONOINMMA
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Main Topics
for the TAIGA

E°dN/dE (GeV cm2sr~ 571

T | | T T
Energy ranges for gamma- and/or cosmic-rays
1P - :
1003 .
10-4 |
10° :
TAIGA

energy range
8 -

107 For y and CR

CTA b GZK

B . cR__ A\ "

102 10" 10 10° 10° 10
Energy (TeV)

Gamma-ray Astronomy
Search for the PeVatrons.

VHE spectra of known sources:
where do they stop?
Absorption in IRF and CMB.
Diffuse emission: Galactic plane, Local
supercluster.

Charged cosmic ray physics

Energy spectrum and mass composition
anisotropies
from 10% to10'8eV.
108 events (in 1 km? array)
with energy > 10% eV

Particle physics
Axion/photon conversion.
Hidden photon/photon oscillations.
Lorentz invariance violation.
pp cross-section measurement.
Quark-gluon plasma.



TAIGA-HISCORE (High Sensitivity Cosmic Origin Explorer)

* Wide-angle time- amplitude sampling non-imaging air
Cherenkov array.
» Spacing between Cherenkov stations 80-120 m ~ 80 -150 channels / km?.

HISCORE detector station concept

- Cosmic-ray / gamma-ray  Tomlgncolecing -0 5 5am.
1. Accuracy positioning EAS core - 5-6 m =i T M |
2. Angular resolution ~ 0.1 - 0.3 deg gl | meme || ==

3. Energy resolution ~ 10 - 15%

4. Accuracy of X, measure ~ 20 -25 g/cm?
5. Large Field of view: ~ 0.6 sr

Total cost ~ 2 -millions $ (for 1 km?)

\ [\ “.“ J VU= y ‘
: / / _re
/ ) ] L
| e J 12V
PMT ~ 206mm
[ & W
[qumda W Bl HV divider T -
§o V divi vi 73

Cherenkov light cone coan) | W

SB

DRS-4 board (0.5 ns step)

W ;2000
[

g
©1750 |-
<

1500 |-

1250 [

1000

750 -

)
’d  s00 F

&
o

250

0 ia—""‘ o eal? -~

—250 |

- L Il
SO0 16120 730 140 150 160 170



. KOHCTPYKIIMA U 3JIEMEHThI ONITHYECKOH
cranuun ycranobku TAIGA-HISCORE

KpPOHIITEeHH
nass PIY

KoHYc BuHCTOHA
ONTHYEeCKHH MOIYJIb

KOPIYyC ONITHYECKOH
CTAHIHH

e NG
OIITHYECRAA CTAHIINA



DBOJIOLMSI KOHCTPYKIIMM ONITHUYCCKOM
ctanimu ycraHoBku TAIGA-HISCORE




OnTuyeckasi CTAaHIIUA

YCTAHOBKH
TAIGA - HISCORE

PMT HAMANTSU R5912




An accuracy of EAS axis direction
reconstruction with TAIGA-HiISCORE

: : : : 5 R : : 101

) fecssdmnnadpmnadvmsnlrassassssidEntllessdnsnaa 19542:

2500 : i Mean  =0.2598E-01
- é RMS 1 1.161

2000 |

O' IJIIL

—”5—20—115-’10—5 0 9 10 12 20 25

T distribution

The RMS=1.1 ns for TAIGA-HiSCORE
provides an accuracy of an y and CR
arrival direction about 0.1 degree

CATS Lidar,
532 nm, 4 khz, 10"13y/m?

Precision verification with Laser
on-board International Space
Station (ISS) <0.1deg




CR energy spectrum: TAIGA-HISCORE +Tunka-133
for energy range 10%* - 1018 eV
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The TAIGA - IACT

The TAIGA — IACT: First - 2017y, second - 2019y, third - 2020y situated at the
vertices of a triangle with sides: 300 m, 400 m and 500 m about
- 34-segment reflectors (Davis-Cotton)
- Diameter 4.3 m, area ~10 m?
- Focal length 4.75 m —
Threshold energy ~ 1.5 TeV

i TNy




MoHTaXxX MOHTUPOBKU MEPBOIro 1esieCkorlla




Kamepa teeneckona TAIGA-IACT

560 PMTs ( XP 1911) with

15 mm useful diameter of photocathode
Winston cone: 30mm input size

each pixel = 0.36 deg

FOV 10 x 10 deg

MAROCB board

' Cross-board
> HV supply

" 7PMT
divider board

—— PMT XP1911

Winston cones

Basic cluster: 28 PMT-pixels. Signal processing:
PMT DAQ board based on MAROC3 ASIC




TAIGA-IACT and TAIGA-HISCORE joint events.

Hillas parameters

ALPHA

—

DIST—

—

WIDTH

LENGTH

40 A

30 A

20 A

10 4

_10 -

—20 4

—30 1

_40 -

Most of events are
“Hadron-like”
E = 840 TeV; width = 0.4°

Event #36268535

Ncl = 0, Npix = 124

Size = 18500 p.e.
Width=3.4 cm, a=11.2 deg

-40 -30 -20 -10 0 10 20 30

|
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200

Amplitude, p.e.



But some events looks as “Gamma-like”

TAIGA-IACT data TAIGA- HiISCORE data
Width=0.13°, length=0.69°, alpha=8.9°, size=709p.e.
Nel = 0. No & 23 E =55 TeV
Size = 709 p.e.
Width=1.6 cm, «=8.8 deg
8 =329, ®=33.58
30 A
20 - [1g(E,/TeV)=2.0585 P = 32.94°
- 80 400 B . .
10 A ¢
a 300 |
E o oo 8 ’
g 200 |-
el [ ' IACT -
40 I
-204 100 B . . ‘ .
-30 4 o 7 .
20
_40 - Core
—100 - .- °
position
=200 [pATE =+ 1411 N, = 711892
Recalculated core position in 4907305500 " T00 0 To0 300 300

IACT plane after introduction of
scaling factor Rp’= Rp/1500



EAS detection by two telescopes at a distance of 300 m -
stereoscopic approach for high energies

Ylcm]

D2ILE=LUOVU, WTiuui= alpgia=oJ%.
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Alfa distribution for Crab A histogram of the events

distribution around direction on the Crab Nebula

F(alfa)
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The TAIGA particle detectors.

*Permanent absolute energy calibration
of Cherenkov arrays Tunka-133 and
TAIGA-HISCORE.

« Round-the-clock duty cycle;

*Trigger for radio array Tunka-Rex
lmprovement of mass composition data

*Rejection of p-N background

The Tunka — Grande
scintillation array

200 ————r—————fT——— T T ;
EyEAS,9=40° E =3x10"ev | LM w 1]}
150 |
soll ,ens oo PEAS0=40° { 228 former KASCADE- 152 the same
:L % DEAS, 0=0° I Grande scintillation underground
[ | ] : muon counters
oL I% | counters with $=0.64 m?

in 19 stations.

0 100 200 300 400 500 600 700 8
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=
380 KASCADE-Grande scintillation
counters arrived at the Tunka site
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The TAIGA-Muon scintillation array

Counter dimension
1x1 m?

Wavelength shifting
bars are used for
collection of the
scintillation light.

Mean amplitude
from cosmic muon is
23.1 p,e, with ¥15%
variation.

A clear peak in
amplitude spectrum
is seen from cosmic
muons in a self
trigger mode




Cxema ramma-oocepBatopun TAIGA B

2020 ro

96

ny (1 xm?)

-\

TAIGA-HiSCORE
120 petekTopoB

Bxnan EBponerickux
CTPAH YK€ IPEBBICUII
4 muH. EBpoO.




Ee nenb - coznanne ramma oocepBaropun TAIGA ¢ He nmeronein
AHAJIOIOB B MHUPE THOPUIHOM CUCTEMOM AETEKTOPOB M HAUBBICILICH
YyBCTBUTEIBLHOCTBIO JJIs1 PEIICHUS] MHOTHX 3a]1a4 aCTPOPU3UKU
AJIEMEHTAPHBIX YaCTUIl U (DU3UKH BBICOKMX SHEPTHH.

YcTanoBKa
TAIGA-HISCORE:

1000 mupoKoyTroIbHbIX
YEPEHKOBCKHUX
JCTEKTOPOB,
pacrpeeIeHHbIX Ha
rromazay 10 km?

YcTaHOBKaA

TAIGA-IACT

16 AtmochepHbIX
YEPEHKOBCKUX TEJIECKOIA C

3epkajgaMu auameTpom 4.3 M.

YCTaHOBKa
TAIGA-Muon

3000 kB. meTpoB
NoA3EeMHbIX AETEKTOPOB
3aPAXKEHHbIX YacTUL,.




Hubsugul — a 10 square kilometer scale array
W|th hybrld detector system
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- altitude — 2000 m about,
- - no artificial light background,
' - good astroclimat,
I - enough vacant rather flat space,
f - acceptable logistic condition,
< - availability of electrical power.
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A compact-size wide Field of View IACT with a

SiPM-based camera for energies above 10 TeV.

FoV of TAIGA-HISCORE detectors is 60° but TAIGA-IACT — 10° as a result we have
only 4% of joint events.

To study the gamma-ray with energy above 30 TeV we started off a development of a
Small Image Telescopes (SAT) with a SiPM-based camera with a FoV up to 60° and
an effective recording area of 1m?. We intend to test 3 variants of the SAT optical
system: spherical mirror, a system of Fresnel lenses, combination of the two
mentioned technologies.

Prototype SIT (FOV ~ 20°, S ~ 0.1 m?, 49 SIPM SensL MicroFC-60035-SMT, 6 x6
mm? ) was installed in the Tunka Valley for operation together with the TAIGA-
HISCORE array in September 2019.
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