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Fathers of cosmic ray/neutrino physics in INR
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Baksan Carpet Andyrchy, BUST
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Construction of BUST (1970s) and Andyrchy (1993)

Surface EAS aggg%

(37 scint. Counters)

~ W 0ve

Underground detector BUST

550 m "
(see talk of Leonid Bezrukov)
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Construction of BUST (1970s) and Andyrchy (1993)

Surface EAS aggg%

(37 scint. Counters)

~ W 0ve

Underground detector BUST

(see also the talk of Leonid Bezrukov)

Study of spectrum and mass composition
of cosmic rays with
Andyrchy EAS (shower) fm
+ BUST (muons)



Muons with BUST

.... for instance: mass composition
of cosmic rays

Muon number as function ‘s
of shower energy: . '
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Muons with BUST

World leading results at that time

..... for instance
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> GeV neutrinos with BUST

Leading player until mid 1990s
(then MACRO, Super-Kamiokande catched up)

Limit on neutrino point sources Yo A Ay

Limits on neutrinos from i 1.8 m

dark matter annihilation 77/ | OEEpEpeEegerre
in the Earth . "
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Search for neutrinos
coinciding with GRB
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Also: limits on magnetic monopoles + ....



Baksan: construction of Carpet in the 1970s
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Carpet: early results

High-precision measurements of Extensive Air Showers (EAS)

Multicore EAS and high-p; interactions (from 1979 on)

d’o/dPdy
(mb ¢/GeV) , : , . .
i ‘ Baksan EAS
Tl
5 - UA]1 (window algorithm)
102 | '[;" UAT (cluster algorithm)
—+ UA2
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Cross section of high p;events 10° }
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The highest energies
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PER SOUARE Pierre Auger Observatory

/% METER PER SECOND (Argentina) 3000 km?

Telescope Array

PARTICLE (Utah, USA) 700 km?
7 SOUARE

ETER FER YEAR

KMEE
Air shower

1 PARTICLE
FER SQUARE
EILOMETER
FERYEAR

RELATIVE PARTICLE FLLIX (LOGARITHMIC LINITS)

L g
4

JENHIFER C.CHRISTIANS EN

fluorescence telescopes

Cl e
1010 1012 qpt4 1016 o8 qp20




Telecsope Array with Low Energy Extension (TALE) and TAx4
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Where is the cut-off? GZK or power limit?

TA SD, TALE FD, TA Combined P+ Y3k
M

.|.|.
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Second knee
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Where is the cut-off? TA vs. Auger

102

E’ <xJ [eVZxm2xsr!xs']

E ® TA Combined (ICRC 2019)
- = Auger 2017, E rescaled by +10.2%

¥  KASCADE-Grande (2012)
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Where is the cut-off? TA vs. Auger

11 years of TA SD data
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The hot spot 2013

E>57 EeV - Years 1-5 excess map

b & H 4L © = N @ & o

Total events: 72



The hot spot 2017

E>57 EeV - Years 1-9 excess map

Q = N W & O

A R

Total events: 143



Galactic cosmic rays
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Galactic cosmic rays
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Alexander Chudakov, Georgi Zatsepin

1961

Search for CR sources
with gamma-ray showers
in the atmosphere




Alexander Chudakov

Crimea, 1961-1965: SNR, radio galaxies







3rd generation Imaging Air Cherenkov Telescopes
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Where are the PeVatrons?

IceCube: neutrinos with E > 500 TeV

The parent hadrons should have energies
>> 1 PeV (,,PeVatrons®)

\ ¢

There MUST be gamma rays of ~“PeV !

Mean free path for PeV gamma rays ~ 10 kpc
— can only come from our own Galaxy



- - = H DESY Zeuthen, KIT Karlsruhe
TAI GA I n SI be rl a u MPI Munich, Univ. Hamburg

Combination of

120 wide angle timing detectors 3 small Imaging Telescopes

: Tlmmg a;fay

good thadron at hlgh energles
4 JmagtT\gnas,hco Ee;c



http://www.flaggenbilder.de/italien-nationalflaggen-fahnen-1.html

Stereoscopic operation of the 2 installed IACTs
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TAIGA: The Crab at low and high energies
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Crab 5-50 TeV, one IACT,
~60 at 5-50 TeV
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Also seen at > 50 TeV (HiSCORE + one IACT)

+2 more sources ....



Carpet-2 = Carpet-3 100-10,000 TeV

Muon Detector: plastic scintillator

counters, 410 m?, E,21GeV 400 liquid scintillation counters (200m?)

5 remote stations (9 m? each)

1st tunnel of muon detector

V4

175 m2 = 410 m? - 615 m?

Future remote stations - ready to
work by end of 2021




Carpet-2 100-10,000 TeV, diffuse vy flux

Search for muon-poor showers: Limits on the diffuse y flux

% Carpet-2
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Detection potential for point sources (>50)

1ﬂr1ﬂ

-y

S
-y
—ry

E*dN/dE (erg cm™?s™)
=

—

S,
-k
[

=1
¢L
F =y
S . ,
¥ o ¥ ¥
i  J
F 'l F i
& I ¥ ¥
i * i'-j ¥ b ¥ i
'] - '] ' ¥
' ‘ I ‘_ I'd r d
I i, ¥ r
I L Y I ¥
i ] * g '}
/ I ¥ ¥
F .l'" .I" F
I I F
¥ s v
' F i * r
f Fi LY L ]
¥ ¥ L I
f i ¥
s
r r ¥
r ' * ']
¥ F
’ ’ e
r i F %
i ]
¥ '
of Fa *
[ '
¥’ F
I ¥
¥ F
] | f
' f
' '
f !
¥ I F
F r r F
r F ¥ !
'] ¥ ¥ F
' ' L
I r ¥
'3 r ¥
] i | i
F ¥ i |
P i’ f
i i i
' I I
F
-~
F
' d r
r ¥
¥ i
'] ¥ ¥
'] '] r
F i,
F ¥ i
] r '
' '
Fa F ’
I | '
i ¥ '}
' ¥ ']
¥y ¥ &
' ] ¥ i
r r ¥
F ¥ ¥
y '] ']
' ' '
¥ ¥
F ] ¥
'] ']
F ¥
F F
P i
i F i
—

-
==}
—
aM
—_
=
(A
-
o
=
—
o=
tn
—
aﬂ!

E (GeV)



curves for TAIGA/Carpet

Detection potential (>56) | creqbycs.
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Detection potential (>50)

curves for TAIGA/Carpet

inserted by C.S. |
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CATCHING RAYS

r BIAASOE] China’s new observatory will . |
H SR F F w8 intercept ultra-high-energy y-ray e 9 27 3
particles and cosmic rays. 1 -

LHAASO

in the eyes of
reporters from

Nature _
12 wide- 0

field-of-view - {

air Cherenkov

telescopes
80,000 m“ surface-
water Cherenkov 5.195 scintillator

’ detector detectors
- |

1,171 underground
water Cherenkov tanks
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Crab Nebula and first PeVatrons

Crab Nebula
10-25 TeV, 19 & 25-100 TeV 28 G 100-1000 TeV 15 G

81 82 83 84 85 86 81 82 83 84 85 86 81 82 83 84 85 86
R.A. (degree) R.A. (degree) R.A. (degree)

Plus 10 other sources, including one reported with maximum energy 1.14 PeV !

LHAASO spoeksperson ,, The Galaxy is full of PeVatrons“

Start of a new era in gamma astronomy?



PRISMA counters in LHAASQO vu. v. stenkin et al.

Measure the hadron component through thermal neutrons (plus electrons)

Thin scintillator sensitive to 5
thermal neutrons and charged particles 4
3
400 detectors over 100 x 100 m?
2
= Scintillator

ZnS(Ag) + SLiF

Cluster 2

Cluster 1

i Principle of PRISMA operating on the
-~ roof of NEVOD (MEPhI)




ENDA - Electron-Neutron Detection Array

‘ r. Xanuu, npo.. CbivyaHb, KHP o
4410 m Hag ypOBHEM MOpPSA e e

T«
CreneknH HO.B. BKKJT 2020













The
traditional
method:

vV, charged current




From atmospheric to cosmic neutrinos

1961

Markov & Zhelesnykh and Zatsepin & Kuzmin publish first reliable flux
calculations for atmospheric neutrinos

1965

Discovery of atmospheric neutrinos in underground detectors
(South Africa, India)

1969

Berezinsky & Zatsepin calculate neutrino flux from GZK process p + y3«



DUMAND (Pacific close to Hawaii

1978: 1.26 km?

99 698 OM I_ Conceptually strong
J S '

participation of USSR

Chudakov, Petrukhin,
Bezrukov, Berezinsky, ...

End of Soviet
participation 1980

1980

Exploration Baikal

1995:

Experiment terminated




New Methods for >100 PeV (I zhelesnykh)

Radio Neutrino Detection in Antarctica (RAMAND)
Radio Neutrino Detection with radio telescopes

Hydro-Acoustical Neutrino Detection



New Methods for >100 PeV (I zhelesnykh)

Radio Neutrino Detection in Antarctica (RAMAND)

Radio Neutrino Detection with radio telescopes

Hydro-Acoustical Neutrino Detection

RAMA‘ND in 198%-7950 ////*t\ e

RAMAND:

ANTARCTICA

‘Vestok' station -78°28'S 106%8'F [Tecsp0®

Two RAMAND £
(3 and 2 ahf’e’::eq:?':fu {csﬁ;’

‘h’h e am

e‘auduJ{ e

Now being realized as future part of IceCube !



New Methods for >100 PeV (I zhelesnykh)

Radio Neutrino Detection in Antarctica (RAMAND)

Radio Neutrino Detection with radio telescopes

Hydro-Acoustical Neutrino Detection

Radio-astronomy method for detecting neutrinos and
other elementary particles of superhigh energy

R.D. Dagkesamanskiiand . M. Zheleznykh
F. N. Lebedev Physics Institute, Academy of Sciences of the USSR, Moscow; Institute of
Nuclear Research, Academy of Sciences of the USSR

(Submitted 10 August 1989)
Pis’'ma Zh. Eksp. Teor. Fiz. 50, No. 5, 233-235 (10 September 1989)

The possibility of using radio telescopes to detect the radiation of electron-photon
and hadron cascades generated in the interactions of neutrinos and other particles |
of superhigh energy ( 2 10°° eV) with the moon and other celestial objects is
discussed.

Kalayazhin 64-m radio telescope

—> upper limits on v flux at > EeV



1980

Alexander Chudakov

proposes Lake Baikal
as testbed for a future
neutrino telescope




October 1980

Foundation of the Laboratory
of High Energy Neutrino
Astrophysics (Lake Baikal)

'puropuun Bnagumuposud lomoraukum



Lake Baikal




" Ice as a stable platform for deployment




" Ice as a stable platform for deployment

- explore!




Lake Baikal: the 1980s

1984: first stationary string

Muon flux measurement

1986: second stationary string
(Girlyanda 86)

Limits on GUT magnetic monopoles

Development of a Russian
smart phototube (Quasar)

L. Bezrukov, B. Lubsandorzhiev




1993 — 1998: construction of NT200




The pioneer: NT200 in_Lake Baikal

= 8 strings

" 192 PMTs

“ Height 72 m

“ Diameter42 m




The first underwater neutrino events

._—;ﬁ _—

T s, -"-r‘\-"“li-: Eﬁh -—_' —=" LT
- = - e - ﬂ
EEE E e e = E'FP l**" = T, o

a.~

1994 3600”" M

4
Tphe e dns
“ 42ns)
L

\,
| i
&2 | nhe O\ 07ns expeninpatal
{1ns) | (thaoretical)

phe Xy Ons
w®

I
\

LA
| Y

t = hit chamels




J+dn

?-5‘:&

“
apls | Timo

| Téleféx G.V.Domogafs'k\_('t't_) _-CI.”Spiering:- |

,» Jloporon KpuctnaH, cHauyana camoe nHTepecHoe:
Mpu aHanunse gaHHbIX 1994010 roga oaHO cobbiThe
KaTeropuvyecku COnpoTUBAAECTCA BCEeM TecTam, U
KaXXeTcA 3TO HEUTPUHO. EcTecTBEHHO, A He XoTen
6bl pelwwaTtb, AeKNapupyem n Mbl 3TO CObbITUE KaK
nepsoe ACHOe HEUTPUHO B NOABOAHOM AEeTeKTope.
Ho 3T0 MOXXHO Ha3biBaTb O4EeHb HAa HEUTPUHO
NOXOXEeM COObITUEeM, U MHE KaXXeTCA, YTO OYEeHb
XXenarenbHo coobwntb 06 atom uepes 2 unm 3
Heaenu AOCTaTOYHO LWMPOKOU obLecTtBeHHOCTH.
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NT200: results
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Limits on the diffuse flux (2003)
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Limits on the diffuse flux (2003)
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Limits on the diffuse flux (2007)
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Limits on the diffuse flux (2008)
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Size of the diffuse flux (2018)
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Diffuse flux of cosmic neutrinos
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Where do we stand?

“Cosmic high-energy v discovered

“ Remaining uncertainties on spectrum

" No steady point sources with >3.5 ¢ identified up
to now, but some individual sources are in reach

" Excluded GRB, Blazars, .... as sole source of our
cosmic events

" But: exciting correlation with active galaxies with
radio jets (A. Plavin, Y. Kovalev, Yu. Kovalev, and S.Troitsky, 2020) !



Where do we stand?

" Need experiments with complementary
systematics and better angular resolution
(i.e. water, not ice)

" Need experiments at the Northern Hemisphere
(better view of Galaxy)

GVD Baikal
KM3NeT edterrancan sea




Back to the 1990s and Lake Baikal
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He ssicHo, OypeT nu urpatb bankanckun
TesilecKon Ha KoHuepTe OyayLlmx 6onbLmnx
HEUTPUHHUX TeJfleCKonoB OCHOBHOU MOTUB
U TONTbKO 60KOBYHO Menoauio.

Ho kakon Obl ganHenwasa popora HU Obina,
oyaeT nu BO BCeM MUpe OAUH UInu 2 cynep-
Teneckona: 106ou KunomeTp C ero
HenpMMeTHbIM AepeBAHHbLIM AOMOM ObIS
3HaYUTEesNIbHbIM MEeCTOM NpouncLLecTBUSA
3TOro npowuecca.
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He ssicHo, OypeT nu urpatb bankanckun
B Tenieckon Ha KoHuUepTe dyayuwmux 6onbLmnx :
', HeWTPMHHNX TeNleCKOMoB OCHOBHON MOTUB |
l__; WU TONbKO OOKOBYHO Menoauio. St |

T “ ~ Now we know the answer:




IGATON VOLUME DETECTOR

BAIKAL GVD




10 institutes
~ 70 members
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iInstalled and operating

Planned for 2024

15 clusters

2020: 7 clusters

single-cluster
neutrino event

525 m

(upward p)




Baikal GVD: examples of first results
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Baikal GVD: examples of first results

The first clear cascade event from the interaction of an upward
moving electron- or tau-neutrino at the 100 TeV scale (91+10) TeV




Baikal GVD: examples of first results

See “SEARCH FOR HIGH-ENERGY NEUTRINOS FROM BINARY NEUTRON STAR MERGER
GW170817 WITH ANTARES, ICECUBE, AND THE PIERRE AUGER OBSERVATORY”

a +500 s time window
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INR has a great record in high-energy
astronomy

e.g.

= pioneering Baikal neutrino telescope

" cosmic ray experiments at Baksan



Many basic ideas came from INR physicists

e.g.
= underwater neutrino detection

= air shower detection via Cherenkov light
" GZK effect



INR has a bright future with
forefront experiments !

= Neutrinos: Baikal GVD
= Cosmic Rays: Telescope Array
= Gamma Rays: LHAASO



Thank you to my Batkal
colleagues?or gmdmg 11
first steps insneutrino
astronomy and for being
friends since 33 years!






