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CoaepxxaHue goknaga

1) HenTtpuHHaa acTpoOHOMUSA BbICOKMX
3HepPrnmn

2) YctaHoBka Baikal-GVD: ycTponcTBo U
COCTOSAHMe paboT

3) OUeHKN YyBCTBUTE/TbHOCTU 3KCNepuMeHTa
N NONyYEeHHbIe pe3ynbraTthl
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HenTpnHHaa acTpOHOMMUA BbICOKUX 3HEPTniA
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Neutrino as astrophysical messenger

I.H. 3a6opos - Baikal-GVD

Can escape from dense
environments

Travels unimpeded through
gas and dust

Does not interact with CMB
and infrared background

Stable (no decay)

Not affected by magnetic
fields

Arrival direction points to
the source

High-energy neutrinos trace
production and acceleration
sites of cosmic rays
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Where we are on the energy scale
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How to make high energy neutrino

1) Accelerate protons

2) Have them interact with medium or
radiation

In photon-reach environments: py — T
In proton-reach environments : pp - T

3) Decay pions

Figure from Relner et al, PRD (2008)
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Potential neutrino sources: Active Galactic Nuclel

‘ Narrow Line
Region

Broad Line
Region

Accretion

Disk

Obscuring
Torus

23 urousa 2022

ILH.

Example model

dust torus

M’\A:ri disk l:s’ (IR)
accretion dis
UV, ® @
. cosmic ray I
broadline region
.7. (opt, UV)
K. Murase (2015) % %L\

blazar zone
(broadband)
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Tidal Disruption Events

Star disrupted
in gravitational field
of supermassive black hole

R = Rocher limit

“ Credit: S. Gezari Also see R. Stein et al.,

Nat. Astron. 5, 510 (2021)
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Yuan+ 2022

AGN disk

Efficient PeV neutrino production via
cosmic ray interaction with disk photons

Also possible with black hole mergers (Kimura et al., 2021)

23 uroHga 2022

I.H. 3a6opos - Baikal-GVD

Neutron star mergers in AGN disks

Gamma rays

) _

External disk .
photons ~T---- by
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SGRB
jet

R
J shocks \
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~
~
~
~.
~

(Cavity)
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GRBs, choked jets (Supernovae)

Orphan Neutrinos 4 Precursor Neutrinos 4 Prompt Neutrinos &
R v ':':IT fi‘ﬂ
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Vo
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iad
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Exnmmded Emendszd
Mairsial Mairrial
Poguaiar Progon e
L Lo

N. Senno, K. Murase, and P. Mészaros (2016)
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Possible Galactic neutrino sources

* Galactic Ridge / Galactic diffuse

Phys. Rev. D 96, 062001 (2017)

* Supernova Remnants
e Pulsar Wind Nebulae?

* Microquasars

* Binaries
* Novae

ml; 7 ml 6 1(_]]
* Galactic center AN/ o4
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Neutrino telescope : how it works

23 urousa 2022

I1.H. 3abopos - Baikal-GVD

Large arrays of PMTs in
water or ice

Cherenkov light detected by
PMTs

“Tracks™ v, CC
“Cascades”™ v, & v. CC + NC

Direction reconstructed from
hit positions and times

Energy reconstructed from
hit charges
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Backgrounds

. . F
« Atmospheric neutrinos 0 7 Atmespherigu
af w.e.
- All-sky, soft spectrum 107
- For downgoing events, 107
atmospheric muons can be used 10° L
as veto (at very high energy) P
. I‘cZ 10-10 :
* Atmospheric muons o1 _
' g 107 Atmospheric i3
-~ Downgoing only < al H = 3880 m.w.é.
(Earth acts as filter) E107F  oemic
. ) S rays
* Environmental background light: L
natural radioactivity (*°K), 10" [ = v, induced, E >100 GeV .

bioluminescence, . et ([,

. . 10" | === induced, E >1 TeV 3
chemiluminescence : . : ;

16 C . ‘ . . : . J J . ]
— Limits low energy sensitivity -1,0 -0,8 -06 04 02 00 02 04 06 08 1,0
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23 UIoHA

Neutrino telescope world map 2022

Deep water 5
0.02 km?3 -
decommissioned

, Baikal/GVD
= Deep water
- ~1 km?3

half-complete

in Feb 2022

Deep water
1+ 0.006 km3
Construction

R e T

/

IceCube IceCube-Gen2 |
Deep ice Deep ice

1 kms3 ~10 kms3
2011 — 2026+

R&D projects
not shown

IcECUBE

=0 et TR T T A sviiiavar ~> vV a2~
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Diffuse neutrino flux

IceCube cascades ) i )
While the existence of a diffuse

103 ArXIv:2001.09520 == o vk, neutrino flux is firmly established,
= o its origin remains unknown
102 3 Emm— CONV. V,
E cony. Ve ~ (= v, E* spectrum —
= e |
193 DR I oo |1
E E E ~ ", ANTARES .11yyears
10°5 - 3|
. = Ll B N
- = o - .
=
o 2.0 (P10—8 = 3
N1 r wE ]
E 0.5 — . : . — » ;
'UOO IIIIII 1 1 IIIIIII 1 I IIIIIII 1 1 IIIIIII P rrrrri - —
103 104 10° 10° 107 10k 1 .
Ereco[GeV] = Ll Ll
Science 342 (2013) [4.1 0] 10° 10° e v
PRL 113:101101 (2014) [5.9 d] ApJ 853 (2018) L7 [arXiv:1711.07212]

PRL 125:121104 (2020) [~10 0] D. Samtleben, Neutrino 2020
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TXS 0506+056

High-energy IceCube v coincident with a y-ray flare
from the blazar TXS 0506+056 (Sep 22, 2017)

Science 361,147-151 (2018)
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Another, neutrino-only flare
found in earlier IceCube data

MALL LT

E ~ 290 TeV -
A. Albert et al., ApJL 863, L30 (2018)
IC40 IC59 IC79 IC86a IC86b IC86c
5 | 1 ] | 1 | 1 ] =
sx st IceCube-170922A A 3.70 f 4o
o 49 Gaussian Analysis _‘\- .
- 34 = Box-shaped Analysis k3o
O)"_ [
S o .
I = 20
1= -_--_-JF,___JL______&_-10
0 b -t ——
2014 2015 2016 2017

2009 2010 2011 2012
I1.H. 3abopos - Baikal-GVD

2013
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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.
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Sky visibility with upgoing tracks

South Pole (IceCube) NOFt?ﬁ!g}tQ?aTgirﬁ))here
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Complementary sky coverage

Galactic center better viewed from Northern hemisphere (through the Earth)
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Baikal-GVD
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Baikal-GVD site

e 51°46’ N 104° 24’ E
* Southern basin of Lake Baikal

* ~4 km away from shore
* Flat area at depths 1366 - 1367 m

* Stable ice cover for 6-8 weeks in February -
April: detector deployment & maintenance

= GUD Siter- 2
.58

e High water transparency
v Absorption length: 22 m
»  Scattering length: 30 - 50 m (L_, = 480 m)

 Moderately low optical background: 15-40 kHz
(PMT R7081-100 ©10”)

Z=Sonar image
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Baikal-GVD optical module

SubConn connector ]ﬁ

Temperature
sensor

Accelerometer, ]

L compass J
Steel frame ] HV board
> )
Hermetic seal
|
[ PMT Hamamatsu Gel lens ]
R7081-100

Glass
/// -‘ hemisphere
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— 00 GVD string

750 m
TN * 36 OMs, 15 m spacing, all PMTs look downward
¢
60 §‘2 * 4 acoustic modems (AM) of the positioning system
m LIH % :
§ - * 3 section modules, each serving 12 OMs (12-channel
— 88 ADC, 200 MHz sampling; waveform measurement +
22: trigger logic, events forming, data filtration)
180 m ® o . . .
iy » 1 string module (a communication hub)
®
®
— B  Depths from 750 m to 1275 m
180 m 3
e
s ’ O buoy ® optical module
Y L L O  string master module ! acoustic modem
90 m i e section master module - anchor
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Cluster:

8 strings

CLUSTER
CENTER

525 m
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P— 999999 0999999 999999 09999990 292999 0999999

P— 299999 0999999 299999 09999990 299999 0009999

120 m
23 uroHga 2022

GVD cluster

Cluster

8 strings (288 OMs)

60 m step between strings

Central electronics (power, trigger,
data transmission) located at 30 m
depth

Hardware trigger: 4.5 p.e. + 1.5 p.e.

on adjacent OMs in 100 ns window
Inter-section synchronisation by
common trigger (~ 2 ns accuracy)
Internal network: shDSL Ethernet
extenders 5.7 Mbit

Connection to shore:

Ethernet / optic fiber

I1.H. 3abopos - Baikal-GVD

Cluster

Shore hybrid cable,

6 optical fibers,
6 - 7km length
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Calibration devices
» Section calibration: 2 LEDs in each OM, 470 nm, 1 - 108 ph., 5 ns
e String calibration: LED beacons in 12 OMs of the cluster
* Cluster calibration: 2 lasers per station, 532 nm, 102 - 10?5 ph., 1 ns

Calibration LEDs | | 2 LEDbeacons = = ¢ .
-2 vertical LEDs; I -2 V:'ei_'tical and 10 l 138
b it j horiiz_:ontai L].EDS . ! C D e
b4 o b § e ‘ot B
: 0

. L

Calibration accuracy ~2 ns AT
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DEPTH
736 m

928 m

1093 m

1275 m
1356 m

v o— BEACON 4

$3INA0W TVIILdO

+«—BEACON 3

BEACON 2

'_

S3TINAOW TV IIlLdO T S3T1NA0OW TVI1LdO

+ «—BEACON 1 (OPTIONAL)
+ «— NODE (OPTIONAL)

b

y A ANCHOR/LAKE FLOOR

Acoustic positioning

Beacon drift, July 1st - July 5th 2019
Cluster 1, String 2

-
|/ ",

>3,
4 \
— -H""-.

J ~ \ 4
-234.0- "x,: A y \‘:" -
ant m"‘ﬁ\"‘*’vﬁ“ /

23451 "‘:j‘é“:
£ m ‘“E ?: ““%.
--235.0-

OM drift can reach tens of meters, depending on season and elevation
String geometry monitored with acoustic modems (4 AMs per string)

p
-235.5- w
-236.0- b
o o x’m 0] [v]
Depth ™ 736m W 826m W 928m W 1093m [ 1274 m
OM coordinates are obtained by interpolating AM coordinates, accuracy ~ 20 cm
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Deployment
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2kenegnumnsa 2022

YCTaHOBJIEHO:
* [1Ba HOBbIX Knactepa (16 rupnana)

e 2 3KCNEePUMEHTaSIbHbIE TUPMAHAObI
Ha ONTOBOJIOKOHHOW TEeXHO/10TUU
cBA3n (akTnBHO 48 OM)

* 1 ponosiHUTEeNnbLHaA MexXxknacTepHas
rmpnadaa (36 OM + nasep)

* 1 oTAaenbHas nasepHas cTaHUnS

* [1poBeaéH NnaHoBbIM PEMOHT
paHee yCcTaHOB/IEHHOIO
obopynoBaHus

23 uroHga 2022
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I.H. 3a6opos - Baikal-GVD
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750m —

525m |
36 OM "‘.‘

1275m
1366 m —

Baikal-GVD construction status 2022 and schedule

- . .
a o -—
- o~ >
N, )
-!!gg!: \‘.=~' ik

f540 m
F Ostank no

é

- @

(e
L JCHCON JORCH

(G
(I‘

(l‘
(GG

10 clusters + 1 special string (laser+36 OM)

+ 2 experimental strings + 4 laser stations

23 urousa 2022

2016

2017

2018

2019

2020

2021

2022

Laser
station

Deployment schedule

Year Number of | Number of | Number of
clusters strings OMs

2016
2017
2018
2019
2020
2021
2022
2023
2024

2 16

3 24

5 40

7 56

8 64
10 80+3
12 96
14 112

576
864
1440
2016
2304
2880 + 84

3456
4032

Effective volume 2022: 0.40 km® (cascades 100 TeV)
I1.H. 3abopos - Baikal-GVD
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Xapaktepuctukm getektopa Baikal-GVD
N NepBble pe3ysibTaThl
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Single-cluster tracks

v Low energy threshold
v Optimal sensitivity to
nearly vertical tracks

v 90% of recorded track
events

v High energy threshold
v Good energy resolution
v Relatively rare events

Event types

!

I.H. 3a6opos - Baikal-GVD

Multi-cluster tracks

v Moderately low energy
threshold

|~ Optimal sensitivity to

inclined tracks

v 10% of recorded track
events

Multi-cluster cascades

v Very high energy threshold

v Excellent energy
resolution

v Very rare events
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Neutrino effective volume for tracks (one GVD cluster)

C")_| 1OEIIIIIII T T TTTTT T T TTTTT T TTTTT T IIIII:I_:
£ - . : =
3 - Baikal-GVD single cluster 0.35 km? .
) {L..C0s B < -0.5 :
g 10_1 i ﬂne‘eé st "“____. |
) = \(\\5-' e = KO =
> = . i (\5\(\) -
S - e -
2 102k e At =
° - / after quality cuts
.g 1 0_3 ; P (low energy analysis) ;
c B _
g 107 = : / =
E = / Eur. Phys. J. C 81 (2021) 1025 3

10_5 I‘:I‘IIIII | [ | L1 LIl | [ | [
102 10° 10* 10° 10°

23 uroHga 2022

neutrino energy [GeV]

I.H. 3a6opos - Baikal-GVD

effective volume [Mm”]

Energy threshold ~ 200 GeV
(higher than in ANTARES)

Fully efficient at E > 100 TeV

10*

1032___ -

?(MSNeT / ANTA_F{ES Pre[iminary
- ARCA (1 block) |

=
- :
__,..-t-'
——
-
--'"
=

o i e e

: -
s g

—— —

— «}M cC
= [—— CCl

ETTT AR B RS REETT] R SR |

10% 10° 10*

10°

108

neutrino energy [GeV]
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Expected performance for tracks

Angular resolution Energy reconstruction
4 S'10° = BalkabGVD MC; pretiminary: -
Baikal-GVD, single-cluster MC 2019 ﬁ = ; : =
3.5 atmospheric neutrino, E > 10 GeV g .
m.-. b

X*-based reconstruction

n
3

median resolution [deg]
N w

10

5E N ey
1
0.5F
:||||\\|||||\‘||||‘\|||||\\||||||||\|||||\\||||| : S 71{] T II1'02
100 150 200 250 300 350 400 450 500 550 E {TeV}
track length [m] =
Improvements expected from likelihood- energy resolution ~ factor 3 at E ~ 100 TeV

based reconstruction (under development)  (¥34% containment band)

G. Safronov @ ICRC 2021
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Atmospheric muons with Baikal-GVD (single cluster)

Before quality cuts

Data taken between Apr 1 and Jun 30,

S Balkal GD, 2019 2019 with 5 clusters
. 10 3 323 d. single cluster livetime
@ ~
:j‘ B e ~ 9 800 000 events reconstructed
- 00 with at least 8 hits on at least 2 strings
% E —®— data .
i Good agreement for cos(zenith) > 0.2
; MC underpredicts the rate of
10°E misreconstructed events
;.’“,.0 in the upgoing region by a factor of 3.5
- (under study)
NB: most of these events are muon
1O§_Ii :I | .I l i.l.l :lsl”E l.l 1| . l.I: i I . i | I :5 I. I I 1 I bundles (average mu“:IpliCity - 10)

406 o8
COS(0,¢ i) Eur. Phys. J. C 81 (2021) 1025
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rate [ev. per year per bin]

Atmospheric neutrinos with Baikal-GVD (single cluster)

upgoing: 0 > 120°

10° Bakkal-GVD, 2019 ?Z Baikal-GVD, 2019
C 323 d. single cluster livetime E. - 323 d. single cluster livetime
N S B
% atm. neutrino MC z\ .
B — atm. muon MC, scaled x3.5 i 3 & atm. neutrino MC [
e T qut o o e MC expected: 43.6
- . * atm. neutrino: 43.6
I * atm. muons: < ~1
10k Observed events: 44
i \_
:M Lol +|[ t&ﬁ&. I R R R AR R S
2 3 0.4 0.2 0
1 10 10 10
Q/ndf COS(@zenith)
Median energy of this sample = 500 GeV Eur. Phys. J. C 81 (2021) 1025

23 utoHs 2022 I1.H. 3abopos - Baikal-GVD 34 of 51



IS

iImproved analysi

Baikal-GVD, 2019, recFeb21_run3,

Atmospheric neutrinos

Baikal-GVD, 2019, recFeb21_run3,

preliminary

326 d. single cluster livetime

-
N atm. neutrino

Baikal-GVD, 2019, recFeb21_run3,

-0.4

-0.5

[uig Jad Jeah Jad "Ad] a1l
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< atm. neutrino

AN\
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16

[uig Jad Jeak Jad "Ad] alel

preliminary

atm. muons, scaled x2.39
=~ atm. neutrino

0> 120°

326 d. single cluster livetime

1| __::__ | ?_:,__ |

0.6

0.4
BDT response

0.2
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-04

< )
o o

102
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o
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-0.6
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possible background
kcontammatlon under study Y
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- 0
© E
s 9
me
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< 2
Q QO
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(MO
™
({o)
o
i\
|
(q\]
o
(q\]
O
o
O

Hit finder: efficient hit-finding algorithm [PoS

Track fit: x2(t) - based fitter

Neutrino selection: boosted decision tree classifier (BDT)

based on 15 track quality variables

G. Safronov, Neutrino 2022

I1.H. 3abopos - Baikal-GVD
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cluster 3, run 122
evt. 1549343
0o = 169.78°

Nstrings = 3
Niies = 19
23 urons 2022

Track-like neutrino candidate events late

cluster 1, run 157
evt. 1414137
0, =161.78°
Nstrings =2

N = 15

ILH.

'
et o

\
o o OO
o

cluster 4, run 99
evt. 438088
0,4 = 162.22°

N =3
Ny =18

3abopos - Baikal-GVD

strings

cluster 5, run 162 ea”y
evt. 1939721
0. = 148.07°

Nstrings = 3
N =13

hits

36 of 51



Multi-cluster track events

Example of a downgoing muon bundle event in real data

Iate % median
g 68% containment
= 10 s
6 T =— 95% containment
g Q
€
=
< 1000 (TeV) 7
107 R TR T R —
track length (m)
Median energy ~ 4 TeV
earl -
Y Work in progress !
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Cascade analysis : effective area and rates

Assumption for astrophysical neutrino energy

Analysis sensitive to all-flavour CC
and NC interactions over the whole sky

neutrino effective area for cascade detection

od -
= - All sky 7 clusters ]
S 10} o Tl
@ _f_-“f—;—____
z e
O - — —
£ ok
W 107t iz
iy ___ - 3 « , "
W1 2 25 3 35 4
Glashow resonance not included Ig(E/TeV)

Effective volume for E > 100 TeV ~ 0.35 km?

23 urousa 2022

Events per Year

— bt
~=-'I" [—]
s -

—
<=
o

107

I1.H. 3abopos - Baikal-GVD

spectrum (lceCube fit):
4,1¢10°E24%GeVicm?2stsrt

Expected number of cascade events per year

— i All sky, 7 clusters
B — = -2.46

B . I —— E N, > 20
: | T

3 ! ——

I Vv ——
| | B atm ]
: |
i I
2 I

|

I

|
E P | I ' ' ' | f .-
1 1.5 2 2.5 3 35 4

lg(E/TeV)
3-4 ev/yr with E_>100 TeV for 7 clusters
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Cascade analysis performance

0.08 I

E GVD cluster E=100 TeV E 0.165 GVD cluster h400 i
= 007 = b Mean 001348
® S 0.141 RMS 0.1517
= 0.06 =
S = 0.120
s 0.05 = 0.1
0.04 E 0.08
0.03 2 0.06
0.02 = 0.04]
0.01 0.02}-
b5 10 15 20 25 30 35 40 0108060402 0 02 04 06 08 1
Mismatch angle, degree loglO(E_ /E;)
Directional resolution for cascades: Energy resolution : 8E/E ~ 30%

median mismatch angle ~ 4.5°
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Cascade analysis : data and MC

Preliminary
Data from 2018-2021, livetime: 5522 days single-cluster equivalent
MC atmospheric muons - Corsika 7.74, Sybill 2.3c, protons, Ep >100 TeV
MC atmospheric neutrinos — L.Volkova (1980)
z 10° - E>40 TeV  Ny;>19
§ —+
= 10 + data — Ham
B — data
1t -+
L F u 135 events with E > 40 TeV
107 ¢ am T 23 events with E > 100 TeV
1072
103 83 55 54 56 28 3 33 34 3% 38
logl0(E/TeV)

JETP, 134 (2022) 399
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All-sky search for HE cascades

Additional selection requirements:

(N Type 2=0,Erec=70TeV)or

(N Type 2=1, Erec=100 TeV),

(N Type_2 — number of hits in time interval
where hits from muons are expected)

Expected:

8.7 events from atm. muons

0.8 events from atm. neutrinos

7.8 events for lceCube’s E246
astrophysical flux

Found in real data: 16 events

Probability for the background-only
hypothesis (stat. errors only)

P-value = 0.033 (2.13 0)

23 utons 2022 I1.H. 3a6c¢

Preliminary!

2 10
E>70 TeV

N,;>19

Event

1

10!

1072
—3
10 2 2.5 3 35 4
laaclNT/MaVl)
‘3 = all sky E>70 TeV N, ,>19
e r
=L
107!
102

—0.8 0.6 04 0.2 0

0.2 04 06 08 1
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Search for upward moving events

Additional selection requirements:

E>15TeV &N, >11 & cosO, < -0.25

Expected:

0.95 events from atm. muons

3 events from atm. neutrinos

10 events for lceCube’s E246
astrophysical flux

Found in data: 11 events

P-value = 0.00268 (30)

23 utons 2022 I1.H. 3a6¢

43 E>15TeV €0s8;<-0.25 N, =>11
o data
= 1 MC

10!

1072

1073

1.2 14 16 1.8 2 22 24 26 28
loglO(E/TeV)

% 10} E>15TeV €0s8,<-025 N>11
) E
o -
L N

-1 09 08 07 06 05 04 0.3
cos 8,

Preliminary!
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First upward-going cascade event
GVD2019 1 114 N

Preliminary

Sky plot of y-ray sources

(credit: D.Semikoz, A.Neronov)

Cluster 1
Upgoing (19° below horizon) = May 23, 2019

. :
Contained event (50 m off central string) :

known sources in 3 degree circle:
Excellent candidate for a neutrino event of PKS 0302-16 : unknown type of source

astrophysical origin PMN J0301-1652 : unknown type of source
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Second upward-going cascade event

Energy E = 224 TeV (x30%);
distance from central string
r=70m;

Zenith angle = 115°
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Sky map with 10 Baikal-GVD cascade events

Sky map with 10 events 2018-2020

Background image:
Fermi LAT

Green circles:
Baikal-GVD
events 2018
(50% and 90%
C.L. regions)

White circles:
Baikal-GVD
events
2019-2020




A 1 PeV cascade event (downgomg) P,e,,m,na,y
GVD_2019 112 N

RX ]1451.4+6354
W

Fermi-LAT, E>30 GeV
1202.3

52246129 : i !
S.1409+625

o .
SDSS 1145852 5 «izléiijﬁ%z.?b“m*%“

NVSS ]

@

3
‘ s B1529+5746 6C BA34209.5+581020
: a o ES 14214582 o i )

- ' F s I;HSS RX J1331.0+5655
i GB 150§+5714 . 1ol o
p- 4 :

0 o - 1860 i

-' i 4 1

Fia- TXS 13324567
RBS 1409
. ey KR .
876836835 H55656

3768 A 2 B R s

=
-
)
'-
?. &
® 87GB 132842.6+

% i CLASS J1333+5(
™S lﬁf"ilé ¢ P
RGB J14%8508 NVSS 1143217+505603
% ¥ SDSS 1141302.28+501927.4
GB6 11439+4958 &

Fermi sources in 5° circle:
Energy E = 1200 TeV (x30%) RBS 1409 BL Lac z=unknown
Distance from central string r =91 m 1ES 1421+582 z=unknown
Zenith angle = 61° both with hard spectrum
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Event doublet near Galactic plane Preliminary

y map of Fermi sources LS| +61 303 and the two Baikal-GVD events

75

70

65

Declination (°)

60

55

50

70 60 50 40 30 20 10

LSI +61 303 - y- ray active microquasar ront pscensten

3.1° from GVD_2019 153 N and 7.4° from GVD_2018 656 N

Using PSFs of all 10 events the chance probability to observe such a doublet
near LS| +61 303 was estimated: p-value = 0.007 or 2.7 o (preliminary)
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have been analysed

3 potentially interesting events

GVD follow up of ANTARES alerts

Following ANTARES upgoing u alerts (E> =7 TeV)
Time windows: £500 sec, £1 hour and +1 day
Both upgoing and downgoing cascades are looked for

Since Dec 2018, 60 alerts

ANT | GVD | T-T,.. | Energy,
alert | cluster hours TeV

AT 3 +20.8 13.5

A7 3 -23.2 158

A7 2 -3.2 2.9
Al5 2 +20.4 3.0
Al5 3 -0.64 3.98
Al6 2 -18.7 3.99
Al6 4 -14.35 3.89

23 nroHs 2022

180
160
140
120
100

Zenith

TTTTTTT
S

/

— ANT-7
ANT-15
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/
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/
/

Source visibility

\
wfe Start ANT-7

Start ANT-15 P
S

o

ok Start ANT-16 / o

80
60
40
20

OO

Ll
50 100

150 200 250 300

No prompt coincidence in time and direction

was found

O. Suvorova et al. @ Neutrino 2022
O. Suvorova and A.Garre @ ICRC 2021

I1.H. 3abopos - Baikal-GVD

[
350
Azimuth
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GVD follow up of IceCube alerts
Since Sep 2020, following IC alerts (GCN / upgoing muons)

No statistically significant coincidence was found in

this analysis, except possibly IceCube-211208A
(see next slide)

90% upper limits derived for E-2 spectrum, equal
fluence in all flavors, for E 1 TeV — 10 PeV and
+12 hr interval

Baikal- GVD upper limits

: £ ‘ | : ‘ .
5 osf '0200929A IC204014A IC2009265 E
> L —
5 L -
® - .
& o+ E
[N} C .
1'5:_ |0201.021A ICZOO%HA_:
[IC200926A IC201007A |C200916A  IC200921A .
L ® ° ® ° .
11— =
0.5 E
ob— 1 )]

0 10 20 30 20

180
160
140
120
100
80
60
40
20

Zenith
HERN

}JIH‘HI_

_\I\l\l\‘\llll\\‘l HI\N#\}I

\I\l\l\‘\llll\\‘l I‘I\I‘I\I‘IH‘HI

L v b Py T IR R I S IR R I
50 100 150 200 250 300 350
Azimuth

OO

A.D. Avrorin et al., Astronomy Letters,
Vol.47, N 2, 114 (2021)
http://dx.doi.org/10.1134/S1063773721020018

V.Y. Dik et al., JINST 16 (2021) C11008
https://doi.org/10.1088/1748-0221/16/11/C11008
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Baikal-GVD follow up of IceCube-211208A / PKS 0735+17

Dec 8, 2021 20:02: IceCube “Astrotrack Bronze” neutrino event

Dec 9, 2021: MASTER reports optical activity of PKS 0735+17
(slightly outside the 90% IceCube uncertainty region)

.. PKS 0735+17 observed in HE gamma-rays (Fermi LAT), X-rays
(Swift XRT) and radio

... ANTARES reports upper limits for PKS 0735+17 (no detection)

.. KM3Net reports a neutrino with a background p-value = 0.14
. Baikal-GVD reports a downward-going (30° above horizon)

cascade like event 4 hr after the IceCube event from the direction

RA=119.44°, Dec=18.00°, that is 4.68° from PKS 0735+17 and 5.30°

from the best-fit direction of IceCube-211208A

EStimated energy = 43 TeV 0.0086 0.026 0.06 0.13 0.27 0.54 11 2.2 4.3
PSF 50% (68%) containment radius = 5.5 deg (8.1 deg)
Background estimate: 0.0044 events in the 5.5 deg cone in 24 hr

(2.85 0). Trall factors to be scrutinized

* PKS 0735+17 is a bright blazar very similar to TXS 0506+056 ATel 15112
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3aKroueHune

* Baikal-GVD — HOBbIV HENTPUHHbLIN TETECKOMN B 03€Epe
Bankan
- OOBEM nopsaaka 1 km3 (rno 3aBepLUEHUN CTPOUTENLCTBA)
— YrnoBoe paspelleHne nydiie 1° (ona Tpekos)

— O0OnacTb 3peHuna apdpekTuBHO aononHdaeT IceCube

* OOHapyeHbl NepBble HAMEKN Ha paHee HeEU3BECTHbIE
MCTOUYHUNKN HENTPUHO

e lnet Habop aaHHbIX ¢ 10 knactepamu (~ 0.5 Km3)
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Backup slides
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PKS 0735+17 : a neutrino-emitting blazar?

s # FemILAT (> 3005 e N. Sahakyan et al., arXiv:2204.05060
E ! ; i Hybrid-ext
c? o
E ++ +H++ — Sum  — v,
Tﬂl -+ + + ) _+_+ 10-104 == Disc e~et sec.
j — TRV PPT—— . | soDPforat=100d
;nn 41 i+ t Total Tm 10-11
£3 Pl ?
924 v i} 5
Ll‘ :‘i 910—12
- ui oo , Q9 [
‘E @ 4.5 keV ¥ Single snapshot @ |'
Im 44 : i § Total m 10—13 :
£ 3 P i ',
92 i i II 1
o 't i 10-14 ! i
51 o i :
' aié A ? —L T I'2 e N8 11 y14 117

4 ! ! + ASASSN ¢ Swiftwl 10 10 10 10 10 10 10 10
H'u,3 s i :i } + swiftB Swift M2 E [eV]
h i i i ¢ Swift U ¢ Swift W2 . . . .
5 1 , i ;;;L # : A model with PeV protons interacting with an external
2 T g ’.;.& R LTI “i UV photon field predicts ~ 0.067 muon and antimuon
Iol‘ i i . : .
= o ! * ' neutrinos over the observed 3-week flare.

59540 59550 59560 59570 59580 59590 59600 59610 59620
Time (MJD)
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Radio-Loud Broad Line

Blazar Quasar Radio Galaxy

Narrow Line

Jet — % l l / Radio Galaxy

Narrow line
region

Broad line
region

Black
hole

Accretion
disc

Dusty
torus

Not to scale! Radio-Quiet Quasar
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AGN origin of the diffuse neutrino flux?

22; A. Plavin, Y. Kovalev,
Lo Yu. Kovaley, S. Troitsky:
5% Directional association of TeV
% 2% to PeV astrophysical neutrinos
2 1% with active galaxies hosting
0-5% compact radio jets,
gij ApJ 908 (2021) 157
0.05% [arXiv:2009.08914]
0.15 0.2 0.5 1.0 1.5 2.0

Smin UY]

Figure 2. Pre-trial p-values for a range of VLBI flux density
cutoffs. The threshold values Smin split the interval 0.15-2
Jy into ten parts uniformly in log-scale. The lowest p-value
of 4 -10~* is attained for the threshold of 0.33 Jy.
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> o

terra incognita:

only revealed by
neutrinos

Distance [Mpc]

1072

T L IS V) R\ -\ X\ A\ TN AT N Y VAN TN N O TR
1010'6 10* 102 10° 102 10* 10° tighe 10'° 102 10%* 10'® 10 10%
_ _ Energy [eV] :
Universe is opaque to photons above ~100 TeV energy F. Halzen, Neutrino 2020

(Slue to interactions on CMB and EBL photons
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Neutrino absorption in the Earth

Vertical b doi:10.1038/nature24459
........................................... 180

170

0.90
Core-mantle

120
110

0.30

boundary 160 0.75 2
< 150 <

................ © 10.60 _g

o 140 g

o c

= @

" E

=

0.15
100

lceCube

90
102 108 10 10° 106 107 108

Neutrino energy (GeV)

Horizontal

23 utons 2022 I1.H. 3abopos - Baikal-GVD 57 of 51



23 urousa 2022

Diffuse neutrino flux

s 4
+ _g-_,u-) %  HESE (7.5yr, Dv, pp, >60TeV)
> ® W MESE (2yr, Xv. pp, >25TeV)
-e- ®  Tracks (9.5yr, v,, >40TeV)
3 1 A Cascades (6yr, v¢ + v, pp, > 16TeV) |

Cascades (6yr, Ve + Vi, pY, > 16TeV)

1 ~| ===- Cascades, South B
-=== Cascades, North (¢prompt =0)
------- Cascades, North

I I | : I I
22 24 26 28 3.0
Yastro

I1.H. 3abopos - Baikal-GVD
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Why two neutrino telescopes in the North

TXS05064056: IC170922A S. A. Garre et al.

. 7 x\ &
Improved all-sky coverage e s;,ﬁ?,;, i *%x S

— Important for short transients

e Sensitivities add up

— neutrino astronomy is still
limited by low statistics

KM3NeT Preliminary
ANTARES 13yr
IceCube 7yr

* Optimize local funding
opportunities

— Funding opportunities often
come with geographic
restrictions

oy
o
4

7.0yr KM3NeT/ARCA (2BB)
........................ 3.0yr KM3NeT/ARCA (2BB)

0 E? for 90% CL [GeV cm? s
I

—t

o
L
o
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Baikal-GVD collaboration (as of Feb 2022)

11 organisations from 6 countries, ~70 collaboration members

D R

* [Institute for Nuclear Research RAS (Moscow)
* Joint Institute for Nuclear Research (Dubna)
* Irkutsk State University (Irkutsk)
* 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)
* Comenius University (Bratislava, Slovakia)
* Krakow Institute for Nuclear Research (Krakow, Poland)
* |Institute of Nuclear Physics (Almaty, the Republic of Kazakhstan)
23 utons 2022 I1.H. 3abopos - Baikal-GVD 60 of 51




Absorption cross section, m*

23 urousa 2022
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Claster DAQ
center

Experimental string with optic fiber DAQ

=

Developing
technological solutions

g for second stage of
g Baikal-GVD deployment

6)% (2024+)

R

‘; s Advantages:

S * flexible trigger conditions

6@& * Improved neutrino

~ detection efficiency

I8 * Improved timing

: g‘@ s N Rt tayynggs SmpgEEEEEEEES - accuracy

s Sooi vy v TERIIEL LIURERIIIIIII NNy aray
g % * ves e e 00 a0 0000000000 ,0,%00

Section O & -7 ‘ °

@g . See poster by V. Aynutdinov
o ' @ ICRC 2021
I—@ 08-04-21  15-04-21  22-04-21 01-05-21  08-05-21
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Date
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To Shore

‘Baikal NT-200 and NT-200+
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Track reconstruction with a x*-based algorithm

Initial hit selection

'

Track prefit

v

Refined hit selection

'

Main track fit

See talk by G. Safronov at ICRC 2021

Using vector sum

Minimize quality function
Q= x*(t) + fg,r)

Time residuals  Hit charge and distance
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Neutrino effective area for tracks : one GVD cluster

_CC
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Track reco : ongoing improvements

e Event selection with BDT
- G. Safronov @ ICRC 2021

* Improved hit selection using
cligue search - A. Avrorin &

B.S
e Like
e Mac

23 uroHga 2022

naybonov @ ICRC 2021
iIhood fitter

nine learning techniques

I.H. 3a6opos - Baikal-GVD

E_=28TeV

late

early
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Reconstructed energy for tracks 9.3 TeV|

Example plot for a set of neutrino candidate events RN &

- Baikal-GVD, 2019, recFeb21_run3, preliminary e dE/dx energy /
g i 327 d. single cluster livetime eStImatOr - 1 S
s |, SR
- 10 | % NN e reutine MG * Works for S
5 F ¥ S
N\ o E>1TeV i SRR
> NN HEIE
£ N « Largest measured g
" \\\\\\\\\\\ energy N cut- AR N

NN based low-energy

RLALMNM neutrino

%\Q\\\\\\\ NN _

ANMBMDMN candidate sample: '

*§§§\§\\\ \§: \&\ cluster 1, run 84

\Q\s\\& N evt. 473478

BN 6= 165.5°
1 E_(TeV see talk by N,ings =
e a
ec (TEV) G. Safronov at ICRC 2021 Ny = 10
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Cascade analysis angular resolution

median Mismatch angle [deg]

10

Cascade angular resolution

- o for E~100 TeV: ~3-3.5[°]

B °®

B o0
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Selected events (2018-2020) Preliminary

GVD2018_354_N 118.2 72.5
GVD2018_383_N 115 73 112 35.4 1.1

GVD2018_656_N 398 64 347 55.6 62.4
GVD2019_112_N 1200 61 329 217.7 57.6
GVD2019_114_N 91 109 92 45.1 -16.7
GVD2019_663_N 83 50 276 163.6 34.2
GVD2019_153_N 129 50 321 33.7 61.4
GVD2020_175_N 110 71 185 295.3 -18.9
GVD2020_332_N 74 92 9 223.0 35.4
GVD2020_399_N 246 S7 49 131.9 50.2
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Another event of potential interest

GVD_2019_663 L1z +assn

Mrk 421 just outside the error circle
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Radio-loud blazars — promising neutrino sources

Motivated by
A. Plavin et al., ApJ 894, 101 (2020)

A. Plavin et al., ApJ 908, 157 (2021)

GVvD2019 1 114 N
radio-bright blazars nearby
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2017

2018
Date

o—
\Baikal neytring

2019

2020

Light curves of J0301-1812 measured by RATAN-600

2021
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Declination (°)

Radio-loud blazars — promising neutrino sources (2)
GVD2020 3 175 N

radio-bright blazars nearby Light curves of J1938-1749 measured by OVRO
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ARCA - angular resolution
Tracks Showers
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