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Baikal-GVD neutrino telescope

The Baikal-GVD (Gigaton Volume Detector) is a cubic-kilometer scale underwater
W neutrino detector being constructed in Lake Baikal
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The range of measured

charged cosmic ray (CR) particle energies

extends up to 1011 GeV [1020 eV]

That's an evidence for the existence of
cosmic systems accelerating particles
far beyond the LHC energy



Physics motivation Il

Probing high-energy (HE) processes in remote
gra:fitationa] systems directly is complicated
Vaves

Multi-messenger observations:

multi-
messenger
source

 Charged CR particles are deflected by

maggieti galactic magnetic fields

deflection

 VHE photons are absorbed in interactions
with cosmic microwave background (CMB)
and extragalactic background light (EBL)

 Neutrino can provide a direct probe of energy
and source location




Physics motivation Il

4 _I\
W Some of CR acceleration site candidate types

active galactic nuclei
supernovae remnants starburst galaxies

—— Jet of high-speed
particles

. Magnetic field
lines

- _ . neutron star
tidal disruption

mergers
events (TDE)
. neutronstar L
. : % merger
C mmwtionﬂl 1 < eject}
e, 9 vaves '/ —) — ' \

“ 3 | accretion, [sk.‘

. neutron star merger

radio flare
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Physics motivation IV
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Modern large-volume neutrin
Cosmological v telescopes, ~Gt H,0

Solarv
Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae

Terrestrial anti-v

Atmospheric v

Super-Kamiokande,
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Neutrino energy

HE neutrinos are produced in CR pp or py interactions
* In the vicinity of the remote acceleration sites
 With CMB along CR path (GZK effect)

* In Earth atmosphere

HE neutrino flux study is the primary goal of large-
volume neutrino telescopes like Baikal-GVD



Neutrino telescope network

e.éfr-«
Iescopés:”'f~]fkm3

IceCube 1 km3
Data taking since 2011
IceCube-Gen2 10 km3

prototyping stage

- |"' u




Neutrino detection principle

Sparse array of photodetectors in natural
water(ice) reservoir

Cerenkov light from charged particle
produced in neutrino interaction is detected

Cherenkov cone spgleric%l Chegenkog front

©} ©} ¢} ©} o ©} O ©} ©} ®

Neutrino event types:

Tracks (CC, v, v,): Upgoing muon . Cascade
« Good angular resolution: ~0.3° - 0.5° n Baikal-GVD. 'n BalkalGvh I

* Poor energy resolution: 200-300%

* |ncreased sensitive volume due to Pl IRVEE
muon propagation range SRR 1Z B @

Cascades (CC v, v, NC): ﬁ o
« Moderate angular resolution 3°-10° YN L
* Good energy resolution: 5-30% % 1R -

o R o early



e Backgrounds
W p, He, ... atmospheric L

Atmospheric muons: bundle of downgoing muons from CR

: : \ /
Interaction \)Q
 Background to all neutrino events J >
° i : 5 -,
Upgoing events have orders of magnitude less background ", atmospheric V
Atmospheric neutrino: neutrino from CR interaction
e “Standard candle” for neutrino telescope performance
 Background to astrophysical searches
10"
g Phys Rev. D 94 052001 (2016) R .
o2 ity < extraterrestrial V
‘ﬁ%: - ’ p, He, ...
107 ~ E-3.7

Atmospheric neutrino
are dominated by v, for E, > ~10 GeV
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Astrophysical neutrino diffuse flux:

 An excess in neutrino events over the atmospheric
neutrino spectrum

e Usually larger significance in cascade channel

IceCube v
AMANDA I nfoldin
AMANDA-IL v , forward foldi
ANTARES v,

HKKMI1 v 5V, (w/ 0sc.)

10°

E> @ [GeV cm™ sec! sr]
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e HE neutrino astrophysics key results

&

. _ . JHEAp 36 (2022) pp.55-110 | ' ' |
The presence of TeV - PeV diffuse astrophysical . IceCube results:
neutrino flux is established by the IceCube — a?jgsz’;‘;erfcs\?}ﬁ;
telescope with significance well above 50 ﬁ el largerinv,
(e.g. [Astrophys.). 928 (2022) 50] ) T s
©0TE T [
5 %a HESE (7.5yr)
ANTARES diffuse flux significance 1.80 T8t PptH:% Auger B~
[PoS(ICRC2019)891] % RN | -
192 -~ T "'\.\cosmogeuic
No neutrino source is established above 56 sofar .t |, [ . W, o . ]
101;5 10141 1015 1017 1018 1019
However:
* Blazar TXS 0506: 3.50 [Science 361, 147-151 (2018)]
o Seyfert Il galaxy NGC 1068: 4.10 [Science 378, 6619, 538-543 (2022)]
e Diffuse flux from galactic plane: 4.50 [Science 380, 6652, 1338-1343 (2023)]

>99% of astrophysical neutrino flux remains unexplained

Deployment of new telescopes is crucial to resolve the diffuse flux origin problem
Complimentary field of view for projects located at different lattitude and longitude
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Baikal-GVD experiment location

~
T4

e Platform “Ilvanovskaya” of Circum-Baikal railway  Water transparency:
* Telescope is located 3.6 km away from shore - Absorption length: 21 - 23 m
 Constant lake depth: 1366 - 1367 m - Scattering length: 60 - 80 m
e Stable ice cover over 7 - 8 weeks in February -

April: detector deployment and maintenance
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Detector status
&

Detector consists of 13

il @ﬁ?’ _ L ;
- ™ L 2 e (1) 2016
independent detectors - SH— - o ‘ 2 2017
clusters \n., ¢
|"| \3/ 2018
Baikal-GVD cluster: @@ 201
* 8 reqgular strings, 525 m is 6) (7) 2020
. . . \ &
instrumented with optical . B o
modules (OM) lll'l * Ll 31 an 11
* 60m radius \ b Bt ER L EERL A @O =02
* Inter-cluster strings carrying 750 m—\ i B G opfinl SERG B 1) @ 2023
: 5 : - _ -\
lasers, some instrumented : ¢ o
with OMs _— a‘ & B
* Has its own trigger system »oM 11 0@ |
. . | ! 3 A et aser
e Cluster 13: 2 strings with . [ o EEEd (EHI. K L& station
experimental high-speed DAQ  1275m | il i ose i > S
1366 M — - Ei2 il L
X | 540 M
Single-cluster and multi-cluster
event sets are available

Ostankino Tower
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section master module

Detector components

Each string carries 36 OMs
 10-inch high Q eff. PMT

e 15 m vertical step

« OM facing the lake bottom

Time calibration systems

e LED in each OM

 LED beacons at each string

» Isotropic lasers between clusters
e (Calibration precision ~2 ns

Geometry calibration system

e Acoustic modems on each string

* Acoustic polling each 1-6 minutes
OM positioning precision ~ 20cm

L optical module
4 acoustic modem

. anchor

Optical module (OM):

- aq
o, -2
SubConn connector }/ i

-

Accelerometer, 1
compass )

Steel frame ]x-R}

Hermetic seal

PMT Hamamatsu
R7081-100

{ Optical gel ]—% .

Manometer ]ﬁfﬂr& .
\ W e—‘ Vacuum valve
WAW.

Temperature
- sensor
N

OM controller

HV board

— /.

Gel lens

Calibration LEDs

Glass
hemisphere

|
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track-like event
before the noise
cleaning, data 2019

Event reconstruction |

An event is read-out if coincident signal is

found on neighbouring OM
An event frame is 5 mks

Most of pulses (or hits) in the event frame are
noise from lake water luminiscense:

Typical pulse rate 20-100 kHz

~1 photoelectron (p.e.) charge deposition
Substantial seasonal variations

Rate is larger on top layers

Challenge for our MC simulation

Variety of algorithms for noise suppression

Machine learning -based algorithm in
development: [arXiv:2210.04653]
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track-like,
data 2019

Event reconstruction Il

Time, location and deposited charge of each pulse
are used for the reconstruction

Track reconstruction

* Single-cluster and multi-cluster datasets

 Angular resolution: ~1° - ~0.25° for tracks longer than 300 m
* Energy resolution: factor 3 for 100 TeV

Cascade reconstruction

* Single-cluster dataset so far
 Angular resolution: 3-3.5° for E,;, > 10 TeV
* Energy resolution: 6E/E ~ 10% - 30% depending on energy and location

mismatch angle (deg.)

median
68% containment
10 X
L —— 95% containment
1 \
\
1071 1 1 Il Il Il Il 1 1 1 Il 1 Il Il Il Il Il Il Il Il 1 1 1
400 500 600 700 800 900

track length (m)

median Mismatch angle [deg]

—
o

Cascade angular resolution
* forE~100TeV: ~3"-3.5
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b First track-like neutrino candidate event sample

e Cut-based analysis optimized for low-energy

First set of single-cluster muon neutrino candidates is based on 2019 data

(atmospheric) neutrino, <E,> ~ 500 GeV ( ~
 Runs from April 1st until June 30th 2019 MC expected: 43.6
e Results are compared to atmospheric neutrino simulation * atm. neutrino :43.6

e atm. muon: 0
Observed: 44

= =)
£ Baikal-GVD, 2019 2 Baikal-GVD, 2019 \_ )
o 323 d. single cluster livetime 2 323 d. single cluster livetime
3 g ;
ui')-, - ‘ % 10 73: : R N atm. neutrino MC
2 10 [ atm. neutrino MC QAW
= o o ko —&— data
&, ® —e— data 9, R
s | e | Excellent agreement of
MC expectation and data
1k
N 1_ -
4
RN [Eur. Phys. J. C 81, 1025 (2021)]
AR A Y J TR IR T R SR ]4 IJl\ I\I<1 w]\ AN RN N T N B
-1 -0.8 -0.6 -0.4 -0.2 0 8 10 12 14 16 18 20 22 24 26 28
Cos(@zenith) Nhits

Sucessful Baikal-GVD performance validation
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Track-like event analysis progress

preliminary
An improvement in sensitivity by more than a factor of 2 with recent . d
developments

Improvement in noise suppression techniques

* Improvements in reconstruction accuracy L
* More efficient neutrino selection using boosted decision trees (BDT) * Ly
e Multi-cluster reconstruction Dot :
Massive single-cluster and multi-cluster data/MC reprocessing is ongoing ¢ :
3 i3 :
A b A% :
" ® .
Preliminary: spectacular event with high probability of astrophysical origin it ‘i
Season 2019, Cluster 3, run 590 ’,1 ; $
0, = 153.4° Signalness [Nactro /(Nactrot+ Natm) 1: >88% R IS
this =3 2R B
E cc = 103.4 TeV Angular resolution: 0.45 (50%) R L& ;:;
[68% Cl: 24.9<E<266.3 TeV] : @
Track length: 332.4 m ™
J ;

Stay tuned for new results!
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Track-like event multi-cluster analysis

¢ Track-like multi-cluster analysis
e® o _ unlocks the full Baikal-GVD
: ' 3 potential in angular resolution

i 991 First multi-cluster neutrino
S FE S candidate events start to
va appear:

RS | | PSR
©
[}
11 0:09 - 000 8

. L. Qo= =P 0 - =P 0, -0 8, -0 0, .0 8 .8 . L o L o
Q00
e
°

§ il i AN il Summer 2019
Pass —== H 8 Plies i G Clusters 1 & 4

=== = g 6, = 125.6°
= === Niis =10
et : 40 s track length =399 m
SRS ot Eec < 1TeV

00
by e
oo Rttt | I

selected hits all hits in the event
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Diffuse flux in cascades |

O

Majority of the Baikal-GVD data were processed with HE cascade analysis algorithms
Four years dataset: 04.2018 - 03.2022

14328 events E,>10 TeV, Ny > 11 All sky analysis:
after quality cuts * Esn > 70 TeV, Ny > 19
16 events were selected

8.2 background ev. expected
« 7.4 Matm: 0.8 Vatm
5.8 v, €V. expected
Largest energy event: ~1.2 PeV

92x10"
10*

All sky diffuse flux significance: 2.22c

Events per bin

1.82022 2426 2.8 3.0 3.2 34 3.6 38 4.0 [Phys.Rev. D 107, 042005 (2023)]
IDgl(}(E:;hl TeV)
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Analysis of upward-going events

Events per bin

Diffuse flux in cascades Il

Zenith angle cut: cos(0)

Loosened cuts: E, > 15 TeV, N,y > 11

11 events selected

3.2+1.0 atm. background ev. are expected

* 0.5 Hatms 2-7 Vagm
Highest energy: 224 TeV

< -0.25

2
105 ¥ T t I X T T T Y T LA

Ll .

1.2 14 16 1.8 2.0 22 24 26 2.8 3.0

log (£ ./ TeV)

1
2X1 0 T T T T T T v T v T J T ’ T
1 01 |- Vﬂsli'()—'_ Vﬂ[[11+ lJl-‘ilLIIl ------ astro |
[ |:| Hatm - Vatm
i e data
g
o=
£ I
-
2 = I
L———
'E i OD 4' e Eaaieiety ==
3 R rasinsia ' : i —— t ! ; =
> (]
=

10™

Significance of diffuse flux in
upward-going events: 3.050 !

Main uncertainties

e Absorption length 5%

e OM sensitivity £10%

* V,m flux normalisation £15%

-1.0 -09 -0.8 -0.7 -0.6 -05 -0.4 -0.3

[Phys.Rev. D 107, 042005 (2023)] cos 0
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Diffuse flux in cascades Il

astro

. ) _ EL, —Vastro
Extraction of spectrum power and flux D7 =3 % 10780, 1m0 ( )

normalisation: E
C S E . .
_1_2: i = = Baikal-GVD (2018-2021, Upward-going)
w T F = this study, best fit
S YF E lceCube HESE (7.5y, Full-sky)
35 £ = Phys. Rev. D 104, 022002 (2021)
3 ~§— —; IceCube Inelasticity Study (5y, Full-sky)
)5 £ ke Phys. Rev. D 99, 032004 (2019)
5 | = E IceCube Cascades (6y, Full-sky)
s = = Phys. Rev. Lett. 125, 121104 (2020)
T E 3 IceCube Tracks (9.5y, Northern Hemisphere),
1€ E The Astrophysical Journal 928, 50 (2022)
0.5 ';_ | ; | _g ANTARES Cascades+Tracks (9y, Full-Sky)
[ S S R A PoS(ICRC2019) 891 (2020)
2 2.2 24 2.6 2.8 3 32

Results are in agreement with previous measurements by IceCube and ANTARES

First “non-lceCube” evidence for diffuse v_,, flux at above 30 !

[Phys.Rev. D 107, 042005 (2023)]
21
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Cascade diffuse flux update

Preliminary: An update of analysis adding data from 04.2022 - 03.2023

(10 cluster detector)

* Significance of the diffuse flux 4.31c (statistical only)

T T
l

—J( preliminary
in 1 ‘ data

Events per bin

107"

Vastro

o il o Lo Lo
1 12 14 16 18 2 22 24 26 28 3
log, (E_/TeV)

10

—h

Events per bin

107

- preliminary

JP

-1 -0.9-0.8-0.7-0.6-05-0.4-0.3




@

Declination (%)

[arXiv:2307.07327]

= SIMBAD PSR RX]0148.9+6121 XTE J0421+560
T LSi+61 303 ¥ RX)0146.9+6121 V 0332+53
¥ Swift J0243.6+6124 T IGRJ01583+6713 * NGC 1569

75 A

70 A

o
[

(=2
(=]
\

5]
%

w
(=]
L

45

T - T T T
80 60 40 20
Right Ascension (°)

Three events close to
the Galactic plane (grey line)

The red plus and circle - IC hotspot
[Aartsen & et al. Ap), 835,151 (2017)]

Intriguing coincidence in view of
recent IC statement on diffuse flux

from galactic plane [Science 380,
6652, 1338-1343 (2023)]

15°

-15°

HE cascade sky map

Best fit positions and 90% angular uncertainty regions

7590 -
45° )

T o
150° 120° 24d:°,\\, 210°
X
-30°
-45° *
5 ] Galactic plane
91 TeV

E,ec < 100 TeV

color represents energy: 100 TeV < E, < 200 TeV
200 < E,eco < 1000 TeV
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Cascades: TXS0506 coincidence

Upgomg cascade analysis, highest energy event (18.04.2021):

224 TeV, 24 hits

e’ ib2igisca « Neutrino source candidate TXS 0506+056 is within 90%
" e containment circle
. i  Signalness: 97.1% (probability of astro origin)
2  Chance coincidence probability (E>200 TeV): 0.0074
88 86 84 82 80 78 76 74
RA (°)
8 IT- Fermi—lLAT | ? | i§l § |
|« RaTAN-600, 11cGHZ| | 5 g g 1, Analysis of RATAN-600 radiotelescope data
6 k {g " (11GHz) showed increased activity
S * / ¥ | = e |C event registered during y flare
4 I t I * Baikal event during radio activity
+ | * x R ! « Probability of IC non-observation: 11%
° r e o 04 & ' l d. ':A#t
; W l.«_w*,l,wf " ﬁ' #r&ﬁ&&{,j ’qi.*.ot‘ro” 1 [arXiv:2210.01650]
2010 2012 2014 2016 2018 2020 2022
Epoch (yr) 24



e Follow-up program
&Y

Baikal-GVD follows reported multimessenger high-energy events, e.g.:

GW170817 Neutrino limits (fluence per flavor: v, +7,)

GW170817 (LIGO/VIRGO) - neutron star merger, first 10°F | NTARES [£500 sec time-window |1
gravitational waves detection associated with y/optical/radio — Bakal 1 .
signal: time-integrated flux (fluence) limit is set 101} rcecube C— [T — S

[Phys. ReV. Lett. 119, 161101] -
[JETP Letters, v.108, issue 12]

-
=
T2

Kimura et al.
EE moderate 4

E*F [GeVcm™2)
=)

102 FKimura et al. P .. Kimura et al}

0 EE optimistig | m | 0 Iprompli
103 L ]
Radio-burst from magnetar SGR 1935+2154 (28.04.20) . Baikal i I
* IceCube fluence limit: 5.2*10-2 GeV*cm-2 T AN-.-E{_
« ANTARES fluence limit: 14 GeV*cm-2 g 1_'_1—
. . . L IceCube ane &
e Baikal-GVD fluence limit: 2 GeV*cm-2 [pos(ICRC2021)946] o, 10° e
‘E}‘ 1 30 days ]
= 10 Fang &
1021 A Metzger |
14 day time-window | 3 days
0 167107 105106 107 105 107 100 10"
E/GeV
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Dec. (°)

35

25

20

Zenith, deg
,.\ \g\&ir\‘a I \:

\‘HJ

"' 'downgoing'’

———— 1C220317A Bronze

1C220509A Gold
1C220513A Gold
1C220524A Gold

IC astrotracks 2022

e e b e e b e b g

T T
1C220306A Gold 4 Start 1C220306A
Start IC220317A

1C220405A Bronze B Start IC220405A
——— 1C220405B Bronze il start IC2204058
1C220421A Bronze W Start IC220421A
————— 1C220424A Gold B Start IC220424A
1C220425A Gold Start IC220425A
1C220501A Bronze Start IC220501A
Start 1C220509A

\‘H]'\‘H‘\H‘H\

Start IC220513A
Start 1C220524A

H\‘]H‘[H‘H\'\

OO

50 100 150 200

Azimuth, deg

«

x

=

BL Lac object PKS 0735+17, optical flaring MJD 59523.56

leaCube astrotrack, proxy 172 TeV, MJD 50556.83

Baikal-GVD cascades, 43 TeV, MJD 595566.99

Baksan, upgoing muon, > 1GeV, MJD 59552.62

IIII]]J]IIIIIIIIII!|Iil[llllI

10 15 120 125

R.A. ()
[PoS(ECRS2022)0961]

Neutrino alert exchange

Alerts: events with a high probability of astrophysical origin
distributed between telescopes

Baikal-GVD alert system

* Simplified extrapolated calibrations

* Processing delay 3-10 minutes

 Planned to be deployed at the shore to reduce delay
* Presently internal distribution of alerts

Follow-up of IceCube and ANTARES alerts

60 ANTARES alerts followed, 3 correlated cascades
[PoS(ICRC2021)1121]

Follow-up of IceCube “astrotracks” events (~20 per year)

e On 8.12.2021 detected cascade from the direction of blazar
PKS0735+17 in coincidence with IC211208A

 Delay wrt. IC: 3.95 hrs., E ~ 43 TeV

* Pre-trial significance: 2.850, later reduced to 1.130

» Astrotelegram published:

https://www.astronomerstelegram.org/?read=15112
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Summary

Baikal-GVD has reached ~0.5 km3instrumented volume:
96 strings carrying 3456 OMs

Baikal-GVD is joining the astrophysical neutrino origin quest

* Telescope performance was validated with the atmospheric
neutrino flux observation

* First high-energy events are selected in track-like event
analysis

« HE cascade event analysis confirms the diffuse flux
observation at the level of 3.050

 Experiment participates in high-energy alert follow-up and
alert exchange
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Neutrino as cosmic messenger

radio/microwave infrared/optical X-rays gamma-rays neutrinos cosmic-rays

o

o

cosmological max of star formation | y absorption due to
3 = . . .

10 interactions with
= 102 cosmic microwave
g_ nearest blazar background (CMB)
= 10' |-

@
o
S 100
® nearest galaxy Galactic and nearby
0 10'F sources are accesible
. with very high-energy vy
102
galactic center
10.3 | | 1

1 | 1 1 1 1 1 | 1 | |
10¢ 10* 102 10° 102 10* 10® 10® 10" 10' 10" 10" 10'® 10%
Energy [eV] TeV PeV

Neutrino propagates to cosmological distances and points to its origin



Baikal-GVD 2023
top view




Baikal shore center

Power distrubution

Data readout hardware/software
Data-taking management (shifter)
Data quality control

Long-term storge of raw data

Fast reconstruction (to be deployed)

Data stream

Raw data are transferred from the Shore center to JINR

Shore center = Baikalsk: 300 Mbit/s radiochannel
Baikalsk = JINR: Ethernet

Compressed data volume ~40GB per day per cluster
Full-scale reconstruction at JINR

Delay due to shore = JINR data tranfer: < 1 min
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