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Location

Water transparency:

Platform “lvanovskaya” of Circum-Baikal railway
- Absorption length: 21 - 23 m
- Scattering length: 60 - 80 m

Telescope is located 3.6 km away from shore
Stable ice cover over 7 - 8 weeks in February - April: detector

deployment and maintenance

Constant lake depth: 1366 - 1367 m

VA year 2018 image
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Basic components

String: Optical module (OM):
Each string carries 36 optical modules

T 00 (OMs) ( I )
Manometer #
720 m * 10-inch high Q eff. PMT ; /.\ g e—[ Vacuum valve

I— be - « 15 m vertical spacing SubConn connector ]/ %‘M :
R « OM facing the lake bottom \[ Temperature
E“” J [ Accelerometer, 1 sensor
180 m - compass ) , |
C® o . . . :
:” Time calibration systems < OMcontroller |
T 'Ji « LED in each OM Steel frame ]\ | T baard ]
e . e LED beacons b 4 'Y
180 m o8 5 * Isotropic lasers between clusters Hermetic seal
3 « Calibration precision ~2 ns . a
. [ PMT Hamamatsu -~ ;)}' <—[ Gel lens
i 8 R7081-100 iy b
e : : . O
s Geometry calibration system
® - . . b H s
180 m o2 S « Acoustic modems on each string - Calibration LEDs
sz . itioni ision ~ Optical gel ]——> ‘
5 OM positioning precision ~ 20cm k Ng‘;j |
T e ( > Glass |
75 m i Nl T ¥/ hemisphere |
¥y
0 buoy L optical module
o string master module i acoustic modem
® section master module - anchor



Detector status
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- @ 2016
Presently detector consists of 110 ! el 2 2017
strings arranged into 14 -
independent detectors - clusters 3 2018
« 3960 OMs in total
e 2019
6 (7 2020
Baikal-GVD cluster:
. 8regular strings, 525 m is 8 2021
instrumented with optical
9 (10
modules (OM) S Y 202
« 60m radius 1 12 2023
« Inter-cluster string carrying o
lasers, some instrumented with J3, 14,
OMs J 2024
E EXP
« Has its own control, trigger and | =~
readout systems SO cer
55 (5 S .
WSS station
2 AL

Additional cluster “EXP”:
» 4 strings with experimental
high-speed DAQ

Ostankino
Tower

540 m
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Expedition 2024

Succesfull 2024 deployment campaign 16/02 - 07/04
« 14 regular strings carrying 36 OMs installed
» 2 strins added to experimental (“optical”) cluster O

* Pilot string for HUNT project

Cable
Electronics
Manometer
HV/LV module
Divider

20inch PMT

23inch glass sphere
Geomagnetic shielding
Optical Gel

HUNT - next generation

neutrino telescope project
[PoS(ICRC2023)1080]

OMs based on
20-inch PMT

Pilot string with 12 OMs
deployed as a part of
experimental cluster in joint
IHEP (Bejing) and Baikal-GVD
effort
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Data flow

&

Each cluster is connected to
the shore center with opto-
electric cable

* Power distribution

« Data transmission

Cluster

Shore hybrid cable,

6 optical fibers,

6= 7 km lcngth

Baikal shore center:

* Power distrubution

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

* Long-term storage of raw data

» Alert system (to be deployed)
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monitoring

§
3 ;
dinat N
coordinates Production

Data \ Muon
DataBase Single Cluster .‘_ Noise uon Trac -

Event Building Ll Suppression econstruction Neutr.\no

Monitoring Selection

Hit

Extraction Results

Multi Cluster Noise Cascade Neutrino
et Calwbratlon | e —escade, :
Event Building Suppression Reconstruction Selection

o
BARS Framework
T Data Base DashBoard

PyBARS Automatization > S > L]

Data flow

Raw data are transferred from the Shore center to

JINR

« Shore center = Baikalsk: 300 Mbit/s radiochannel

 Baikalsk = JINR: Ethernet

« Compressed data volume ~10-40 GB per day per
cluster

* Full-scale reconstruction at JINR

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

JINR computing farm:

* Long-term storage of raw data
« Event reconstruction, storage
« Databases

« Alert workflow

« User analysis



Event reconstruction

-0 - 0060 -
Y Y =
o @ o -o-o-o—v

. n
L Cluster event is read-out if coincident signal is € 10"
. ¢ found on neighboqring OM 8 102
» An event frame is 5 us
e 1073
*° ¢
@ g 10
°? %).? o Most of pulses (or hits) in the event frame are noise 1078
RIN <1 Y
e é from lake water luminiscence: 107
*9 \:{8 4 « Typical pulse rate 20-100 kHz L.
- Yo i « ~1 photoelectron (p.e.) charge deposition 0 5 10 15 2 Cﬁgrg g([)phgt%-eli%trof]
o:? ®)\ : * Substantial seasonal variations
o0 %\ 9 » Rate is larger on top layers — - , ‘ .
?Q? o | @ :'El 300~ —— 1200 m .
o). o° \9® e~ - — 1110m .
°s’ %o \8 < 2501 020m -
o i\ Challenge for our MC simulation © F — 930m .
o @ = 2005 840 m ]
REEETTIEE. _ _ : : - — 750 .
Lol gl @ Variety of algorithms for noise suppression -g 150 | " N
L% e z N :
SR Machine learning -based algorithm in development: 100F ‘ J\ =
etz o), [arXiv:2210.04653] 503_ W ) g " o ’
. N" 4 \ / 'l

2018 04 2019 01 2019 10 220 07 2021-04
track-like event before Time

the noise cleaning,
data 2019 8
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Event reconstruction

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

Track angular resolution:
~0.8° - ~0.2° for tracks longer
than 200 m
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Event reconstruction

&

Track energy resolution:

Eactor 3 for 100 TeVV muon Cascade energy resolution:

OE/E ~10-30%
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Results In cascade channel
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Search for diffuse astrophysical neutrino flux

&

Most of the Baikal-GVD data were processed with HE cascade analysis algorithms

Four years dataset: 04.2018 - 03.2022

14328 events E,,>10 TeV, N,, > 11 after quality A” -sky analysis:
cuts E.,> 70 TeV, N,;; > 19

« 16 events were selected
« 8.2 background ev. expected
* 7.4 Ugtm 0.8 Vg
* 5.8V, €V. expected
« Largest energy event: ~1.2 PeV

9x10"
10

10

10

Events per bin

All-sky diffuse flux significance: 2.220

[Phys.Rev. D 107, 042005 (2023)]

o
1.82.022 24 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0

log, (E,/ TeV) .
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Search for diffuse astrophysical neutrino flux

Analysis of upward-going events Significance of diffuse flux in upward-
« Zenith angle cut: cos(0) <-0.25 going events: 3.050 !
* Loosened cuts: E,, > 15 TeV, N,; > 11
« 11 events selected Main uncertainties
« 3.2+1.0 atm. background ev. are expected « Absorption length 5%
* 0.5 Ugytrr 2-7 Vaim * OM sensitivity +10%
« Highest energy: 224 TeV * V., flux normalisation £15%
1025 T N e e e e e P e 2X101 T T Y T v T v T ’ T J T : T
E : 1 Vaslr0+ Valm+ Magm 777777 Vastro
ol O I I ‘-
F T [« data ]
£ R= +
e S N o) T [
= 10 5 . - -
2, 8, . .
= =
10”
10-3
1.2 1.4 16 1.8 20 2.2 24 26 2.8 3.0 1.0 -09 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3

log, (£./TeV) [Phys.Rev. D 107, 042005 (2023)] cos 0
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- - - B _ E —Yastro
Extraction of spectrum power and flux normalisation: ®..7, =3 x 10 S bastro ( ”)

Ey
O 5 ¢ = _
-+£3 45 = E Baikal-GVD (2018-2021, Upward-going)
W Tk - this study, best fit
S Y E IceCube HESE (7.5y, Full-sky)
3.5 — Phys. Rev. D 104, 022002 (2021)
3 —;— —; [ceCube Inelasticity Study (5y, Full-sky)
)5 E = Phys. Rev. D 99, 032004 (2019)
5 = = IceCube Cascades (6y, Full-sky)
s - = Phys. Rev. Lett. 125, 121104 (2020)
T E - [ceCube Tracks (9.5y, Northern Hemisphere),
1E E The Astrophysical Journal 928, 50 (2022)
0.3 ';_ | | _g ANTARES Cascades+Tracks (9y, Full-Sky)
0+F——— L b L e | PoS(ICRC2019) 891 (2020)
2 2.2 2.4 2.6 2.8 3 32

“Yastro

Yastro = 2.58
Pastro = 3.04

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)]
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HE cascade sky map

[MNRAS 526 (2023) 942] Best fit positions and 90% angular uncertainty regions

»  SIMBAD PSR RX J0148.9+6121 XTE J0421+560
¥r LSI+61 303 RX J0146.9+6121 V 0332+53 75°
L Swift J0243.6+6124 IGR J0158346713 4L NGC 1569

triplet
— 224 TeV 60°
= /\
01— . ~—— — 45° 73

(-
E gy 30° & Q
T 15° Q
7 o 150°  120° o, / 330°  300° \ 270° 24q'°?‘l\, 210°
% 60Right Ascenswig ) 2 B -
-15° ‘\\ * \‘\| / :—\I,
Three events close to
the Galactic plane (grey line) e
The red plus and circle — IC hotspot -45° s _______
[Aartsen & et al. ApJ, 835,151 (2017)] TR T ’ Galactic plane
91 TeV e
recent IC statement on diffuse flux oo Tyt
. ! color represents energy: 100 TeV < E,.. < 200 TeV
from galactic plane [Science 380, 200 < E,.., < 1000 TeV

6652, 1338-1343 (2023)]
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Cascade diffuse flux update

Preliminary: An update of analysis adding data from 04.2022 - 03.2023 (10 cluster detector)

Comparison of statistical significances for old and new samples

All-sky analysis Upgoing analysis
O ] o )
18-21 8. 2.09x10? 3 18-21 3. 1.7x103
18-22 28 14.5 1.06x103 3.07 18-22 19 2.7 1.11x10° 4.24

Significance of excess over atmospheric background increases

16



HE cascades and the galaxy plane

Hint on alert events concentration near galactic plane

Baikal-GVD: 25 all sky alerts for 04/2018-03/2022

Baikal-GVD alerts compared to IC galaxy plane analysis

Counts

Extended dataset of
45 all-sky alerts 04/2018 - 03/2023

10 - I Data: HE Cascades E=60TeV

30 alerts @ E>60 TeV
in all sky search

Baikal-GVD preliminary

O - I I
0 20 40 60 80

|b], Galactic Latitude (*)

Analysis continues

17
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(107"

F

Dec (°)

Cascades: TXS0506 coincidence

[MNRAS 527 (2024) 8784]

Upgoing cascade analysis, highest energy event (18.04.2021).
Cascade 224 TeV k ° 224 Tev’ 24 hltS

GVD 210418CA
*

« Neutrino source candidate TXS 0506+056 is within 90%
containment circle

« Signalness: 97.1% (probability of astro origin)

« Chance coincidence probability (E>200 TeV): 0.0074

| T = T 1 L I g |
8 ap ) 10
e Fermi-LAT o | Q2 10 1
L o |% A : <t . .
§ BATAN-600, 11GHz P e Reg 2 o Analysis of RATAN-600 radiotelescope data
6 z 1O SR 1V | . .
A *:M PR 12 N (11GHz) showed increased activity
— (1 O . .
AL * S » IC event registered during y flare
. N g - Baikal event during radio flare
5 | « Consistency with IC observations: 8% or 13%
A PV depending on v spectrum assumption
e oo ¢‘¢‘ ..w*; (XX # ’
O — 1 | 1 =] O
2010 2012 2014 2016 2018 2020 2022

Epoch (yr) 18
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Track-like channel
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Vo \ Track-like events

A 4

Single-cluster

Two modes of analysis
» Single-cluster: each cluster is treated as an independent detector
» Multi-cluster: common reconstruction for simultateously triggered single-cluster

upgoing
event: events
Multi-cluster events: late
‘ ¢ :: 5 . Downgoing atmospheric muon bundle Upgoing 1 PeV muon
. ‘ & “
- 3 “
: ¥ .
: X -
3 »
: ®
@ @

data 2019 MC 2019

early

Lake and PMT noise hits



muon neutrino effective area [m?

1072

Track trigger-level sensitivity, 12 clusters

Effective area

1 IIIIlIl|

Baikal-GVD 12 clusters: trigger level

| lIIHHl

| IIIIHI‘ IIHI.I.I.II | HHIHI | IJIHII| 1 \IIIHII 1 HIIIHl HIIHII\ | \HIIIJ| NI

| lIIlJIJl | IHIJHI | \HIIHI 1 1

10°

10*

10°  10° 10" 10°
neutrino energy [GeV]

muon neutrino effective volume [km® w.e.]

—
O

107"

—

<
N

Effective volume:
measure of sensitive volume

TTTT1T T IIIHII T T TTTTTm T lTTITTIl T TITTITI‘ T IIITITW T T TTTTIT
. é_al_kal_G_\_/_D_ 1_2_clu_st.e.rs__tngger level
7\|HIII‘ L Ll 1 IHIIHi 1 IHIHIi | JIHHI‘K | IIIHH‘ | IIIIIE

102 10° 10* 10° 10® 10" 10®

neutrino energy [GeV]

Absorption in Earth is not taken into account

At the reconstruction level sensitivity will be lower (estimation is in progress)

21



rate [ev. per year per bin]

)
’—,ﬁ_ T T TTTT

g o

g 3

=}

D

=4

gA

(=]

=z

@]
rate [ev. per year per bin]

First track-like neutrino candidate event sample

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

Cut-based analysis optimized for low-energy (atmospheric)

neutrino, <E > ~ 500 GeV
Runs from April 1st until June 30th 2019

Results are compared to atmospheric neutrino simulation

Baikal-GVD, 2019
323 d. single cluster livetime

\\\\\\
\\\\\\
\\\\\\

107"

Baikal-GVD, 2019

AN

Al

atm. neutrino MC

323 d. single cluster livetime

N

" )
MC expected: 43.6
e atm. neutrino :43.6
e atm. muon: 0
Observed: 44
\_ _J

Excellent agreement of MC
expectation and data

[Eur. Phys. J. C 81, 1025 (2021)]

COS(@zenith)

7\ NN NN i) { L | L |\II|\I\‘\\I‘I I‘\I‘I \‘\I\ L1 L1
-1 -0.8 -0.6 -0.4 -0.2 0 8 10 12 14 16 18 20 22 24 26

N

Ll
28
hits

Sucessful Baikal-GVD performance validation

22
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Improved track MC with more detailed

detector description

 Switch to CORSIKA 7.741 for muon

bundle simulation

» Realistic time-dependent detector

configuration

Improvement in tools for muon
background suppression

BDT discriminant as a main variable

for neutrino selection

Good data-MC agreement
- background is under control

ev. per year per bin

Progress in single-cluster track-like analysis

Large-scale data and MC track channel reprocessing campaign is ongoing

Improved muon reconstruction
* New noise suppression algorithm

Low-E BDT

10*

10°

102

10

E_BaikaI-GVD preliminary,
- s20-21

—e— data
m— MC atm. p
— MC atm. v

..... MC, atm. p + atm. v
MC, astro, EL“'E >1TeV
MC. astro, E** > 100 TeV

BDT response

ev. per year per bin

10°

10*

10°

102

More precise track fit algorithm
Improved neutrino selection capabilities

High-E BDT

[520-21

AIIIIHII‘ \IIIHII‘ \IIIHII‘ \IIII|T|'| IHI\|'|T| IHHlTl'l IHHl'lTl

Baikal-GVD preliminary,

—e— data

—— MC atm. p

— MC atm. v

=====+ MC, atm. u + atm. v
MC, astro, E** > 1 TeV
MC, astro, E:”e > 100 TeV

| 1
0.6
BDT response
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Increasing v, candidate dataset

Seasons 2020-2021 were reprocessed in single-cluster regime

» 3845 days single-cluster livetime equivalent
« Validation of reconstruction results is ongoing

« Optimisation of high-energy v selection is ongoing

Demonstration sample of v, candidates
dominated by atmospheric neutrino

671 neutrino candidates
selected in 3845 days
e atm. u: 3.5
« atm. v: 565.1
 data: 671

Total rate is 15% larger
than MC expectation

—
o

—

ev. per year per bin

—
<

1072

T IIIIIH|

——e— data
— MC atm. n
— MC atm. v

------ MC, atm. u + atm. v
MC, astro, E;”e >1TeV
MC, astro, EJ“e > 100 TeV

Baikal-GVD prelim'nary
1 L l | L 1 | 1 ‘

s40-1

15

20 25

30

hits
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High-energy track event candidate

Preliminary: spectacular single-cluster event S B
with high probability of astrophysical origin - L prelimipary.

Season 2019, Cluster 3, run 590
0, = 153.4°

Nhits =30 %
E e = 103.4 TeV '\
[68% Cl: 24.9<E<266.3 TeV] LN
Track length: 332.4 m '

s 00@O® > "

-9
. s;/‘(}j@g. S
E

,,;;;5‘3:';’;:::::::'.".'""‘.'.

Angular resolution: 0.45° (50%)
0.67° (68%)

early

-
> 4

25
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late

early

preliminary

. R S T b Sl SRt N L NEE S R BUNE

selected hits

Track-like multi-cluster analysis

% ) | X R

(2)
1 0:@9n

g, -t S
°
[
°

all hits in the event

Track-like multi-cluster analysis

unlocks the full Baikal-GVD potential

in angular resolution

First multi-cluster neutrino candidate

events start to appear

Example of v candidate event:

Summer 2019

Clusters 1 &4

0, = 125.6°
Nhits =10
track length =399 m
E <1TeV

rec

26



Track-like event multi-cluster analysis

fa
&

~ preliminary
: v ; late
In total 5 v candidates selected from 150 days of 2019 2 '» 1 | ! I
(5-cluster detector) 3 BRES el
Dominated by atmospheric neutrino ? i
Multi-cluster analysis is in the development phase e :
: early
L EERiE S
2 BRSE
E...=12 TeV S LA a,

27



Track-like events skymap

« Baikal-GVD HE cascade e Galactic Center
* Baikal-GVD track-100TeV + Baikal-GVD multi-cl track

Ty "8ng TASany

------

...................

: ;
S
3 /

P Baika[;éVD pr_pliﬁinar_y.--""

P RIS -, -,

-60° ]
Equatorial

.....

""""""""
Las

Multi-cluster neutrino candidate events, very preliminary, dominated by atmospheric events

Single cluster 100 TeV event - high probability of astrophysical origin

28
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Alert program
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Alert workflow

fa
&

Getting ready to full-scale participation in real-time multi-messenger alert exchange

Automated alert generation and Baikal-G\VD " B .
follow-up system Telescope . I -
- Baikal-GVD alerts: distribution of our : SRR
own alerts for events with high Apache Kafka | M~
probability of astro origin - Processing
 Follow-up: follow-up analysis of |
external alert events GCN Network | ______ Follo:w-up Baikal-GVD
(v, GWs, GRBs) 5 analysis alerts
* | (If neutrino candidate is detected)
Baikal-GVD alert generation
« Simplified extrapolated calibrations i e Send mossans

* Processing delay 3-10 minutes
« Planned to be deployed at the shore to reduce delay Ba“;:;nfm
» Presently internal distribution of alerts

30



Global Coordinate Network (GCN) alert follow-up

<

. lceCube:
Fermi-GBM/LAT: LIGO-Virgo-KAGRA: [TO-1h, TO +1 h]
[TO -1 day.Tol, IGWN reception: “significant” = 1 [TO - 1 day, TO +1 day]

[TO -1day, TO + 12 hours],

o - 1day To + 1 day] [TO -1000s, TO + 1000 s],

[TO -1000s, TO + 14 days]

7 GRB 221009A

OFF region band
= ON Region for tracks
« GRB 221009A

Search for online coincidences:

- ON/OFF method

- ON includes 90% localization error and Baikal-GVD median
angular resolution

- OFF is extended within a £ 5 declination band

- OFF is evaluated using real data from previous seasons

Declination [deg]

75 Right Ascension [deg] 3 1



Dec. (%)

Follow-up of IceCube and ANTARES alerts

Baikal-GVD neutrino alerts and follow-up for neutrinos

80 A
60 ANTARES alerts followed,
3 correlated cascades 40 1
[POS(ICRC2021)1121] 20
-
E —20 -
35 :
E ¥ BL Lac abject PKS 0735417, oplical flaring MJD 59523.56
= ¥ lceCube astrotrack, proxy 172 TeV, MJD 56556.83 l
30 _— ¥ Balka-GVD cascades 43 TeV,MJD 59556.99 s,
: Baksan, upgoing muen, > 1GaV, MJD 59552 62
I R R W % e O S RPN W
20__ """"""""" I é’ﬁﬁ'éﬁé'f”-"iﬁ-’i:’i P
- PK.S-?O?E‘S.:I? ,,
15-_ ............................... IDE;U
10..-..... ............................................................ J ................................ r .................................................................
_I L 1 L | ol B B I 1 1 1 I | e B R | 1 1 1 I | i Ry e | I 1 1 1 | 1 1 .|
?DD 105 110 15 120 125 130 135 140
R.A. (°)
[POS(ECRS2022)096]

* *
*
*
** *
LY * * 4
~ r
. ® ,?*
1 . * N
. Wb oA vl J
- = : H
: PhwooBS AR P - i L il
: R AT A SR A S A Y \
: !.‘ ' F\ I': ?\\ i 4 f > : ! " 14 J' i ® ]f"\‘ " le
s | : o PREY o e AL b R T NS
i, Pk H T R L LR L
: e:! i o : “ *: 3 4 \ : *
SRR B e 1Y Ry I
A A ; tel f ®3 \
HEE: 3 : w : e : 3 " U]
HERLHN T ; * R : 4
a % e ia H ) n { ' % Baikal-GVD dwng.cascades
i E H s} ® Baikal-GVD upg.cascades
i —e |ceCube astrotracks
b o] e-- ANTARES upg.tracks

T T T T T T T T T T T T T
A o Qo© o2 Al o> Q© o2 AL N E o0 o2 Al

%] \a) 3 L % ©
o o o o o o o o X " A A 107 0% 07 T 407 a0
SIS R TS (o3 SIS LGS~ LA s L LOge LA | LA LG’ LA\ L LG (s L (N S L > Lo
Date

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

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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Multi-messenger follow-ups

~
W

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

GW170817 (LIGO/VIRGO) - neutron star merger, first gravitational
waves detection associated with y/optical/radio signal: time-integrated
flux (fluence) limit is set

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

Radio-burst from magnetar SGR 1935+2154 (28.04.20)
* IceCube fluence limit: 5.2*102 GeV*cm2
« ANTARES fluence limit: 14 GeV*cm-2
« Baikal-GVD fluence limit: 2 GeV*cm=2 [pos(ICRC2021)946]
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Summary

Baikal-GVD has reached ~0.6 km3 detector volume:
110 strings carrying 3960 OMs
« Also: 4 strings with experimental high-bandwidth DAQ

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 above 30

« Experiment participates in high-energy alert follow-up and alert
exchange



Thank you for your attention!
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