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Baikal-GVD site

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

e ~4 km away from shore
o Flat area at depths 1366 — 1367 m

« Stable ice cover for 6—8 weeks in February — April: detector
deployment & maintenance

« High water transparency
~ Absorption length: 22 m £5%

» Scattering length: 60 — 80 m (A = 480-500 nm)
o Moderately low optical background: 15-60 kHz
(PMT R7081-100 #10”)




Detection principle
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Detector components

string Optical module (OM)
Each string carries 36 OMs

. 00 * 10-inch high Q eff. PMT

* 15 mvertical step
720 m
.. K.\ | * OM facing the lake bottom

m. :
SubConn connector J/ J"ﬁ;‘ ﬁg\f

[ ; : \{ Temperature
Accelerometer, g sensor
compass

180m e

section 3

Time calibration systems
* LED photodiodes in each OM
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Steel frame ]\ i~ = HV board .
180 et N — * LED beacons at each string
m ‘og 2 . — = i
e 5 Hermetic seal E | _ * Isotropic lasers between
0 1 i s y clusters
]Vi w 77777777 PMT Hamamatsu ] 2 *) J é[ Gel lens
o J-“

R7081-100 | * Calibration precision ~2 ns

180 m .

N[ Calibration LEDs ]

Optical gel

section 1
\[ (

>‘<

Class Geometry calibration system
75 m * Acoustic modems on each string
— * Acoustic polling each 1-6 minutes
0 buoy o optical module * OM positioning precision ~ 20cm

o string master module [ | acoustic modem
e section master module @ enchor



525 m

P— 2999900999999 299990 09999090 2229220200009

A

P— 2099920009999 2999992 02999990 2229920090999

P— 9999990999999 299999 09999990 229900 092990

Cluster:
8 strings

CLUSTER
CENTER

P— 2999920999999 299999 09999990 2292292 0299999

P— 299999 0999999 299999 09999990 299999 0999999

P— 2999090990999 299909 00099990 2299209 OPP9999

P— 2999990909999 299999 099299990 229999 0900999

P— 2999990999999 999999 09999990 2299920999999

120 m

v

Baikal-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 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

Shore hybrid cable,
6 optical fibers,
6 - 7 km length




Baikal-GVD construction status 2023

Deployment schedule
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36 OM =7
540 m
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12 clusters, 3 special strings (laser+36 OM),
2 experimental strings, 7 laser stations

2016
2017
2018

2019

2020
2021
2022
2023

Exp.

Laser
station

2016

2017

2018

2019

2020

2021

2022

2023

Number of

clusters

10

12

Number of
strings

16
24
40
56
64
81

96

Number of OMs

288

576

864

1440

2016

2304

2916

3456



377m  377m

183m

Distances to anchor
— 620 -

OM cable, 92m

- Underwater cable

(@ -OM - OM with LED beacon %-Acous‘tic modem A\ - Laser |

Inter-cluster string

The most effective way to increase the Baikal-GVD
telescope sensitivity of cascade-like neutrino events
is to install additional inter-cluster strings (ICS) in the
geometric centers of each triplet of the Baikal-GVD
clusters.

36 OMs, 3 sections, 4 acoustic beacons, laser, and
LED matrix

The ICS is installed as a 9% string of one of the
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Inter-cluster string

 The accuracy of the ICS time calibration relatively surrounded clusters using ICS LED beacons was
about 2.5 ns.

 The accuracy of the synchronization of the ICS with the surrounding clusters was 2.1 —2.2 ns

* Anincrease of events in cascade mode by 10% and 24% for E > 1 TeV and 100 TeV (MC).

 Data acquisition system, deep-sea cable infrastructure, and power supply system of the GVD
cluster can be easily adapted to serve 9 strings instead of 8.

Ics Cluster #9_ |
: T e 9iae:
. ' - . ;
7 Statistics | N 6 Statistics = N 8 Statistics L=250 m
i Enries 1966 Entries 1989 5
. Entries 217:: s — i 7 I 10 -
5 StdDev 2144 StdDev 2146 6 Std Dev 216 _:
¢ 5 " ..
4 10~ :
3 4 -
3 o
] . ‘ | —7 T IS Bie
2 2 10 ;
1 ! i -
.......... . NI i ) ‘ ) ) = ‘ ° 3 SRS
%5 2w mE o 275 B I 0 5 3o D0 375 a0 3 30 395 400 405 40 415 40 % e 70 75 80 B % 8 100 105 110 o S50 100 150 200 250 300 350 400 3 -
d.ns & n a.ns [ ]
2, Im
(o] 1700, ns
Distribution of events on the delay of the response times of pairs of synchronized channels, measured between ICS and Distribution of events on the distance p to the geometric center of three
clusters 5, 8, and 9. clusters with (solid line) and without (dashed line) ICS. An examp/e Of muon bundle
detection jointly by GVD cluster and
ICS.
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Baikal shore center

Power distribution

Data readout hardware

Data-taking management (shifter)

Data quality control

Fast reconstruction and alert production (to
be deployed)

Data is transferred from Shore center to JINR
Shore center = Baikalsk: 300 Mbit/s radiochannel

Baikalsk = JINR: Ethernet

Compressed data sample ~40GB per day

Delay due to shore = JINR data transfer: < 1 min.
At JINR data is stored using EOS service



Multi-cluster tracks

Event types

Single-cluster tracks

. Low energy threshold . Moderately low energy
. Optimal sensitivity to Hiim) threshold
> nearly vertical tracks / . Optimal sensitivity to
C . 90% of recorded track C/ inclined tracks
events | . 10% of recorded track
v, CC events
Single-cluster cascades NC, Ve IVT cC Multi-cluster cascades
. High energy threshold « Very high energy
It . Good energy resolution o threshold
i . Relatively rare events i Lo - Excellent energy
i resolution
. Very rare events




Single-cluster HE neutrino event

The most spectacular event selected in single-cluster analysis

Cluster 3, run 590

6,=153.4° Zg=332.4m
N}iis=30 Lpath = 339.3 m
3:_ Et‘h’[emp _
o5 i— Std Dev 4.804
21 t.g|distribution
I std.|dev.: 4.8 ns
1.5/ maxi| t..: 10.5 ns
- _ _
0.5
0—71‘0 "‘—lslu 0 | g | ‘1‘0"

BRecoMuon.fTRes

E = 103.4 (24.9<E<266.3) (TeV) Angular resolution:

O=0.45° (50%)
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7 htemp
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Development of algorithm to distunguish cascades from muons

Muons produce cascade-like events along their tracks
Distinguish from neutrino induced cascades
Development of selection methods based on various

established variables
Use of BDT and convolutional neural networks (work in

progress)

. 1 . ..
ﬂ — trero(,'nr;cu(lc‘ + (SLOHg - ILOIlg)* + \/SPCI‘pz + ]LOng
C

Cwater
E‘ L = . g S - Epla
[= r e ' z LL . 3 i
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8— - . fw‘ f’o o L'lu i
N 100_._ - 9‘m= 210 J|J S
z - 10 w0l [ 1 1
G || i
o . s Wz 4 e 8 w0 iz 4 e 0 F‘ 6 5 4 3 -2 -1 0 1 P
1 00:_ « Experimental Data: Upgoing cascade-like contained event
. .st (#1) from experimental data with energy 83.3 TeV recon-
- \ structed in Cluster 1
-200F o [C1] Bree [']1-\‘]|U RIEIEIN :m]‘(g [p-e.] | nHits | nRecoHits | nTrackHits
F | [T] 833 [70.9]4.96 [47.65[1665.01] 106 u 1 |

L v oo by a baw o by oo Lo v bywa o baw sl vaalay
0 500 1000 1500 2000 2500 3000 3500 4000
Calibrated time [ns]

noise hits, track hits, cascade hits, reconstructed cascade, POS('CRC2023)986



Development of double cascades selection technigues

Tau neutrino detection via double cascade
pattern (search for astrophysical
neutrinos)

The goal to assign pulses to one cascade
— their true origin

Use of singe cascade reconstruction steps
to estimate their poistions, energy, chi*2,
and log-likelihood, ...

Baikal-GVD preliminary

tring_1 String, String
£ - € £
= . / S a0 5
@ - . B
g 100 Z . g 100 g
N N
g o ; g o
ool . . o
f . \ * ~20f .
500 o 500 o0 1500 5000 500 3
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N
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—160D —5‘00 500 |0‘DO 151‘70 3 —5‘00
Calibrated time [ns]
String 7
E R E « hits
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066~ ~s00 b I T R ) 300 36050
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)
= 300"
§ 250

PoS(ICRC2023)1016
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Cascade analysis: search for diffuse neutrino flux

Data from 2018-2021, live-time: 4928 days
single-cluster equivalent

» All-sky search for HE cascades:

threshold of E > 100 TeV allows to observe
events from upper hemisphere

» Search for upward moving events:

lower energy threshold (E>15 TeV) due to low
atmospheric background for cascade detection channel



All-sky search for HE cascades

. _ _ Phys.Rev. D 107, 042005 (2023)
Additional selection requirements:

(Nhit_},t =0, Erec >70 TeV) or 1 Energy distribution
(N i n =1, E;ec 2 100 TeV) Tl g T
N it , IS number of hits in time interval
where hits from muons are expected

10°

10"

Events per bin

10°*

Expected:
7.4 events from atm. muons 107 8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 5.4 5.6 3.8 4.0
0.8 events from atm. neutrinos 1081l TV
5.8 events for Baikal-GVD best fit Zenith distribution
E-258 gstrophysical flux T o e

=
=}

1
S N TS [ BN

ot

=
=]
[=]

Found in real data: 16 events

Probability for the background-only

hypothesis (stat.+sys.) |
P-value = 0.026 (2.22 o) sx1o”

-1.0-0.8-0.6 -0.4 -0.2 0.0 0.2 0.4 06 0.8 1.0

Events per bin

=
O-

cos 0
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Search for upward moving events

. _ _ Phys.Rev. D 107, 042005 (2023)
Additional selection requirements:

Energy distribution

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

[
Q
10

-
O-—

—_
<

Expected:

0.5 events from atm. muons

2.7 events from atm. neutrinos . i

6.3 events for Baikal-GVD best fit E-2-58 e ey O R
astrophysical flux |

Events per bin
'_l
Ol

=
@]
1

-
C

Zenith distribution

2x10"

Found in data: 11 events

Probability for the background-only
hypothesis (stat.+sys.)

Events per bin

P-value = 0.0024 (3.050)
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Single power-low model of isotropic astrophysical flux:
(Ve: vy 1 vg=1:1:1)

E

—VYastro
1—05) (GeV cm? s sr)~ 1

OVHY =3 x 10718 Pastro (

68% C.L. contours

Baikal-GVD (2018-2021, Upward-going)
this study, best fit

IceCube HESE (7.5y, Full-sky)
Phys. Rev. D 104, 022002 (2021)

IceCube Inelasticity Study (5y, Full-sky)
Phys. Rev. D 99, 032004 (2019)

IceCube Cascades (6y, Full-sky)
Phys. Rev. Lett. 125, 121104 (2020)

IceCube Tracks (9.5y, Northern Hemisphere),
The Astrophysical Journal 928, 50 (2022)

ANTARES Cascades+Tracks (9y, Full-Sky)
PoS(ICRC2019) 891 (2020)

Baikal-GVD best fit parameters:

spectral index Yastro = 2.58 35

hh o b Ly n B

One flavor
normalization QPastro — 3.04

[a—
—

CQN

20 24 26 28 3 32
Yastro

IIII|IIII|IIIIIIIIIIIIIIIIIIIlIIIIIIIII|IIIIIIIII
lIIIIIIIlIIIlIIIlll llllIllIlIIIlIIIllIIIlIIIlIII

&
in

=)

(W]

Phys.Rev. D 107, 042005 (2023)
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The Baikal-GVD high-energy cascade sky map (in equatorial coordinates)

The best-fit positions and 90%
angular uncertainty regions:

triplet

dashed circles - under-horizon events;
solid circles - above horizon events.

Colour represents event energy:

green — E < 100 TeV,

blue — 100TeV < E < 200 TeV,

red — 200 TeV < E < 1000 TeV,
—E>1PeV.

The Galactic plane is indicated
as a grey curve.

91TeV Phys.Rev. D 107, 042005



Event triplet near Galactic plane

Manchester+2005 RX ]0146.9+B121 XTE J0421+560
CiMBD PeR \oe 1560 (GR 10158326713 Three ever-1t5 (GVD19021§CA, GVD199604CA and (?VD210716CA) close to
LSI+61 303 RX 0148.9+6121 V 0332+53 the Galactic plane (grey line) and their corresponding 90% errors (black).

Swift |0243.6+6124

The red plus and circle — IC hotspot and 0.5° uncertainty at 90% level
(Aartsen & et al. ApJ, 835,151 (2017))

701

h
wn
1

Stars - Several close high-mass X-ray binaries.

[=)]
(]
1

Declination (°)

Dots - Galactic pulsars (Manchester et al. 2005, SIMBAD Astronomical Database)

wu
(%]
1

* LSl +61° 303 Y-ray active binary system

w
[
L

Swift J0243.6+6124 s the only discovered pulsating ultraluminous X-ray

80 60 40 20 source (PULX) in the Galaxy.
Right Ascension (%}

4
[%2]

LSI +61 303 and the two Baikal-GVD events

— . LSI +61 303 — y-ray microquasar 3.1° from
- GVD190604CA and 7.4° from GVD190216CA
(both are down-going events). Using the PSFs of
all 16 HE-events, the chance probability to
observe such a doublet near LS| +61 303 was
estimated as 0.0187 (2.350) [not corrected for
the “look elsewhere effect”]

65

60

Declination (°)

55

50

20
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A high energy neutrino from the direction of TXS 0506+056

GVD210418CA (97% signalness) lies within Radio and gamma-ray light curves of TXS 0506+056.
90% error circle from TXS 0506+056 ; I R — T 4 | <
e « Fermi-LAT 5 1 s
14 ' - = 19 Wy I
o RATAN-600, 11 GHz 3 IS RE W 1S
o I eIy 1 2
| 6 - E IS &R | o
12 B - n A s
3) O . * , RO ™
i )
10 o 4: — " ",: ‘?\.i‘ i
I\I_ n!“ ~: et - 1 ”
o + ' J" '!.f;?\J‘ '
—~ 8 Cascade 224 TeV = o L _ 'Tﬂ.»»-"“.. :
< GVD 210418CA = s , | ”.u.: -’ mﬁ* ¢ \: !
8 = F _‘l.v"“.,; % .., 2277 503 T = 3 e ‘e.::‘:’:" 'ﬁf‘ : TN & ‘:+:__““|: =t
o . - B N G W P 7 Lk e L & #_‘#,,h‘ru_‘,;_u}ﬁ* 1,
— ! | ! | ! | ! 1| ! | L |
2010 2012 2014 2016 2018 2020 2022
4 FEpoch (yr)
2

Analysis of RATAN-600 radiotelescope data (11GHz) showed
increased activity

88 8 84 82;‘“0)80 876 74 * IC event registered during y flare and radio activity

« Baikal-GVD event during radio activity
The chance probability for such an association « Probability of IC non-observation: 11%

to occur randomly due to the background is _
p = 0.0074 arxiv:2210.01650



Configuration 2023

100

The nearest future: - cle
o.::7 . * o°%e1
® o .2 0.'.0
2027/28 — 1 km3 (20 clusters, ~6000 OMSs) X 0 e .,
e o6 ® ® o
Additional inter-cluster strings (36 OM + |aser) : X et
Introduce fiber optic technology for data . 1: 2 f s
transmission (cluster Ne13) °° . Siel S
&) . 11 + : 9
Project of 10 km?3 detector See e



Conclusion

Baikal-GVD Is a neutrino telescope under construction in Lake Baikal
- Volume already approaching 0.5 km?3

- Sky coverage complementary to IceCube

The IceCube’s diffuse neutrino flux is confirmed
by Baikal-GVD with a 3o significance

Multi-cluster track events
Deployment of inter-cluster strings

Hints of possible new neutrino sources are arising



Thank you for your attention!
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