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Global neutrino network

e ,#km?’
an yed since

lceCube 1 km?3
Data taking since 2011
lceCube-Gen2 10 km? .
'R&D phase
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Baikal-GVD Site

GVD site
. ®

e Southern basin of the lake
e ~3.6 km offshore

* Flat area at depths 1366—-1367 m

FrSonar image

* High water transparency:
* Absorption length: 22 m
* Effective scattering length: 480 m
* Moderately low optical background: 15-50 kHz

* Deployment from the ice cover of the lake



Balkal-GVD Status

April 2025

4392 Optical modules on 122 strings (14 clusters)

8 strings form a cluster - independent array of
optical modules

36 optical modules per string

60 m between strings Iin a cluster, 250-300 m
between clusters

More than 0.6 km* of water volume
8 laser stations/inter-cluster strings
More than 400 acoustic modules for positioning

LED beacons and powerful laser sources for
calibration

4 experimental strings with the fibre-optic DAQ for
testing of new equipment

2 prototype string for the next-generation
telescope (12 OMs + 24 OMSs)
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Event Topologies

Single-cluster tracks ; Multi-cluster tracks
+ Low energy threshold - Moderately low energy
+ Optimal sensitivity to § threshold
> nearly vertical tracks [ Optimal sensitivity to
» 90% of recorded track R elined tracks
events O v Best angular resolution
v CC
........................................................................ et e e oee e e e n e e e et e e e omme e e e mmm e e e e
Single-cluster cascades NC, v, .V [ CC Multi-cluster cascades
v H|gh energy threshold E v Very hlgh energy threshold
0 + Good energy resolution § y - Excellent energy
Al v Relatively rare events g e resolution
: = v Very rare events
Main results for today
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Track analysis

* In tracks analysis seasons 2019-2023 were processed in single-cluster

regime

e Signal and background MC samples for these seasons are avaialble
 The work Is ongoing characterisation of the obtained dataset
 Preliminary high-purity dataset of 1189 tracks from seasons 2019-2021

Season 2019,
December
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Baikal-GVD tracks, s19-21, single-cluster PRELIMINARY

—@— data, s19-21
MC atm. u, s19-21
MC atm. v, s19-21
== MC, bckg. sum, s19-21
MC, astro v y=-2.37, EH >1TeV, s20

]
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Season 2020, Septémber |
Cluster 5 i g
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Angular precision;
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Effective neutrino area
lceCube (HESE) = 10 GVD Clusters
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Astrophysical Diffuse Neutrino Flux

Data from 2018-2023.
effective livetime - 9778 days/eq.cluster ( 26.8 yr./cl.)

» All-sky search for HE cascades:
threshold of E > 70 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 (2018-2023)

Energy distribution (18-23)

2018-2023 all sky E,>70TeV

Additional selection requirements:
(Nhit n =0, Eec 270 TeV) or

(N . =1, Ec 2100 TeV) i
N pit , IS number of hits in time interval
where hits from muons are expected

Vastro
Vatm

N
® data

Evenits per bin

Expected:

14.7 events from atm. muons
1.0 events from atm. neutrinos
11.6 events for Baikal-GVD best fit R Y g

E==astrophysical flux - phys rev. D107, 042005 (2023) Zenith distribution (18-23)

10

I—

~all sky 20182023

m= Vastro

— “atm

Found In real data: 27 events

Vatm

Date | Ng.a P-value Significance 8 Ig o data
D —
(no syst.) 3 -
18-21 2.09x10 2.31c g107
Q
18-23 27 15.7 3.19x10-3 2.73c 102

-1 -0.8 —-0.6 —-0.4 —-0.2 0 0.2 04 06 08 1
cos6



Search for upward moving events (2018-2023)

Energy distribution (18-23)
Selection requirements: 10 2023 cos0 < ~0.25

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

]

Events per bin

Expected:

1.0 events from atm. muons
5.3 events from atm. neutrinos
18.9 events for Baikal-GVD best fit E-2-°8 12 14 16 18 2 22 24 26 28

_ log (E /TeV)
astrophysical flux
Zenith distribution (18-23)

i
S
[—

Found In data: 25 events 10

Phys.Rev. D107, 042005 (2023) [ ' \Zetosam AEEE —|—
Date | Nysa | Npg P-value Significance g
(no syst.) = =
18-21 . 1.76x103 3.13c g
E 107!
18-23 25 6.3 1.5x108 5.54c
1072

-1 -0.9 —-0.8 -0.7 —0.6 -0.5 -0.4 —-0.3
cos@



Search for upward moving events (2018-2023)

Selection reguirements:

Expected:

0.9 events from atm. muons

1.9 events from atm. neutrinos

14.6 events for Baikal-GVD best fit E-2-°8
astrophysical flux

Found In data: 18 events

Date Nyata Ny P-value Significance Significance
(no syst.) (stat.&syst.)
18 2.5

18-23

2.15x10-10 6.24c 5.1c Il

Excess over the atmospheric background: 5.1c!!!

Energy distribution (18-23)
Stacked hist.

10F

« data m Vg, MHatm ™ Vastro

—

1077

Events per bin

14 16 18 2 22 24 26
log_(E_/TeV)

Zenith distribution (18-23)
10¢ Stacked hist.

Matm ™ Vastro

Events per bin

1077

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2
cosB



Single pawer-low model of isotropic astrophysical flux:

(Ve: vy 1 vg=1:1:1)
E
105

—Yastro
OVHY =3 x 10718 ciro ( ) (GeV cm? s sr)~1

—
A%

= RS Ealkal GVD{ED‘IB 2023'3”5 Casr:ades uplgﬂmg }:u} BF ~
— ------- Baikal-GVD (68% C.L.) ; -
? Baikal-GVD (90% C.L.) —

Baikal-GVD best fit parameters:

—
o
|

lceCube {? 5.}" HESE) D021 e ......................... ................. —
i lceCube (6yr, Cascades, v +v.), 2020 5 _
- e IceCuhe Tracks [9 5yr, N:::urthern Hemlsphere ), 2022 -

o0

spectral index v, .-, = 2.64

One flavor
normalization @, crrp = 4.42

(100TeV) [107"° GeV'cm2ssr]

astro
0
N

o

02 215 23 245 26 275 29 305 32 335 35
Y

astro



New High-Energy Cascade Sky Map

Data from April 2018 to March 2024

e Search for directional association is ongoing - .
ygnus region

Baikal-GVD data
GVD2019-E447
Galactic Center
TXS 0506+056

LSl +61° 303
M87

Highest energy upward- S —

Triplet 1.2 PeV
going neutrino E=224 TeV

+ 9N **

L LR LR L R R L

-
.
LR A e R R R UL R R L L

Equatorial

Best fit positions and 90% angular uncertainty regions
About half of the events are background from atmospheric muons and neutrinos

New Triplet

15



fraction of cases

Galactic Neutrinos with the Highest Energies

4_

Baikal-GVD,
* High-energy cascades April 2018- March 2024 (6 years of operation) : cascades E>200 TeV

* Test the Galactic excess at E>200 TeV (8 events, 64% of astrophysical
origin)

* Simplest model-independent test using median of galactic latitude |b|med

number of events
N
|

* (Galactic component is visible with a significance of 2.50 1
* |ceCube cascades and tracks also demonstrate the Galactic excess [
Ot
* Fraction of Galactic events reaches several tens of percent at E>200 0 10 20 30 40 50 60 70 80 90
TeV disagreeing many theoretical predictions [b|, deg
| _ Sample blmed  (|b|med) p
Baikal-GVD 012} Baikal-GVD cascades b q tod
0.15 cascades E>200 TeV . : +'°f%;%eugzstf:gf: observed expecte
B - 2>200TeV Baikal-GVD cascades 10.4° 31.4° 1.4-107° (2.50
M S ol IceCube cascades 12.4° 31.9° 8.7-107° (2.60
7 o i . ‘ ‘ o
005l 8 004 combined cascades 12.4° 31.5° 1.7-107° (3.1¢
| simulation 002" simulation IceCube tracks 24.7° 36.0° 1.8-10° (3.10
0.00- — S N o 5 T n—4
010 20 30 40 50 80 70 80 a0 000t all cascades+tracks  23.4 35.0° 3.4-10"" (3.60

0] meq, deg b] med, deg



E*dN/dE, GeV/cm?/s

Galactic Neutrinos with the Highest Energies

Very rough estimate of the Galactic neutrino flux is obtained
Agrees with Galactic gamma-ray diffuse emission by Tibet-ASy

Some event clustering towards the Cygnus region (the brightest

region of diffuse y-ray emission in the northern sky)

107> ¢

107°

1077

107°

Cygnus region

W expected from Tibet-ASy

= IceCube, r1° template
- |lceCube, KRAY; template
- - |lceCube, KRAY:, template
— Kovalev et al., median |b|
— Baikal-GVD, median |b| (this work)

e Baikal-GVD cascades E>200 TeV
e IceCube cascades E>200 TeV
e IceCube tracks E>200 TeV

50 100 500

Galactic plane |b| < 20°

ApJ (accepted);arXiv:2411.05608v2



Ultra High Energy neutrino flux limit
KM3-230213A:

Ev = 220 PeV, O b

E2F, GeV cm™2s 'sr’

one-flavor v+v -

Ra=94.3°, Dec=-7.8° 10—7; | ;
expected number of events 10-8%— ? - .; oy '-""-';

-9 L B
IC/NST:  0.014 109 _
' 1071 i 90% CL one-decade upper limits: Cosmogenic neutrino predictions: E
IC/ESTES 00034 _ ; Baikal-GVD (this work) Auger composition
10-1 L "=+ Auger2022 Muzio+ 2023 _
|IC/HESE: 0.00054 - = = lIceCube 2025 Ehlert+ 2023
10-12 - =g KM3-230213A favored . KM3NeT 2025 extreme -
E TeV
lceCube — track and cascade detection modes
Baikal-GVD — cascade detection mode 18



Most energetic upgoing cascade event

Best candidate for neutrino events of astrophysical origin

o BAIKAL-GVD NEUTRINO FROM TXS 05064056

| ' | ' | ] | P
= 8 | . g R I
S e Fermi-LAT = | '
! - =
10 g o RATAN-600, 11 GHz G IR =
T8 % .:U |02
= 8 GV 210418CA. z - " k1S
I * Track 290 eV © = + [ ©
a C 170923A e o
6 Q4 I
XS 0506+056 - * .| i + I -
_ W )
¢ 2 2 |‘ \ : f:\\\
g .f ' f
& o v JRe Y & p+ ’/I :
2 o O A, e X) #W ‘#;3“"4"_{ tdr
224 TeV /6 0 J‘** ' d’-* ¢W"~*¢.ﬂ .w ,H .,«.u'w A
-~ e | | L | ]
25° below horizon s s m e e 2010 2012 2014 2016 2018 2020 2022

Epoch (yr)
Closest sources (in 6 degrees):
e TXS 0506+056 Blazar (BL Lac) at z= 0.34 (5.7 Gly) is lceCube neutrino source observed at 3.70

* This event is probably of astrophysical origin (signalness = 97%).

* Chance probability of coincidence p=0.0074 (2.70)

S. (Jy)



4 Swift J0243.6+6124
75 -

70 -

Declination (°)

Ul
o)
I

50 -

45

65 -

@)
-
I

Event Triplet near Galactic Plane

Intriguing events

SIMBAD PSR
LSI+61 303

RX J0148.9+6121
X J0146.9+6121
GR J01583+6713

XTE J0421+560
V 0332+53
¥ NGC 1569

Right Ascension (°)

Chance probability to observe such a triplet
was estimated as 0.024 (2.3 0)

* v-ray microguasar LS | +61 303 (very well
known high energy Galactic source, only 2.6
kpc away) and the two Baikal-GVD events
with 3.1° and 7.4° from the source (both are
downgoing events)

* Highest significance IceCube persistent
Northern hot spot (red plus and circle)

20



Balkal-GVD Follow-up of IceCube-211208A / PKS 0735+17

Fast processing system for transient sources has been
working since 2021

Dec 8, 2021 20:02: IceCube “Astrotrack Bronze” neutrino
event in the vicinity of the bright blazar PKS 0735+17

Active state of PKS 0735+17 reported In optical
(MASTER), HE gamma-rays (Fermi LAT), X-rays (Swift
XRT) and radio

Baikal-GVD found a downward-going (30° above horizon)
cascade-like event 4 hours after the IceCube alert and
INn 5.3° from it and 4.7° from PKS 0735+17

e E=43 TeV
* PSF 50% (68%) containment radius = 5.5 deg (8.1 deg)
* Pre-trial p-value = 0.0044 (2.85 o) [24 hr, 5.5 deg cone]

* Trial factor ~ 40 (total number of IceCube alerts
analysed)

0.0086 0.026 0.06 0.13 0.27 0.54 1.1 2.2 4.3

Astronomy telegram ATeL 15112 was sent
https://www.astronomerstelegram.org/?read=15112

Related
15290 Search for neutrino

counterpart to the blazar

PKS0735+178 potentially

associated with lceCube-
211208A and Baikal-GVD-
211208A with the KM3NeT
neutrino detectors.

15148 NIR followup of the Blazar
PKS 0735+178

15143 Baksan Underground
Scintillation Telescope
observation of a GeV neutrino
candidate event at the time of
a gamma-ray flare of the
blazar PKS 0735417, a

possible source of coinciding
IceCube and Baikal high-

energy neutrinos
15136 Optical and near-infrared
o ,

bservations o
0735+178

15132 Optical view of neutrino
emitter candidate PKS 0735
+178

15130 Re-brightening of the BL Lac
object PKS 0735+178
observe d by Swift

15129 Fermi-LAT observations of
flaring activity from PKS 0346-
27 and PKS 0735+17

15113 NuSTAR observations of the
blazar PKS 0735+178

15109 Swift monitoring of the BL
Lac object PKS 0735+178
during a bright state

15108 SRG/eROSITA observation of
PKS 0735+17

15106 Search for counterpart to
IceCube-211208A with
ANTARES

15105 TELAMON, Metsahovi,
Medicina, OVRO and RATAN-
600 programs find a long-term
radio flare in PKS0735+17
coincident with IceCube-
211208A

15102 Swift-XRT observations of the
blazar PKS 0735+178 in a
flaring state

15100 Significant optical decay and
brightening in blazar PKS
0735+17 coincident with
lceCube-211208A

15099 Fermi-LAT G

Observations of lceCube-
211208A

15098 MASTER OT
J073807.40+174219.2
brightening during IceCube-
211208A observa tions

15021 BL Lac object PKS 0735+17 is
bright in optical




GVD+ cTpaTerna pasBuTun

» YBennyeHne ap@PEeKTUBHOCTU pernctpaumm HEUTPUHO B 0ONacTn SHEPrun
1 — 1000 l'aB 3a cyeT yBenunyeHnsa getektTupytowero obbema teneckona

» [loBbllLeHne pa3peluatoLlen cnocobHocTn B obnactm aHeprun 1 — 100 TaB 3a cuer
ontumMmusauum reometpun GVD (popmumnpoBaHume nnoTHoro aapa aetekropa GVD+)

» Co30aHne cUCTEMbI perucTpaunm MeaneHHbIX Yactuy, — moHononb PybakoBa mn ap.,
pernctpauum senbliek SN, Nnonck Yyactul, TEMHOU MaTepun 3a cHeT BHEOPEHUS
HOBOW CUCTEMBI cOopa 1 nepeaayvn AaHHbIX

» KomnnekcHoe nccnenoBaHune ranakrnyeckux ([MaBaTpoHbl) N BHEranakTtnyeckmx
O00BbEKTOB B 00actu aHeprum ot coteH 1aB u Bbiwe no gaHHbIM GVD+,
LHAASO, TAIGA

22



3aKknoyeHue

* Baikal-GVD aBnsetcs Hanbonee KpyrnHbIM HENTPUHHBIM Ternieckornom B CeBepHOM NOSyLLapUN:
e [leTekTnpytowmm obbem Terneckona cocrtaBnseT nopsgka 0.7 kKm3
* YrnoBoe pa3spelleHne MoHoB cocTtaBnsdeT 0.5°-1°
* ODdpdekTnBHaa obnactb 063o0pa HebecHomn cdepbl Baikal-GVD gononHaeT obnactb ob63opa IceCube

* [lepBble pe3ynbTaTbl UICCNeAOBaHNA HEUTPMHO acTPOdU3NYECKON NPUPOabI MOSTyYEHbI YXKe Ha aTane
CTpOUTENbCTBA Teneckona:

* 3apeructpupoBsaH Andpdy3HbIN NOTOK HEUTPUHO CO 3HAYMMOCTbLIO Bhille S5O
* BbigBneHbl KaHAMAAaTbl HA POSib NTOKanbHbIX NICTOYHMKOB HEUTPUHO (TXS-0506, LSI+61 303, ...)

* [lony4yeHo orpaHn4yeHne Ha BeENNYNHY andodoy3HOro noToka HENTPUHO CBEPX BbICOKUX aHeprun (E>10
[1oB)

e 3aBeplueHune ctpoutenbcTtBa Terneckona Baikal-GVD cogepkatluero nopsaka 6000 ontnyecknx
MoAyJien ¢ AeTekTupytowmm oobemom B 1 kM3 nnaHmpyetcs B 2028/2030

23
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Cnacun6o 3a BHumaHue!
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