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A new software framework for the Baikal-GVD neutrino telescope
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1 km® ——planréed detector volume to 2025
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Neutrino

stable

electrically neutral
non-zero mass (yet unknown)
weak interaction only

constantly produced (supernovae, Sun,
Earth atmosphere and interior, reactors, etc)

mass
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spin
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N e u t ri n O normal hierarchy (NH) inverted hierarchy (IH)
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constantly produced (supernovae, Sun,
Earth atmosphere and interior, reactors, etc)

OPEN QUESTIONS:

* mass hierarchy?

» CP violation?

« Majorana or Dirac? ?

 sterile states? m @
 precise values of oscillation parameters? |V

* origin of ultra-high energy neutrinos i tow
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Neutrino of £~ O(PeV)

also known as astrophysical neutrino
stable

1 PeV = 10" eV
x100 £ @ LHC

electrically neutral discovered by IceCube in 2013

non-zero mass (yet unknown)
weak interaction only

produced in ?

OPEN QUESTIONS:

e mass hierarchy?

e CP violation?

 Majorana or Dirac?

* sterile states?

 precise values of oscillation parameters?

« origin of ultra-high energy neutrinos




Neutrino of £~ O(PeV) ey

also known as astrophysical neutrino

stable
electrically neutral discovered by IceCube in 2013
non-zero mass (yet unknown) T
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Neutrino of £~ O(PeV) e

also known as astrophysical neutrino

stable

electrically neutral discovered by IceCube in 2013

non-zero mass (yet unknown) I~

weak interaction only Possible sources:

produced in ?

e

R

OPEN QUESTIONS: - L

e mass hierarchy? N ‘systems |
* CP violation? | /
 Majorana or Dirac? : B, ‘
» sterile states?

 precise values of oscillation parameters?

« origin of ultra-high energy neutrinos




How we hunt for them?

reject muons coming

\ from above
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Astrophysical neutrino
spectrum



How we hunt for them?
temporal and directional coincidence

with other telescopes

Astrophysical neutrino
events




How we hunt for them?

(we still speaking about astrophysical neutrino)
el el
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M. Markov (1960) — deploy an array of photo-
sensors in a natural transparent media to register
light flashes from neutrino interactions. ? i : J.
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brings information on the neutrino direction



Baikal-GVD 2022
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Video: cbopka Teneckona

Baikal-GVD 2022
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https://youtu.be/XehDQTNCUiY
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Video: cbopka Teneckona
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Si mu I ati O N a lot easier than taking real data

but still challenging

TeV-PeV scale physics 1 PeV neutrino = O(10'") photons

1%

electromagnetic and hadron
cascade development

optical ray tracing

detector response

multiple approaches to be glued together



Single framework
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Single framework
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Python environment
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Single framework

* no intermediate read/write operations = huge speed up

» easy and fast coding (thanks to Python)

 plenty of tools (vector algebra, machine learning, visualization, ...)
» pre-compiled core code

* no need to compile the rest

« flexibility different tools can be easily glued

* integrations, e.g. Jupyter notebooks



New simulation tools

- Geant4

- ANIS

- MUM

- CORSIKA (reader, in progress)

Own algorithms

- MUM: muon propagation (l. Sokalski)

- NuProp: nuetrino generator (V. Allachverdian)

- high energy particle propagation, Geant4-based (Yu. Malyshkin)

- LiGen: cascade development and light emission, Geant4-based (Yu. Malyshkin)
- PRETIRIAN: hybrid light transport algorithm (W. Noga)

- custom MC ray-tracing (V. Naumov, Yu. Malyshkin)

- analytical light trasnport (V. Allachvedian, V. Naumov)

- machine learning for cascade + light transport (D. Leskov, Yu. Malyshkin)

WORK IN
PROGRESS



Convenient simulation is a key a for
fruitful physical analysis
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Global Neutrino Network

Core-mantle
boundary
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IceCube
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[credit: IceCube collaboration]
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Production of astrophysical neutrino

Particle accelerator
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BO3MO>XHble NICTOUYHUKN HEUTPUHO

Monogabie 0OCTaTKu CBEpPXHOBbIX

MPOTOHbI YCKOPAKOTCA MarHUTHbIM
nonem ObICTPO BpaluatoLLeiics
HEWTPOHHOU 3Be3Abl

paclumpsioLasca 0600uKa
C/IYXKUT MULLIEHBIO K




Bo3MO>XHble UICTOUYHUKMU

AKTMBHbIE ranakTunyeckue aapa

NPOTOHbI YCKOPAKOTCA yAapHbIMU
BOJIHAMW B [)KeTax uiu B
aKKpeLMOHHOM AUnCKe

aKKpeuMOoHHbIN AUCK
C/IY>KUT MULLEHbIO

HEUTPUHO




BO3MO>XHble NICTOUYHUKN HEUTPUHO

[1BOIAHbIE CUCTEMDI

NPOTOHbI YCKOPSOTCA B CUJIbHOM
MarHMTHOM noJie nyabcapa
(uepHoii apbipbl)

aKKPELNOHHbIN ANCK
CJIYXXUT MULLEHbIO




BO3MO>XHble NICTOUYHUKN HEUTPUHO

[amMMa-Bcnnecku

Camble maclTabHble
N3BECTHble KOCMUYecKue
BbIOpOCHI 3HEpPrUm.

Kanaunpatoi:

* TMNepHoBbIE

* CTONIKHOBEHWA ABYX
HEWTPOHHbIX 3BE3/,

* MOI/OLWEHNE HENTPOHHOU
3B€3/[bl YepHOW AblpOW

3a 00NV CEKYHObl BblAENsieTcs
CTO/IbKO X€ SHEPrun, CKOMbKO
n3ny4mt ConHue 3a Bce CBoe
CyllecTBOBaHWe




Cosmic rays — neutrino

E%dN/JE  (GeV em™sr's™)

T T T T T
Grigorow ——+—
0 Akeno
10" [ protons only MSU 3
v KASCADE =
" Tibet
s S E—2.7 KASCADE-Grande —e—
., , lceTop7d =
" all-particle HiRes1&2
2| % TA2013 = g
107 lelectrons ~ * Auger2013 r—s—
Model Hda
L . CREAM all particle
pogitrons
107 :-.A\.
i f/‘\\ Galac
/
10° | antiprotons .
Extra—Galactic.’
'”:I-E L 0. -
Fixed target
HERA
RHIC TEVATROM
N
]D'm (4] I.E‘ I4 Iﬁ : lE 10
10 10 10 10 10 10

Energies and rates of the cosmic-ray particles

. «ankle»

E (GeV/ particle)

p+Yous = AT — p+ 7’

p+vemup — AT - n+7t

cosmic microwave background

(Ep>50 EeV )

'err—>,LL++1/pL

+ + -
g —=e +v.t+v,

p+ N> +at+a + X

T = Uty

matter

pwo —re +v.t+v,

K™ = u" +u,

K™ —pu +v,



The first BaikalGVD’s astro-telegram

Outside The

=e for your conference.

Astronomer's Telegram

Patreon I I
tial | Feeds | Em

18 May 2022; 17:17 UT

Thanks to Patrons, The Astronomer's Telegram is free to read, free to publish

and always will be. Thank you.

[ Previous | Next | B ]

Baikal-GVD observation of a high-energy neutrino
candidate event from the blazar PKS 0735+17 at the day
of the IceCube-211208A neutrino alert from the same
direction

ATel #15112; Zh.-A. Dzhilkibaev and O. Suvorova (INR RAS, Moscow) for the Baikal-
GVD collaboration
on 14 Dec 2021; 18:44 UT
Credential Certification: Sergey Troitsky (st@msZ2.inr.ac.ru)

Subjects: Neutrinos, AGN, Blazar

Referred to by ATel #: 15132, 15136, 15143, 15290

15290 Search for neutrino

15148 NIR follc

15143 Baksan Underground

15136 Optical and

15132 Optical view of neutrir
I

15130 Re-brighter

ATel #15112

Time coincidence
with a blare of
blazar PKS 0735+17

Another neutrino seen by
lceCube: IC211208A

Bursts are detected in
gamma, X-ray, oprical and
radio channels

https://www.astronomerstelegram.org



History

1979:

1980-1995:
1995-1998:
2004-2005:
2015-2021:
2025:

A. Chudakov proposed to carry out
methodological works on Lake Baikal

NT-36

NT-72, NT-96, NT-144, NT-200

NT-200+

Baikal-GVD phase | (8 clusters, 34M $USD)
Baikal-GVD full (16 clusters)




History




Baikal-GVD: expedition 2022

ice camp
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KOMMNOHEHTbI
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3UMHAA akcneanuuns

BblBO3 Ha fieq n TeCTMpoBaHue ONTUYECKUX
Moayneu




MoHTaX rupnana
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MoHTaX rupnana

MoHTakHas bpuraaa
cocTouT u3 3-5 yenosek

B nocnegHue roabl
0AHOBpeMeHHO paboTtaet
OKoJ0 4 bpuraa, Kaxaas
MOXXET HE3aBMCUMO
MOHTMPOBATb HOBYIO
TUPASHAY WU
PEMOHTMPOBATL CTapyto



OHTML‘IECKM VI MaHOMETP BaKyYMHbI
rnyOOKOBOAHbIA | />4 KnanaH
pasbem -
\Y| O.D'yn b aKcenepomerp,
Komnac,
kKoHTpoanep OM,
yrnpasieHue
MOHTa>KHas e
pama
NIMH3a
®3Y Hamamatsu
R7081-100 _ KannbpoBouHble
perMcTpupyer (10 atoiimoB) ¢ LED
OoTAe/IbHbIE = : .
A MarHUTHbIN 3KpaH ONTUYECKUIA refb
(DOTOHbI
CTEK/ISIHHAA
nonycgepa

apdeKkTUBHOCTb ~25%



npOMBBO,EI,CTBO ONTUYECKNX MOAYNEN

Anbda-3an Ha nnowaake JIANl

~600 moaynen B rog

Video: Cbopka onTuueckux Moay/eii



https://youtu.be/OVhrFpvO_d4

MIOOHbI OT
KOCMWYECKNX NyUen
— OTcemBatoTcA no
HanpasaeHuto
npuxoaa

CurHan n o-

ATMOoc@depHbie
HEUTPUHO OT

KOCMWYECKUX nyyeun —
HeyCTpaHUMbIA (OH

—_—
_——
—_—
—

AcTtpodusnyeckme HeUTPUHO

e [IpeBbilweHne Hag 0XXnaaembiM NG

» Koppensauusa no BpeMeHn 1 Hanpasse
coObITUAMU U 0ObEKTamMK

HbIX HEUTPUHO
PO M3NYECKNMY



[Tpmepbl cOObITNIA

late

early

MIOOHHbI DaHan




Bocxopsime TpekoBble cOObITUS

Baikal-GVD, 2019, recFeb21_run3, preliminary
327 d. single cluster livetime

Baikal-GVD, 2019
323 d. single cluster livetime

SN

\ atm. neutrino MC

3y

atm. neutrino MC

10

10 S

+

—— data

—8— data

7 A
7
)

rate [ev. per year per bin]

'_\

/ “ B
/|+_
777X AT

s

rate [ev. per year per bin]

L NN
1 N N
S N ; ‘
_\ nann niha
107t N _\\ N \\E \ N\ \\\ 3
. N \ N § \\ \\ \ N\ \\ NS
S 44 neutrino events 10—1i\\\ A \ A \: B
\l I P L Y !
-1 -0.8 -0.6 -0.4 -0.2 0 1 10

cos(®, ) Erec (TEV)



KackaaHble coObITUS
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