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BAIKAL COLLABORATION
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9 Institutions, 55 members

nstitute for Nuclear Research, Moscow, Russia

Joint Institute for Nuclear Research, Dubna, Russia

rkutsk State University, Irkutsk, Russia

Skobeltsyn Institute of Nuclear Physics MSU,
Moscow, Russia

Nizhny Novgorod State Technical University, Russia
Saint Petersburg State Marine University, Russia

Institute of Experimental and Applied Physics,
Czech Technical University, Prague, Czech Republic

Comenius University, Bratislava, Slovakia

Evologics, Berlin, Germany

10. Krakow Institute for Nuclear Research, Poland

(associated member)
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M.Markov,1 60 4 years after v discovery

,We propose to install detectors deep in a lake or in the sea and
to determine the direction of charged particles with the help
of Cherenkov radiation” Proc. 1960 ICHEP, Rochester, p. 578.




RIEEEENERGY NEUTRINO ASTRORSREEE

The main goal of the experiment
p+p pty — T +...

Tr = Ut v (vy)
- Easiy born: = s et vy Ve

* In space accelerators

* In cosmic rays interactions with

Interstellar media absorption &

* Unlike high-energy photons: EM cascades

» freely fly out of the area of birth

» the Universe is transparent to
neutrinos

* Unlike cosmic rays:
* not deflected by magnetic fields

* we can measure the direction of
arrival = cosmic neutrino
sources

cosmic ray
* Disadvantage:

* hard to detect = we have to
build a huge detector

absorption &
deflection




lce/water Cherenkov neutrino telescopes - global view

...................................................
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Deep water
0.01 km3
2008 — 2019 >
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KM3NeT Deep water
~ 3

Deep water U .

1 + 0.006 km3 Construction
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lceCube IceCube-Gen2

Deep ice Deep ice

1 km3 ~10 km3
2011 —  Projected, 1st
IcCECUBE phase imminent

|03 astrophysical neutrinos detected



TXS 0506+056: First evidence of a v source

original GCN Notice Fri 22 Sep 17 20:55:13 UT
refined best-fit direction IC170922A
IC170922A 50% - area: 0.15 square degrees
IC170922A 90% - area: 0.97 square degrees

b
-

See Talks by:
A. Franckowiak

C. Finley (today)

e

TXS 05064056

Declination

T. Glauch (HE 1)
C. Raab (HE 1)

N (&%) BN (@) (@)} ~J Q0 O
Fermi-LAT Counts/Pixel

PKS 0502+04§

/8.4 78.0° .77.6’ 77.?" 76.8° /6.4 Science 361 (2018) eaat1378
Right Ascension Science 361 (2018) 147-151

lceCube-170922: a neutrino alert issued by IceCube
Fermi and MAGIC identify a spatially coincident flaring blazar (TXS 0506+056)
A v-flare was found in archival IceCube data (10/2014 - 03/2015)

. Taboada | Georgia Inst. of Tech.



lceCube Science

Neutrino
Oscillations

Neutrino
Astronomy

Flavor Ratio H

Multimessenger
Astronomy

Cosmic
Accelerators

Supernova NEUTRINO

PHYSICS

ASTROPHYSICS

Cosmic Ray
Physics

|

Gamma Ray
Astronomy

H

Cosmic Muons

Sterile Neutrinos

Non-standard
Interactions

|

PMNS Unitarity

Neutrino Decay

Glaciology

|

Earth
Tomography

|

Distance [Mpc]

Atmospheric
Sciences

Lorentz
Symmetry

DM
Annihilation

Neutrino

Axions DM Interactions

Strangelets Monopole

I

Quantum
Space-time

7/29/19

10¢

10°

102

10"

100

107

102

102

4 )
2 Highlight Talks (D. Soldin and D. Williams)
36 parallel talks
43 posters

e

radio/microwave

infrared/optical

gamma-rays neutrinos cosmic-rays

cosmological max of star formation opaque to photons;
= transparent to neutrinos
and gravitational waves

|~ nearest blazar

nearest galaxy

galactic centre gravitational waves—ripples in space-time

10¢ 104 107 10° 102 104 106 10¢ 10" 102 10™ 10" 10'® 10%
Energy [eV]

Bartos and Kowalski 2017

ICRC 2019 - Williams - Results from IceCube 3



BEARCH FOR STERILE NEU FRITSSSS

lceCube papers:
« EPJWeb of Conferences 207, 04005 (2019)
e ari-enet all (leeCube), Phys. Rev: Lett. [1[.7,07 601N 06 ICESIBHEE
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Resonant matter effects for IeV scale atmospheric neutrinos, assuming
Amj1 ~ll 7

% disappearance
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Deep Underwater
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NEUTRINO DETECTION PRINCIPL

Atmospheric muons

e Factor of 10°6 more abundant than atm.
neutrino

e \Very complex signature -> mimic neutrino

events

Deep Underwater



NEUTRINO DETECTION PRINCIPL

Atmospheric muons

e Factor of 10°6 more abundant than atm.
neutrino

e \Very complex signature -> mimic neutrino
events

Neutrino induced muons

e [ong track in the detector:
dE/dX (< ['TeV) = 2 MeV/cm

e 230 photons/cm in 350-600 nm
— 10phot/500m (<1 TeV)
Good angular resolution < |°
Neutrino interaction vertex can be located at
several km from the detector — large
detection volume

VM+NC—C>/J+N’

9,, = 1.5°/\/E,(ToB)

N, VM

Deep Underwater



NEUTRINO DETECTION PRINCIPL

Atmospheric muons

e Factor of 10°6 more abundant than atm.
neutrino

e \Very complex signature -> mimic neutrino
events

Neutrino induced muons
e [ong track in the detector:
dE/dX (< ['TeV) = 2 MeV/cm
e 230 photons/cm in 350-600 nm
— 10phot/500m (<1 TeV)
% e (Good angular resolution < [©
../ Ve,x e Neutrino interaction vertex can be located at

NC several km from the detector — large
+N —Sv,, .+ N -
Ve o mT detection volume
/
N g Bt it s Neutrino induced showers
0@/ M ve(6.3 PeV) +e” > W — hadrons

e Showers are produced in all neutrino
interaction channels and by all neutrino
flavors

e Bright anisotropic point-like source of
Cherenkov light

e Moderate angular resolution in water

e (Good energy resolution Nphotons = 108 E
e

v,+ N £ U+ N’
9, = 1.5°/\/E(T>B)

./ Vi

Deep Underwater



NEUTRINO DETECTION PRINCIPL

Atmospheric muons

e Factor of 10°6 more abundant than atm.
neutrino

e \Very complex signature -> mimic neutrino
events

Neutrino induced muons
e [ong track in the detector:
dE/dX (< ['TeV) = 2 MeV/cm
e 230 photons/cm in 350-600 nm
— 10phot/500m (<1 TeV)
% e (Good angular resolution < [©
../ Ve,x e Neutrino interaction vertex can be located at

NC several km from the detector — large
+N —Sv,, .+ N -
Ve o mT detection volume
/
N g Bt it s Neutrino induced showers
0@/ M ve(6.3 PeV) +e” > W — hadrons

e Showers are produced in all neutrino
interaction channels and by all neutrino
flavors

e Bright anisotropic point-like source of
Cherenkov light

e Moderate angular resolution in water

e (Good energy resolution Nphotons = 108 E
e

v,+ N £ U+ N’
9, = 1.5°/\/E(T>B)

./ Vi

cC
v,+ N — T+ N’

50 m (2 PeV)
Deep Underwater



NEUTRINO DETECTION PRINCIPL

DTN Al A e e Atmospheric muons
oL jdrdy O Pt SENSOIS e Factor of 10”6 more abundant than atm.

\ neutrino
e \Very complex signature -> mimic neutrino

L N events

Neutrino induced muons

e [ongtrack in the detector:
dE/dX (< |TeV) = 2 MeV/cm

e 230 photons/cm in 350-600 nm
— 10phot/500m (<1 TeV)

e e (Good angular resolution < [©
‘ Ve lr e Neutrino interaction vertex can be located at

!
=
r

A, R, i

4 1

- within 5 mks ndow

Y several km from the detector — large
P IS detection volume
o Neutrino induced showers
¢ — hgdrogs e Showers are produced in all neutrino
< interaction channels and by all neutrino
Re flavors
< e Bright anisotropic point-like source of
Cherenkov light
cc X e Moderate angular resolution in water
: ]:rs/_) " ‘ Good energy resolution Nppotons = 108 E
' =)

Deep Underwater
+ [Lake Noise Backgrouna



BAIKAL-GVD PERFORMANCE

A gigaton scale neutrino telescope

Eff. volume for cascades with E > 00 TeV: 0.l - 0.6 km3 Eff. area for muons E > [0TeV: 0.2 - 0.6 km2

muons (>5 OM/>2 Str)

- Niie > 10
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“GVD*4

GVD*4
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Effective area, m?

GVD
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. 3
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Angular resolution for cascades: 3.5 - 5.5° Angular resolution for muons: 0.25°
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NT-200 NEUTRINO TELESCOPE(1998)

Proof of the concept

|. NT-200: Height= 70 m, Diameter = 42 m
Vi« = 0.1 Mtonns

inst

To shore Calibration laser

ﬂ ;{ «Quasary PMT: 37 cm (14.6")

B i ,
* e :“,‘: %m - 8 strings
T = BT e - 192 optical modules
i i - -0r~ | ns
o e e:” .g:
Iw &Fr T
G L, i L S First neutrino event
-~ Rt 50 c’o‘: -
© e "“” ng,,Wam
——— 0 -SRI ~
g B —nergy threshold:  ~ [5 GeV
A A‘/ A !M —ff. area: ~ 2000 m? (1 TeV)
- A —_215m _
. =t Eff. volume: ~ 0.2 Mt (10 TeV)
Dense Installation ~ | Mt (I PeV)




BAIKAL SITE

¢

S Kncnokas

Maximum depth: 1366 m
Distance to shore: 3.6 km
Absence of high luminosity bursts from

“1_. .rz i s

Butumi

boaz
Cenanoso biology and K40 hgs
sare -+ Optical water properties; e *
s - Absorption length: 22+2 m pogamancor
Bapna HM)K;IeaHrapCK
z : e - Eff. scattering length: 300-500'm
' * Fresh water: constructions made of even |ron 3
Kyl - Northern location: Galactic Center visible |8
fSumal = Comiox L ACSETS hours per day through the Earth
erur | * lce cover for two months: -
= > - simple and cheap deployment procedure . ;
T caime - simple detector rearrangement $
A At YCTb-OpAbIHCKMiA EnaHLilfl}';ff;-f‘ FDEMSNMHCK‘»TypKa z \ - - a
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10" Hamamatsu PMT R708 |HQE, Qer= 035 [ ™™ |
RERSIE=Noressure-resistant sphere VITROVEX [

Underwater 5-pin industrial SubConn

connector z 3
Accelerometer;
. : compass
OM electronics: amplifier, HV DC-DC, : :
controller 5 )

2 on-board LED flashers for calibration: 108 p.e.,
430 nm, 5 ns

Mu-metal cage

O

SEC AL MO

s

( )

J

Glass hemisphere

Vacuum valve

Temperature
sensor

Stainless steel frame

. J

'@ )

Hermetic seal

( )

Permalloy cage

PMT R7081-100

{Optical contact gel }

OM controller

Power board

Gel lens

Calibration LEDs

~

J

16



INFRASTRUCTURE

The control center at the Baikal shore The local lab and OM storage in the Baikalsk,



e CLUS | ER OF STRINGS

» 283 OMs at 8 strings

» 36 OMs per string, |5 m spacing

» depth /50 - 12/5m

» 60 m between strings

* Instrumented volume i1s 6 Mt

 Cluster DAQ center (30 m below surface)

» Trigger, power, data transfer systems of the
cluster

- Electro-optical cable to shore

» Acoustic positioning system (4 beacons on

each string)

» 3 calibration light beacons (matrix of LEDs)

» Interstring time calibration

SN

o e S~~~ e~~~ ——

18



TIMELINE BAIKAL-GVD PHASE |

Cumulative number of clus
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REAL SONAR IMAGE (2017)

&

&

#



-601.782

m‘,chSo\

-288.765—

Weny NPOKANGL Iy KAa-19

-267.436

-189.459
62-18

-450.732
NBECT(4-1>-19

-544.,045
— ABCT(4-5>-19
-590.415
/-1
-598.048
metri9winch
©
™
® =
3 &
d ™
n
, 0 !
16CT g
///

le line

_]1_236\ :

/

-674.375
metri9mine

-493,504 |
NBCTC4-8)4-19

60 Dao\
-

L aser station

2|



TIME CALIBRATION

» Artificial light sources:

@S ouit-in LEDs
(delays between
OMs In the same
string)

« LED matrixes (delays
between OMs In :
d |ffe rent stri ngs) Time difference between channels 184 and 185

» Powerful laser O:: H H gﬂzagev[ 123225
source (delays 0;25_ H*Il ewermenzrs
between OMs in N3 H% m
different clusters) 3 H* : ﬂ

T
» Natural light source: | ; A 4l |
0.005— - %ﬁ H& m
T H%*F#téﬂjfmﬁ #HJ[ | | | tm

[ L ! ! ‘ : ! ‘ I I ‘ ;‘1
* Atmospheric muons 100 o0 ’ " Time diference, ns



GEOM

Acoustic positioning system:

- [RY CALIBRAT

wogL

« 5 acoustic modules (AMs) on each string (4 AMs in 2016)
«  One module is fixed to anchor (node), the rest are along

the string (beacons)

« Acoustic signal delays between node and beacons are

measured every 5 min

« Relative positions of the AMs are obtained by triangulation

«  Monitor pictures are obtained automatically with a delay

about / minutes

X scan (coordinates adjusted to median)
Cluster #1, from 2019-05-05 to 2019-69-12

X- M[X], m

—1=—3 =5 —7
— 22— 4 —56—38

Y scan

Plot Adjusted plot

Y scan (coordinates adjusted to median)
Cluster #1, from 2019-05-05 to 2019-09-12

Y - M[Y], m

w8z6
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ONLINE DATA PROCESSING SYSTEM

Servers

Dashboard, Monrtoring  Processing management system

S— D B J @ b S k |
LT .- > o
k L — C 7 /) k /)

Raw data

> ||Tﬂ
F.

e system

BblApHHO

* =6 min exposition file comes to the Computing Center in Dubna (+30 sec delay)
* Primary data processing jobs start immediately (+5 min delay)

« — Alert system (= 15-20 min delay) 24



LAK

BACKGROUN

D NOIS

1185 m
1095 m
1020 m
930 m
840 m
750 m

201é—03 201%3—05 201é—08 201|6-10 2016-12 _2017-02

Date

— stable period

— active period

normalized

N 180F
=, 160
T L 140F
Lake chemiluminescence level © =
varies during a year = 120
3 100
O go=
[t has one-p.e. nature 605
=
| 40E- A
20-40 kHz for "low noise" o0E- :t" x
period
The shallower the OM the o _
higher the noise level € q01-
@) -
LAt O q402.
The same charge distributions -
for low noise and active 107° 2
eriods .
p 10—4 ?
10° -
10° -
4 | L
0 1 2

'3 4 5 6 7 8 9

Charge [photo-electron] i
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NE@ISESUPPRESSION AND TRACK RECONSIFRE!CHIRIS

T B RATGVD

2
o
O
- - >
 [he noise suppression method: S
i . Z
* Surviving true hits: 94% -

)
« Admixture of noise hits: 5% 10

» Track reconstruction (one 103
cluster):

* Mismatch angle =1° median  10™

QS

20 40 60 80 100 120 140 160 180

O, (deg.)

O m 11T

Experimental data agree well with MC expectations
26



NEUTRINO EVENT SELECTION

-é ‘ Silgnall (telst 4amlple)I | I- Slignlal ({rai}lingI salmp‘e) -

E 6 :'_/// Background (test sample) - Background (training sample)_|

. A set of |5 quality o f BAIKAL-GVD -
variables was used as % 50 2016, preliminary -
input for BDT - L -
4 -

«  Atm muon background i :
s suppressed at the level E -
of 10°, maintaining signal i :
efficiency at the level of ” - -
~80 % (BDT response > - .
0.25) 1 - -

04  -02 0 0.2 0.4
BDT response

27



UPWAR

D GOING N

~UTRINO

-V

mb

erec ~ 30 deg

10 hits

At RoISE e[ ECtOn

 BDT > 0.35

28



BERRCH FOR CASCADE EVERSS

o
q§> ! = N,;>20
o 10-! :t}—::,LE BAIKAL-GYD
I Eliicciional resolution: ~ 3°- 4° fé - (Ve?;b;‘l::_'ﬂ"—-—._lﬂ £-2.46 prelminaly
(median) S 1072k - i—-—.ﬁ
* Energy resolution: OE/E ~ 30% - - H_I_L H_H_'ﬂa__
+ 3/2 live days data were selected 1073 = L
from 2016, 2018 (=2.4 clusters per i
year) 10~ - j_LL
1 15 2 25 3 35 4

loglO(E/TeV)

9



A0 A

Background is under study
Date |k TeV Zenith | Azmuth | RA Dec

degree | degree

16.11.2015 107 56
29.042016 157 57
21082018 153 49
24.10.2018 107 69
15022019 339 6/

T— \ . . — — A

2018: 25 hits E=153TeV. p=76 m

D

7

-NTS

5 events were selected with E > [00 TeV

T UNIX

1311395 5.6 1447637711
249 1734 140 1461925647
57 231.7 49.1 1534868736
1121 41.3] 0.7/ 1540416000
350 684 61.9 1550278144

)

X, M

-50.2
-25. 1
40.4
79.8
-48.0

- k)

Y, M

49.7
-37.0
-65.7

61.6

75.7

Preliminary

Z, M

-60.7
| 1.4
-93.8
151.0
4.3

2016:53 hits, E=157TeV, p=44m 30



IcgCube up-gging
4 1§
24 h » 0

EEERCHTFOR HIGH-ENERGY NEUTRINOHNES G

WD S5 OCIATER VIR

» The source was under horizon at
fEeliion ame: 93.3°

» No neutrino events associated with
GW /0817 using cascade mode within
both + 500 sec and |4 days

« Assuming E-2 spectral behavior and equal
fluence in all flavors upper limits at 90%
C.L. are obtained on the neutrino fluence

from GW /0817 for each energy decade «™

Vol. 108, No. | 2, pp. 787—790.

GWI1/70817

Gw170817 Neutrmo limits (fluence per flavor: v+ v, )

10°
10°
1

10

L ALY ALALLLLL L L] —

+500 sec time-window

ANTARES
M Auger
IceCube - |
177 T \\\
40// \ Kimura et al.

EE moderate

e — ————
-

Ve ~ Kimura et al
40 /‘/ OO

/ rompt
mllllﬂ\llmllll | |||||u]p| |||||¥|]) R |

ool cvvwfil ool

10
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|

Baikal Auger
I
N
— | ANTARES _

IceCube | Fang &

-
Metzger
30 days

14 day time-window

|

2

Fang &
\jl\:[wetzger
i 3 days
: || L1l

10° 10* 10° 10° 10" 10° 10° 10" 10"
E/GeV 3




SUMMARY

clusters (=2600 OMs)

AND OUTLOOK

Balkal-GVD neutrino telescope I1s under construction now
-Ive clusters of the Baikal-GVD commissioned in April 2019
’hase | will be finished in 2021 with construction of 9

A numerous low-level stuff were done or almost ready:
e [ime, amplitude, geometry calibrations

Data processing system with "alert” feature

e Advanced noise suppression method

Muon track and cascade reconstruction

Reconstructed atmosp
agreement with the ex

neric muon tracks are in good

bectation.

Preliminary cascade analysis yields 5 events passing all

criteria.

Baikal-GVD Is the biggest neutrino installation in the

Northern hemisphere.
VWelcome to join usl!

VWWe have already 3.5 years of data.

S



-Baikal railway

Ircum

106 km of the C

!

Thank you for attention

33



