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Copep>xaHue

BBepeHne: npuHUmMn pernctpaumm HENTPUHO BbICOKUX SHEPTUIA

CocTosAHNE HENTPUHHOW aCTPOMDU3NKN BbICOKUX SHEPTUN B MUPE

e ACTpOMdmU3NYeCKmMin NOTOK HEUTPUHO

e [lonckK nokasbHbIX NCTOYHUKOB

 MHoroyactnyHaga actpoHomus. KamnaHus no nccnegosaHnio AGN 6nasapa TXS 0506+056.

CTponTtenbCcTBO HENTPUHHOIrO Teneckona Ha bankane

ObpaboTka gaHHbIX 1 BOCCTaHOBIEHME CcObObITN B bankanbCKOM 3KCNePUMEHTE.
MopgennpoBaHue cobbITU B TefiecKkone

[lepBble pe3ynbTaThbl



Fdel ] 1 ] |
M.MarkOV,1 960 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.



High-energy Neutrino astrophysics

p+p pt+yY — T +...
e Easily born: h—=etrVptrve
* in space accelerators

e 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

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

* Disadvantage:

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

absorption &
deflection




HeUTpMHO BbICOKUX SHEPTIUM

bnaronpusaTHble 0COH6EHHOCTM: 106

« CeyeHune B3aMMOAEUCTBUA
HEUTPHHO
C BELWECTBOM PACTET C
POCTOM 3Heprumn (~10-33 cm2
npu 1015 3B) 101

* BbICOKO3HEpPrmu4yHble COObITUSA
ropaszio npotie
perncTpmpoBaTtb - 60/blLUe
3HeproBblgesIeHHNE B
ycTaHOBKe. TpebyeTcs 10°
MEHbLLE permcTpupyroLwmx
3/IEMEHTOB leTEKTopa. 10)]
BO3MOXHOCTb UCNO/Ib30BaTh ’
60/1bLLME 06 BEMDI

€CTEeCTBEHHbIX MPO3PaYHbIX 10" & ‘ : . i
cpea o 10 10 10 10+ 1016 10* 10!

E [eV]

10°

107
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lce/water Cherenkov neutrino telescopes - global view

______________________________________________________
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Detection principle
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3D array of,photosensors
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A/Ri=1,..,

fthin 5 mks event wii
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Detection principle

Atmospheric muons

Factor of 10°6 more abundant than atm. neutrino
Very complex signature -> mimic neutrino events
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3D arrzyphotosensors

it

fthin 5 mks event window

-

Detection principle

Atmospheric muons
e [actor of 10°6 more abundant than atm. neutrino
e \ery complex signature -> mimic neutrino events

Neutrino induced muons

e | ong track in the detector

e (ood angular resolution < 1°

e Neutrino interaction vertex can be located at several

km from the detector — large detection volume
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3D array of,photosensors

fthin 5 mks event window

-

Detection principle

Atmospheric muons
e [actor of 10°6 more abundant than atm. neutrino
e \ery complex signature -> mimic neutrino events

Neutrino induced muons

e | ong track in the detector

e (ood angular resolution < 1°

e Neutrino interaction vertex can be located at several

km from the detector — large detection volume

Neutrino induced showers

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

e (Good energy resolution

o
I

relative cross sections

Ve Vu Vr

NC 1 1 1
CC 2 2 2

cascades tracks

3 51 -1 -0.75-05-025 0 025 0.5 0.75 1
. . cos (0)

Probability function

(=N

10 |




3D arreyphotosensors

1t

Y/
/7<>< - 1 =1,....N,

fthin 5 mks event window

-

Detection principle

Atmospheric muons
e [actor of 10°6 more abundant than atm. neutrino
e \ery complex signature -> mimic neutrino events

Neutrino induced muons

e | ong track in the detector

e (ood angular resolution < 1°

e Neutrino interaction vertex can be located at several

km from the detector — large detection volume

Neutrino induced showers

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

e (Good energy resolution
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relative cross sections
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ICECUBE ALABAMA

The lceCube Neutrino Observatory

Penetrator

HV Divider

IceCube Lab
IceTop \ _ LED
81 Stations, each with " Flasher
50 m 2 IceTop Cherenkov detector tanks ™,
2 optical sensors per tank Board

324 optical sensors

| DOM

LR 'f | Mainboard
T IceCube Array

86 strings including 8 DeepCore strings

60 optical sensors on each string

5160 optical sensors

- Mu-metal
grid

December, 2010: Project completed, 86 strings

1450 m

Delay
DeepCore Board

/8 strings-spacing optimized for lower energies \
480 optical sensors \

_—I Eiffel Tower \

324 m

. -

-

2450 m
2820 m

PMT\\___

T gel

Glass Pressure Housing



e~ o S # Running since 2007
“ , 885 10” PMTs

12 lines
25 storeys/line
3 PMTs / storey
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Neutrino Signatures in lceCube

10° angular resolution (> 100 TeV) 0.3° angular resolution (> 100 TeV)

Cascade 15% deposited energy resolution factor of 2 energy resolution

v, CC
most v, CC
all flavor NC

A I
Fhe

Double cascade from
high energy v,

- g g NP N -
L0000 O
- “_eH W o »

G e we e s e e

v
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p POESUREMBEPPH - i -
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Neutrino sky map* at very high energies 2012

* CR background removed

Markus Ahlers (UW-Madison) Neutrinos as a Probe of UHE CRs June 8, 2012
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date (GMT)

NPE
number of recorded DOMs
reconstructed deposited
energy (PeV)
reconstructed z vertex (m)

Aug. 8, 2011 Jan. 3, 2012

7.0 x 10* 9.6 x 10*
354 312

1.04 =0.16 1.14 =0.17
122 =5 20 = O




ANTARES — Diffuse flux

10° .
Sample: : —:mosphercscmc
- = Cosmic MC (I'=2)
¢ 2007 —2015, 2450 days of livetime (9 years) | .. 17} — — Gosmic MC (I=2.5)

* All-flavour analysis (track+showers)

10

Event selection chain + energy-related cut
applied to

* obtain a high-purity neutrino sample 107k
* maximize sensitivity

Events per bin (2007 - 2015)

2 3 4 5 EG a.u)
Signal modeled according to the IceCube flux —
= 102:: . ata »
-— - SN Atmospheric
Result: ; " R
33 events (19 tracks + 14 showers) in data §
24 +7 (stat.+syst.) events background in MIC g 1
1.60 excess, null cosmic rejected at 85% CL g ,: -
Ap) 853, (2018) L7 i } B SHOWERS
arXiv:1711.07212v1 0= ‘

|. Taboada | Georgia Inst. of Tech. 14



Vu from the Northern sky 10 years (2010 - 2018), > 650000 atm. neutrinos

¢ Selected
horizontal and up-
going muon tracks

e Sensitive to
astrophysical
neutrinos above

~120 TeV

e Power law Index:
Yastro = 228——888
arXi1v:1908.09551vl

Number of Events per Bin

ol

)
=
I

o
-
(OV]

o

-
N
I

Prompt Atm.
Sum
Exp. Data

/ \

| | | | | |

1000 —————————— f— e e —
| | | | | |
—1.0 —0.8 —0.6 —0.4 —0.2 0.0

+ [ ]

- IceCube Preliminary

Astrophysical (1.44 x (E/Ey)~>2%)

Conventional Atm.

cos(Zenith)

1.0 === == « =oooe

1 e e WS S S S S S S SN S S S S SS—— e w—

0.8 —

0-6 _IIIII | IllIIIII | IIIIIIII | IIIIIHI | IlIIIIII | IIIIIIII
102 103 104 10° 100 107

Truncated Energy / GeV

Astrophysical contribution 1s observed at 5.6 o significance arXiv:1607.08006v 1



ICECUBE

SOuUTH POLE NEUTRINO OBSERVATORY

THE UNIVERSITY OF

ALABAMA

Northern Hottest Spot

right ascension

y y _Preliinary | > 70
Using high energy through-going tracks and - :
tracks optimized for point source searches 7po Prolin 0.30° 2
1()° A reinnary &
Southern Hottest Spot . 60 ' D, USSR =
. T 40 s . ~ -t
T T 30° 3.30
CPreliminanyi.. Lo .| 53.45° ' TR RS .
< a 15° A v 7 Equatorial
JSRENe e 3. 1087 3787

-00.45°

(lt‘('llll ltinll

o -59.45°

HAT1¥°

303.18° 300.18°
I'l}.’,’lll AsCcelslon

[ N L

T 1()” 1“(1)1« T tl)

T. Carver NU5c

New source list of 110 Galactic and Extragalactic objects
Hottest spot in Northern Hemisphere coincides with
2.90 excess at the position of NGC 1068

[

- 1“5@ ]H(p]nul])

_75°
Angular resolution was improved by > 10%
2 3 1 5 6

T l( 2 l(l'[)(m H(]

0 1

M77/ NGC 1068

arX1v:1910.08488v1



& ceCuse ALABAMA

All sky combined 10 year search

s ANTARES E~2 Sensit. === 90% Sensit. E3
10 { —=- ANTARES E~° Sensit. =—— 5¢g Disc. Pot. B3 1. NGC1068
: — == 90% Sensit. E2 2. TXS 0506 + 056
1078 =5 Disc. Pot. E—2 3. PKS 1424 + 240
4. GB6J1542+6129

v 90% Upper Limits E—2
90% Upper Limits £ 3

P

Source list search is
incompatible with
background at 3.30
(2.250 without TXS
0506)

T. Carver NU5c 1.0 —0.5 .O:O 0.5 1.0
sin(d) arXiv:1910.08488v1



E?.dN/dE [TeVcm—2s7!]

Search for Sources of Astrophysical Neutrinos Using Seven Years of IceCube Cascade Events

dN/dE x E~2

10~10 -

] | e— 7yr Cascades

- Tyr Tracks
= ANTARES 2017

2yr Cascades

—1.0

0.0
sin(d)

—0.5

p—d [— [W—

E? . (E/100TeV) - dN/dE [TeVcm 2s™1]

60
80%
504 . 50%
s 20%
2 40 f========
=)
2
o 30
g
2 20
10
0
103 10* 10° 108 107
Etrue [GGV]
y dN/dE x E~3
0_
e 7Tyr Cascades
2yr Cascades
—— Tyr Tracks
01! T — '
0—121
0—13 a v |
1

|
'.d
o

0.0
sin ()

—0.5 0.5

1.0

arXiv:1907.06714vl1

E? .exp(E/E.y) - dN/dE [TeVcm™2s71]

dN/dE x E~2 - exp(—E/FE.y)

10—10 -

« ANTARES 2017 (Ecut = 100 TeV)
1 == 7yr Cascades (Ecyt = 100 TeV)
~— Tyr Cascades (Ecut = 1 PeV)

7yr Cascades (No cutoff)

107+

—1.0

1.0



High-Energy Startmg Events (HESE) 7.5 yr

K3 & . Sh
® owers e
Veto ; F; Tracks +—X
T %] IceCube Preliminary
0.5 ?
__GD
@

sin(Declination)
-

05 (’ I

New events

S
Effective volume ~0.4 km3 -1 > B S— 3
10 10
Deposited EM-Equivalent Energy in Detector (TeV)
Prior result 6 years ICRC 2017 arXiv:1710.01191 arXiv:1907.11266v2
Updates to calibration and ice optical properties
103 events, with 60 events >60 TeV ceCube. Nature volume 551 (2017) 596
- Changes to RA’ DEC, energy Poster #175. Wandkowsky et al. (IceCube)

|. Taboada | Georgia Inst. of Tech. 8
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High-Energy Starting Events (HESE) - 7.5 yr

IceCube iPreliminary

ks

10°

B Atmo. Conv.
Bl Atmo. Muons

LI
-06

Deposited |

nergy |GeV]

L \ B
r
-

-T

Events per 2635 days (> 60TeV)

Prior result 6 years ICRC 2017 arXiv:1710.01191
Updates to calibration and ice optical properties
103 events, with 60 events >60 TeV

—» Changes to RA, Dec, energy

|. Taboada | Georgia Inst. of Tech.
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lceCube. Nature volume 551 (2017) 596
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Poster #175. Wandkowsky et al. (IceCube)
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High-Energy Starting Events (HESE) — 7.5 yr

45

Work

N P : 3 27 tracks
76 cascades

Coincident events: 32, 55

Dropped events: 5 6, 42, 53, 61, 63, 69, 73 Eq UatOria|
0.0 6.5 13.0
TS = —2AIn(L)
E < 300 TeV 1PeV < E

No evidence for point sources, nor a correlation with the galactic plane

Poster #175. Wandkowsky et al. (IceCube)

|. Taboada | Georgia Inst. of Tech. 10



I CECUBE

SOuUTH POLE NEUTRINO OBSERVATORY

A tau neutrino candidate

THE UNIVERSITY

ALABANM

in the 7.5 year HESE sample: “Double Double™

—— single cascade —— double cascade -+ -+ exp. data

—— reco with bright DOMs --- reco without bright DOMs

bright DOM*|[ ~~ bright DOM*

Detected Photons

A I A

 bright DOM*

0 ®
°0
e © ®
o o
© & 4 o
C C © ° 6)
e 20 g 2
® o e 8 o
© o (@
s °
C J
Q° o:
® o
()
. T o ¢ ‘o 3
© @
C ¢ O -
o Q
)
IceCube Pre"minary 0* Bright DOMs are excluded from this analysis

J. Stachurska NUS8f

Negative energy asymmetry

— HESE with ternary topology ID ?O
% Best fit: 0.29: 0.50: 0.21 1.0
— Sensitivity, E %Y spectrum 2,
# 1:1:1flavor composition _--X\ 0.8
Q4 o7 )
WORK IN PROGRESS S/ ‘ S,
< 0.6 <
L 4 o,
(E1-E2)/(E1+E2) = -0.80 So » o
L (o) el
/ & 0.4 <
-
9 TeV e "o .
. ~Q 0
— 09"\ 0-2
--> ---> « AN VAR VAR WA VL A vs ,,I
s
I—I / 7 7 7 - 7 7
Q ™ © o Q
17 m o > N o’ N ~

Fraction of v,



THE UNIVERSITY OF

ALABAMA

IceCube sending alerts since C. Tung NUSb

Updated alerts as of June 2019

SEt i Signalness >50% >30%
Gold s R Initial GCN Notice followed by Expected slgrialive | 66 28
IC190619A GCN Circular with updated
reconstruction Expected bkgd/yr 6.1 14.7
Iridium
Online Event |C€(?Ub8 lceCube > Gold Alert -> AMON
Filtering V€ 1 Live &
System South i i North = Bronze Alert=p  GCN
Bronze | 5
| South Pole, Antarctica Eollow
IC190712A A/ T o | DS S > Folowup g

lceCube Data Center, Madison WI




Breaking News (July 12, 2018)

Chasing the smmo & !
CCONOMY p 128

«t

Science=

"~ NEUTRINGS

FROM A BLAZAR

Multimessenger observations of a Neutrino emission from the direction
flaring blazar coincident with of the blazar TXS 0506+056 prior to
high-energy neutrino IceCube-170922A the IceCube-170922A alert

The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, HLES.S., IceCube Collaboration™]

INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams™

+ 16 observatories!



IC-170922A — a 290 TeV Neutrino
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TXS 0506+056: First evidence of a v source

3

TXS 0506+056
Flare in Fermi

Science 361 (2018) eaat1378
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)



&2 I CECUBE

SOouTH POLE NEUTRINDO OBSERVATORY

Fermi-LAT data; Padovani et al, MNRAS 480 (2018) 192

1

_— —
107 ph em™* s
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- 10Gio P

2009 2011 2013 2015 2017
Neutrino Flare + |
4 [ceCube-170922A +:+

ﬂ

f
+++Hﬂ“+ h LT i

+ 4

At 2014-15 neutrino flare

Science 13 Jul 2018: Vol. 361, Issue 6398
Science 13 Jul 2018: Vol. 361, Issue 6398

The 2017 flare Page 2

Correlation of

1C170922A with TXS
0506+056 preferred
to chance at 30 level

IC40 IC59 IC79 IC86a IC86b IC86¢

5 A A A A A

+ lceCube-170922A A
4 Gaussian Analysis \
3 4 — Box-shaped Analysis J] \
2
1
o - et — A S —

2009 2010 2011 2012 2013 2014 2015 2016 2017

g

n
Q

1o

Excess of neutrinos observed between September 2014 and March 2015
Background only hypothesis rejected at 3.50

original GCN Notice Fri 22 Sep 17 20:55:13 UT
. refined best-fit direction IC170922A
—  |C170922A 50% - area: 0.15 square degrees
= |C170922A 90% - area: 0.97 square degrees

6.6°

6.2°

S
(0]
0

=
TXS 0506+056

Fermi-LAT

Declination

o
N

5.0°
PKS 0502+o4§

3FHL
3FGL

78.4° 78.0°

4.6°

77.6° 77.2° 76.4°
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374 + 62 excess photons with observed energies up to about 400 GeV
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The IceCube Upgrade
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Current KM3NeT Data

Triggering on track and cascade sighatures
Trigger rates -0.5(7) Hz for ARCA (ORCA)

Cumulative event count
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Neutrino telescope Is a multi-purpose detector

Multimessenger Neutrino Fl : Neutrino : :
avor Rat s
Astronomy Astronomy vor Ratio Oscillations Sterile Neutrinos
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EARTH .
SCIENCES Claciology
l Earth

Gamma Ray
Astronomy
Cosmic Muons h
Tomography
DARK FUNDAMENTAL
Space MATTER SYMMETRIES Atmospheric
Weather Sciences
Lorentz
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Quantum
Space-time
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JKcnepumeHT Baikal-GVD

10 nHctutyTos, ~/0 y4aCTHUKOB

e -

e WNHctuTyT AnepHbix NccnepoBaHmnm (MockBa)

e« Ob6beanHeHHbIN NHcTUTYT AnepHbix UcchepoBaHum ([1yoHa)

e WpKyTCcknin focynapctBeHHbIN YHUBepcUTeT (MpKyTCK) r

« HUWU ApnepHon Pusmkm um. [1.B. CkobenbumHa MIY (Mocksa)

« HuXeropoackunn locyaapcTtBeHHbIN TeXHNYecKkun YHUBepCcuTeT
(HvxxHnn Hosropoga) s £ SRL E

e CaHKr-MNetepbyprckuin focygapctBeHHbIh MopcKon TeXHUYECKUI + ) iy
Yuusepcutet (CaHKT-NeTepbypr) | Sl | ™)

« |nstitute of Experimental and Applied Physics, Czech Technical
University (Prague, Czech Republic)

« Evologics (Berlin, Germany)

« Comenius University (Bratislava, Slovakia)

 Krakow Institute for Nuclear Research (Krakow, Poland)
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BAIKAL SITE

S/ an oo

Maximum depth: | 366 m _

Distance to shore: 3.6 km mmn

Absence of high luminosity bursts from o mm
Conace: : biology and K0 = -

[lawweHHbIN

bparcd » Optical water properties: s

e - Absorption length: 2242 m prtemer

” - Eff. scattering length: 300-500 m S
Fresh water: constructions made of even iron &

Nlorthern location: Galactic Center visible 18
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The control center at the Baikal shore  The local lab and OM storage in Baikalsk __



[eteKkrtop Baikal-GVD |
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rMPNAHAS: Aetektop Baikal-GVD Ii

3 cekuuu

Knactep - He3aBUCMMaAA CTPYKTYPHAA eANMHMLA Tes1ieckona
Knactep: 8 rupnaua

CLUSTER

Knactep BkatoYvaeT 288 OM pacnpeneneHHbIX N0 8-Mu CENTER
rmpaaHaam Ha rnyobuHax ot 750 ao 1275 m o

OM opueHTUpPOBaHbI KO AHY 03epa

: § 8

g 3 3
: § Q¢
O g g o]
KaXKpaa rupaadaa 3akpenaeHa AKopem Ha AHe 03epa S s 8 H2
o) 4 o 8 o ¥
d S B
PacctosiHne mexay OM no BepTnkanm 15 m 8 5:’ d 8 g
4 - O -4 o o
= | g8 % g8 8§
: n | (g8 58 89
3 PaccTtoaHne mexay rmpnaHgamm 60m N : 8 8§ ¢ ¢
E g 3 s 8 8¢
3 S $ el & 8 ¢
= Ha rnybuHe 30m pacnonoXeH LueHTp Kaactepa g : I R
e TpurrepHasa 3/1eKTPOHUKA | g1 '8 l g 1§
e [uTaHue ! § g |

« ObopynoBaHuWe AnA nepenayn AaHHbIX A 1
120 m
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Aetekrop Baikal-GVD Il

Baikal-GVD 2020: 7 knacrepos, 56 rupnaHa MnaH pa3BepTbiBaHUA TeNECKOMNa

CymmapHoe
‘ & foa yncno
A g @ Knacrtepos
ll | 2016 1 288
2017 2 576
750 m |
l 2018 3 364
! 2019 5 1440
|
|
X | 2020 7 2016
2021 9 2592

525 m

!
!
’

+ JKCNnepumeHTanbHasa rTMPNAHAA:

PEYRIEE [ R DE 4R 1E | ® onTuyeckaa anHUa go UeHTpa cekuum
R0

| paccTofAHue o 1r6uT/c
91 m MeXAay ® MOHMMKEHHble TPUrrepHble NOPoru
' Knacrepamu ® CMHXPOHWU3NPOBAHHbIE Yachbl
~300 m ® HoBaAa FPGA Zync

® MHOMEeCTBEHHbIN TpUrrep

® moHononabHaa DAQ

41
NoHHasa onToaneKkTpuyeckas KabenbHas IMHUA 00 Ka)XXAoro Kjacrepa



GEOMETRY CALIBRATION
Acoustic positioning system:

* 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

»  Monrtor pictures are obtained automatically with a delay
about / minutes

X scan (coordinates adjusted to median)
Cluster #1, from 2019-05-05 to 2019-09-12
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KannbpoBKa BpemeHU OTKIUKA

Bpema umnynbca Y - BarkHeML as
XapaKTePUCTUKA CUTHANA, NCNOJIb3yeMasn B
PEKOHCTPYKLUUU

MeKKaHanbHasa BHYTPUCEKLMOHHAA
KannbpoBKa:
KannbpoBoyHble cBeTOAMNOADI

MeKceKUuMoHHasa KannbpoBsKa:
MaTpuua cBeTtoanoaos

MeKKnactepHasa KannbposKa:
[1Ba cneumnanbHO pa3paboTaHHbIX
M30TPOMHbIX /1a3epa
o Bcnbiwkum 532Hm, 0.37 mxx (1015
$OTOHOB) , ANNUTENIbHOCTbL 1 HC
« B 2020 bynet yctaHoBNEHO elle 4 nasepa

TOYHOCTb BHYTPUCEKLMOHHOU U
MeXCEeKLMOHHONU KanmnbposBKU ~ 2.5 HC

puropmmn CadpporHos ot Baikal-GVD
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Entries 3054123
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Cucrtema CMHXPOHM3aL MM KJ1TaCTEeEPOB
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Events, season 2019

[TOTOK AaHHbIX C TesnecKona
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40 I'6 c KnacTepa B AeHb B beperosou
LEHTP

PaanokaHan 250 M6/c (BL, - r. Baiikanbck)
IaHHble nepepatotca 8 ONAN no
MHTEPHETY dannamm c sKcnosnumnen 6
MMUH

ABTOMaTMYeCKasa 0bpaboTKa nepBUYHbIX
naHHbIX B ONAN

[Tonb30BaTENbCKMN aHANN3 HA
BbluncantenoHomn pepme 8 ONAU
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DATA PROCESSING AND ANALYSIS SCHEME
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PULSE EXTRACTION AND FILTRATION

Full FADC waveform data (12 bit, 5 ns)
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Trigger system

« [1Ba cocegHunx OM nepepnatoT umnynbcbl Ha LLM, KoTopble
e [lpeBbIWAOT HU3KUN N BbICOKUIN NOPOru B 4 coceaHmnx oTcyeTax
e Pa3HOCTb BpeMEH mMmeXxay NpPeBbllEHNAMM MEHbLUE 3a4aHHOI0 OKHa
100 Hc
e UM reHepupyeT I0KanbHbIN 3anNpoc, NPu 3TOM:

o OTI'IpaBJ'IFIeTCﬂ CUrHan 3arnpoca B LUK c 3a,a,ep>|<|<0|71 B COOTBETCTBUE C
BbICTAB/IEHHbLIM NMaAPaMETPOM 3a4EPHKKU

e  WHKpemeHTUpYyeTCA cyeTynK 3anpocos UM
« Bxop 3anupaetca Ha 30 mkc (mepTBOE Bpems)

« Ha UK Ha cooTtBeTcTBYtOLLIEM 3TOM ceKumnm FADC KaHane noasnseTtcs
MMNY/IbC, KOTOPbIMN NPEBbIAET HU3KUW Nopor

. LUK reHepupyeT curHan noaTBep»KAeHns B Pa3BETBUTENb U HA CAMOTO
cebs

e  VIHKpEeMEeHTUPYIOTCA CHETYMKMN 3aNPOCOB U NOATBEPIKAEHUN
o CuunTbiBaeTcs NoKasaHue Talmepa

o«  CuyuTbIBaeTCs KYCOK SMKC iaHHbIX CO BCex KaHanoB n3 30 mKc bydepa B
COOTBETCTBME C Napamepom opdceT B ABoMHOM bydep. Ecnn oba cnota
nycTblie, TO cobbiTUe 3anucbiBaeTca B 1-yto no3unumio. Ecam nepsas
No3nUMA 3aHATa, TO NMWeTCcA BO 2-yto. Ecin obe 3aHATHI, TO cobbiTue
TepseTca. Bpems ocsoboxaeHmna no3mumm okono 600 mMKC 1 3aBUCUT OT
BEpPCMM MacTepa

e Bxop 3anupaetca Ha 30 MKc

« PasBseTBuTenb pacnpenensaeT CUrHaN NOATBEPKAEHNA HA BCe CEKLUUU U
3anupaetca Ha 100 mKc.

e  UM-bl NPMHMMAIOT CUrHANbI NOATBEPKAEHNN:
e  VIHKpeMeHTUpyeTCcA CHETYUK NOATBEPKAEHNM
« CuunTblBaeTCcAa NOKasaHMe Tanmepa

o«  CuyuTbIiBaeTCs KYCOK SMKC IaHHbIX CO BCex KaHanoB 13 30 mKc bydepa B
COOTBETCTBME C Napamepom opdceT B ABoMHOM bydep. Ecnm oba cnota
nycTblie, TO cobbiTUe 3anucbiBaeTca B 1-yto no3unumio. Ecam nepsas
No3nuMA 3aHATa, TO NMweTcA Bo 2-yto. Ecnn obe 3aHATLI, TO cobbiTne
TepaeTca. Bpems ocsoboxaeHna no3muymm okono 600 mKc 1 3aBUCUT OT
BEepCcMn mactepa

« B UM-eectb bydep Ha 1000 cobbiTnin, KOTOPbIN OCBODBOKAQETCA NPU
nepnoam4yeckom cYmMTbiBaHMM nporpammon E. NMamckosckoro. Ecam Bo
Bpema He ocBoboKaaTb bydep, To AaHHbIE MOTYT TEPATHLCH

Central
Module

Optical
Module

Optical
Module

:

Request signal

@

Analog signal

@

Acknowledgement signal

Acknowledgement signal

Cluster
(B -corter

TO

to other strings

T3 T4 T5 T6 17

10 0 0 00 i

5 mks FADC Raw data

Offset parameter

Acknowledgement signal arrives to Central Module

S— Acknowledgement signal is generated in Cluster Center

Request signal arrives to Cluster Center
Request signal is generated in Central Module

Analog pulse arrives to Central Module

header
pulse
shapes

- Analog pulse is generated at OM anode header

pulse shapes

Cherenkov light falls to OM

united event

Time

header
pulse shapes




Data quality monitoring

Exponent nchgeom=068 (section 219 channel 08) Uniform nchgeom=068 (section 219 channel 08) Poisson nchgeom=068 (section 219 channel 0B) Background (T<300) charge in channel 068 of cluster 0
° ° chan068_exp_0 chan068_uni_0 chan068_poi_0 chan068_QCalib_0
Quality from fit of - e 1
° . . 10° E_ Mean 1.201 : Mean 20750404 I Mean 20 7000 i
d | St rl b u t | O n S : Std Dev 1.322 ool Sid Dav 1.1850404 1401 Std Dev 4675 i
42 / ndf 367.1/358 /& it s52.6/ 457 i 22 ndt 30.76 / 27
. . Prob 0.3584 Preb 0.001413 120 - Prob 0.2809 .
e time difference between ot 841 20008 - asen : o 15065399 :
Slope  -0.7822 + 0.0046 Pl 3.84dg 06 - 3236006 100 p1 2051+ 0.12 5000
0 - i
events (exponent) b .
r | 1l il |I ‘

3000

it

« check of artificial light

e rate during run (uniform) so :
» check stability of channel S L - bbbl e o
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ntervals (Poisson] 3-_ e st s e st 2:_ et s | s s
« check stability of channel | i | -
. 1 p.e. charge distribution ik ) —T
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Data quality monitoring

green - excellent fits
vellow = normal fits
red - bad fits



[ loArOTOBKa COOBITUM AAS aHAAM3A

[ lOATOTOBAEHHbIE AAHHbIE B BUAE
OTKaAMOPOBAaHHbBIX OTKAMKOB AETEKTOPaA

Cblpble pAaHHble -> CobblTUS KAacTepa
-> MyAbTUKAQCTEPHbBIE CODbLITUA

KaAnbposka:

— OTcuetnl FADC -> o.3. .

— OTcuetbl FADC -> Hc ; : "\._CHANNEL 287

— AKYCTUYECKME AQHHbIE -> | String: 8
noAoxeHne OM, M vs Bpems _ : Section: 3

Amplitude: 1.2024 p.e
Time: 14621.11 ns

BoiaeaeHme cpabaTtbiBaHM OM,
BbI3BAHHbBIX MPOXOXAEHMEM YACTUL, OT
cpabaTtbiBaHmm OM, BbI3BAHHbIX
CBEYEeHMeM 03epa

BoccTaHOBAEHME TPEKOBBIX COOLITUIN
BoccTaHOBAEHME AMBHEBBIX CODObLITUM

OHAaMH 0bpaboTka AaHHbIX -> Alert
cMcTemMa

| = 1..Nhit
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Improved two-hit causality condition

Recently we have extended our causality condition with "long distance causality"

Monte Carlo high-energy nu_mu_CC with realistic noise Classic causality condition:
dt<dr/v+a

D 1800 v SR g e A T il
= Pt G el QY 180 Long-distance causality condition:
< 1600 53y Rae s Taean N g Idt-dr/c| <D
Tt »“‘:" R 3 —160 %) TR 1d & [ ] r @ |7 & B] k) [0 & W] RRel 35 0] il
s S AU LR 1 4140 = 2 D. Zaborov -
e o I T A L i L AT, fo o/ - ~
12005 572 A8 Sl ) 2 8 o 300 r
YRR I S A 1l 120 : :
-1 AR T S A e AT e, - - -
1000 F - H s bt o AL 7 e lide - = 2501 E
-:.':"5';é‘$"§.:.§"7fi¢<é'§c?” AR PSR ”gxc jude’. 185100 E :
R T TR Ry S 3oV Al ROy d i 3
800 e \.ﬁ’a‘ 35-"’" ROET ¢ HRE AR 80 2001~ _-‘
600F: ;"335 S A T e T —|B60 1501 -
i e : % s il ST T o Vel : . - -
400 - :: ..,;. 5 4 -'-..-::...': ' ::::.-..‘ 3 :.'/- ::‘..::.: T .:.s":‘ Ay : g 40 : :
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g o fd & S e B3 BS 3 il £33 Eak il 881 Ve v ¥
900-80-60-40-20 0 20 40 60 80 100
Ar - c*At [m] 4

*

Q.

t and dr computed w.r.t. biggest hit Ar [m]

Grigory Safronov



signal impulse efficiency

Scanfit |

Drastic improvement of the
Impulse selection
efficiency with scanfit
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Faint event
Neutrino iInduced muon before noise rejection Neutrino induced muon after noise rejection




| ~ Bright event , S
Cascade event before noise rejection Cascade event after noise rejection




MC simulation package

CORSIKA ANIS Internal Internal
muon bundles neutrino w v, Sea level U
database database generator generator e Custom fortran codes (|egaCy
‘ ‘ from NT-200)
l Stage |- * Transition from Corsika 5 to
- propagation to detector volume (MUM package) Corsika 7 (pOSt LHC)
- lightfiled in the detector volume «—— Water properties package
- number of photons on OMs +«<—— OM properties
Detector geometry _ Detector volu
* Lack of high-energy events |
Stage Il Detector /

. L * Not flexible enough, hard
-noise = <+«———  measured in-situ _
- trigger to modify

Transition to the new C++/Python package

/

Chemical composition:

CORSIKA 5 - old KASCADE chemical composition (B.Wiebel-Sooth, P.Biermann 1999)
CORSIKA 7 - Thomas K. Gaisser, Ralph Engel, Elisa Resconi -

MUM package Cosmic Rays and Particle Physics (2016, Cambridge University Press)
PHYSICAL REVIEW D, VOLUME 64, 074015 Bartol flux for atmospheric neutrino SIMulation physRew Ds3(1996) 1314-1423, hep-ph/9509423
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Track reconstruction basics

Simple 2 - like fit is is used so far

—

Track parametrisation: R(t) = ﬁo T C(t — tg)‘?

V" is unit vector in polar coordinates, ﬁo and tpare taken in plane Z=0

Initial track Ve = 1 . R.. Where iand jare ordered in time and
approximation: i ( /‘IZ;J ZJ‘)t;j o belong to different strings

Initial values for ﬁo and tp are obtained using hit with largest amplitude

e e .
(qlL?:lri‘tI;)a:tlon anetion Q = %t (85 — ti)Q | Ala;)D(d;)" inspired by ANTARES paper:
-~ o2 | d, | https://arxiv.org/abs/1105.4116

Muon prompt Cerenkov radiation approximation is used for the time estimation
A and D are amplitude and distance functions
+ Likelihood approach has been developed OM signal jitter: 0; = 3 ns



Data-MC comparison : zenith angle

| cuts: CovMatrixStatus==3 && NStrings>1 && Nhit>=6
NumberOfaCtlve Ill|IIIIIII|lll|lll|lll|lll|lll|Illllll eveﬂtmlgratlon

channels varied 10° between
during the season single-string

A 2 multi-string

[ IIIIII‘

=F | J] | IIIIII

MC mimics 105 L MC atm. muons T categories could
conditions = = { - affect this region
of run 102 O -
8 1 04 =_ l..ll : ; l- d ata _=
~~ - _y e —
> = - L -
.2. 103 _' pratattas ' atm. muons L
& E 4 data 1 Runs 100-199 is
- _ Poorly fit events ~ [----- data runs 100-199 ] alow noise period
Background made of 102 _ (under Investigation) _
real muon hits + = =
a noise hit high above B _
(so the rate depends on T T T I T I T BT T

the noise level -1 -08 -06 04-02 0 02 04 06 08 1
cos(ZenithRec) .



Data-MC comparison: Nhit & NStrings

cuts: CovMatrixStatus==3 && NStrings>1 && Nhit>=6

j | ! S R I | PR T I S R TR | [ B B | I S ] | SR SE RN I B 3B IR | B t
1 O6 =" —_ —— atm. neutrino =
= i —— atm. muons ¥
'_CE) 1 05 §_ — data _g
~ 4 :_ _:
% 10 = = Slope slightly different =
. 103 - from prediction gy
- = E =
© E E z
o 107 = - £=
9 : =
B ol i
C = =
e b
1 0—1 : (] ST (PO | Jlos =i 5y i iy | | | II :
0 10 1% 20 25 30 35 40
Nhit
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number of events / bin

A
=

102

RS \g
O

—_—h
[} L

cuts: CovMatrixStatus==3 && Nhit>=6
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.
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Data MC comparison: fit quality
cuts: CovMatrixStatus==3 && NStrings>1 && Nhit>=8

g""l""I""I""I""I""I""I"'§
— | — atm. neutrino — il
105 = | — atm. muons - = Distribution for
[~ B 1 atm. muons
o 10* = appear shifted:
% - 1 for downgoing
S 10°E { events
3 - 3 a positive shift
o 10%k | Is observed
S
E  10F M _§
= — =
1 -1 : -
10—1 E I i1l L I y
0 0.5 1 1.8 2 2.5 3 <§ 4

10g10(Q / n.d.f.)
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number of events / bin

number of events / bin

Data-MC comparison: auxiliary variables

Time residual variance

Track length
= B S L e g LBl e LR L | [ LT (S
105 ;_ '.|'|"|I|rrl .. £ —— atm. neutrino
= 2P i : —— atm. muons
- ' ) 0 2 | — data
10
z e,
103;b > i o I 1 Il
107 ¢
10
o Wi,
10—11111|.|||I||.| A | ) 0 [ TS TN S L
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B R e e T
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Summary of analysis cuts for neutrino selection 2016

low energy neutrino selection

ZenithRec > 120 deg

Q / ndf < 25 Obtairclied from_ an _iterative
TResVar / ndf < 3.0 PIOEE urg/(gilt'm'zmg
ZDist > 67 m where S is signal,

ZDist / (Nhit-1) <40 m B is background, and

PHit > 0.025 a=17

PnonHit > 0.1 . . .
RhoAvg < 18 by balance beteen
CovMatrixStatus == high purity and high rate
Nhit >= 6

NStrings > 1

Jan 22, 2020 D. Zaborov, TAB meeting



Q/ndf distribution (golden event sample)

cuts: ZenithRec>120 && ZDist>67 && PHIt>0.025 && PnonHit>0.1 && RhoAvg<18 && ZDist/(Nhit-1)<40 && CovMatrixStatus==3 && Nhit>=8 && NStrings>1

1 Od ? I . | | | T W | | SN T N | I  ET BN | | TR I BE ] I R I T I W TN I A T | 1?
[ = atm. neutrino : =
: — atm. muons NHIt>=8 :
— ol | ek gt =
'_6 B & .
i B Discrepancy for
g e = atmospheric muons
O - = - under investigation
% - - (can be partly due
= i = ] i to noise level)
-CE> 1E e ] -
= - =
- B el = i
1 0—1 jii..g.- Ly L.§ | S . | [ | | |}l—| | | - h. . ). | N - _l_ . .. | | L.y ]
0 0.5 1 (5 2 2.9 3 SO 4

Jan 22, 2020

log10(Q / n.d.f.)
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Results after cuts
185 days livetime, 2016, single cl

cuts: ZenithRec>120 && FuncValue/(Nhit-5)<25 && TResVar/(Nhit-5)<3.0 && ZDist>67 && PHit>0.025 && PnonHit>0.1 && RhoAvg<18 && ZDist/(Nhit-1)<40 && CovMatrixStatus==3 && Nhit>5 && NStrings>1

number of events / bin

10 [ R R | I s TR N [EE P R T [ llllllllllllll
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— atm. muons

I TR I
L (600 i 6] 31

el

— data

|
|

True

enithRec>120 && FuncValue/(Nhit-5)«<25 && TResVar/(Nhit-5)<3.0 && ZDist>67 && PHit>0.025

uster

Expected :12.6 events

atm. neutrino: 12.2 ev
atm. muon : 0.4 ev

Observed : 14 events
5/2 Expected: 118 events/cluster in 0.5 year

&& PnonHit>0.1 && RhoAvg«<18 && ZDistNhit-1)<40 && CovMatrixStatus==3 && Nhit>5 && NStrings>1
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Neutrino energy (MC truth)

neutrino, 6/1 trigger + reco

al; ki N S POUI N i DU LI L L (O TR QL
_E E 1 ClUSter before cuts
CICJ it after cuts (NHit>=6)
after cuts && NHit>=8
10° & after cuts && NHit>=15
10°F i
E ; ‘|.J‘|| E
“E MM.J m :
:_|_| o siie) |I-l | el il | | ) bl | | | N Emetl] el | | |l | I | l:
1.5 2 2.5 3 3.5 4 4.5
l0g10(E /GeV
Jan 22, 2020 D. Zaborov, TAB meeting

Median energy
Before cuts: ~ 270 GeV
After cuts : ~ 270 GeV
Nhit>=8 : ~ 300 GeV

Nhit >= 15 : ~ 550 GeV



S, mf

Cluster sensitivity to muons

Muon effective area energy dependence

10°

I llllllll

[ Illlllll

46/3
*8/3
"10/3

I Illlllll

R. Nugmanov

1 IIIIII|

L] I O N [ I I | L

2 3 4 5 6 7E,
091 Gev

Small effective area for low energy muons
Strong dependence on number of selected hits

Astrophysical muon neutrino flux
* Primary purpose of the experiment

Low-energy muon neutrino flux
 Atmospheric neutrino:
- background to astrophysical flux
- understanding of the detector and MC
* Dark matter search

Our main focus at the moment is to establish
reliable reconstruction for low-energy muon
neutrino

Grigory Safronov 2



0@ -

The largest event In 2016

floor number
(~ height)

/ g

time (ns)

reconstructed zenith = 169 deg (11 deg from vertical)
reconstructed track length = 400 m
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Preliminary analysis of 2019  Analysis by G. Saironov

Preliminary conservative analysis of 2019 data: quiet period, date < 01/07/2019
number of hits = 8

exposition N events per week
(days) after cuts

1 63.5 0.7
Cluster 2 analysis
’ S Y V € affected by a noisy
3 53.5 10 1.3 channel (to be re-done)
4 35.0 6 1.2
5 52.3 7 0.9
sum 219 29 0.9

Averaged over all clusters: 1 candidate per ~7.5 days
No MC comparison so far, work is in progress for MC for 2019

Jan 22, 2020 D. Zaborov, TAB meeting 15



Preliminary analysis of 2019  Analysis by G. Safronov
Q/ndf after simple quality cuts

good data (no LEDs, or noisy channels)
cov. matrix status=3, N.. .= 8, N >2,0>110°

strings

number of hits distribution for
neutrino candidates
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Neutrino candidate events 2019 (two examples)
after noise filter w/0 noise filter after noise filter w/0 noise filter

cluster 4, run 99, event 438088

21/05/2019, time: 16:43:34 (+202180160 ns)
nHits = 18, nStrings = 3

theta = 17.99 deg.

0 -
e

cluster 1, run 157, event 1414737
12/06/2019 time: 1:12:12 (+463421230 ns)
nHits=15, nStrings = 2

theta=18.29

Jan 22, 2020

D. Zaborov, TAB meeting
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Events per year

JINBHM BbICOKUX 3Hepruum |

CneKTp aHeprmum actpodumsnvyeckmx HEMTPUHO, namepeHHbin lceCube:

4.1-106 E-246 GeV-1cm-2slsr-1

OXKnpaemoe KonmyecTso MBHEN Ha Knactep Baikal-GVD 3a rop,

E (Ve + Vu)a?‘m E 245
: | | | | | | | | I | | | | | | | | | | | | | |

—

1.5 2 2.5 3 3.5 4
loglO(E/TeV)

puropum CapporHos ot Baikal-GVD

Oxxkunpgaetca 0.6 NMBHEBbIX COObITUN C

E>100 TaB n N, > 20

Ha KN1dCTepP 34ad ro

74



b dexTnsHbIN ODbEM AeTEeKTOPOB ANA perncrpaummn NMBHeBbIX cobbITUM
oT HenTpuHO B obnacru 3neprun 100 TeV — 10 PeV

o |
Vm. (km?)
0.55,
[
|
———
IceCube 045r
0.4
035p===d
0.3 :
0,25
0.2
0.15 Baikal — GVD
0.1 0.1
ANTARES 0,07 ——0708———
0.034

2015 2016 2077 2018 2019 2020 20271 2022

arXiv:1908.05430



Probability

Events

0.08

JINBHU BbICOKUX 3Heprum lI

= GVD cluster E=100 TeV
0.07f
0.06 | TOYHOCTb BOCCTAHOB/1EHMUA
0.05} HanpasneHna nusHen gna E~100
0.04{ TaB: ~4°
0.03[
0.02
0.011
0:||||| |
0 S 10 15 20 25 30 S 40
Mismatch angle, degree
10°
10
l *
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logl)(E/TeV)

ObpaboTaHbl AaHHbIE
2016, 2018 1 2019 (4 mecAaua) rogos, JlInuBHeBoe cobbiTme

NoaHaA akcno3numna: 1364 aHA
53 cpaboTtaswmx OM

HangeHo 7 KaHAMAATOB C 3Heprmuen E > E=157T3B
100 TsB v yncnom xutos >19 0=57"

HanpeH BocxoasawWwmm NMBEHb

ceE=71T>B
‘36 E>10 TeV
5 5 N,,>19
4
3
E>100 TeV
2
E>60 TeV
1 | | |
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Alert events Preliminary! Selection: Ny, >=20 and E> 100 TeV.




2016 cluster:
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* [he source was under horizon at
registration time: 93.3°

No neutrino events associated with
GW 7081/ using cascade mode within
both + 500 sec and |4 days

Assuming E-2 spectral behavior and equal

fluence in all flavors upper limits at 907% C.L.
are obtained on the neutrino fluence from

GW /0817 for each energy decade
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3akKJiroueHue

HentpuHHaa actpodunanka BbICOKUX SHEPTUN:

* Ha6mo,u,aeTcs'-| 3Ha4vYMMoe rnpeBblilleHne Hag POHOM MOTOKOB aCTPOMMU3NYHECKNX HGI7ITpI/IHO B MIOOHHOM U
KaCKaaHOM KaHallax perncrtpauinmu

e 3aperncTpupoBaHbl HENTPUHO OT ncTouHkoB NGC 1068 / M77 ¢ joctoBepHOCTbIO 2.90 (47 MNH. CB. NET) U
TXS 0506+056 c pocToBepHOCTLIO 3.50 (4 mnpa. CB. NneT)

B anpene 2020 roga BBeAeHb! B 3Kcriyatauuto elle 2 knacrtepa rmpnaHg bankansckoro teneckona (+16
rmpnada, +576 OM)

bankanbCKunn Teneckon SABMAEeTCA caMbIM KPYMHbIM HENTPUHHBLIM geTekTopoM B CeBepHoM nosnywapun ¢ 2016
OM n c adpdhekTUBHLIM 06BeMOM nopsiaka 0.35 Km3 B 3agade perncrpaumm JIMBHEBbLIX COObLITUN C SHEPTUNEN
6onee 100 TaB

[lpoBeneH NepBUYHbIV aHaNN3 OaHHbIX U MONYyYEeH nepBbivt 6aHK aTMOCMEPHbIX MIOOHHbLIX HEUTPUHO.

BbiaoeneHo 8 kackagHbix cobbitun ¢ E > 100 TaB
NoeT nHteHcrnBHas paboTta rno BCeM acrnektamMm ob6paboTkn 1 aHannm3a gaHHbIX.
[TpOoeKT 3HaUNTENBHO NOMNOJIHUICA HOBbIMW YYaCTHUKaMM

HApkune pesynbTaTthl Bnepegn!
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