Annotation of the Baikal-GVD Talk at PAC 2024

Baikal-GVD is the largest neutrino telescope currently operating in the Northern
hemisphere. It is being constructed in Lake Baikal, with new clusters being added every spring.
The telescope consists of clusters of optical modules, currently 13, with each cluster operated as
an independent unit. The modular design of the detector enables physical results to be obtained
already during the construction phase. The cluster consists of 9 525-meters long strings. At
present, the underwater installation consists of 4,104 optical modules arranged in 114 strings. Like
other water Cherenkov instruments, it detects neutrino-induced events as cascades and tracks, with
very different sensitivities and analysis procedures. In the nearest future, two full-scale telescope
clusters will be deployed and field testing of the new equipment will continue for the next-
generation detector.

The high-energy cascade sample contains events with reconstructed energy E > 100 TeV
from all directions of incoming particles or with E > 15 TeV from below, where the background
from atmospheric muons significantly reduced. The sample has an expected probability of the
astrophysical origin > 50%, estimated from simulations. Recently, we have added two more years
of data collection. These two additional years almost doubled the exposure, corresponding to = 27
years of one-cluster operation from Spring 2018 to Spring 2024. The significance of the excess
over the expected number of atmospheric background events was estimated as 5.1c. We have
made a global fit to these neutrino data, fitting the cascade energy distribution, to extract
information about the astrophysical neutrino flux. The measured values of a power law spectral
index of y = 2.58 + 0.30 and the astrophysical flux normalization for each neutrino flavor at 100
TeV ¢ = 3.04 are in good agreement with the previous fits derived from the IceCube data. With
these results we confirm for the first time the IceCube observation of astrophysical diffuse neutrino
flux at 5o confidence level.

We leverage the relatively high angular resolution of the telescope for cascades (2-3
degrees), made possible by using liquid water as a detection medium, enabling the study of
astrophysical point sources even in this neutrino registration channel. We estimate the sensitivity
of the telescope in the cascade channel for high-energy astrophysical sources. We primarily focus
on cascade events with energies exceeding 100 TeV, which we employ to search for correlation
with radio-bright blazars. Currently, the limited size of the neutrino sample provides no
statistically significant results. However, our analysis has suggested a number of potential
associations with both extra-galactic and galactic sources. Specifically, we have observed a triplet
of candidate neutrino events in the galactic plane, focusing on their potential connection to certain
galactic sources, and have analyzed of the coincidence of cascade events with several bright and
flaring blazar sources.

We reported on the detection of a rare neutrino event with an estimated energy of 224 + 75
TeV coming from the direction of TXS 0506+056. Before that, IceCube had detected the 290 TeV
neutrino from the same direction. This is the highest-energy neutrino cascade detected to date by
Baikal-GVD, came from below the horizon. The probability that it has an astrophysical origin was
estimated at 97.1%. The result supports the previous suggestion that radio blazars are generally
the sources of high-energy neutrinos.

Also, we consider 8 cascade events that passed the E > 200 TeV cutoff. Only one of these
events came from below the horizon, because the Earth becomes opaque to neutrinos with sub-
PeV energy. Monte-Carlo simulations indicate that about 64% of the events that pass the selection
criteria with E > 200 TeV are expected to be of astrophysical origin. We take a model-independent
approach that does not depend on any assumptions about the origin or properties of the galactic
signal, and only tests for an excess of events in the Galactic plane. We introduce the non-
parametric test statistic: the median absolute value of the Galactic latitude (jobmed|) calculated over

the event sample.



We compare the observed value of |bmed| with the reshuffled right ascension values of the

observed events, which provides a robust data-driven method for generating random sets of arrival
directions, that is used multiple times. In this way, we generate 10° artificial sets with 8 events

each and calculate |omeg| for each of them. For the experimental data set, |bmed| = 10.40, while

the value expected from reshuffling is 31.4 , indicating the presence of the Galactic excess in the
data corresponding to the 2.5¢ significance. We estimated the fraction of Milky Way events in the
overall astrophysical neutrino flux above 200 TeV and obtained rough estimates of the Milky Way
neutrino flux at energies between 200 TeV and 1 PeV. Our results agree well with IceCube’s tracks
and cascades within the given uncertainties. The Galactic neutrino component at very high
energies is so prominent that is clearly seen despite low statistics. The fraction of galactic events
in the total astrophysical flux above 200 TeV reaches several tens per cent, which is in a
disagreement with assumptions of many model-dependent theoretical predictions.

Moreover, we have also found an excess above 200 TeV in the most recent public data sets
from IceCube. We performed a combined analysis of the Baikal-GVD and IceCube data that has
a significance of 3.6¢ for the existence of galactic neutrinos above 200 TeV.

The implementation of an automated data processing system has reduced analysis delays
to 3-10 minutes, allowing to perform real-time searches for astrophysical sources associated with
multimessenger signals, such as gamma-ray bursts, gravitational waves, neutrino alerts etc. The
system searches for coincidences in space and time between Baikal-GVD events and external
alerts from other observatories and assesses their significance. In case where no significant signal
is detected, an upper limit on neutrino flux is calculated. Since 2021, only one coincidence with a
significance above 2.5c (pre-trial) has been observed. On December 8th, 2021, the IceCube
telescope published an almost immediate alert about the detection of high-energy neutrino in the
direction close to the bright blazar PKS 0735+17. Other observatories detected the active state of
the source in almost the entire range of electromagnetic waves. The Baikal-GVD telescope
registered a high-energy cascade event in the direction of this source 4 hours after the IceCube
event. We published the first astronomical telegram about this observation.

The track channel for neutrino registration is much more challenging to develop than the
cascade channel due to fluctuations in energy loss, and therefore the corresponding results take
longer to obtain. About 2613 track-like neutrino candidates were extracted from the data between
2020 and 2023. Among them, 33 events had energies greater than 60 TeV and 20 had energies
above 100 TeV. Analysis of this sample is ongoing.



AHHoTanua BeicTynieHua Baikal-GVD Ha PAC 2024

Baikal-GVD - xpymHe#nmii HEHTPHHHBIN TEIECKOII, pabOTAIONINI B HACTOSIIEE BPEMS B
CeBepnom mnonymiapuu. OH cTpouTcss Ha o3epe baiikan, W KaXIyi0 BECHY BBOISTCS B
AKCIUTyaTallii0 HOBBIE KIAcTepbl. TEIeCKON COCTOMT W3 KJIACTEPOB ONTHYECKUX MOIYJICH,
KOTOPBIX B HAacTosIIee Bpems 13, mprueM Kax bl Ki1acTep padoTaeT Kak He3aBUCHMAs SIMHHUIIA.
MonynbHast KOHCTPYKIIHS JIETEKTOPA TO3BOJISIET MOTy4YaTh PU3NIECKUE PE3YIIbTATHI YKE Ha dTare
crpoutenbcTBa. Knmacrep cocroutr u3 9 rupnsHn umHOM 525 merpoB. B Hacrosimee Bpems
MOABOMHAs ycTaHOBKa coctouT w3 4104 onTtmdeckux MOIyNeH, pacrojokeHHbx B 114
rupnsHaax. Kak u 1pyrue BoJHbIC Y4ePEHKOBCKHE JETCKTOPBI, TEIIECKOI PETUCTPUPYET HEUTPUHO
B BUJIC KAaCKaTHBIX M TPEKOBBIX COOBITHIA C Pa3IMYHON YYBCTBUTEIBHOCTHIO W TPOIEIYPaMHU
aHanmza. B camoe Onkaiiniee Bpemsl IIaHUPYETCsl pa3BEPHYTH JBa MOTHOIEHHBIX KiIacTepa, a
TaKXe MPOJODKUTh HATYPHBIC MCIIBITAHUS HOBOTO OOOpPYIOBAHHS UIS JETEKTOpa CIEAYIONIETO
MTOKOJICHUSI.

[TonyueHHbIl Ha Teneckone HAOOp KacKaJHBIX COOBITUN BBICOKHMX HEPIUN COAEPIKUT
coObITus ¢ 3HeprusiMu Boie 100 ToB, npumeamux co Bcex HampaBieHUH, uin Beie 15 TrB,
NPULISIIIAX HU3-TIOJI TOPU30HTA, TAe (POH OT arMoc(epHBIX MIOOHOB 3HAYMTEIIHHO I10/IABJICH.
BriOopka MMeeT OKHIAaeMYI0 BEPOSITHOCTH acTpO(PHU3MYECKOr0 NpoHcXokaeHus Bbime 509,
OLICHEHHYIO HAa OCHOBE MOJICIMpOBaHus. HeaBHO B yKa3aHHBIN aHa M3 ObUIH BKIIIOUEHBI JAHHEIE,
HaOpaHHbIe 32 1Ba roja. [Ipu 3ToM, COBOKYNHBIN HA0OP AaHHBIX, HAOPAHHBIN 32 IEPUO]] C BECHBI
2018 no Becny 2024 roga, pakTHUECKH yIBaWBACT HKCIO3MIIMIO, KOTOPAsi COCTaBHIIA IPHUMEPHO
27 net pabOThI OJHOTO KJIacTepa. 3HAUUMOCTh MPEBBIIICHUS 0)KUAEMOr0 KOJIMYeCcTBa COOBITUI
Haa atMochepHbIM GoHOM coctaBmia 5.16. BbuT mponsBeneH ro0abHBI (UT ATHUX JaHHBIX,
4yTO00Bl M3BJIEYb MH(OpMANUIO 00 acTpo(U3NIECKOM MOTOKE HeHUTpHuHO. [lomyueHHbIE MHIEKC
crerienHoro crekrpa y = 2.58 = 0 .30, u HopMUpOBKa acTPOPU3NIECKOTO IMOTOKA JJISI KAKIOTO
HeiitpurHoro apomata mpu 100 TsB ¢ = 3.04, xopomio coryiacyroTcs ¢ OpeAblAYIIHMU
U3MEepeHUsIMH, ToNydeHHbIMU Ha Teneckorne IceCube. Pesynprater Baikal-GVD BrepBbie
HE3aBUCUMO MNOATBepxkAalT Hadmronenue IceCube actpodusmueckoro aupdy3HOro moroxa
HEUTPHHO CO 3HAYUMOCTBHIO B 56.

OTHOCHTENBHO BBICOKOE YIIIOBOE pa3pelIeHUe TelIecKona sl KacKaJHbIX coObITHi (2-3
rpaayca), CTaBIIee BO3MOXXHBIM OJjlarojapsi MCIOJB30BaHWIO BOABI 03. baiikanm B kadecTBe
MUILEHH, T03BOJISET M3y4yaTh acTpo(PU3MUECKHUEe TOYEYHbIE MCTOYHHUKM B 3TOM KaHale
perucTpanyu HeWTpuHO. bpita oreHeHa YyBCTBUTENFHOCTD TEJIECKONA B KACKAIHOM KaHale IS
BBICOKOHEPIeTUYECKHX acTpOo(PU3MUECKUX HCTOYHMKOB. B mepBylo ouepenr paccMaTpUBalIUCh
kackanbl ¢ sHeprussmMu Bobiie 100 ToB s moncka Koppensiuu ¢ paauospkuMu Oiazapamu. B
HACTOsIIIee BPEMsI OTpaHUYECHHBIN pa3Mep BEIOOPKH HEUTPUHO HE JaeT CTATUCTUYECKH 3HAYMMBbIX
s dexToB. OMHAKO aHAIN3 BEISIBIJI Pl BOBMOYKHBIX aCCOIMAIMN KaK C BHETAJTAKTHIECKUMH, TaK
U C TaJJaKTHYECKUMH MCTOYHMKaMH. B dYacTHocTH, OBbLI OOHapyXeH TpUIUIET COOBITHIA-
KaHAUJATOB B HEHUTPUHO B IUIOCKOCTH [ alaKTHKH, CTaTUCTUYECKH OIICHEHA €ro CBS3b C
OTpe/IeIeHHBIMU TAIAKTUYECKUMU MCTOYHUKAMH U TPOBEJCH aHaJIN3 COBMAJEHUS KacKaJoB C
HECKOJIbKUMH SIPKUMH W aKTUBHBIMU OJ1a3apamu.

Bbbu1o 3aperucTpupoBaHo peaKoe HEUTpUHHOE coOblTHe ¢ sHepruei 224 + 75 T>B B
HanpasieHuu spkoro Omazapa TXS 0506+056, ¢ koroporo panee Teneckornom lceCube 6vu10
obHapykeHo HewTpuHo ¢ dHepruei 290 TrB. CoosiTie Baikal-GVD npumeuaTtensHo TeM, 4TO
SIBIISIETCS KacKaJlOM CaMOi BBICOKOW JHEPTHH, KOT/a-IM00 OOHapyKEHHBIM B TEJECKOIE B
HalpaBJI€HUU U3-TI0J TOPU30HTA. BeposATHOCTH €ro acTpo(U3UYECKOro MPOUCXOXKIACHUS
ornieHuBaercs B 97.1%. DToT pe3ynbTaT MOATBEPKAACT MPEIBIIYIIHIE TMPEIMTOTOKEHUS O TOM, YTO
panuo0a3apsl B IIEJIOM SIBISIFOTCS HCTOYHUKAMU BBICOKOIHEPTeTUYECKUX HEUTPHUHO.

Kpome Toro, 6111 OTIEIHHO PACCMOTPEHBI 8 KACKaIHBIX COOBITHI ¢ sHepruel Boime 200
T3B. ToabKO 0JTHO U3 ATUX COOBITUN MPHUIIIO U3-TIOJ TOPU3OHTA, TOTOMY YTO 3eMJIsi CTAHOBUTCS
HEMPO3PAYHON ISl HEUTPpUHO ¢ 3HEprusimu okosio [1>B. Moaenupoanue merogom Monte-Kapio
MIOKa3bIBAET, YTO OKOJIO 64% coObITHH, yIOBIETBOPSIOMINX KPUTEpUsIM 0TOOpa U umeronmx E >
200 T»B, umeroT acTpopu3nIecKoe MTPOUCX0XKICHNE. BbUT HCTI0Ib30BaH MOICIIPHO-HE3aBUCHMBII



HIOJIX0J], KOTOPBIM HE ONMMPACTCS Ha KAKHE-JIN0O0 MPEAIION0KEHHUS O IPOUCXOKACHUH U CBOWCTBAX
raJlakTHYeCKOT0 CUTHAJIA U PACCMATPUBAET TOJIBKO M30BITOK COOBITHI M3 MJIOCKOCTH [ aakTHKH.
MBE1 BBOIMM €TMHCTBEHHYIO HETTapaMETPUIECKYIO TECTOBYIO CTATUCTUKY, MEAMAHY a0COIIOTHOTO
3HAYEHHsI raJIaKTUYEeCKOW MUPOTHI, [bmed|, paccunTannyto 10 BBIOOPKE COOBITHH.

Ha6monaemoe 3nauenue [bmed| 66110 cpaBHEHO CO 3HAUCHUSIMU HAOIIOIAEMBIX COOBITHIA,
NEPETaCOBAHHBIX 110 IPSIMOMY BOCXOXKACHHUIO, YTO 0OECIIEYNBAET HAACKHBIN CIOCO0 reHepanun
CIly4allHBIX Ha0OpOB HANpaBJIECHHH COOBITHI Ha OCHOBE JaHHBIX. TakuMm o0pa3oMm, OBLIO
crenepupoBano 10° HCKycCTBEHHBIX HAGOPOB MO 8 COOBITHIA B KaxI0M M BhruncieHo |bmed| mus
Kaxgoro u3 Hux. Jns peampHoro Habopa manHbix [bmed| = 10.4°, B To BpeMs Kak 3HauCHHE,
OKHJAeMOE€ OT TaKOW TepeTacoBKH, paBHO 31.4°, 4TO yKa3plBaeT HA HAIMYUE TAIAKTHYECKOTO
n30BITKA COOBITMA B HAHHBIX CO CTAaTUCTUYECKONW 3HAYMMOCTBHIO 2.5c6. Bpuia oreHeHa Ioiis
coObITuil 13 Mieunoro Ilytu B obmem notoke actpodusnueckux HeiTpuHo Beime 200 ToB u
HOoJTy4eHa IpUOIM3UTENIbHAS OLCHKA OTOKAa HEUTpHHO n3 Mieuynoro [Tyt npu sueprusix ot 200
TsB no 1 II3B. PesynbraThl Xoporio coriacyiotes ¢ pesyinbratamu lceCube B mpemenax
HeomnpeneneHHocTel. KoMIoHeHTa OT rajJakTH4ecKuX HEHTPUHO MPHU OYEHb BBICOKUX SHEPIHUAX
HACTOJIbKO 3aMETHA, YTO €€ OTYETIMBO BHJHO, HECMOTpS Ha HH3KYIO CTaTHUCTUKY. Jloms
TaJTaKTUYECKUX COOBITHH B 00meM actpodmsmdeckom mnortoke Beime 200 T3?B mocturaer
HECKOJIBKUX JECATKOB MPOIEHTOB, YTO MPOTUBOPEUUT MPEAOIOKEHUSIM MHOTHX TEOPETHYECKIX
MOJIETTbHO-3aBUCHMBIX NPECKa3aHui.

Bonee Ttoro, Obuio oOHapykeHO mpeBbiieHHe coObiTHi Bbime 200 ThB B cambix
HOCHeTHUX OO0IIeNOCTyHbIX AaHHbIX IceCube, kak MO KacKaJHbIM, TaK M IO TPEKOBBIM
coObITusM. Beul nipoBezieH coBMecTHbIN ananu3 aaHHbix Baikal-GVD u IceCube, pesynbratom
KOTOPOTO SBJISIETCS HAOMIOICHNE TaTakKTHIeCKUX HeiTpuHo ¢ 3Heprueit Beimie 200 ToB Ha ypoBHe
3Ha4YUMOCTH B 3.60.

BHenpeHne aBTOMaTH3MPOBAHHOM CHCTEMBbl OOpAaOOTKM JaHHBIX COKPATUIIO 3aJIePiKKU
aHamu3a 110 3-10 MHHYT, 94TO TMO3BOJISIET BBHIMONHATH TOUCK acTPOPU3NIECKHX HCTOYHHKOB,
CBSI3aHHBIX C OMNOBEIICHUSAMHU OT APYrMX 0oOcepBaTOpuil raMma-BCIUIECKOB, I'PaBUTALMOHHBIX
BOJIH, HEUTPHHO W JPYTUX, B PEXHME pealbHOro BpeMeHH. CucremMa paccuMTaHa Ha TOUCK
COBIIAJICHHIA 110 BPEMEHU U HaMpaBJeHHI0 Mexay coobitusamu Baikal-GVD u BHemHUMH anepT-
CHUTHAJIaMU ¥ OIICHMBAET MX 3HAYMMOCTh. B cirydasix, Korma He oOHapy>KMBAeTCs 3HAYMMOTO
CUTHAaJIa, paCCUUTHIBAETCS BEPXHUIL mpeses Ha moTok HedTpuHo. C 2021 roga 66110 0OHApYkKEHO
TOJILKO OJHO COBIIQJIEHHE CO 3HAYUMOCTHIO BbIime 2.5¢ (pre-trial). 8-ro mexabps 2021 roma
teneckorioM lceCube Ob1 mpakthueckn 0e3 3alepKKHA  OMYOJIMKOBAaH —alepT-CUTHAI O
pETUCTpaiii HEUTPUHO BBICOKOW SHEPTHMH B HANPABICHWU OIMM3KOM K sipkomy Omazapy PKS
0735+17. Jlpyrumu oOcepBaTopusiMH ObLIO OOHApPYKEHO AaKTHUBHOE COCTOSHUE HCTOYHHUKA
NpaKkTHYeCKH BO BCEM JHMama3oHe JJIeKTPOMarHuTHbIX BoOJH. Tenmeckon Baikal-GVD
3aperuCTpUPOBAN KACKaJHOE COOBITHE C BBICOKOW PHEPrueil B HANPaBICHUM HAa 3TOT UCTOUHUK
yepes 4 wyaca mocine coObitus IceCube. O6 sroM HaGmojaeHWM ObUTa OMyOJUKOBaHA
aCTpOHOMMYECKasl TelerpaMmma.

TpekoBbIil KaHam perucTpalliid HEUTPUHO HAMHOIO CJOXKHEE B pa3paboTke, ueM
KaCKaJIHbIM, M3-32 BBIPAKEHHOTO CTOXACTHYECKOTO XapakTepa IMOTEpb SHEPTUU, U TMOITOMY
COOTBETCTBYIOIINE Pe3yIbTaThl OyIyT JM0JI0KeHBbI mo3aHee. M3 manHbIX 3a mepuona 2021-2023
TOJIbI OBLITO BBIJEIEHO OKOJIO 2613 TpeKOBBIX HEUTPUHHBIX KaHAUAATOB. Cpenu HuX 33 cOOBITHS
¢ sHeprueit Boime 60 ToB u 20 coOwiTHit ¢ sHeprueit Boime 100 ToB. AHanm3 3THX JaHHBIX
MPOJIOTHKAETCS.



