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N3mepeHue 1JIUTEJIbHOCTH
ACTPOHOMMYECKOI0 Io/Ia B IKCIIEPUMEHTE

Borexino B 2017 1.

B 2017 r. xonnmabopanueii Borexino omyOinkoBaHbI
pe3ynbTaThl aHajdM3a BPEMEHHBIX BapHalUi MOTOKa Oe-
puiUIMeBbIX HelTpuHO. [lepuon Bapuaiuii COOTBETCTBYET
aCTPOHOMHYECKOMY TOAY, IIPH ATOM aMIUIUTyAa M (asa
Bapuanuii HaXo[sATCs B COIIACHH C OKUIAEMbIMU 33 CUET
SKCIICHTpHUCUTEeTa opouThl 3emnn [1], 9To moATBEpKAAET
COJIHEYHOE TPOWCXOK/IECHUE CUrHana. /lpyrue cratuctu-
YECKH 3HAYMMBbIC IEPHOIUYHOCTH CUTHAJIA HE BBISBICHBI.
[NomydeHHOE TOTOHOYHOE 3HAYEHHE TIEPHOA H3MEHEHUS
curHana 7 = (367 = 10) cyT MO)XHO paccMaTpuBaTh Kak
NIEpBOE N3MEPEHHE JUINTEIBHOCTH aCTPOHOMHYECKOTO
rojia ¢ TIOMOIIBIO COTHEYHBIX HEUTPHHO.

W3 anannsa OTKIOHEHHS (OPMBI CIIEKTPa 3JIEKTPO-
HOB OT/IauMl OT HpejncKasbiBaeMoro CraHIapTHOW Moje-
JIBIO TIOJTyYEHBI JIyYIIHMEe Ha CETOHs OrpaHudeHHs Ha d(-
(DeKTHBHBIII MAarHUTHBIH MOMEHT COJIHEUHBIX HEHTPHHO

qu,ff <2,8-107 1 Up (g 90%-ro ypoBHS TOCTOBEPHO-

cTH) [2], 9TO MOXKHO CPaBHHUTH C MPEAEIOM ,uf,ff <2,9X
10~ 1 U p (st 90 %-r0 ypoBHSI JOCTOBEPHOCTH), TOTY4EH-
HBIM B HauOOJIee YYBCTBUTEIHHOM PEAKTOPHOM IKCIICPH-
MeHTe ¢ repmaHueBbiMU JeTekTopamu GEMMA. Jlanubiii
TIpeJIesT He COACPIKUT OMMNOOK, CBA3AHHBIX C MTPEICKa3aHH-
siMu Moziesteii ColHIa MITM ¢ HEONPEISICHHOCTRIO MacChl
CIIMHTUIIIISTOPA, U MOJYyUYeH C UCTIOIb30BaHUEM Pe3yJIbTa-
TOB PAaJHOXUMHUYECKUX (TAJUTHEBBIX) SKCIICPUMEHTOB IS
OTPaHUYCHUS] CyMMBI CUTHAJIOB OT COJIHEUHBIX HEUTPUHO.
Ipenen Ha 3¢ (HECKTUBHBI MOMEHT COJIHCUHBIX HEHTPHHO
TTO3BOJIIJI TIOTYYUTh OTPAHHYCHUS HA MAaTHUTHBIC MOMCH-
TBI OTJEIBHBIX aPOMATOBBIX COCTOSHHM, a TaKk)Ke Ha 3JIe-
MEHTHI MaTPHUIIBl MATHUTHBIX MOMEHTOB ISl TUPAKOBCKHUX
1 MaHOPAHOBCKUX HEUTPUHO.

0. Yu. Smirnov

Measurement of the Length

of the Astronomical Year

in the Borexino Experiment in 2017

In 2017 the results of the time variation studies of
the beryllium neutrino flux were published. The period
of variations corresponds to one year, and the phase and
amplitude of the variations are in agreement with the ex-
pectation due to the eccentricity of the Earth’s orbit [1],
confirming the solar origin of the signal. Other statistically
significant periodicities are not observed in the data. The
best fit value for the period of the signal variation of 7' =
(367 £10) d could be considered as the first measurement
of the astronomic year length with solar neutrinos.

A new model-independent limit on the effective
moment of the solar neutrino uf,ff <28107 "y B
(at 90% C.L.) [2] has been obtained from the analysis of

EI

the allowed deviations of the electron recoil spectra from
those predicted by the Standard Model. This could be com-
pared to the best direct limit on the magnetic moment of
electron antineutrino ,uf,ff <29107" up (at 90% C.L.)
obtained using Ge detectors in the most sensitive reactor
experiment GEMMA. The limit is free from uncertainties
associated with predictions from the SSM neutrino flux
and systematics from the detector’s FV, and is obtained
by constraining the sum of the solar neutrino fluxes using
the results from radiochemical (gallium) experiments. The
limit on the effective neutrino moment for solar neutrinos
was used to set new limits on the magnetic moments for
the neutrino flavor states and for the elements of the neu-
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B pamkax coBpeMEHHOTO «MHOTOCHTHAJIBHOTOY» TO-
X0lla K acTpo(U3MYCCKUM COOBITHSIM BBIMOJIHCH IOUCK
HEHTPUHO B COBIIAJICHUH C TPABUTAIIMOHHBIMU BCIUIECKA-
Mmu (coorrtust GW150914, GW151226 u GW170104) [3]
n 2350 BcruieckaMy TaMMa-aKTUBHOCTH, HAOJTFOIaBIIMMH-
sl BO BpeMs 8-JICTHETO Ieprojia Habopa JaHHBIX B JKCIIe-
pumenTe Borexino [4]. CTaTucTHuecky 3HAYUMMBIC TIPEBBI-
IICHUS CUTHAJIA HaJl 0OXKHIAaeMbIM (JOHOM HE HaOJTIOANINCH,
YTO IO3BOJHJIO YCTAHOBUTH MPEHCIbl Ha HHTETPAbHBINA
MMOTOK HU3KOYHEPTETHYHBIX HEHTPHWHO M aHTHHEHTPWHO,
CBSI3aHHBIX C JAHHBIMH COOBITHSMH. B KadecTBe mpume-
pa Ha puc. | MpUBEICHBI OTPAHUYCHUS, TOJTyUYCHHBIC IS
WHTETPAIHHBIX TTOTOKOB aHTHHEUTPHHO B COBIAJICHUH C
ramMma-BCIIECKaMH.

B 2017 1. xomrabopanueii 3aBepiieHa oObeMHas pa-
00Ta MO TOYHOW KATHOPOBKE HSHEPTETHUCCKON IITKAIBI
JIETEKTOpa M HACTPOWKE METOAA aHAJTUTHYECKOW MOJTOH-
KW Ha MOJICJIBHBIX MaHHBIX [5]. [0TOBATCS K myOnuKauu
Pe3YIBTaThl CIEKTPaTbHON ITONTOHKH SKCICPHUMCHTAIh-

Puc. 1. Orpannyenus Ha MHTETPaIbHBI AHTUHEHTPUHHBIN CHUT-
HaJl B COBIQJICHUY ¢ raMMa-Beruieckamu. [Ipenen Borexino npu
MaJbIX PHEpPIusiX Ha MOPSAOK M Oojiee MPEBEIIIAeT IMpeJieNsl,
MOTyYeHHbIe Ha APYTHX yCTAaHOBKAX, HECMOTpPS Ha MEHBIIYIO
Mmaccy netekropa. IIpu Gomee BBICOKMX 3HEPrHUsX IMperMyliie-
cTBO Borexino no oHy cTaHOBUTCSI HECYIIECTBEHHBIM, 3HAYHT,
npenensl Borexino ycrymaroT 0oliee MAacCHBHOMY JETEKTOPY
SuperKamiokande

Fig. 1. The limits on the fluence of the low-energy antineutrino
associated with GRBs. Due to the lower background the limit
of Borexino at low energies is an order of magnitude stronger
compared to other detectors, despite its lower mass. At higher
energies the advantage of Borexino in low background is not so
important, and the limits are naturally weaker compared to more
massive SuperKamiokande

trino magnetic moments matrix for Dirac and Majorana
neutrinos.

In the framework of the modern multi-messenger
approach to the astrophysical events, the search has been
performed for the neutrino and antineutrino in coinci-
dence with gravitational wave events (events GW 150914,
GWI151226 and GW170104) [3] and with 2350 gamma-ray
bursts (GRB) that occurred during 8 years of the Borexino
data taking [4]. No statistically significant excess of the
event above the background has been observed, and the
limits have been obtained on the fluence of the low-energy
neutrino and antineutrino associated with these events. As
an example in Fig. 1 the obtained limits on the fluence of
antineutrino in coincidence with GRBs are presented.

In 2017 the Borexino collaboration continued its work
on the processing of the collected data. Ample work on
improvement of the energy scale description has been fin-
ished and tested with the data generated using Monte Carlo

EI

HBIX JIAHHBIX, BIIEPBBIC IPOBEJICHHON OJHOBPEMEHHO
JUISl HEUTPUHHBIX CUTHAJIOB OT TPEX Pa3HbIX peakLuil Ha
ConHile, a UMEHHO JUTS pp-, pep- U OSpUIUIHEBBIX HEUTPH-
HO. [ToAroHKa OCyIIECTBISIETCSl B IIMPOKOM JHEpreTHue-
ckoM auarnasone ot nmopora 180 k3B n1o 3 MaB. Panee s
MHUHUMH3ALUK BIMSHAS HEIMHEHHOCTH SHEPreTHYECKOH
IIKaJIbl HA PE3yJIbTAT aHAU3 MIPOBOIUIICS B OoJee y3KUX
SHEPIreTHUCCKUX OKHAX, MOJAOOpaHHBIX Ui pp-, pep- U
OepWIMEeBBIX HEMTPUHO MO OTAEIbHOCTH. C HCIIONB30-
BaHHUEM HOBOTO MOJIX0/[d TOYHOCTH OTPE/ICIICHHUS TIOTOKOB
COJIHEYHBIX HEUTPUHO OyJeT yiydlleHa MPaKTHYECKH B
JIBa pasa 110 CpaBHEHHIO ¢ OoJiee pAHHUMH Ty OJTMKALMSIMH.

OT/IenbHO MPOBOJUTCSl AHAIIU3 BBICOKOIHEPreTHYE-
CKOH "acTH criekTpa (¢ moporamu 1,65 u 3 MaB) ¢ nensro
OoJyiee TOYHOTO OMNpEeNIeHNs] MOTOKa OOpPHBIX HEUTpH-
HO, @ TaK)Ke MPOBEPKU MOBEICHUSI KPUBOW BEPOSTHOCTH
BbDKUBaHUA JJICKTPOHHBIX HeﬁTpHHO IIpyu MajbIX JSHEP-
rusx. TOYHOCTH OIpeAeseHHs MMOTOKAa OOpPHBIX HEHTpH-
HO mocturHeT 10% U1 MaHHBIX, HAOpPaHHBIX B TEUCHUE
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method [5]. Results of the spectral fit of the experimental
data are being prepared for publication; for the first time a
spectral fit is performed simultaneously involving neutrino
signal from three different nuclear reactions under the Sun,
namely, from pp, pep and beryllium neutrinos, in a wide
energy region from 180 keV up to 3 MeV. In earlier analy-
sis the fitting procedure was applied in narrow energy win-
dows selected individually for each of the reactions under
consideration. Using the new approach, the precision of
neutrino fluxes measurement will improve by a factor of 2.

A dedicated analysis is performed for the high-ener-
gy part of the spectrum, with 1.65 and 3 MeV thresholds,
to better extract the boron solar neutrinos and to check
the behavior of the electron neutrino survival probability
curve for boron neutrinos at lower energies. The expected
precision of the boron neutrino flux measurement is 10%
for the data collected in the last 10 years. The preliminary
results show that the electron neutrino survival probability
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in the transition region of the MSW/LMA scenario is in
agreement with the model and does not support the indica-
tions of the “turn-down” of the survival probability curve
coming from SuperKamiokande experiment.

The Borexino data on solar neutrino fluxes have bet-
ter, but with weak statistical significance, agreement with
high-metallicity (high-Z) variant of the Standard Solar
Model. Therefore, at present the problem of the chemical
composition of the Sun (or its metallicity problem) still
does not have unique solution. In the near future the col-
laboration is planning to measure (or constrain) neutrino
flux from the carbon—nitrogen cycle (CNO cycle) in the
Sun. The measurement of the flux with moderate preci-
sion is believed to be a clue to the solution of the Sun
chemical composition problem, as the predictions of the
CNO-neutrino flux significantly differs for solar models

Puc. 2. IloaroroBka K M3MEPEHUIO TTOTOKOB
HeiTprHO 13 CNO-IUKIA: TePMOHU3OIIAIHA
nerekropa Borexino nocturaet ypoBHs 14 M.
B HacTosmee Bpems TepMOHM3OISANUS yCTa-
HOBKH 3aBEPILECHA MTOTHOCTHIO

Fig. 2. Toward the CNO-neutrino flux mea-
surement: thermoinsulation of the Borexino
detector is at the 14 m level. At present, the
thermoinsulation is completed

with different metallicities, of up to 30-40%. Earlier, in
view of this measurement, the thermal insulation of the
Borexino detector was undertaken (see Fig.2) with a pur-
pose of stopping the transfer of the residual 2!°Bi into the
central core of the detector due to the convection move-
ment, allowing the separation of the fraction of 2!°Bi rate
in secular equilibrium with its parent >!°Po. Irregularities
of the 2!1°Po counting rate changes, observed during both
campaigns of the data taking, do not allow extraction of its
support level due to the presence of the parent 2!°Bi. The
bounding of the >!°Bi rate is an essential part of the CNO-
neutrino analysis, as the spectral shape of 2!°Bi f-decay
is very similar to those expected from the recoil electrons
for CNO neutrino. At present, we observe the stabilization
of the 2!°Po count, this gives us a hope for a positive result
of the CNO-neutrino flux measurement.
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10 met. IlpenBapuTenbHBIA aHATN3 TTOKAa3bIBAaeT, YTO Be-
POSITHOCTh BBDKMBAHMS DJICKTPOHHBIX HEHTPHHO B TIe-
pexomnoit obmactu MSW/LMA cornacyercss ¢ MOIENbIO
1 HE TOATBEP)KIAET MMEIOIINECs B JAHHBIX JETEKTOpa
SuperKamiokande yxa3anus Ha yMCHBIICHHE BEpPOSTHO-
CTH BBDKMBAHUS B [IEPEXOIHOM 00nacTy.

Jlannble Borexino mo COJHEYHBIM HEWTPUHO MMEIOT
Jydllee, HO CTaTUCTUYECKH CIa00 3HAYMMOE COINIACHE C
BapuanToM CrangapTHoil Mozenu CoHIIa ¢ BEICOKOI Me-
TAIMYHOCTHI0. TakuM oOpa3om, npobiieMa XUMHYECKOTO
cocraBa CoiHua (WM COJHEYHOHW METAJUIMYHOCTH) Ha
CEerojiHsl HE MMEET OJHO3HAYHOrO pelieHus. B Onmxaii-
MIMX IJIaHaX KoJUlabopamuu ocTaercsi n3MepeHue (Hiu
OTpaHUYEHHUE) MOTOKa HEWTPUHO M3 YIIEPOJHO-a30THO-
ro mukia (CNO-nukna) B Conune. M3MepeHue AaHHOTO
MOTOKA C YMEPEHHOW TOYHOCTBIO CUMTACTCS KIIOUOM K
PENICHUIO TTPOOIEMbI XUMHUUYECKOTO cocTaBa CoIHIIA, Tak
KaK JUIsl COJTHEYHBIX MOJEJIEH ¢ pa3HON METaNINYHOCTHIO
npenckazanus motoka CNO-HEHTPHHO CyIIeCTBEHHO paz-
mmyatotest, gocturas 30—40%. Panee ¢ menpio ocymiect-
BJICHUS JAHHOTO M3MEPEHUs! ObUIa MPOM3BEJCHA TEPMO-
M30JBIIHUS IETEKTOpa JUIsl TPEOTBPAIICHNST 00pa3oBaHuUs
KOHBEKTHBHBIX I0TOKOB, MepeHocsmux m3bsrrox 2 °Po co
CTEHOK BO BHYTPEHHHI 00beM CHMHTHILIATOpA (pHC.2).
HeperynspHocTr M3MEHEHHsI cueTa COOBITHI 210po, pa-

Next year we are planning to perform combined anal-
ysis of the first and the second phases of the experiment
in order to improve the accuracy of measurement of the
pp-neutrino flux from the Sun. This will improve the pre-
cision of the electron neutrino survival probability mea-
surement in the vacuum regime of oscillations, taking into
account the prediction that the pp-neutrino flux in the Sun
is the most precise one due to the fact that it is defined by
the luminosity of the Sun.

In the first half of the year 2018 the measurements
with an artificial antineutrino source '**Ce are planned
within the framework of the SOX project, aiming at the
search of the actively discussed sterile neutrinos. If sterile
neutrinos do exist they will be detected in the experiment
by observing a specific oscillation pattern with periodical
changes of events density depending on the mixing param-
eters.
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OmromaBIIecs Ha TPOTSDKEHWHM O0eWX KaMIaHWi Ha-
0opa MaHHBIX, HE TO3BOJAIOT BBIACTHTH YPOBEHB €0
TOJUTEP’KKH 33 CYET MPHCYTCTBHS pOIMTENbekoro 2 Bi.
OrpaHHYeHHs HA CKOPOCTh cueta ' 'Bi HEOBXOMMMBI I
CIIeKTPAIbHOTO aHAIH3a, TAK Kak popma f-criekrpa > *Bi
MPaKTHYECKH HEOTINYHMa OT CIIEKTPAJIbHOM (OpPMBI CHT-
Haza, oxxugaemoro o CNO-ueiitpuHo. B HacTosiee Bpe-
Ms Habmromaercs crabuimsanus pacmaga 2 °Po, uto mo-
3BOJISIET HAJESIThCS HA MO3UTHBHBIN pe3yabTaT KaMIaHUU
o u3MepeHuto noroka CNO-HeHTpHHO.

B Omwkaiiiiee Bpemsl IUIAHUPYETCS IPOBEICHHE
KOMOWHUPOBAHHOTO aHaM3a TMEepBOM W BTOPOH (a3 3Kc-
MIEPUMEHTA C [EIbI0 JATBHEUIIETO YIyIIICHHS TOYHOCTH
M3MEpPEHHs MOTOKA pp-HEUTPUHO. DTO TMO3BOJHT YIIyd-
IIATH TOYHOCTH OTIPEICIICHUS] BEPOSTHOCTH BBIKHBAHUS
SIIEKTPOHHBIX HEUTPHHO B BAaKKYYMHOM PEKHUME OCIIHII-
JSIWNA, TaK KaK TpeackazaHus 3Toro moroka Ha CoiHie
OTIPENIENIAIOTCSL €r0 CBETHUMOCTBIO U SIBIAIOTCS Hambolee
TOYHBIMH.

B mepsoii nonosune 2018 1. komwtaboparys IIaHu-
pyeT HauaTh M3MEPEHHsI C MCKYCCTBEHHBIM HCTOYHHKOM
AHTUHEHTPUHO HA OCHOBE 14Ce B pamkax npoekra SOX
C LIEJBIO TIOMCKA aKTUBHO OOCYXJIAIOIINXCS CTEPUITBHBIX
Heifrpuno. Ecnu crepunbHble HEUTPUHO CYIIECTBYIOT, TO
OHU JI0JDKHBI ITPOSIBUTH CE0sl B 3TOM DKCIIEPUMEHTE, MPH-
BOJISl K YMEHBIIICHHIO TIOJIHOTO CUeTa COOBITUH 1 co3/1aBast
XapaKkTepHYIO OCHIWIINUOHHYIO KapTUHY B BUJE TEPHO-
JTUYECKUX W3MEHEHHUI IUIOTHOCTH PETUCTPUPYEMBIX CO-
OBITHIA, 3aBUCSIIYIO OT TAPaMETPOB CMEIINBAHMUS.
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