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AT THE LABORATORIES OF JINR

N3mepenue moroka HEUTPUHO
U3 MPOTOH-TIPOTOHHON peaKkIuu
Ha CouHine Ha neTekTOpe «bopekcuHo»

Ilermouka sAEpHBIX NPEBpALICHUN, HaYUMHAIOLIASICS
C TIPOTOH-TIPOTOHHOU (pp) peakuuu (puc. 1), sBIsgEeTCS
IJaBHBIM HMCTOYHUKOM COJIHEUHOW DHEPruu. YIIEpOAHO-
azotHeid UK (CN) maeT HAMHOTO MEHBIIUI BKIA] B
MIOJIHYIO COJIHEUHYIO0 3Hepruro. HelltpuHo u3 pp-peakuuu
JI0 HACTOSAIIECTO BPEMEHM HAOIIOAAINCh TOIBKO B HU3KO-
MOPOTOBBIX PAJHOXMMUYECKHX JKCIIEPUMEHTAX HA OCHOBE
rajumsi — SAGE B CCCP/P® u Gallex/GNO B Utanun.
Cursan oT pp-HEHTPHUHO B PATHOXUMHUYECKHX IKCIICPH-
MEHTaX MOXKET OBITh BBIJCNICH M3 IMOJHOTO M3MEPEHHOTO
MOTOKA JIMIIb C MPUBJIEYEHUEM JAHHBIX JPYTUX JKCIEpH-
MEHTOB.

Konnmaboparust «bopekcuHO» 00BsSBUIA O MEPBOM
MpsIMOM ~ HAaONIONEHWH HEHTPUHO W3 TICPBUYHOU pp-
peakumu [1] B oOmacTw »HEpruil CONHEYHBIX HEHTpH-

HO, MpEeXJe HEIOCTYNHBIX B PEKUME PEaJbHOTO Bpe-
MEHH. OTO TEpBbIA (U3NUECKUH pE3yNbTar, IMOIy4YeH-
HBIE BO BTOpO# (hase skcrepumenTa. CKOpocTh cdera
B3aUMOJICHCTBHI, BBI3BAHHBIX pp-HEHTPHHO, COCTaBHJIA
(144+13 (ctar.)£ 10 (cuct.)) co6./(cyt - 100 T). Craructu-
yecKasl 3HAUMMOCTb HEHYJICBOTO CUTHANA OT pp-HEUTPUHO
OYEHb BEJIMKA, BEPOSTHOCTH OTCYTCTBUSI HEHTPHHO OT
pp-peakuun uckiodaercss Ha ypoBHe 10c. Ecim npu-
HATh BO BHUMAaHHE OCHMJUIALMH HEHTPUHO C COBPEMEH-
HBIMHM 3HAYEHHMSIMHU I1apaMETPOB OCLWIISALHUH, COOTBET-
CTBYIOIIMH MOTOK COJHEYHBIX pp-HEHTPHUHO COCTABUT
(6,6+0,7)-1010 cm2-¢cl. D10 3Hauenwe HaxomuTcsa B
XOpOIIEM COIIACHU C MPEICKa3aHUsIMU CTaHIAPTHON MO-
nenu ConHua, MOTOK pp-HEUTPUHO B HEH COCTaBIIsET
5,98 - (1+0,006)- 1010 cm2- ¢!

0. Yu. Smirnov

Detection of Solar Neutrinos
from pp Reaction in Borexino Experiment

The proton—proton (pp) reactions chain (Fig. 1) is the
main source of power in the Sun. The carbon—nitrogen
(CN) cycle contributes only for a small fraction of the total
power. Neutrinos from the pp reaction have been observed
till now only in low-threshold gallium-based radiochemical
experiments, SAGE in the USSR/Russia and Gallex/GNO
in Italy. In radiochemical experiments the signal from pp
neutrino can be deduced from the total measured flux only
if the data of other experiments are used.

Borexino collaboration has reported the first observa-
tion of solar neutrinos from the primary pp reaction [1] by
exploring the solar neutrino energy region that has never
been studied before in real-time mode. This is the first result
obtained in the second phase of the experiment. The rate of
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solar neutrino interactions from pp chain is measured to be
(144+13 (stat.) =10 (syst.)) counts/(day- 100 t). The sta-
tistical significance of the non-zero pp signal is very high;
the absence of the neutrino from pp reaction is excluded at
100 level. Taking into account the values of the neutrino os-
cillation parameters, the measured solar pp neutrino flux is
(6.6+0.7)- 109 cm2-s7!, This value is in good agreement
with the SSM prediction of 5.98 - (1+0.006) - 1010 cm2-s71,

The probability that pp neutrinos produced in the core
of the Sun are not transformed into muon or tau neutri-
nos by the neutrino oscillation mechanism is found to be
P, =0.64 = 0.12, providing a constraint on the Mikheyev—
Smirnov—Wolfenstein large-mixing angle (MSW-LMA)
solution in the low-energy vacuum regime.
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PaccuntanHass Ha OCHOBE HW3MEPEHHUsl CHTIHaja OT
PP-HEHTPUHO BEPOSTHOCTh BBDKUBAHHS AJIEKTPOHHBIX
HEUTpUHO Ha myTu OT sanpa ConHia K 3emiie COCTaBIIsi-
er Pvee =0,64+0,12 w mO3BOISIET OTPAaHUYUTH Tapa-
METpbI JUIsl CIIEHapHsi OCUMIUISILUE B Mozpenn MuxeeBa—
CMmupHoBa—Bosb(eHITeiiHa ¢ OOJIBIIMMU YITIAMU CMEIIIH-
BaHust (MSW-LMA) B peskxume BaKyyMHBIX OCIHIUIAIINH.

B03MOXKHOCTh M3MEpEHHs] MOTOKA COJHEYHBIX HEH-
TPUHO M3 pp-peakiii C MOMOILBI0 OOJIBIIOTO JeTeKTOpa
Ha OCHOBE JKHJIKOTO OPraHMYeCKOr0 CLHMHTUILISTOPA BIIEp-
BbIC 00CY)KIanach B craThsx [2, 3]. B aTux padorax Obuia
NOKa3aHa MPUHIMIHAIBHAS BO3MOXKHOCTh TTOJ0OHOTO M3-
MEpEeHHUs] Ha JIETEKTOpEe C BBICOKUM JHEPreTHYEeCKUM pas-
pemerneM (nopsinka 10 k3B (16) mpu sHEproBeIAEICHIN
200 x5B) mpu yclIOBUU JOCTIKEHHUS PAJIMOAKTUBHOU YH-
CTOTBI CUMHTHJUIATOPA Ha YPOBHE TPEOOBaHMH, MPEbsiB-
JIIEMBIX K JETEKTOPY «bopexkcuHo».

«bopekcrHO» — KUAKOCUUHTUIUISLUOHHBIA JeTeK-
TOp 0OJIBIIOrO 00BEMa, YCTAHOBJICHHBIN B MOA3EMHOM Jia-
6oparopun ['pan-Cacco B neHTpanbHOM MTanuu ¢ 1enbio
U3Y4YeHHs] HHM3KOIHEPTeTUYECKUX COJHEYHBIX HEUTPUHO,
HaOupaer nannbie ¢ Mas 2007 . Ha «bopekciHo» ToCTUrHY-
Ta PEKOp/HAsl YyBCTBUTEIILHOCTb, MIO3BOJIMBILAS MTOATBEP-
JINTh CYUIECTBOBAHME IMOTOKa pp-HeuTpuHo. M3mepeHue
CTaJIO0 BO3MOXKHBIM OJiarofiaps MCKJIFOYHUTEIHLHO HH3KOMY

The possibility of the pp-neutrino measurement in
a large-volume liquid scintillator (LS) detector was first
discussed in [2, 3]. It has been shown that a large-volume
liquid organic scintillator detector with an energy resolu-
tion of 10 keV at 200 keV (1o) will be sensitive to solar pp
neutrinos, if operated at the target radiopurity levels for the
Borexino detector.

Borexino, a large-volume liquid scintillator detector,
installed at the underground Gran Sasso laboratory with an
aim of the low-energy solar neutrino fluxes measurement,
has been taking data since May 2007. Borexino achieved
the necessary sensitivity to provide the direct evidence of
the rare signal from pp neutrinos. This has been made pos-
sible by the combination of the extremely low levels of
intrinsic background in Borexino, and the implementation
of novel analysis techniques. This result is a step toward
the prospect for measurements of CNO neutrino interaction
rates, which is believed to be the crucial point for the solar
metallicity problem.

The result was obtained with a spectral fit to the ex-
perimental data, as shown in Fig. 2. All known background
components, contributing in the region of interest, were con-
sidered in the fit. These are decays of '“C naturally present
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YPOBHIO BHYTpeHHero ¢oHa B «bopekcnHo», a Takke Xopo-
LIEMY SHEPreTHYECKOMY pa3pelIeHHIo JeTeKkTopa. JJaHHbIi
pe3yabrar SBISIETCS 1aroM Ha IyTH K U3MEPEHHIO ITOTOKa
HelTpuHOo n3 CNO-1UKIIa, KOTOPBIH ABISETCA KIIOUEBbIM
JUISL pa3pelieHus 3arajkd pacHpoCTPaHEHHOCTH SJIEMEH-
ToB Ha CoJHIE (COIIHEYHOM METAITIMYHOCTH).

Pesynprar mosydeH ¢ MOMOIIBIO CHEKTPAJIbHOM IOJ-
TOHKH JIJAaHHBIX MOJIEJIbHOM (PyHKIMEH, KaKk 3TO MOKa3aHO
Ha puc. 2. Bce u3BecTHbIE BKJIA/IBI B CIIEKTP (DOHOBBIX CO-
OBITHIi, IPUCYTCTBYIONINE B N3y4aeMON 00JIaCTH dHEPTHH,
ObUTH BKJIIOYEHBI B UCIIOJL3YEMYIO MOJIEND: pachausl 4C,
€CTECTBEHHO IPUCYTCTBYIOIIETO B OPraHukKe, [3-pacrajibl
85Kr u 219Bi, a Takike o-pacrajgsl MOHOIHEPTETHUECKOTO
210po, CrieKTpalbHBIN BKJIAT OT CONHEYHBIX HEUTPUHO U3
peakiu Ha 'Be mpezcTasiser coboii (poH mpu u3MepeHun

Puc. 1. Peaknun U3 mpoTOH-NIPOTOHHOI 11enu peakiuii Ha CoiH-
e. Bo Bpems mepBoii (as3pl SKCIIEpUMEeHTa OBUTA H3MEPEHBI 10-
TOKH HEWTpHHO n3 peakimii 'Be u 8B, a Taxike HEHTPUHO U3 pe-
aKIUK pep, SBIAIONICHCS aJbTePHATUBHBIM HAYaIoOM IICTIOYKHU C
BeposaTHOCTHIO 0,24 %
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Fig. 1. Reactions in the pp-neutrino chain. During the first phase
of the experiment, Borexino has already provided the real-time
measurement of neutrinos from 7Be and ®B reactions and the
measurement of the alternative start of the pp chain, the pep
reaction giving a start to the chain in 0.24% cases

in organic matter, residual /5 decays of 8°Kr and 2!°Bi, and
a decays of monoenergetic 2!°Po. The signal from 7Be rep-
resents a background to the measurement; its contribution
was constrained at the high precision value found in devoted
analysis [4]. Because of the relatively high '#C rate, the sig-
nals of pile-up were considered very carefully. A method for
the pile-up construction from the data samples was devel-
oped, providing a robust estimation of the pile-up signals
shape and intensity. “C rate was defined in an indepen-
dent measurement using events with low software-defined
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Puc. 2. IToaronka skcrepuMeHTaIbHOIO crekTpa «bopekcuHo» Mozens-
HOHU QyHKIMel. Bee pesynbraTsl MOATOHKH, KPOME CKOPOCTH CYeTa CO-
ObiTuit ot pacnanos '“C, ykasansl B enuaunax co6./100 t/cyr. Cuer co-

Obrtuit 14C ykasan B bx/100 T
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MOTOKA pp-HEUTPUHO, OH OBLIT OMpPE/CIICH MPH Tpe-
JBITYIEM aHallu3e JaHHBIX B JAPYTOM SHEpreTuye-
CKOM JMara3oHe C LEJIbI0 ONpPeAeIeHUs TOTOKa ITUX
HelTpuHo [4]. BenenctBue cpaBHUTENBHO BBICOKO-

X2/NDF = 172.3/147
pp—v: 144x13(free)
TBe—v: 46.2+2.1 (constr.)
pep—v: 2.8 (fixed)
CNO-v: 5.36 (fixed)
214pb: 0.06 (fixed)

210pg: 583 +2 (free)
14C: 39.820.9 (constr.)
pile-up: 3217 (constr.)
210Bj: 2748 (free)
85Kr: 19 (free)

ro cuera coOBbITHH OT pacnanos '“C ocoboe BHUMA-
HUE OBUIO YAEIEHO COOBITHSM, BO3HUKAIOIIUM IPU
CITyyaifHOM HaJIO)KeHWU CHTHaoB. bbut pazpaboran
METOJ] MTOCTPOCHHUS CIIEKTpa CUTHAJIOB HAJIOKEHMS
C HCIOJIb30BAaHUEM pEallbHbIX JaHHBIX JETEKTOPa,
oOecrieunBaOIMi HaJSKHYIO OLEHKY (OpPMBI U

104 a cueTa CUTHAIOB HajokeHUs. CKOpOCTh cuera co-
103 pp—v Obrruii 4C ompenensiach HE3aBUCUMO TIO CIIEKTPY
S w'c COOBITHH C HM3KMM HPOIPAaMMHBIM TIOPOTOM. JTO
i 10 ) COOBITHS, IPUOBIBAKOIIUE C 33ICPHKKOI IO OTHOIIIC-
Synth 210p CNO—
— ynthetic 0 85
.10 Kr HUIO K OCHOBHBIM COOBITHSIM, JUIS KOTOPBIX Oojee
é | 210B; BBICOKHMI MOPOT BBIOpaH JUIS TOJABICHUS CITydaii-
R . M HBIX COOBITHH M ONPEJIEIISIETCS NEKTPOHUKOHN TPHUT-
7100 \ 7 [ ; N repa. [loiyueHHast B 5TOM U3MEPEHUH CKOPOCTbH CUe-
= \ {
=102 ¢ .;"'\ ta 40 bx/100 T CHMHTWILIATOPA COOTBETCTBYET U30-
2 103 /4 VoK TomHOMY cozepkanmio 4C/12C=2,7-10718 o/
5 . \ 2l4py X Bce ocTanbHbIE BKIAABI OT CONHEUHBIX HEHTPUHO
10 pepv / X \ \ HE BIIHSIFOT CYIIECTBEHHO Ha PE3YIbTaT U OBLITH (K-
105 bl b e o b b o e CHPOBaHbI HA 3HAYCHUSX, TIPEICKA3BIBACMBIX CTaH-
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Fig. 2. Experimental Borexino spectrum fit with model functions. All
results are given in counts/100 t/day with the exception of “C count,

given in Bq/100 t

threshold, arriving with a delay with respect to main events
that acquired higher hardware-defined threshold. The es-
timated rate of 40 Bq/100 t of scintillator corresponds to
the isotopic abundance of #C/12C of 2.7 - 10718 g/g. All the
other contributions from the remaining solar neutrinos do
not influence the result and were fixed at the values pre-
dicted by the standard solar model, taking into account the
oscillations effects. A high-precision analytical model for
the energy scale, detector resolution and detector response
shape was developed and verified against the Monte Carlo
data. The results of the spectral fit are shown in Fig. 2.
Together with the previous measurements of the "Be,
8B and pep-neutrino flux by Borexino, the measurement of
the pp-neutrino flux provides a test of the electron neutrino

marized in Fig. 3.

Most solar-neutrino analyses assume that the
modern total flux of neutrinos is consistent with the
solar luminosity. The neutrino flux corresponds to
the energy generation in the solar core at the time of
measurement, while the values obtained on the basis
of luminosity corresponds to energy released a long time
ago. As photons take about 100,000 years to diffuse out
of the core, this connection would not hold if the tempera-
ture of the solar core varies on time scale less than 100,000
years. Because the solar luminosity has been measured to
a precision of 0.01%, checks on this relationship are lim-
ited by neutrino-flux uncertainties. The Borexino results
constrain not only solar variability at the level of 10% in
100,000 years, but also certain new-physics phenomena,
such as solar emission of undetected “sterile” neutrinos.
The uncertainty of pp neutrino-flux measurement could be
reduced to 1% in a devoted experiment.

Results are obtained with an active participation of
DNLP scientists, taking part in the experiment starting
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JUTHYECKasl MOJENb TSl OIMCAHUS SHEPreTUYeCcKol IKa-
JIBI IETEKTOpa, €ro pa3pelieHus, a Takxke (GopMbl OTKINKA
nerexropa. MyHKIUS OTKIMKA TPOBEpsUIach Ha OOJBINOI
CTaTUCTUKE JaHHBIX, HOTy4eHHBIX MeTogoM MonTe-Kapio.
Pe3ynbrarsl criekTpanabHOI MOArOHKY MOKa3aHbI HA puUC. 2.

BMmecre ¢ mpeablayliuMU U3MEPEHUSIMU COJTHEUHBIX
Helitpuno u3 peakuuii 'Be, ®B u pep na «BopexcuHo»
JTaHHOE U3MEpPEeHHUE MPEeA0CTaBIIsAEeT BO3ZMOXKHOCTb OIpe/e-
JICHUSI BEPOSITHOCTH BBDKHBAHUS DJIEKTPOHHBIX HEHTPHHO
Ha ux nyTH oT sjpa Connia k 3emie. Bxnan «bopexcuno»
B M3MEPEHUE BEPOSITHOCTH BBDKMBAHUS COJTHEUHBIX DJICK-
TPOHHBIX HETPUHO NMOKa3aH Ha puc. 3.

BoNBIIMHCTBO COTHEUHBIX MOZIETIEH TPEIIOIAraeT, 4To
COBPEMEHHBIN IOTOK COJHEYHBIX HEUTPUHO HAXOIUTCS B
COIVIACHU C COJTHEYHOI cBeTUMOCThI0. HelTpuHHbIN noToK
COOTBETCTBYET JHEpruu, reuepupyemoit B sape ConHua B
MOMEHT U3MEPEHUs [TOTOKA, B TO BpeMsI KaK 3HaueHHe, pac-
CUNTBIBAEMOE Ha OCHOBE COJTHEYHOH CBETUMOCTH, COOTBET-
CTBYET YHEPIHH, BBIJICIUBIIEHCS MHOTO JIET Ha3a[. Tak Kak
(hOTOHBI, BBIJIEIUBIIHECS B SIPE, JOCTUIAIOT IIOBEPXHOCTH
Comnnua 3a Bpems nopsiaka 100 000 set, JaHHOE paBEHCTBO
MOXET OBITh HApYILEHO, €CIM TeMIlepaTrypa COJHEYHOTO

Puc. 3. BepoaTHOCTL BHDKMBAHHUS DJIEKTPOHHBIX HEUTpUHO F, ,
U3MEpeHHast Ha JieTeKTope «bopeKcHHo»
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Fig. 3. Electron neutrino survival probability £, as measured by
the Borexino experiment

from the initial stage of the project. The Borexino inter-
national collaboration unites research institutions from
Italy, USA, Germany, Russia, Poland and France. From
the Russian side, the physicists from NRC “Kurchatov
Institute”, Konstantinov PNPI, Skobeltsyn INP MSU, and
the National Nuclear Research University MEPhI are tak-
ing part in the experiment.
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siipa MeHsieTcs Ha mkane BpemeHu Mmessiie 100 000 net.
Tak kaxk cojHeYHas CBETUMOCTb M3MEPEHa C TOYHOCTBIO
0,01 %, mpoBepka cTabmIbHOCTU dHEpro.uiaeacHus Co-
HI[a OrpaHMYEHAa TOJBKO BO3MOXKHOCTSIMH «COJHEYHBIX)»
SKCHepuMeHToB. Pesynbrar «bopekcuHO» orpaHuYMBaeT
HectabuiabHOCTh ConHia Ha ypoBHe 10 % Ha BpeMeHHOM
mxkase 100 000 net, a Takxke MO3BOJISIET OTPAHUUUTE HEKO-
TOpbIe (PU3MUECKHE SIBIICHHUS, BKIIIOYAsl N3JTyuYeHUE HEPErn-
CTPUPYEMBIX CTEpUIIbHBIX HelTpuHO. HeompenenenHocTs
H3MEpEeHNs TIOTOKa pp-HEUTPHUHO MOXKET OBITh yMEHbIIECHA
70 1 % B cnenuanbHO CKOHCTPYUPOBAaHHOM JIETEKTOPE.
Pesynbrarel mogy4deHbl IMpU  AKTUBHOM  Yy4acTHU
rpynnbsl  ydeHblx u3 Jlabopatopuu siAE€pHBIX IMpoOiemM
OUSH, ydacTByIOIIMX B DKCHEPUMEHTE C MOMEHTa pa3-
pabotku mpoekTa. B cocraBe MeXIyHapOJHOW KOII-
nabopanun  «bopekcMHO»  TakXKe ~Hay4HO-HCCIIeloBa-
tenabckue MHCTUTYThl W3 Wranum, CIHIA, Tepmanuu,
Poccun, Tlompmu u @pannuu. C poccHHCKON CTOPOHBI
B Koyutabopaumu, nomumo OWSM, ywacTByroT yueHble
HUIl «KypuaroBckuii unctutyT», IlerepOyprckoro uH-
crutyta sitepHod ¢usukun uM. b.I1. Koncrantunosa,
HUUAD um. [I.B. Crobenbirsina MI'Y, a taxxke HUAY
«MOCKOBCKHI HHXEHEPHO-(DU3NIECKUIT HHCTUTYT.
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