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Borexino is a large-volume liquid scintillator detectoapéd in the underground halls of the Lab-
oratori Nazionali del Gran Sasso in Italy. It is able to detaceal time neutrino interactions
below 2 MeV, due to the very high radio-purity reached by teeedtor. The interaction rate of
the 0.862 MeV'Be neutrinos is 42 3(stat}-4(syst) counts/(dag00 ton) , in agreement with the
oscillation hypothesis in the MSW Large Mixing Angle scdnafur result is the first direct mea-
surement of the survival probability for soleg in the transition region between matter-enhanced
and vacuum-driven oscillations.
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1. Introduction

Borexino [}] is a real-time experiment for low energy neutrino spectimsasperating since
May 16th 2007 at the Laboratori Nazionali del Gran Sasso (Italy)eBno is the first experiment
to report a real-time observation of low energy solar neutrinos below 4\ [[ewhich were not
accessible so far with the state-of-the art detector technologies bexfaneteral radioactivity.

The results reported in this work present the real-time measurement of tremérgy (0.862
MeV) “Be solar neutrinos with the Borexino detector from an analysis of 192 éiys th the period
from May 16, 2007 to April 12, 2008, totaling a 41.3 tgnfiducial exposure to solar neutrinos.
The neutrino oscillations were first discovered in experiment which detdwitgh energy cosmic
radiation. Many years before solar neutrino experiments presentedctheflalectron neutrinos.
Elements of PMNS matrix are deduced mutually from low and high energy newxiperiments.
The real time measurement of the flux of sub MeV solar neutrinos is presanhyprecious to
confirm the low energy behavior of the neutrino survival probability peslicted by the LMA-
MSW scenario: in fact neutrino oscillations are expected to be dominated tigrreéfects for
energies higher than about 3 MeV and by vacuum effects below 0.5 @eVTherefore the first
simultaneous measurement of the neutrino survival probaBiliggut of both, vacuum and matter
enhanced oscillation regions, can be announced. An additional phgsids already obtained by
Borexino concerns best limits for CNO flux,magnetic moment and Pauli principle violation.

2. The Borexino Detector

Borexino is a unsegmented calorimeter with on a active mass of 278 tonsarfiotguid
scintillator (Pseudocumene - 1,2,4 trimethylbenzene- doped with 1.5 g/l of PB@iphenylox-
azole) contained in a thin (12Bm) nylon vessel having 8.5 meter diameter. Solar neutrinos are
detected by their elastic scattering on the electrons of the scintillators. A s&stées sphere (13.7
m diameter), surrounding the scintillator vessel, houses the 2212 photomtstipig detect the
scintillation light. The volume between the two spheres is filled again by Pseooeubut with
the addition of a light quencher. A cylinder of 18 m diameter and 16.9 m héilglat by ultrapure
water contains the sphere and act both as radiation shield and as Gedetéator used to identify
(and veto) muons. Key features of the scintillator are the high light yield ¢gd€cted phe/Mev),
the fast time response that allows to reconstruct the scintillation position agatrittp the software
definition of a fiducial volume, the possibility to discriminate betweeand 8 induced scintilla-
tions. The isotropy of the light emission forbids the reconstruction of th&ineiarrival direction
which is a powerful tool to discriminate signals from background in wateedev detector. The
shape of the energy spectrum of solar neutrinos is the only strong sigreadailable in the data:
events induced by or 8 radioactivity cannot be distinguished from the signal on a event byteven
analysis but only through their spectral shape. This fact, together witexgpected low signal
rate (from few tens event/(days 100 t) to less than one event/(days 16pdhding on the solar
neutrino spectral component) strongly demands for an extremely highpradiodetector. Borex-
ino has reached, and in some case also exceeded, the design requsranoen radiopurity. This
is obtained using the principle of graded shielding, with the inner core scintiatthe center
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Figure 1. Left: The raw photoelectron charge spectrum after the basi (black), after the fiducial cut
(blue), and after the statistical subtraction of themitting contaminants (red). All curves scaled to the
exposure of 100 daton. Right: Spectral fit in the energy region 260-1670 ke\bptb statisticalas
subtraction.

of a set of concentric shells of increasing radiopurity and through amrate selection of all the
construction materials and operational procedures. Details can be dtzevdhere[]1].

3. Radiopurity and Background levels

The study of the time correlated events belonging to?#f& and232Th radioactive chains
yields, under the hypothesis of saecular equilibrium, an internal contamirfatié®®U of 1.6+0.1
10717 g/g and for?3°Th of 6.8+1.510°18 g/g. The concentration of these contaminants is sig-
nificantly lower than the design value of ¥(y/g and it is not the main issue of tAiBe analysis.

On the contrary, the most important background is due tgBthlecay off°Kr with 687 KeV end
point having a rate of the same order of magnitude of’®e signal. The analysis of the rare
decays of®Kr into 8Rb (branching ration 0.43 % but taggable due to the presence of time cor-
related events) yields 287 counts/(day4.00t) after a live time of more than 1 year. Additional
background is identified #3%Bi and as''C . The last one is produced by the interaction of muons
in the scintillator.

4. Data analysisand results

The curves presented in Fi] 1 (left) are the results of 192 live days aunement. The
black line demonstrates the raw data with the 3 most basic cuts already appgliedndans, that
only single clustered events are accepted in order to reject pile up ardmsidences. Second
all muons are neglected. This tagging can be performed using the OD as$ianrauon veto.
The efficiency is 99.5%. In addition, muons and neutrinos can be distireglisiy pulse shape
analysis using the ID. The remaining inefficiency is reduced to less thah 18nd third, as a
logical consequence, all events detected in a 2 ms time window after each amaaejected in
order to avoid muon induced secondaries. The blue curve is obtainegauttucial volume cut to
reject external background: The allowed detector volume corresponds to the inner@@sbds
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(~ 3.25 m radius). Also the radon inducé¥Bi-?1*Po coincidences are removed from data. The
large'“C peak remains at the lower energy range of the observed spectrunt, tivbiefore will

not influence the results of tH@e neutrinos. Another remaining obvious part is the still present
210pg peak at about 190 pe. It can be rejectedddfg pulse shape discrimination (red curve). In
both cases, blue and red line, the compton like edge ofBleeneutrinos (300-350 pe) and the
spectrum (400-800 pe) becomes visible. In Hif. 1 (right), as finaltrethe fits applied to the
remaining data are presentéfl [4]. Two independent methods are uskis ®valuation and come
to consistent results (expressed in counts/day/100tons, statistical@nfg): 494+ 3 for ‘Be, 20+

2 for a sum of CNO-neutrinos and 210 Bi, 294 for 8Kr, 24 + 1 for 11C. With an estimation of the
systematic error (8.5 %) @Be neutrino rate of (4% 3 (stat)+ 4 (Sys) ) counts/day/100tons can be
announced. The rate expected without neutrino oscillation for the high migyaBteandard Solar
Model (SSM) (BS07(GS98)) is (74 4) counts/day/100tons. The flux normalization constant f, the
ratio between the measured MSW-LMA scenario and the predicted BSQFg13 &eutrino flux, is
calculated tode = 1.02+ 0.10. The observed survival probability at tfge energy of 862 keV

is P.e = 0.56+ 0.10. The no oscillation hypothesiss{ 1) is rejected at& C.L.. So Borexino
confirms the MSW-LMA neutrino oscillation scenario and provides the firetctimeasurement in
the low-energy vacuum MSW regime. As result of this preliminary analy$iB, meutrino rate of
(0.264 0.04 (stat)}t 0.02 (sys) ) counts per day and 100 tons down to an energy of 2.8 MeV ca
be reported[]5]. The correspondingflux of (2.65+ 0.44 (staty- 0.18 (sys0) 10° cm 2 s Lisin
agreement with the MSW-LMA SSM prediction and SNO or Super-Kamiokaesldts. Assuming
the BS07(GS98) SSM, the mean survival probability is G£36.10 at the effective energy of 8.6
MeV. The no-oscillation scenario can be excluded using this preliminatysisat a 4.20 C.L..
Borexino is the first experiment with the ablility to simultaneous measure sol&imesifrom the
vacuum region‘Be) and from the matter-enhanced oscillation regfB).(The ratio between the
two different survival probabilities fofBe and®B neutrinos is 1.6Q- 0.33, 1.80 different from
unity. Still at relatively low significance, this result confirms the transition betwiew energy
vacuum dominated and high energy matter enhanced solar neutrino oscibatioredicted by the
MSW-LMA solution.

5. Thefuture of Borexino

Given the exceptional, unprecedented purity results achieved in Bordkiere are plenty of
goals which we would like to achieve. A broad investigation of the selgpectrum is well within
our reach. A calibration campaign has been performed and theanalysesefdata is in progress.
In the near future, the systematic error can be substantially reducedim/é eeducing the error
of the’Be-v measurement down to 5%. A feasibility of measurement of pep, CNO anitbjyoss
solarv is under an extensive study. The detection of geo-neutrinos in Borexalso in progress
and we expect to collect a statistically significant sample of events in fews.ydsorexino has
also strong potential in the field of supernovae (anti-)neutrinos. BareRillaboration joined
the SNEWS project which involves an international collaboration of expetieng representing
current supernova neutrino detectors. Detection of low energy nesitiiom the last stages of
nuclear burning may help to foresee a massive star death a few days ibefmre collaps¢]6].
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