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Abstract—Data of the Borexino experiment on the detection of the reaction involving elastic solar-neutrino
scattering on an electron are presented. The fraction of electron neutrinos in the fluxes of “Be and B
neutrinos is in agreement with the LMA MSW oscillation solution. The uniquely low level of the Borexino
detector background made it possible to set new limits on the effective magnetic moment of the neutrino,
on the possible violation of the Pauli exclusion principle, and on some other rare processes.
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1. INTRODUCTION

Borexino is a new detector for solar neutrinos. Its
main task is to detect solar neutrinos with an energy
below 2 MeV in the on-line mode [1—4]. Measure-
ments with a full-scale version of the detector began
in May 2007. The experiment is being performed at
the Gran Sasso laboratory. This is largest under-
ground laboratory, both in size and in the number of
experiments performed there. Although the laboratory
is referred to as an underground laboratory, it is fact
deployed at an altitude of 1000 m above sea level. The
Apennines ensure muon-flux suppression equivalent
to 3500 mwe.

The basic results obtained to date by the Borexino
Collaboration are the following: the existence of "Be
neutrinos was reliably established for the first time,
their flux being about 10% of the total solar-neutrino
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flux; owing to measurements of the boron-neutrino
flux, the fraction of electron neutrinos as a function
of the neutrino energy could be determined in a single
experiment for regions where vacuum oscillations and
oscillations in matter make different contributions;
new limits were obtained for the effective magnetic
moment of the neutrino and for the magnetic mo-
ments of flavor states; and new limits were set on the
probabilities of nucleon transitions in the 12C nucleus
that are forbidden by the Pauli exclusion principle.
Owing to an extremely low background level in the
MeV energy region, the Borexino detector has unique
features in what is concerned with searches for rare
low-energy processes.

2. BOREXINO DETECTOR

The detection of recoil electrons occurs in a liquid
scintillator. For the scintillator, use is made of pseu-
documene (PC, CgHyz) with an addition of 1.5 g/1 of
PPO (C15H11NO). The measured value of the light
output is 1.1 x 10* photons/MeV. This value deter-
mines the energy resolution, the detection threshold,
and the accuracy of event-coordinate reconstruction.
The scintillator (PC + PPO) of mass 278 t is within
a thin nylon sphere, which is surrounded by a PC
concentric buffer layer 2.6 m in thickness (see Fig. 1).
In order to diminish the yield output and to reduce
the loading of photomultiplier tubes with events oc-
curring in the buffer layer, about 5 g/l of dimethyl
phthalate (DMP) was added to PC. The buffer layer
(PC + DMP) is separated by a nylon film in order
to reduce radon diffusion to the scintillation volume.
The total mass of PC is 1200 t and is within a steel
sphere 13.7 m in diameter. The scintillation light
is gathered by 2212 photomultiplier tubes uniformly
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Fig. 1. Borexino detector: (/) water tank, (2) steel sphere,
(3) nylon sphere, (4) photomultplier tubes, and (5) water
shield.

distributed over the surface of the sphere. The steel
sphere is within a tank containing 2100 t of purified
water, which serves as an additional shield from exter-
nal photons and neutrons. Cherenkov radiation from
muons in water is detected by 208 photomultiplier
tubes.

Each event in the detector is characterized by the
number of actuated photomulplier tubes, for which
the amplitude of a pulse and the time of their ar-
rival are recorded. On the basis of these data, one
reconstructs the energy of an event and its spatial
coordinates and determines the particle type (e, p, or
«). For a first approximation, the number of detected
photoelectrons is in direct proportion to the deposited
energy and is about 500 photoelectron/MeV. The
deviation from the linear dependence at low ener-
gies is taken into account by introducing the Birks
parameter. The energy resolution is about 5% at an
energy of 1 MeV. The energy dependence has the form
o(E)/E ~ 0.05/E"5, where E is expressed in MeV
units.

The reconstruction of event spatial coordinates
is necessary since the background associated with
photons escaping from the steel sphere and photo-
multiplier tubes is insufficiently suppressed by the
PC + DMP layer. Only the condition R < 3 m, which
cuts off the internal of 100 t of the scintillator, ensures
an effect-to-background ratio that is acceptable for
detecting "Be neutrinos. The spatial resolution in the
coordinates z, y, and z, which was determined for the
214Bj — 214Pg sequential decays, is 13 4 2 cm.
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The light output for alpha particles is smaller than
that for electrons of identical energy by a factor of
about 10. As a result, alpha particles from the natural
radioactivity of the uranium and thorium families are
recorded as events of energy below 1 MeV—that
is, in the region of the signal from "Be neutrinos.
In order to separate signals from electrons and al-
pha particles, use is made of the ionization-density
dependence of the photon-emission rate. The so-
called Gatti method [5, 6], in which one calculates the
weighted sum G = Y P;S;, where S; is the number of
photoelectrons detected within the time interval At;,
ensures the most efficient separation. The weights
P; = (Sai — Sei)/(Sai + Sei) are evaluated on the ba-
sis of the time spectra of emission from electrons and
alpha particles, these spectra being measured in an
independent experiment. The parameter G proves to
be distributed about a mean value, which is positive
for alpha particles and is negative for electrons.

In order to select events associated with neutrino—
electron scattering, use is made of the following crite-
ria: the detected charge and coordinates of an event,
the time to the muonic-veto signal or to the preceding
event, and the distribution of photon-arrival times. A
detailed description of the Borexino detector and of
the selection criteria used can be found in [3, 4].

3. RESULTS OF MEASUREMENTS FOR (v, e)
SCATTERING FOR 7Be AND B NEUTRINOS

The spectrum measured by the detector central
part of mass 78.5 t over 192 days is shown in
Figs. 2 and 3. Events that coincide within 2 ms
with a muonic-veto signal and consecutive events
separated by a time interval not longer than 2 ms
were removed from the spectrum. The detection of
the consecutive decays 2Bi — 214Po (7 = 237 us)
and 212Bi — 212Po (1 = 0.43 pus) makes it possible to
determine the background associated with the 238U
and 22Th families. Under the assumption of secular
equilibrium, the results obtained for the respective
concentrations are 1.6 x 10717 g/gfor 228U and 6.9 x
10718 g/g for 232Th, this corresponding to a record
degree of purification of the detector material.

At low energies, the background is determined
by 'C beta decays (Eq = 156 keV), and the lower
boundary of the region (about 200 keV') accessible to
analysis (see Figs. 2 and 3) is determined by precisely
these processes. The specific content of the isotope
14C corresponds to the ratio C/12C =2 x 10718,
An intense peak at an energy of about 450 keV is
associated with 21°Po alpha decay. From Fig. 2, one
can see that the rate of 2!%Po decay is not in equi-
librium with 219Bi (neighboring nucleus) beta decay,
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Fit: x*/NDF = 55/60

"Be: 49 + 3 cpd/100 t

219Bi + CNO: 20 + 2 cpd/100 t
85Kr: 29 + 4 cpd/100 t

1C: 24 + 1 ¢pd/100 t
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Fig. 2. Energy spectrum measured by Borexino within 192 days. The basic background constituents are shown.
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Fit: x>/NDF = 185/174

"Be: 49 + 3 cpd/100 t

210Bi + CNO: 23 £ 2 cpd/100 t
85Kr: 25 + 3 cpd/100 t

1C: 25+ 1 ¢cpd/100 t

14C

10C

103

N AN W~

10!

Number of counts/(10 keV d 100 t)

_3 I I I
10 1000 1400 1800

Energy, keV

200 600

Fig. 3. Energy spectrum after the removal of events associated with 2'°Po alpha decay.
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Fig. 4. Spectrum of events in which the energy is in
excess of 2.8 MeV. Curve [ represents the results of the
calculation in the case of the LMA MSW solution for the
SSM BS06(GS98) [7, 8], while curve 2 corresponds to
the absence of neutrino oscillations.

whose endpoint energy is Fy = 1.17 MeV. A lower
degree of purification of the scintillator from polonium
is associated with its special chemical properties.

A step in the spectrum at an energy of 660 keV
corresponds to the beginning of the recoil-electron
spectrum in the scattering of monoenergetic “Be neu-
trinos (862 keV). In the energy range 1.0—2.0 MeV,
the background is determined by the 3% decay of the
isotope 1C (7 = 29 min, Q = 1.98 MeV), which is
produced from 2C under the effect of muons. The
rate of MC production is 25 £ 1 nucl./(d 100 t).
The Borexino background level at energies of about
1 MeV is at least 100 times lower than the back-
ground level attained with any other detector.

Neutrino—electron scattering proceeds through
the exchange of W and Z bosons. It should be
recalled that electron neutrinos are scattered via both
the charged (W) and the neutral (Z) current, while
muon and tau neutrinos are scattered only via the
neutral current. As a result, the expected spectrum of
recoil electrons assumes the form

do do
dE, = Fec (dEe>W+Z (1)

do
+(1_Pe€) <dE > 9
e/ zZ

where P.. is the electron-neutrino fraction. The
counting rate for “Be neutrinos was determined both
for the experimental spectrum, which contained the «
peak from 2'°Po decay (Fig. 2), and for the spectrum
obtained after the removal of the alpha-particle signal
(see Fig. 3). The two fits yielded nearly identical
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results. Borexino detects 49 + 3 (stat.) &+ 4 (syst.)
events of (v, e) scattering for "Be neutrinos in 100 t
of PC per day [3]. In the standard solar model
(SSM) [7] with a high degree of metallicity [8], the
expected counting rate for a nonoscillation solution
is 74 + 4 event/(d 100 t), which differs from the
measured value by 4.20, o being a standard deviation.

The counting rate measured for “Be neutrinos is
in good agreement with the predictions of the SSM
and LMA MSW oscillation solution at the parameter
values of Am2, = 7.6 x 107° eV? and sin?(2612) =
0.87. In the SSM with a high [8] and a low [9] degree
of metallicity, the expected counting rate is 48 & 4 and
44 + 4 event/(d 100 t), respectively.

The value determined for the probability of electron
neutrino survival at the energy of 862 keV is P, =
0.56 £ 0.1 and agrees well with the result (P =
0.54 £ 0.017) obtained from different solar experi-
ments and with the results of the KamLAND experi-
ment [10].

The reduced flux of "Be neutrinos that is defined
by the measured flux to the flux expected on the basis
of the SSM [7, 8]is frg. = 1.02 £ 0.1. Previous esti-
mates of frp, fell within the range 0—1.27. Thus, the
existence of “Be neutrinos was reliably established for
the first time by the Borexino experiment [2, 3].

The data obtained for "Be neutrinos make it pos-
sible to improve substantially our knowledge of other
solar neutrinos. The flux of pp neutrinos that was
determined from the balance equation with allowance
for data from other solar experiments and under the
condition of a constrained solar luminosity is fp, =

(1.0057009%) (1o). Under the same conditions, the
contribution of the CNO cycle to the Sun’s energy
release does not exceed 3.3% at a 90% C.L. This limit
on the flux of CNO neutrinos is the most stringent.

Borexino does not observe day—night time vari-
ations in the flux of "Be neutrinos at a level of 4%,
(Sn — S4)/(Sp+Sg) = 0.02 +0.04, where S, and Sy
are the average counting rates at night and day, re-
spectively.

The systematic error in determining the flux of “Be
neutrinos exceeds the statistical error and is equal to
8.5%. It is determined primarily by the error in deter-
mining the detector sensitive volume, which is singled
out by means of the code for the spatial reconstruction
of events. The measurements of 2009 with calibration
sources arranged within the nylon sphere will make it
possible to reduce this error to about 3%.

Highly energetic 8B neutrinos were detected in
the experiment in addition to "Be neutrinos [11]. The
counting rate expected for 8B neutrinos is smaller
than that for "Be neutrinos by a factor of about 200.
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Figure 4 shows the high-energy section of the spec-
trum according to measurements with central part
(100 t) of the Borexino detector within 246 days.
In the region of energies above 3 MeV, a signifi-
cant part of the background is associated with long-
lived isotopes (7 ~ 1 s) of light nuclei (}?B, 8B, 8Li,
etc.), which are produced by muons interacting with
12C nuclei. An additional cut rejecting signals within
5 s after each muon that traversed the steel sphere
was introduced in order to suppress this background
component. In order to select more long-lived iso-
topes (1°C, 7 =28 s; 'Be, 7 =20 s), whose pro-
duction is almost always accompanied by the appear-
ance of neutrons, use was made of triple coincidences
of a muon, a neutron, and isotope decay. As a re-
sult, the detection of ®B neutrinos became possible
starting from a uniquely low threshold of 2.8 MeV.
The measured counting rate for 8B neutrinos was
0.26 £ 0.04 (stat.) & 0.02 (syst.) event/(d 100 in).

The spectrum of recoil electrons that is expected
for the MSW LMA solution and which is shown in
Fig. 4 is in good agreement with experimental data;
at the same time, the nonoscillation solution deviates
from the measured value by more than four stan-
dard deviations (40). The specific fraction of electron
neutrinos in the spectrum of ®B neutrinos proved to
be P, =0.35+0.1 for a neutrino effective energy
of 8.6 MeV. Thus, the fraction of electron neutri-
nos for neutrino energies featuring various contri-
butions of vacuum oscillations and oscillations in
matter was determined for the first time in a single
experiment. The ratio P..("Be)/P..(®B) = 1.6 + 0.33
deviates from unity by nearly 20, and this favors the
proposed LMA MSW solution.

4. MAGNETIC MOMENT OF SOLAR
NEUTRINOS AND RARE PROCESSES

A uniquely low background level attained at the
Borexino detector ensures a high sensitivity to rare
low-energy processes. A new limit on the solar-
neutrino magnetic moment and on probabilities of
transitions in the '2C nucleus that violate the Pauli
exclusion principle have been obtained to date.

A number of record limits on the probabilities
of electron decays (e — v + v) [12], nucleon decays
(N — 3v, NN — 2v) [13], neutrino decays (vyg —
vy + ) [14], the emission of a massive neutrino in
8B beta decay [15], the emission of axions in the M1
transition in the “Li nucleus [16], neutrino scattering
owing to the magnetic moment [17], the detection of
antineutrinos from the Sun [18], nuclear transitions
violating the Pauli exclusion principle [19], and some
other rare processes [20] were obtained by using the
Borexino detector prototype (CTF). It is planned to
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performed searches for these processes with the full-
scale Borexino detector.

Since, in contrast to a nuclear reactor, the Sun
cannot be switched off, the characteristic energy de-
pendence of the recoil-electron spectrum in the case
of scattering caused by the neutrino magnetic mo-
ment was used to discover this moment or to set a
limit on it. While the cross section for weak scattering
approaches a constant as the recoil-electron energy
E. tends to zero, the magnetic-scattering cross sec-

tion increases in proportion to 1/E,:

do 9 9 (1 1

= - . 2
dEe TT o Meit <E€ El,> ( )
Here, 7o is the classic electron radius and E, is the
neutrino energy. Since the neutrinos are mixed, the

effective magnetic moment is recorded in neutrino—
electron scattering; that is,

pi =

J

2

> ki Ax(By, L) (3)

k

where 1153, is an element of the matrix of the neu-
trino electromagnetic moments and Ax(E,, L) is
the amplitude of the k-mass state at the scattering
point [21]. For the Majorana neutrino, only the
transition moments are nonzero, while the diagonal
elements of the matrix are nonzero. For the Dirac
neutrino, all matrix elements may be nonzero. The
effective magnetic moment can be expanded both in
the mass-eigenstate (this is more natural) and in the
flavor basis. Under the assumption that 613 = 0, the
effective magnetic moment for the MSW oscillation
solution has the form [22—24]

(Ngﬁ)MSW = Pi(pf) + piy + N%?,) (4)
+ Py + 15y + p33),

where P, and P, are the probabilities for observing the
respective mass eigenstates. The detected magnetic
moment can be expressed in terms of the magnetic
moments of the flavor states as

(Nzﬁ)MSW = Pee:u'g + (1 - Pee) (5)
X (cos2 923/12 + sin? 923/13).

In general, P, and P; depend on the neutrino energy,
but, in the region of energies below 1 MeV, a dom-
inant contribution to the recoil-electron spectrum
comes from “Be and CNO neutrinos, for which P..
and P, are approximately constant.

In analyzing the spectrum shown in Fig. 2, the
spectrum of recoil electrons arising in neutrino—
electron scattering caused by the magnetic moment
was additionally included in the theoretical function.
The minimum of x? corresponds to zero value of
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the magnetic moment. An upper limit on g5 was
obtained in a standard way: minimum values of 2
were determined at various fixed values of pes, the
remaining parameters being free. On the basis of
the resulting dependence x? (), it was found that
the respective upper limit is 5.4 x 107! (where up
is the Bohr magneton) at a 90% C.L. This limit is
conservative—for the value of e = 5.4 x 10~ g,
almost 20% of events detected in the range 230—
310 keV must be due to (v, e) scattering associated
with the magnetic moment.

The above limit is model-independent since only
the shape of neutrino spectra but not their intensities
is used in the analysis. It is also free from the sys-
tematic errors in the detector sensitive volume. The
magnetic-moment values correlate strongly with the
flux of pp neutrinos and with the intensity of the 3Kr
beta spectrum. A more stringent limit on g can be
obtained if some constraints are imposed on flux of
pp neutrinos and on the intensity of the 8°Kr beta
spectrum. The content of ®Kr can be determined by
detecting ®°Kr decays to an excited state of 8°Rb.

Since pe is the sum of positive definite quan-
tities, one can constrain any term in (4) and (5).
By using the most probable values of Py, Pe., 612,
and 693, one can obtain the following limits from the
condition pref < 5.4 x 107 pp: prye < 7.3 x 10~ H pup
for the electron neutrino, g, < 11.4 x 10~ g for
the muon neutrino, and p,, < 11.4 x 10~ ug for
the tau neutrino. It is reasonable to compare these
limits with those from reactor and accelerator exper-
iments devoted to studying (v, e) scattering: pye <
3.2 x 107" yp in the GEMMA experiment [25],
pop < 68 x 107 g in the LSND experiment [26],

and g, < 39000 x 10~ yp in the DONUT exper-
iment [27]. One can see that the Borexino result
improved substantially (by a factor of 6 and by a factor
of 3400) the limits on the magnetic moments of the
muon neutrino and the tau neutrino.

Similar limits can be obtained for the magnetic
moments of the neutrino mass eigenstates, as well as
on the fundamental features of the electromagnetic-
moment matrix, such as the sum of the squares of
the diagonal elements or the sum of the squares
of the transition elements: py_9 < 5.4 x 10~ up,

11,3 < 6.8 107 pp,and pp—o 3 < 8.6 x 10~ pup.

By using unique special features of the Borexino
detector—an extremely low background level and a
large scintillator mass—the Pauli exclusion principle
was tested for nucleons in the 2C nucleus [19, 28].
The approach used consisted in searches for pho-
tons, neutrons, and protons, as well as electrons and
positrons, emitted in transitions of nucleons from the
1 P35 shell to the filled 1.5 /5 shell. As a result, new,
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the most stringent at the present time, limits on the
lifetime of nucleons with respect to transitions in the
12C nucleus that are forbidden by the Pauli exclusion
principle were obtained at a level of 7 > 1030—103! yr.

5. CONCLUSIONS

The Borexino detector is detecting solar "Be and
8B neutrinos in the on-line mode. The measured
counting rates and recoil-electron spectra are in good
agreement with the LMA MSW oscillation solution.
The Borexino data, together with data from other
solar and reactor experiments, have substantially im-
proved our knowledge about the fluxes of pp, pep,
and CNO neutrinos. A uniquely low background level
in the region of natural radioactivity has made it
possible to set new limits on the neutrino magnetic
moment and on the probabilities of transitions in the
12C nucleus that are forbidden by the Pauli exclusion
principle.

New results obtained for vaster statistics and with
smaller systematic errors determined after measure-
ments with calibration sources will be presented by
the Borexino Collaboration in the near future. Further
plans of this collaboration include detecting CNO and
pep neutrinos, studying time variations of the neu-
trino flux, detecting geo- and reactor antineutrinos,
and seeking other rare processes.
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