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Abstract

This paper summarizes the main recent results of the Borexino experiment, a liquid scintillator neutrino detector of
unprecedented radiopurity currently running at the Laboratori Nazionali del Gran Sasso in Italy. Particularly, the paper
is focused on the precision measurement of the 7Be solar neutrino flux, on the search of its day–night modulation,
and on the first detection of pep neutrinos. The paper also covers a recent measurement of the CNGS neutrinos speed
made in May 2012. A short discussion about the forthcoming scientific program on solar neutrinos, geoneutrinos, and
sterile neutrino searches is included at the end.
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1. Introduction

Borexino is a liquid scintillator calorimeter [1][2][3]
designed for the real–time observation of low energy so-
lar neutrinos, which are detected through their elastic
scattering on electrons and by means of the consequent
emission of scintillation light.

The total cross section of electron neutrinos depends
on both charged and neutral currents weak interactions,
while that of other neutrino flavors is induced by neu-
tral currents only. The interaction rate depends there-
fore on the neutrino type at the target, a fact that makes
the experiment sensitive to neutrino oscillations occur-
ring along the path from the production site in the Sun’s
up to the detector

At the time of the proposal, the main goal of Borex-
ino was the precise measurement of the rate induced
by the monochromatic electron neutrinos (0.862 keV)
produced by the electron capture decay of 7Be in the
Sun. However, the very high radio purity of the scin-
tillator offered new unexpected results, such as a clear
evidence of the pep solar neutrinos [4], a low energy
threshold (3 MeV) detection of 8B neutrinos [5], and an
unambiguous detection of geo-neutrinos [6]. Other even
more challenging goals like the detection of pp neutri-
nos and, possibly, a tight upper limit on CNO neutrinos,
might be achievable in the near future.

The study of low energy solar neutrinos is very sig-
nificant for two main reasons: on one hand, they of-
fer a unique opportunity to investigate the behavior of
the Sun’s interior and test the predictions of the Stan-
dard Solar Model; on the other, they allow to probe the
MSW-LMA neutrino oscillation scenario in an energy
range that is not accessible to water Cherenkov detec-
tors [7] [8], which can detect solar neutrinos only above
an energy threshold of about 4 MeV.

This paper first describes (section 2.1) the precise
measurement of the 7Be neutrino flux obtained in 2011.
This result comes from a very careful study of the de-
tector response, which was made by means of an ex-
tensive calibration campaign and a careful Monte Carlo
modeling of the scintillator properties, and of the light
propagation inside the detector. A final precision better
than 5% was obtained. As an interesting by–product of
this work, we studied the day–night modulation of the
same 7Be neutrino flux (section 2.2). Although no mod-
ulation is expected in the MSW-LMA scenario, its lack
has interesting consequences that we have explored. Fi-
nally, we report about the very first detection of the
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monochromatic pep neutrinos in section 2.3. This re-
sult, completely unexpected at the time of detector de-
sign, has been possible because of the very good radio–
purity of the scintillator and thanks to very innovative
techniques that were developed for the rejection of cos-
mogenic backgrounds.

In May 2012 we have done a measurement of the
CNGS muon neutrinos speed, triggered by the initial an-
nouncement made by the Opera Collaboration that they
might travel faster than light. Though the result was
later proved to be incorrect and withdrawn by Opera,
we have completed the measurement. The result, con-
sistent with the speed of light in vacuum, is reported in
section 3.

The unprecedented purity of the Borexino scintilla-
tor, further improved by a purification campaign carried
out in 2010/2011, offers interesting possibilities for the
future of the experiment, both in solar neutrino physics
and in other fields. The collaboration has proposed to
perform an experiment for the search of sterile neutrinos
by means of neutrino sources (e.g. a 51Cr source simi-
lar to that used in 1995 by the Gallex collaboration [9])
or anti–neutrino sources (e.g. 90Sr or 144Ce). These op-
tions are currently under investigation, and are brierfly
described in section 4.

2. Solar neutrino results

2.1. Precise measurement of the 7Be neutrino flux

At the Neutrino ’08 conference we reported a di-
rect measurement of the 7Be solar neutrino flux with
combined statistical and systematic errors of 10% [10].
Thanks to a long campaign of detector calibrations per-
formed in 2009, a fourfold increase in solar neutrino
exposure, and a substantial improvement in the Monte
Carlo model used to simulate the scintillator behavior,
the light propagation and the detector response, a new
neutrino flux measurement with a total uncertainty less
than 5% was recently published [11]. For the first time,
the experimental uncertainty is smaller than the uncer-
tainty in the Standard Solar Model (“SSM”) prediction
of the 7Be neutrino flux [13]. The new result is based on
the analysis of 740.7 livedays (after cuts) of data which
were recorded in the period from May 16, 2007 to May
8, 2010, and which correspond to a 153.6 ton ·yr fiducial
exposure.

The 7Be is obtained from a fit to the energy spectrum
of the events that survive the cuts (see Fig. 1). The
spectral fit is done in two different independent ways as
described in the caption of Fig. 1.
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Figure 1: Two example fitted spectra; the fit results in the legends
have units [counts/day·100 ton]. Top: A Monte Carlo based fit over
the energy region 270–1600 keV to a spectrum from which some, but
not all, of the α events have been removed using a pulse shape cut.
Bottom: An analytic fit over the 290–1270 keV energy region to a
spectrum obtained with statistical subtraction.

The main systematic uncertainties in our measure-
ment of the 7Be interaction rate come from the determi-
nation of the fiducial volume, from our understanding
of the detector energy response, and from the variation
between the results of the different fit procedures.

We note the remarkable decrease in the uncertain-
ties associated with the detector energy response and
the definition of the fiducial volume, by factors of 4.6
and 2.2, respectively, relative to [10]. The key factor
for these improvements was a long calibration campaign
made with α, β, γ and neutron sources that were placed
in several different location inside and close to the so-
lar neutrino fiducial volume. This calibration data have
been crucial for the precise determination of the fidu-
cial volume and for the precision tuning of the Monte
Carlo parameters. For more details about the analysis
and the systematic error evaluation the reader should re-
fer to [11].

Our best value for the interaction rate of 862 keV 7Be
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Figure 2: Top: energy spectrum of events during day (red) and night
(black) normalized to the day live–time. The insert shows the 7Be
neutrino energy window. Middle: Difference of night and day spectra
in the extended energy range including the region dominated by the
11C background. Bottom: a zoom of the 7Be energy window between
0.55 and 0.8 MeV. The blue curve shows the shape of electron recoil
spectrum that would be seen assuming the LOW solution. See [12]
for more details.

solar neutrinos in Borexino is 46.0±1.5(stat)+1.5
−1.6(sys)

counts/day · 100 ton. If the neutrinos are assumed to be
purely electronic, this corresponds to an 862 keV 7Be
solar neutrino flux of 2.78 ± 0.13 109 cm−2 s−1. The
corresponding flux prediction from the SSM is 4.48 ±
0.31 109 cm−2 s−1, which, if all the neutrinos remained
electronics, would yield an interaction rate of 74.0 ± 5.2
counts/day ·100 ton in Borexino; the observed interac-
tion rate is 5 σ lower.

2.2. Day–night modulation of the 7Be neutrino flux

We have studied the day–night modulation of the 7Be
count rate in the detector. Although the standard MSW-
LMA scenario does not predict any significant effect,
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Figure 3: Neutrino oscillations parameter estimation in three solar
neutrino data analyses (with 2 d.o.f.): 1) 99.73% c.l. excluded region
by the Borexino 7Be day–night data (hatched red region in the right
panel); 2) 68.27%, 95.45%, and 99.73% c.l. allowed regions by the
solar neutrino data without Borexino data (left panel); 3) Same c.l.
allowed regions by all solar neutrino data including Borexino (filled
contours in right panel). The best fit point in the left (right) panel
is Δm2 = (5.2 +1.6

−0.9) ·10−5, tan2θ=0.47 +0.04
−0.03 (0.46 +0.04

−0.03). The LOW
region is strongly excluded by the 7Be day–night data while the al-
lowed LMA parameter region does not change significantly with the
inclusion of the new data.

many non–standard interaction models predict sizable
effects, so a stringent upper limit may put useful con-
straints. Besides, we have shown in [12] that thanks to
this result Borexino alone can exclude the LOW solu-
tion without any use of KamLAND anti–neutirno data.

The lack of asymmetry is clearly shown in Fig. 2.
This result is an essentially new and independent way

to probe the MSW-LMA prediction and is potentially
sensitive to new physics affecting low energy electron
neutrino interactions. As an example, we note that our
daynight asymmetry measurement is very powerful in
testing mass varying neutrino flavor conversion scenar-
ios. We find, for example, that our data excludes the set
of MaVaN parameters chosen in [14] to fit all neutrino
data at more than 10 σ.

This tight constraint on the daynight effect in 7Be
solar neutrinos has interesting implications on our un-
derstanding of neutrino oscillations. To investigate this,
we calculated the expected daynight asymmetry for 862
keV neutrinos under different combinations of mixing
parameters in the MSW oscillation scenario. The com-
parison of these predictions with our experimental num-
ber is displayed on the right panel of Fig. 3. The red
region is excluded at 99.73% c.l. (2 d.o.f.). In particu-
lar, the minimum day–night asymmetry expected in the

Figure 4: Top: energy spectra of the events before and after the three-
fold veto is applied. The solid and dashed blue lines show the data
and estimated 11C rate before any veto is applied. The solid black
line shows the data after the procedure, in which the 11C contribu-
tion (dashed black line) has been greatly suppressed. The next largest
background, 210Bi, and the e− recoil spectra of the best estimate of
the pep rate and of the upper limit of the CNO rate are shown for
reference. Bottom: residual energy spectrum after best-fit rates of all
considered backgrounds are subtracted.

LOW region (10−8 eV2 < Δm2 < 10−6 eV2) is 0.117,
which is more than 8.5 σ away from our measurement,
assuming gaussian errors.

2.3. First detection of pep neutrinos

We observed, for the first time, solar neutrinos in the
1.0-1.5 MeV energy range, where the flux is dominated
by the pep and CNO components. We determined the
rate of pep solar neutrino interactions in Borexino to be
3.1 ± 0.6 (stat) ± 0.3 (syst) counts/day · 100 ton.

Assuming the pep neutrino flux predicted by the stan-
dard solar model, we obtained a constraint on the CNO
solar neutrino interaction rate of <7.9 counts/day · 100
ton (95% C.L.). The absence of the solar neutrino signal
is disfavored at 99.97% C.L., while the absence of the
pep signal is disfavored at 98% C.L.

The necessary sensitivity was achieved by adopting
data analysis techniques for the rejection of cosmogenic
11C, the dominant background in the 1-2 MeV region.

Assuming the Mikheyev-Smirnov-Wolfenstein large
mixing angle solution to solar neutrino oscillations,
these values correspond to solar neutrino fluxes of 1.6
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Figure 5: Electron neutrino survival probability as a function of en-
ergy. The points are the contribution of the Borexino experiment ac-
complished so far. The MSWLMA prediction band is the 1 σ range
of the mixing parameters given in [18].

± 0.3 108 cm−2 s−1 and <7.7 108 cm−2 s−1 (95% C.L.),
respectively, in agreement with both the high and low
metallicity standard solar models. These results repre-
sent the first direct evidence of the pep neutrino signal
and the strongest constraint of the CNO solar neutrino
flux to date.

The detection of neutrinos resulting from the CNO
cycle has important implications in astrophysics, as it
would be the first direct evidence of the nuclear process
that is believed to fuel massive stars (>1.5 Ms). Fur-
thermore, its measurement may help to resolve the solar
metallicity problem [15] [16].

A key point of the analysis is the ability to reject the
cosmogenic 11C, the dominant background in the 1-2
MeV region. This rejection is done by exploiting two
facts: 11C can be tagged by the three-fold coincidence
of the events generated by the muon, the capture of the
spallation neutron, and the decay of 11C [17]; the β+
11C decay can be statistically subtracted using the fact
that positronium formation in the scintillator modifies
the pulse shape of the scintillation. The result is shown
in Fig. 4. See caption for details.

The impact of the Borexino experiment on solar neu-
trino physics is shown in Fig. 5. Since the beginning
of data taking in May 2012, three measurements of so-
lar components have been accomplished, two of which
never observed before: 7Be, pep and low energy 8B.
The future improvement, possibly of all three measure-
ments, and eventually the first real–time detection of the
pp component, will strongly probe the MWS-LMA sce-
nario. Besides, a strong upper limit on the CNO com-
ponent might help solving the long standing metallicity
problem.
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togram). The small asymmetry is predicted by Monte Carlo and is due
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mean value and its statistical error are obtained from the gaussian fit.
The systematic error is explained in the text. D is the distance between
the proton target at CERN and the center of the Borexino detector.

3. Neutrino speed measurement

CNGS neutrinos travel about 730 km in matter with
one of the highest relativistic γ factors ever artificially
produced. The neutrino mass is at most � 2 eV/c2 or
possibly much less, while the CNGS average beam en-
ergy is 17 GeV, so γ is always >1011, much bigger than
that obtained in any charged particle beam. A test of
Special Relativity with these particles is therefore mean-
ingful. Besides, the measurement may also put an upper
limit on the effect of non-standard propagation of neu-
trinos in matter.

This effort was also motivated by the claim, made by
the Opera Collaboration in Sep. 2011 [19], that CNGS
neutrinos travel faster than the speed of light in vacuum.
This claim, however, was later withdrawn [20].

We have designed and installed a new GPS system
with a carefully calibrated time link between CERN and
Gran Sasso. The system is too complex to be described
here, but it is fully described in [21]. The total sys-
tematic error induced by the time–link only is proved
to be 1.1 ns, smaller than other effects as shown later.
We have also performed a brand new geodetic measure-
ment of the location of the LNGS laboratory and of the
Borexino detector. The total distance from the target to
the Borexino detector is 730472.082 ± 0.038 m. The
uncertainty should be considered as 1 σ.
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The measurement of the speed and a detailed descrip-
tion of the error budget is reported in [22]. The final
result obtained in May 2012 for the time–of–flight dif-
ference of <E>=17 GeV muon neutrinos with respect
to the speed of light is shown in Fig. 6 and is δt = 0.8 ±
0.7stat ± 2.9sys ns, consistent with zero.

4. Future perspectives

The Borexino experiment has successfully completed
the first phase of data taking. The obtained results ex-
ceed even the most optimistic expectations, thanks to
the unprecedented low radioactive background in the
scintillator. The Borexino design goal for 238U and
232Th contamination was set to 10−16 g/g: the current
contamination is lower than 10−18 g/g for 238U and
lower than 3× 10−18 g/g for 232Th.

The collaboration has decided in 2010 to endeavor
a purification campaign aimed at reaching even lower
background levels. The results are very encouraging,
and a new phase of data taking with much reduced 85Kr,
238U, and 232Th backgrounds and significantly reduced
210Bi has begun. This new data taking campaign, to-
gether with a very careful calibration effort that will be
done in the future, may yield significant improvements
in all measurements, and offer the opportunity to per-
form the first real time detection of pp neutrinos and put
very stringent upper limits on CNO neutrinos.

Furthermore, other physics topics are under investi-
gation. The possibility to search for sterile neutrinos
by means of neutrino and anti-neutrino artificial sources
located near or even inside the detector is being pur-
sued. One option is that of building a neutrino source
very similar to that used by the Gallex experiment in
the years 1995-1996. This source, made with several kg
of enriched 51Cr activated in a suitable nuclear reactor,
might reach an activity of 10 MCi and provide a sam-
ple of several thousands neutrino events with a source-
detector distance of 8-12 m and neutrino energy less
than 1 MeV. This experiment may conclusively probe
the Gallium anomaly region, and cover almost com-
pletely the reactor anomaly region at 3σ level. Even
more powerful would be an experiment with a 144Ce in-
ternal anti-neutrino source located at the center of the
detector. While technically more challenging, this ex-
periment would cover at 3σ level the whole reactor
anomaly region and have a potential of discovery sterile
neutrino in the Δm2 � 1 eV2 region for sin2 2θs > 0.02.
This very good sensitivity is due also to the fact that
the expected oscillation length for neutrinos of about 1
MeV energy is of the order of 1 m, a figure that is larger
than spatial reconstruction resolution and smaller than

detector size. Neutrino waves might be detected in this
experiment, yielding a beautiful model independent sig-
nature. A proposal for these experiments has been sub-
mitted to INFN and to the Gran Sasso Laboratory, and a
decision will be taken in the next months.
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