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Abstract. The Borexino experiment located in the Gran Sasso National Laboratory, is
an organic liquid scintillator detector conceived for the real time spectroscopy of low en-
ergy solar neutrinos. The phase-I of the data taking campaign (2007 — 2010) has allowed
the first independent measurements of “Be and pep solar neutrino fluxes as well as the
first measurement of anti-neutrinos from the Earth. After a purification of the scintilla-
tor, Borexino is now in phase-II since 2011. Thanks to the unprecedented background
levels, we have performed the first flux measurement of neutrinos from the fundamental
pp reaction which powers the Sun. We review this breakthrough result and other recent
results, including the latest review of our terrestrial neutrino analysis. We also discuss
the upcoming measurements on middle energy solar neutrino spectral components (pep,
CNO) and the new project SOX devoted to the study of sterile neutrinos via the use of a
neutrino source placed in close proximity of the detector’s active material.

1 Why solar neutrinos with Borexino

The Sun is an intense source of neutrinos, produced in nuclear reactions of the p-p chain and of
the CNO cycle [1]. Measurements of the individual neutrino fluxes is of paramount importance for
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Figure 2. Survival probability of electron neutrinos as
foreseen by the MSW-LMA model. Data points dis-
cussed here are also shown.

Figure 1. Solar Neutrino Spectrum.
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both particle physics and astrophysics. The solar neutrino spectrum can be seen in figure 1. Up to
a few years ago, spectroscopical measurements were performed by water Cherenkov detectors above
~5Mev and concerned only 3B neutrinos for less then 1% of the total flux. The bulk of neutrinos at
low energies were detected only with radiochemical experiments, incapable of resolving the individual
components. Neutrinos are emitted in the Sun as electron-flavour neutrinos and may oscillate to a
different flavour during the trajectory to the Earth. The MSW mechanism with Large Mixing Angle
(LMA) foresees the survival probability for electron neutrinos on Earth after oscillation is taken into
account, as shown in figure 2. Borexino was designed to perform spectroscopy of the low energy
part of the solar neutrino spectrum, in particular the flux of the “Be monochromatic line at 862 keV.
Borexino has largely exceeded the expected performance and broadened the physics program past the
original goal.

2 The Borexino Project

Stainloss Steel Spherer
2212 PMTs
1350m*

Detector layout. The Borexino detector
[2] is sketched in figure 3. It is located
at the Gran Sasso National Laboratories Y Rl
(LNGS) in central Italy, at a depth of HOEFCHERD - A
3800 m w.e.. The active mass consists of
278 tons of pseudocumene (PC), doped
with 1.5 g/l of PPO. The scintillator is
contained in a thin (125 um) nylon Inner
Vessel (IV), 8.5m in diameter. The IV auter Vossal: 5,30
is surrounded by two concentric PC
buffers doped with a light quencher. The
scintillator and buffers are contained in
a Stainless Steel Sphere (SSS) with a
diameter of 13.7 m. The SSS is enclosed
in a Water Tank (WT), containing 2100 - o
tons of ultra-pure water as an additional S MLQM,
shield against backgrounds from the lab-
oratory environment. The scintillation
light released upon particle interaction
in the pseudocumene is detected by
2212 8" PhotoMultiplier Tubes (PMTs)
uniformly distributed on the inner surface of the SSS. Additional 208 8" PMTs instrument the WT
and detect the Cherenkov light radiated by cosmic muons that cross the water shield.

Water tank:

inner Vessel: 4,25m

20 legs

Figure 3. Sketch of the Borexino detector.

Detector performance. The Borexino scintillator has a light yield of ~10* photons/MeV,
resulting in ~500 detected photoelectrons/MeV. The fast time response (~3ns) of the scintillating
mixture allows to reconstruct the events position by means of a time-of-flight technique with ~13 cm
precision for events at the center of the detector. Depending on the analysis, the fiducial volume is
defined between 75 tons and 150 tons. Neutrinos interact via elastic scattering on the electrons of the
target material. The signature of ’Be neutrinos is a Compton-like shoulder at 665keV in the electron
recoil spectrum. The energy resolution (107) at "Be energy is as low as 44 keV (or 6.6%). The inner
detector trigger is defined as the coincident firing of at least 20-25 PMTs, corresponding to an energy
threshold of ~40-50 keV. However the analysis threshold in phase-I was limited by the knowledge
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Table 1. Background levels in the Borexino scintillator. cpd stands for "counts per day".

Isotope Typical Required Before purification ~ After purification
¥U 2 10g/g (dust) <107®g/g  (53£05) 10 g/g <0810 "g/g
232Th 2 107%g/g (dust) <107'%g/g  (3.8+0.8) 107! g/g <1.01073g/g

14C/2C 107'2 (cosmogenic) <1078 (2.69+0.06) 1018 unchanged
222Rn 100 atoms/cm? (air)  <10cpd/100t 1cpd/100t unchanged
K 2 107°g/g (dust) <1073 g/g <0.4 107" g/g unchanged
85Ky 1Bg/m?’ (air) <lepd/100t  (30+5) 10cpd/100t <5cpd/100t
P Ar 17mBg/m? (air) <lcpd/100¢ <8Kr <BKr
210pg not specified ~80 — ~5cpd/t unchanged
210B;4 not specified ~10 — ~75cpd/100t  (27+8)cpd/100t

of the '*C spectral shape to ~250keV. In phase-II we have successfully reduced our threshold to
165keV (see Sect. 4). Pulse Shape Analysis (PSA) is performed to identify various classes of events,
among which electronic noise, pile-up events, muons, & and S particles.

Borexino timeline. The phase-I of Borexino occurred between May 2007 and May 2010. Next,
we proceeded to the purification of the scintillator by water extraction and sparging with a specially
developed nitrogen gas, low in Kr and Ar contamination. After looping through the purification
plant for six complete cycles, in November 2011 the phase-II of Borexino started and is expected
to last at least until the end of 2016. The energy scale uncertainty in the range [0.2-2.0]MeV has
been determined at 1.5% precision, using multiple gamma sources. The position reconstruction
algorithm has been tuned using a Rn source placed in 184 positions inside the active volume. The
determination of the fiducial volume is now -1.3%+0.5%. An external calibration campaign has
allowed to correctly model external gamma backgrounds. The calibrations will be repeated before the
end of phase-II to demonstrate stability of the detector and possibly to improve the previous results[3].

Experimental backgrounds. The background levels of the Borexino scintillator are summarised
in table 1. 23%U and >3’Th contaminations are unprecedented and largely exceed the requirements
of the experiment. Most other contaminants are at acceptable levels or have been reduced below
required limits after purification. We observe the presence of Radon Daughters >'°Bi and 2!°Po out
of equilibrium. 2!°Po is of little concern as it is an o emitter and it can be identified by PSA. ?'Bi
contamination has been rising during the data taking of phase-I due to unclear motivations, possibly
related to the movement of the scintillator. This variation was modelled and taken into account during
the "Be flux modulation analysis (Sect. 2?). 2!°B was later reduced by the purification campaign to a
level which allowed the measurement of pp neutrino (Sect. 4) and will possibly allow the measurement
of CNO neutrino fluxes (Sect. 7).

3 Phase-l results

"Be flux. The measurement of the flux of "Be neutrinos was the primary goal of Borexino. Thanks to
the unprecedented background levels, the first observation was published in summer 2007, after only
3 months of data taking. The flux was later reviewed in 2008 and 2011 reducing the error every time.

The signal is extracted by a spectral fit along with other neutrino signals and background components
(figure 4).
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The fit is performed both using analyti- 10°E .
cal spectral shapes and MonteCarlo generated B _ f;:‘g(?flzj%
curves, with or without the statistical sub- 10; — K 246232
traction of « events via PSA, obtaining the F Il“CBlz 3262 iﬁ

same result within errors. The last measured
rate[4] after 741d of live time (full phase-I)

iS Rge = 46.0 £ .55 + 1.64ys . oy
Be = | ‘tt’+16yt/d/100t F(?r ﬁ i,
the first time the experimental error (4.8%) is

lower the theoretical error (7%). The rate cor- \ \ /
A
1 \ \ \/

responds to a flux of @, = (3.10 = 0.15) x
10° cm~2 ™! with a survival probability P,, = ozt LU S e
0.51 £ 0.07 at 862 keV. Energy [keV]

We have also carefully inspected the
data set at the energy of ’Be neutrino scat-
tering looking for an eventual day-night
asymmetry[5]. This was foreseen in an
alternative MSW scenario, called LOW, also
compatible to some extent with the solar neutrino results. The LOW scenario before Borexino could
be excluded only assuming CPT invariance and using the KamLAND reactor’s antineutrino results.
Our data is consistent with no asymmetry: Apy = @y — @p/P = 0.001 + 0.012, + 0.0074y,. With
this result, the MSW-LOW mechanism can be ruled out at 8.5 o~ using only solar neutrino data.

pp, pep, CNO (Fixed)

T

{ LEERRL |

10°

Event Rate [evt / (1000 keV x ton x day)]

Figure 4. Fit of the energy spectrum for "Be flux analy-
sis.

8B flux Borexino has measured the 8B flux down to 3.0 MeV[6]. While the much larger water
Cherenkov detectors can achieve better precision, Borexino holds the lowest threshold achieved so far.
Lowering the threshold on ®B spectroscopy represents one of the key features to inspect the transition
region of the LMA scenario (see Sect. 1 and 4). The measured rate is Rg = 0.22 + 0.04,; = 0.015y
and corresponds to a flux of @p = (2.4 £ 0.4y % 0.15y5) X 10°cm™s7!. The flux above 5 MeV is in
good consistency with other results.

pep flux and CNO limits. As shown in figure 2, the pep neutrino energy lies at the boundary
between the Vacuum and the Transition region of the MSW survival probability. Neutrinos from the
pep reaction are closely related to the fundamental pp neutrinos and have their flux theoretically well
constrained by this relation. In the same energy region are neutrinos from the CNO cycle reactions.
CNO neutrinos are poorly constrained by the SSM and have never been detected so far. At this energy
the cosmogenic background of ''C is overwhelming the pep/CNO neutrino flux by about an order of
magnitude. We have made the measurement[7] possible suppressing this background exploiting the
three-fold coincidence between the parent muon, the ''C and the neutron most often accompanying
its production. By excluding the regions of the active volume close to the muon track or to the
neutron capture point for a few half lives of ''C (29 min), we select about 50% of the exposure where
the ''C background is only 10% of the total. Another powerful handle to distinguish neutrinos
from is the pulse shape. The annihilation energy accompanying the !''C e*-decay may be delayed
when released by ortho-positronium bound state. The rate of pep neutrinos has been extracted with
a multivariate analysis based of the energy of the event, the distance from the center of the detector
and a pulse shape parameter[8]. The rate is Rpep = (3.1 + 0.64, * 0.35y5)/d/ 100t corresponding
to a flux of @y, = (1.6 £0.3) X 103 cm™2s7! and a survival probability of Pre, = 0.62 £ 0.17 at
1.44 MeV. The flux of CNO neutrinos could not be extracted due to the spectral shape degeneracy
with the 2!1°Bi background. The strongest upper limit available to date has been however obtained
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Figure 5. "Be flux modulation analysis. Left: ‘60 d’-binned count rate evolution. Right: ‘10 d’-binned Lomb-
Scargle Spectral Power Density.

from this analysis. The rate of CNO neutrinos is R < 7.1/d/100t at 95% C.L. corresponding to
Dcno < 7.7 x 108 cm™2s7!. Improving this analysis using the phase-II data to reduce errors and
possibly detect CNO neutrinos is our main goal for 2016.

Annual modulation. Due to the eccentricity of the Earth’s orbit, the observed solar neutrino flux
is expected to undergo a yearly modulation with amplitude +3.4% and a maximum at the beginning
of January. The presence of such modulation in the "Be flux is the ultimate proof that Borexino is ac-
tually observing neutrinos from the Sun. For this analysis[8] we have defined a dynamic and enlarged
141t FV. This has been possible thanks to the precise determination of the vessel’s shape from the dis-
tribution of 21°Bi events deposited on the vessel’s surface on a weekly basis. Nevertheless performing
the spectral fit on sub-periods of the data set is not a viable method due to reduced statistics. Using the
phase-I data set (850 d astr. time), we have considered the count rate in the "Be region (105-380p.e.),
which also includes background from the decay of >'°Bi in the scintillator. The last has been rising
exponentially during the phase-I (Sect. 2). We have averaged the rate on a 60d base (figure 5, left)
and we have fitted the result with:

R =Ry +Rge"™ +R

1+ 26005(? - ¢)}

where R accounts for a time independent background component. The rate Rg; and the time constant
Apg; of 219Bi background are fixed to values independently determined from a different energy interval.
The period foundis T = (1.01£0.07) y and the phase, measured from Jan 1% 2008, is ¢ = (11.0+4.0) d.
The average "Be rate and the eccentricity € are consistent within 2 o~ with the spectral fit result and
with the expected orbit eccentricity, respectively. The hypothesis of no modulation is rejected at > 30
An alternative approach uses Lomb-Scargle frequency analysis in 10d binned data set. The Spectral
Power Density (SPD) distribution is shown in figure 5 (right). The significance of SPD peaks has
been evaluated by Monte Carlo simulations of the signal and the background. The peak at 1y with
SPD=7.96 has significance largely above 3¢, while no other peak exceeds 20
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4 pp neutrino flux

Neutrino from the fundamental pp reaction x2/d.of. = 172.3/147
which powers the Sun are the most elusive — ppv: 144 £ 13 (free) — 21P0; 583 + 2 (free)

. . — 7Bev:46.2 + 2.1 (constrained) — 14C: 39.8 + 0.9 (constrained)
to detection as their energy only spans up to — pep v: 2.8 (fixed) Pile-up: 321 + 7 (constrained)

. . _ —— CNO : 5.36 (fixed) — 210Bj: 27 =+ 8 (free)
429 keV, corresponding to 264 keV in the re — 24pp; 0,06 (fxed) — 85r: 1 2 9 (free)
coil electron energy spectrum. The expected b
rate is (131 +2)/d/100t. Our efforts to re- < . ppv
duce the analysis threshold and successfully 9 E\C
fit this part of the spectrum have been twofold. g - ;_ Synthetic "Po__oNOv
First, we performed the purification campaign s L pile-up 2108
described in Sect. 2: 3K was reduced to a & mf ' i :
. . . 9 T E

level consistent with zero, !°Bi by a factor & e
~3. Second, a large analysis effort has been £ 10_3?
done to understanding the overwhelming in- i ;
trinsic background due to '*C that extend b ? ‘ il . ‘ | AN
up to ~220keV. Though the Borexino scin- 10950 200 250 300 350 400 450 500 550

. . . . E k
tillator was obtained from selected ancient oil nergy el)

batches to have a low '“C content, the de-
tector’s trigger rate of ~30s~! (~50keV hard-
ware threshold) is largely dominated by '*C
decays. Constraining the rate and correctly
modelling the shape of 'C was hard due to
effect of the threshold. We overcame this problem studying the events that accidentally fall within the
16 us acquisition window opened by another uncorrelated event. The '“C rate was thus measured to
be (40+1)/s/100t. '*C gives a second problem: pile-up. Due to the high rate, we record events aris-
ing from a '*C decay overlapped with '*C , 2!°Po , dark noise from the PMTs and virtually any other
spectral species. The spectral shape for this class of events is unknown and the position reconstruction
largely fails. We have therefore generated a synthetic pile-up sample, overlapping uncorrelated events
with regular data. The obtained energy spectrum is used in the spectral fit and the rate is constrained
within errors to the value obtained by this independent determination. Using data from January 2012
to May 2013 (408 d live time), we obtained the first direct detection of pp neutrinos. The fiducial vol-
ume was set to 75 t for a resulting exposure of ~85 ton-yr We performed the fit in the [165,590] keV
energy range as shown in figure 6. The pp neutrino rate was determined to be:

Figure 6. Fit to the energy spectrum for pp neutrino
analysis.

R, = 144 £ 134y + 104,,/d/100t,

rejecting the null hypothesis at 100-. The systematic error arises from the uncertainty in the energy es-
timator, in the fit energy range, in the data selection, in the pile-up evaluation and in the fiducial mass.
The result interpretation is threefold: (i) assuming the SSM is correct, our result indicates a survival
probability of (0.64+0.12) in confirmation of neutrino oscillations with MSW-LMA mechanism in the
vacuum dominated region; (ii) assuming the neutrino oscillation model is correct, our result converts
to an unoscillated solar neutrino flux of (6.6 + 0.7) X 10" cm™2s~!, confirming the SSM predictions
on neutrinos emitted by the reaction most fundamentally bound to the energy production in the Sun;
(iii) if both previous assumptions are made, the Borexino result says that the luminosity of the Sun
in neutrinos matches the photon luminosity, which is a proof of the Sun stability over a period of 10

years. The measurement of the pp neutrino flux by Borexino was published by the Nature Journal[9].
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Figure 7. Left: antineutrino spectrum (prompt positron scattering). Right: Geoneutrino flux and terrestrial Heat
generation foreseen by three different BSE models (coloured shaded areas). Syign and Sy, are the limits where
radiogenic material is concentrated at the Mantle-Crust and Core-Mantle boundary, respectively.

Survival probability after Borexino.

In figure 2, already introduced in Sect. 1, one can also see all the results of the Borexino low energy
neutrino spectroscopy that we have discussed here, superimposed to the survival probability of solar
electron neutrinos. The confirmation of the MSW-LMA model over a wide range of energies is
striking. However, the unexplored transition region (1-3MeV) still has room for alternative models
and new physics, in particular the proposed Non Standard neutrino Interactions (NSI) which foresee
a different transition shape. There are two ways to test these hypotheses or confirm MSW-LMA: (i)
reducing the errors on pep flux (and to a lower extent on ’Be flux) and (ii) lowering the threshold on
8B neutrinos to observe (or not) the expected upturn of the spectrum. The analyses we are currently
performing on Borexino Phase-II data follows both approaches.

5 Geo-neutrinos

Geo-neutrinos are anti-neutrinos produced by elements in the radioactive chains of U, 232Th and by
the decay of “°K, with a flux of the order of ~10° cm~2 s~!. These long lived elements are found in the
Earth crust and mantel with unknown abundances. Earth models attribute about 19 out 44 TW of ther-
mal heat released by the Earth to radioactive decays of these elements. Measuring Geo-neutrinos flux
at different locations can help the development of Earth models and shed light on the heat prodction
mechanism of the planet. Only geo-neutrinos from 233U and 23T chain elements can be measured by
neutrino detectors, via Inverse Beta Decay with a threshold of 1.8MeV. The ratio of Th/U is supposed
to be ~3.9 from the analysis of chondrites, meteorites with the same composition of the Earth. After
the first observation in 2010 and a revision in 2013, we present here the most recent results obtained
with a statistics of 2056 d[10]. The main background component are the antineutrinos from power
reactors, which we have carefully modelled from the fuel composition and up-time data provided by
the power companies. Almost all other backgrounds are negligible, thanks to the tagging of the events
given by the coincidence between the prompt positron scattering and the ~250 us-delayed 2.2 Mev
gamma from the n capture on H. Events pairs are selected by energy cuts on both events and by their
space-time correlation. The efficiency of the cuts is (0.84 + 0.01) from simulations. We apply an en-
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larged dynamic fiducial volume that selects all the scintillator volume, excluding the outermost 30 cm
to the IV surface with an average mass of 225 t selected. The total exposure is (907 +44) ton-yr where
we select 77 golden coincidences. The prompt event energy spectrum can be seen in figure 7 (left).
An unbinned maximum likelihood fit returns:
Ngeo = 23.7+83(stat)*0-2(syst)
Nieaet = 527753 (stat) - (syst)

The non observation of geo-neutrinos is excluded at 5.90 level. The corresponding fluxes are S g0 =
(43.5 £ 11.1) TNU and S epee = (96.6 + 15.9) TNU where 1 TNU = 1v/10%? protons/yr. The flux
of reactor antineutrinos compares well with the prediction of (87 + 4) TNU. Freeing the Th/U ration
we can resolve the two components, obtaining overall similar results and a ratio in good agreement
with the chondritic ratio. We account for the local contribution of the crust Ny oc = (9.7 + 1.3) TNU
obtained by a a geological survey of the area around LNGS and the contribution of the Rest Of the
Crust Sgroc = (13.7+2.5) TNU as predicted by the planetary model. We can then exclude the absence
of a Mantle contribution at 98% C.L. and assign S yaner = 20.971>2 TNU. Our results are in good
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agreement with the Bulk Silicate Earth model predictions as it can be seen in figure 7 (right).

6 Short distance Oscillation with boreXino (SOX)

In the past years many different experimental indications have pointed toward the existence of sterile
neutrinos. Although none of them is individually strong enough to make a claim, altogether they
justify a serious investigation. The hypothesised oscillation into the forth species occurs with L/E ~
1 m/MeV. In Borexino, using a neutrino source with energy of ~1 MeV, the oscillation length is
significantly smaller then the detector size (~10 m) and significantly larger then the detector resolution
(~12-15cm). This would allow to see oscillation wiggles in the position distribution of events, a
powerful addition to a plain disappearance analysis. The location for such a source is the ~1 m cubical
pit present under the detector, which was excavated for this purpose before the detector’s construction.
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This non invasive deployment requires no work on the detector, it bears no risk of contamination and
does not terminate the solar run of Borexino. We foresee to deploy a '**Ce-'**Pr source in November
2016 and proceed to a 1.5y data taking. '**Ce-'*Pr is a 8 emitter of antineutrinos with energies
up to 3MeV and a decay time of ~411d. Thanks to the neutron tagging, which makes antineutrino
detection essentially background free (see Sect. 5), we can perform the measurement with a source
activity of about 100-120kCi, currently being produced at the Mayak facility (Russia). Figure 8
shows the expected signal in case of oscillation and the sensitivity of the experiment in the oscillation
parameters’ plane. Disappearance and wave effects will allow to clarify the matter, unambiguously
proving or rejecting the hypothesis. In particular, in case of the existence of a fourth sterile neutrino
with the parameters indicated, SOX[11] will surely discover the effect and measure the parameters of
oscillation.

7 Conclusions and outlook

Borexino has performed low energy solar neutrino spectroscopy including "Be , pep, ®B and pp neu-
trino fluxes. Thanks to its unprecedented background levels, which have been further reduced with a
dedicated campaign of purification of the liquid scintillator, the phase-II data of Borexino currently
ongoing will allow us to reduce the error on "Be , pep and ®B neutrino flux measurements. Measure-
ment of the so far undetected neutrinos from the CNO cycle reactions is of fundamental astrophysical
importance in particular as the they can help resolve the solar metallicity puzzle[1]. The measure-
ment requires an independent evaluation of the residual contamination of >'°Bi whose spectral shape
is quasi degenerate with the CNO neutrinos. One way to do this is to infer the !°Bi rate from its
daughter >'°Po , provided equilibrium can assumed. This assumption holds if there are no convective
motions in the scintillator that may bring 2!°Po from the nylon vessel surface into the fiducial volume.
We have recently installed a thermal insulation of the detector that should prevent such motion. If this
will be successful we can proceed to measure the flux of CNO neutrinos, otherwise we will sensibly
improve the limits we have already posed and we will consider a further purification campaign to
reduce the 2!°Bi contamination. At the end of phase-II we also expect to further improve our result on
geo-neutrinos and to measure the seasonal variation effect of 7Be neutrinos upon several cycles and
without the background constraints of phase-1. Starting with November 2016 we will test the sterile
neutrino hypothesis using a 100kCi '**Ce-'**Pr source placed under the detector.
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