
First evidence of pep
solar neutrinos by direct 
detection in Borexino 1

Alvaro E. Chavarria, Princeton University
Borexino Collaboration

1

arXiv:1110.3230v1
to appear in PRL



Outline
• Solar neutrinos.

• The Borexino Detector.

• 11C background suppression.

• Other backgrounds.

• Fitting strategy.

• Results.

• Future prospects.

2



Solar Neutrinos
Production

p + p ! 2H + e+ + "e! p + e− + p ! 2H + "e!

2H + p ! 3He + #!

3He + 3He ! 4He + 2 p! 3He + p ! 4He + e+ + "e!

3He + 4He ! 7Be + #!

7Be + e− ! 7Li + # + "e!
7Be + p ! 8B + #!

7Li + p ! $ + $! 8B ! 2 $ + e+ + "e!

p-p Solar Fusion Chain! CNO Cycle

Dominant fusion mechanism 
in the Sun 

Related to solar metallicity
Important in larger stars 

Contribution in Sun ?

Solar Neutrinos
Production

p + p ! 2H + e+ + "e! p + e− + p ! 2H + "e!

2H + p ! 3He + #!

3He + 3He ! 4He + 2 p! 3He + p ! 4He + e+ + "e!

3He + 4He ! 7Be + #!

7Be + e− ! 7Li + # + "e!
7Be + p ! 8B + #!

7Li + p ! $ + $! 8B ! 2 $ + e+ + "e!

p-p Solar Fusion Chain! CNO Cycle

Dominant fusion mechanism 
in the Sun 

Related to solar metallicity
Important in larger stars 

Contribution in Sun ?
3



Solar Neutrinos 

Solar Standard Models predict spectra, fluxes of solar ν
Solar Neutrino experiments can test SSM 
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Solar Standard Model predicted ν fluxes

Small 
uncertainties

Large 
uncertainties

Tension between High and Low Metallicity SSM
High Z SSM (GS) → older model, higher heavy element 
abundances, agrees with helioseismology
Low Z SSM (AGS) → new model based on solar atmospheric 
spectroscopy, lower heavy element abundances, does not agree 
with helioseismology 5



Solar Neutrino Propagation
Solar neutrinos (νe) undergo oscillation

Interaction with matter can affect oscillation 
(Wolfenstein)

The oscillation probability can be enhanced by a 
resonance (Mikheyev & Smirnov)

Energy Dependent Survival Probability Pee

If SSM predicts ν flux with high precision → probe 
neutrino oscillations
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MSW Oscillation Regimes

In these regimes, Pee depends only on θ12, not on the mass 
splitting or the details of the neutrino-matter interaction

Bahcall & Peña-Garay

Matter 
enhancedPhase-

averaged 
vacuum 

oscillations



Solar Neutrino Propagation

MSW-LMA scenario: current understanding of solar neutrino 
oscillation

Physics beyond Standard Model can affect Energy dependence of Pee

8B

7Be

pp

Matter 
Enhanced 
Region

Vacuum 
Dominated
Region
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Solar Neutrino and 
Astrophysics wish list

 Particle physics:

– Test MSW-LMA Pee with high accuracy
– Probe the Pee in the transition region, 

sensitive to Physics beyond Standard Model 
 Solar Astrophysics:

– Test SSM predictions, prove CNO cycle in Sun
– Test two competing models of SSM: High and 

Low Metallicity
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pep ν measurement motivations
pep neutrino flux predicted with high precision: 1.2% 

SSM uncertainty

pep neutrino energy (1.44 MeV) in Pee transition region, 
sensitive to Physics beyond the Standard Model 

Allows for more stringent tests of oscillation models
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CNO ν measurement
motivations

Detecting CNO ν prove that CNO cycle happens in Sun

Abundance of heavy elements in Sun have high impact 
on CNO ν flux magnitude

Test of High vs Low Z SSM 

CNO  FLUX (108 cm-2 s-1)

HIGH Z SSM 5.24 ± 0.84

LOW Z SSM 3.76 ± 0.60

ΔΦ 28%

Serenelli, Haxton, Pena-Garay 
arXiv 1104.1639
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Borexino Detector

Stainless steel sphere 13.7m φ

External water tank 18m φ 

Nylon inner vessel 8.5m φ

Nylon outer vessel 11.0 m φ

Fiducial volume 6.0m φ 

2200 Thorn EMI 8" PMTs
(1800 with light collectors
400 without  light collectors)

Scintillator

Buffer

Water

Rope tendons

Steel plates in 
concrete for extra
shielding-
10m x 10m x 10cm
 4m x 4m x 4cm

Design based on principle of graded shielding

Exterior instrumented 
water tank 

(Cherenkov detector)

Stainless Steel Sphere 
with ~2200 PMTs

898 tons of quenched 
scintillator as buffer

278 tons of active 
scintillator

Fiducial Mass ~ 75 tons

11
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Borexino Detector
Neutrinos are detected through 
elastic scattering on electrons

Recoiling electrons excite scintillator 
molecules which emit light

Scintillation light is 
detected by 

photomultiplier 
tubes

Amount and timing of light give energy 
and position information 

Energy / keV [Light yield = 500 p.e./MeV]
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Total spectrum
B) = 0.46 cpd/100 tons8 (!

 = 2.0172 cpd/100 tons
384

Be)7 (!
 = 47.1828 cpd/100 tons

862
Be)7 (!

(CNO) = 5.36 cpd/100 tons!
(pep) = 2.8 cpd/100 tons!
(pp) = 133 cpd/100 tons!

Energy spectrum simulation

PC + 1.5g/l PPO
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No directional information from 
scintillation light

Cannot discriminate between electron 
recoils and β/γ backgrounds 

Backgrounds

Intrinsic 
α, β 

Backgrounds

μ + 
secondaries + 
cosmogenics

Background Source
Typical

Concentration 
Borexino Levels

(per scintillator mass)
Reduction Method

14C Scintillator 10-12 g/g 10-18 g/g Underground Source
238U Dust 10-4 g/g (Dust) 10-17 g/g Purification

232Th Dust 10-4 g/g (Dust) 10-18 g/g Purification
85Kr Air 107 cpd/ton (Air) 0.3 cpd/ton LAKN
40K PPO 10-13 g/g <10-18 g/g Purification

210Po 210Pb 104 cpd/ton 20 cpd/ton Purification
210Bi 210Pb 104 cpd/ton 0.4 cpd/ton Purification

Need unprecedented low 
levels of background 

13

85

5

106 cpd/ton (Water)

106 cpd/ton (Water)

10-6 g/g (Dust) 9



Laser Diffuser

Source Vial

16 Steve Hardy (Thesis)

Detector Calibration
Study position and energy reconstruction by 

deploying radioactive sources throughout 
active volume

Pivot for 
off-axis 

deployment
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β Energy Scale determination

17

 / MeV!E
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

 
/
 
(
p
e
/
M
e
V
)

!
P
h
o
t
o
e
l
e
c
t
r
o
n
s
 
/
 
E

390

400

410

420

430

440

450

460

470

Data

Best fit to quenching model

 for sources at the center
!

Number of photoelectrons / E

203Hg

85Sr

54Mn
65Zn

40K
n-capture

kb = 0.0115±0.0007 cm/MeV

Use MonteCarlo 
to obtain effective 
γ quenching due 

to multiple 
electron scatters

Use Birk’s model 
for electron 
quenching

Result independent of source position
(< 0.5% difference in quenching)



Solar Neutrino Spectroscopy

Purification → Low background rates

High light yield → High Energy resolution

Calibration → Detector response understood

210Po
7Be ν

11C

pep CNO v
210Bi

85Kr

Ext γ

arXiv: 1104.1816
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pep and CNO neutrino 
measurement

 More challenging than 7Be ν measurement
 Low rates: few interaction per day/100tons
 Dominant background in pep energy region:

 β+ emitter cosmogenic 11C (27 cpd/100tons) 
 Adoption of novel techniques to suppress 11C:

– Three Fold Coincidence

– e+/e- pulse shape discrimination 
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11C background
• β+ emitter with Q-value = 1.98 MeV. Starts past 

the 7Be ν energy region (~1 MeV) and spans the 
pep + CNO ν regions.

• 11C rate in the scintillator is 28.5 ± 0.7 cpd/100 
tons (~10x pep rate).

• Produced by spallation processes on 12C nuclei by 
cosmogenic μs. Neutron production correlated 
with 11C.

• Free neutrons captured by H in scintillator after 
thermalization (τ = ~255 μs, 2.2 MeV capture-γ).



Detecting cosmogenic neutrons
• Borexino electronics are not good for fast rate of events 

after cosmic rays: boards saturate, energy of the events is 
degraded to the point where often even clusters are 
missed.

• Detecting cosmogenic neutrons is crucial for 11C 
suppression.

• In 2007 I installed 500 MHz single channel DAQ system to 
see cosmogenic neutrons. Triggered by the muon veto.

• System has proven very useful to characterize main DAQ 
response, count neutrons efficiently and observe very high 
multiplicity events.

• Also the parent of the Borexino Supernova Alarm System.



Example of high
multiplicity event

Time since high multiplicity neutron event / min
-200 -100 0 100 200 300 400 500 600 700
0

10

20

30

40

50

 events with r < 4 m and 450 < npe < 950!

~1375 neutrons after μ 
detected

(capture time ~255 μs)

Coinciding with neutron 
burst, we have a burst of  

~100 events in 11C 
energy region within the 

next hours
(11C lifetime is 29 min)

11C decays

4000 μ/day
70 produce n



Spatial correlation

Lower 
multiplicity event

Reconstructed μ entry/exit points

Reconstructed position of neutron

Reconstructed position of 11C

Track of the parent μ
Neutrons within 
1.6 ms after μ

11C candidates within 
2 h after μ

Clear spatial 
correlation!



Three-fold coincidence
• We can take advantage of the time + space 

correlation between cosmogenic neutrons and 
11C decays to effectively decrease the 11C 
background.

• We perform vetoes in space and time regions 
after μ + n coincidences to preferentially select 
regions with decreased 11C background.

• Rely on position reconstruction of the 
cosmogenic neutrons and the track 
reconstruction of the parent muon.
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11C rate: 27 → 2.5 counts/day/100tons
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Delayed time distribution of e+ respect to e- 
scintillation signals [Phys. Rev. C 83, 0105504]

e+

e-

e+/e- Pulse Shape Discrimination

e.g. 11C, 10C
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e+/e- Pulse Shape Discrimination

Pulse shape of 11C events different from electron 
recoils and β+ decays:

Finite lifetime of Ortho-Positronium (50% cases, 3ns)
Multi-site event topology
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Optimized pulse shape parameter built using 
Boosted Decision Tree algorithm

e+/e- Pulse Shape Discrimination
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External γ-ray background
Decay of contaminants in detector peripheral structure 

208Tl, 214Bi from PMTs, Stainless Steel Sphere ...

 Fiducial Volume: minimize penetration of γ-rays,

without sacrificing too much exposure

29



External γ-ray background
Energy spectra and space distribution from full Geant4-based 

Monte Carlo simulation

Simulation validated with calibration data:

High activity external 228Th source

30



Short-lived cosmogenics

31

Isotope Q-value (Eγ) Residual rate Residual differential rate at 1.44 MeV

MeV cpd/100tons cpd/100tons/MeV

n (2.22) < 0.005 0
12

B 13.4 (7.1± 0.2)× 10
−5

(2.49± 0.07)× 10
−6

8
He 10.6 0.004± 0.002 (2.6± 1.2)× 10

−4

9
C 16.5 0.020± 0.006 (1.6± 0.5)× 10

−3

9
Li 13.6 0.022± 0.002 (1.4± 0.1)× 10

−3

8
B 18.0 0.21± 0.05 0.017± 0.004

6
He 3.5 0.31± 0.04 0.15± 0.02

8
Li 16.0 0.31± 0.05 0.011± 0.002

11
Be 11.5 0.034± 0.006 (3.2± 0.5)× 10

−3

10
C 3.6 0.54± 0.04 0

7
Be (0.48) 0.36± 0.05 0

pep ν 1.44 MeV 2.80±0.04 1.94±0.03

Table 4: Expected rates of cosmogenic backgrounds. The total rates were obtained from Table 1 in [11], except for n,
6He and 7Be, the last two which were extrapolated from simulation results performed by the KamLAND Collaboration
[12], following the methodology from the 8B ν analysis (see Eq. 3 in [11]). To obtain the residual rate we have
considered the 300ms veto applied after every muon (see Sec. 4.1). The 7Be rate is that of the 0.48MeV γ-ray, which
has a relative intensity of 10.5% and is the only decay that deposits any visible energy in the detector. The contribution
from cosmogenic neutrons produced directly by the muon is negligible given the short capture time (∼0.26ms) and their
main contribution comes from the neutron-producing decays of 9Li and 8He that are missed by the fast coincidence
veto (Sec. 4.1). The residual rates from 12N and 13B (not in the table) are expected to be smaller than those from
12B as their lifetimes are shorter and their production yields smaller. Likewise, production yields of 15O and 13N are
expected to be 20 times smaller than those from 11Be [12]. The last entry shows the expected interaction rates for
pep ν (High Z model) for comparison.

our corresponding background i.e. proton recoils from fast neutrons from untagged muons that do not cross

the IV, where the neutron does not capture in the scintillator and the reconstructed position of the recoils is

within a reduced fiducial volume, to be 100× greater than this and, therefore, of relevance for our analysis.

2.3 External γ-ray backgrounds

External γ-ray backgrounds from natural radioactivity are a great challenge for low background detectors.

The most effective method to decrease these backgrounds is through fiducialization. Sec. 4.2 presents in

detail the considerations taken in the determination of the fiducial volume for this analysis. Unfortunately,

given the size of Borexino, we have had to make a compromise between fiducialization and exposure, leading

to a fiducial volume where the contribution from external background cannot be neglected. Sec. 8.4 presents

the approach we have taken to deal with the remaining external background: a simultaneous fit to the radial

distribution of events within the FV and their energy spectra. For this approach to succeed we need to

determine which external background species contribute significantly to our final set of events and include

their corresponding spatial and energy distributions in the fit.

Table 5 presents the expect count rates for γ-rays of different isotopes from different external sources.

The leading backgrounds are from the 2.61MeV γ-ray from
208

Tl and the higher energy γ-rays from
214

Bi,

which come from
238

U and
232

Th in the PMTs and Light Cones installed on the Stainless Steel Sphere (SSS).

Their energy spectra in the FV is highest towards the full-energy peak of the γ-rays with a tail that extends

to lower energies. The contribution from decays of
238

U and
232

Th daughters in the nylon vessels and buffer

fluid, as well as also
40

K and
60

Co in the end regions (above and below the vessels), are lower by at least an

order of magnitude and are expected to contribute to less than 5% in the energy region of electron recoils

from pep ν. Thus, we have decided to include in our radial fit only external background contributions from

10

5

and are tagged as possible scintillation events.
We do not have an absolute value for the OD muon

veto efficiency, but we estimate it to be larger than
99%, from G4Bx simulations. The residual muon rate,
due to the combined inefficiency of the two tagging sys-
tems, taking into account the fact that the two detectors
are independent, is (4.5±0.9)×10−4muons/day/100t, or
(3.5±0.8)×10−4muons/day/100t above 5MeV.

Cosmogenic Background Rejection

Fast cosmogenic veto

Table I presents a list of expected cosmogenic isotopes
produced by muons in Borexino. The short-lived cosmo-
genics (τ < 2s), as well as the γ-ray capture on 12C, are
rejected by a 6.5 s cut after each muon, with a 29.2% frac-
tional dead time. Figure 3 shows the time distribution of
events following a muon. The data is well fit by three ex-
ponentials with characteristic times of 0.031±0.002s (12B),
0.25±0.21 s (8He, 9C, 9Li), 1.01±0.36s (8B, 6He , 8Li), in
good agreement with the lifetimes of the short-lived isotopes
(see Table I). From the fit we estimate the production rates
of these cosmogenic isotopes in Borexino. We conclude
that rejection of events in a 6.5 s window following every
muon crossing the SSS reduces the residual contamination
of the short lived isotopes to (1.7±0.2)×10−3 cpd/100 t
((1.3±0.2)×10−3 cpd/100 t above 5 MeV).
The expected rates (R) quoted in Table I are obtained

by scaling the production rates (R0) measured by Kam-
LAND [19] with:

R = R0

(

Eµ

E0
µ

)α Φµ

Φ0
µ

, (3)

where Eµ and Φµ are the Borexino mean muon energy
(320±4stat ± 11sys GeV) and flux (1.16±0.03m−2 hr−1),
as measured by MACRO [18], and E0

µ (260±4GeV) and Φ0
µ

(5.37±0.41 m−2 hr−1) are the corresponding KamLAND
values. α is a scaling parameter to relate cosmogenic pro-
duction rate at different mean energies of the incoming
muon flux; it is obtained in Ref. [19] by fitting the pro-
duction yield of each isotope, simulated by FLUKA, as a
function of muon beam energy. Overall, Borexino data re-
sults are in agreement with the values quoted in Table I
within 15%.

Neutron rejection

The cosmogenic background in Borexino includes decays
of radioactive isotopes due to spallation processes on the
12C nuclei in the scintillator, as well as the γ-rays from the
capture of neutrons that are common by-products of such
processes. The capture time for neutrons in the Borexino
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Figure 3: Cumulative distribution of events with energy >
3 MeV within a 5 s window after a muon in Borexino. The
time distribution has been fit to three decay exponentials.
The ensuing exponential lifetimes are τ = 0.031±0.002 s,
0.25±0.21 s, 1.01±0.36 s and corresponds to the contribution
from 12B, 8He + 9C + 9Li and 8B + 6He + 8Li, respectively.
The expected and measured rates for these cosmogenic iso-
topes are summarized in Table I.

scintillator has been measured to be 256.0±0.4µs, using a
neutron calibration source, and the energy of the dominant
γ-rays from neutron capture on 1H at 2.223MeV is below
the energy threshold of the present analysis. On the other
hand, the 4.9MeV γ-rays from neutron captures on 12C is a
potential background for this analysis. The rate is estimated
by scaling the cosmogenic neutron capture rate on 1H by
the fraction of captures on 12C with respect to the total,
measured with the 241Am9Be neutron source. The neutron
capture rate on 12C is 0.86±0.01cpd/100 t.
The fast cosmogenic veto, described in the Fast Cosmo-

genic Veto section, rejects neutrons produced in the scin-
tillator or in the buffer by muon spallation with 99.99%
efficiency. To reject neutrons produced in water, a second
2 ms veto is applied after each muon crossing the Water
Tank only. The rejection efficiency for neutrons produced
in water is 0.9996. The overall survival neutron rate in
the energy range of interest and in the fiducial volume is
(8.6±0.1)×10−5 cpd/100 t.

10C identification and subtraction

A separate treatment is required for long-lived (τ>2 s)
cosmogenic isotopes. Since 7Be (τ = 76.9d, Q–
value=0.9MeV) and 11C (τ = 29.4min,Q–value=2.0MeV)
are below the energy threshold, we focus on 10C and 11Be.
Taking into account the energy response of Borexino, the

fraction of the 10C energy spectrum above 3MeV is 1.2%.
When 10C is produced in association with a neutron, 10C
candidates are tagged by the three-fold coincidence with
the parent muon and subsequent neutron capture in the
scintillator [20]. The efficiency of the Borexino electronics

Rate in BX

Rate in 
KamLAND

Ratio of 
mean muon 

energies

Ratio of 
muon fluxes

Power law exponent 
(from MC)

Verified to be reliable to 
~10% in 8B analysis. Used 

to estimate 11Be rate.

Considering 300 
ms veto after 
cosmic muons

22

22 2.30 ± 0.03



210Bi Internal Background
210Bi largest background in pep/CNO energy region

210Bi and CNO νs energy spectra are similar

CNO solar neutrino spectroscopy is tough 
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Fitting Strategy

• Binned likelihood fit.

• Consider:
- energy distribution
- radial distribution
- pulse shape distribution

• Fit to both spectrum of TFC-subtracted and 
TFC-vetoed events.
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Species in the fit
Species Rate free or fixed Common to both spectra In PS-BDT fit In radial dist. fit
pep ν free Yes β− Bulk
CNO νs free Yes β− Bulk*
7Be ν free Yes β−* Bulk*
pp ν fixed to 133 cpd/100t Yes β−* Bulk*
8B ν fixed to 0.46 cpd/100t Yes β− Bulk
214Pb fixed to 1.95 cpd/100t Yes β− Bulk*
210Bi free Yes β− Bulk*
10C free No β+ Bulk
11C free No β+ Bulk
Ext. 214Bi free Yes β− External
Ext. 40K free Yes β− External
Ext. 208Tl free Yes β− External
6He free No β− Bulk
40K free Yes β− Bulk
85Kr free Yes β−* Bulk*
234mPa free Yes β− Bulk

Table 7: Background and neutrino species considered in the fit. The pp ν and
8
B ν interaction rates have been fixed

to the central values from the High-Z solar model [3]. The value for
214

Pb was estimated to be 1.95±0.07 cpd/100tons

from the
214

BiPo rate obtained from the fast coincidence search in the analysis exposure. The third column refers to

whether the rates for a species in both the TFC-subtracted and TFC-tagged spectra are a single parameter. The last

two columns show if the species is considered signal or background in the simultaneous fits to the pulse shape BDT

parameter (Sec. 8.3) and the radial distribution of the events in the FV (Sec. 8.4). The asterisk (*) denotes species

that, due to the energy range considered for the fits in the PS-BDT or radial position dimensions, are effectively

excluded from the corresponding fit.

8.2 Fit to the energy spectra

8.2.1 Subtracted and complementary energy spectrum fit

We have applied a binned likelihood fit to the energy spectra obtained from the event selection outlined
in Sec. 4. Both the TFC-subtracted spectrum and its complementary spectrum are fitted simultaneously,
keeping the rates of most species as common parameters (see Table 7). The only species whose rates are
different parameters in the two spectra are 11C, 10C and 6He. We know that the 11C is highly suppressed by
the TFC, as it is correlated with neutron production (Sec. 4.3). 10C and 6He are also cosmogenic in nature
and their production may also be correlated with neutrons, therefore we keep their rates independent in the
two spectra.

8.2.2 Input energy spectra

In order to check for consistency within our assumptions and to get an evaluation of the systematics in-
volved with the energy detector response function, two different energy variables have been used to fit the
energy spectrum. The energy variables used are nhits and m4charge noavg (npe), whose descriptions are in
Sec. 5. The energy spectrum PDFs used to fit the m4charge noavg and nhits spectra have been produced
with independent methods: the PDFs for m4charge noavg are based on an analytical model of the detector
response, while the PDFs for nhits have been obtained with a Monte Carlo simulation.

The PDFs for the m4charge noavg (npe) are produced by the fitter starting with the β energy spec-
trum (or γ-ray energy). The relationship between the energy of a β or γ-ray and its mean value in the
m4charge noavg scale was calibrated in the context of the 7Be ν analysis (Sec. 4 of [8]). After the energy
spectrum has been translated to m4charge noavg, the detector response is applied. Details of this procedure

29

* Effectively excluded due to energy range
pp and 8B neutrinos fixed to expected values
214Pb fixed to value from 214BiPo coincidences
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Then project region of 
spectrum into another 

parameter space, integrate 
signal and background 

components from energy 
spectrum and add 

corresponding likelihood term
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pep interaction rate
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CNO interaction rate
Upper limit
(95% C.L.)
<7.1stat only 
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Systematic Uncertainties
• Fit stability under change of certain parameters (e.g. 

fit range, binning).

• Fit stability for different exposure.

• Event energy estimated by either number of PMTs 
hit or total charge of the event.

• Uncertainty in the spectral shape of the components.

• Statistical uncertainty in pulse shape parameter fitting 
PDFs.
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Systematic Uncertainties
• Effect associated with γ-rays present in pulse shape 

distributions.

• Uncertainty in total exposure.

• Uncertainties in fixed rates (pp, 8B, 214Pb).

• Exclusion of short-lived cosmogenics and decays 
from 232Th chain.

Total systematic uncertainty in pep rate: 10%
Increase of 0.8 counts/day/100ton in CNO limit
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Background Results
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FIG. 3. Experimental distribution of the radial coordinate of
the reconstructed position within the fiducial volume (black).
Events are considered to be in the fiducial volume if the re-
constructed position is less than 2.8 m from the detector cen-
ter and the vertical position relative to the detector center
is > −1.8m and < 2.2m. The best fit distribution (black
dashed) and the corresponding contributions from bulk events
(red) and external γ-rays (blue) are also shown.

boosted-decision-tree algorithm [21], trained with a TFC-142

selected set of 11C events (e+) and 214Bi events (e−) se-143

lected by the fast 214Bi-214Po α-β decay sequence. The144

distribution of this pulse shape parameter (Fig. 2) was145

included in the multivariate fit.146

The energy spectra and space distribution of the ex-147

ternal γ-ray background have been obtained from a full,148

Geant4-based Monte Carlo simulation, starting with the149

radioactive decays of contaminants in the detector pe-150

ripheral structure and propagating the particles into the151

active volume. The simulation has been validated with152

calibration data from a high-activity, external 228Th153

source. The non-uniform radial distribution of the ex-154

ternal background is included in the multivariate fit and155

strongly constrains its contribution. Neutrino-induced156

e− recoils and internal radioactive backgrounds are as-157

sumed to be uniformly distributed. Fig. 3 shows the re-158

sulting fit to this distribution.159

We removed α events from the energy spectrum160161

by the method of statistical subtraction [12, 22]. We162

included in the fit all background species whose rate163

were not estimated to be less than 5% of the predicted164

rate from pep neutrinos in the energy region of inter-165

est. Furthermore, we constrained all rates to positive166

values. The thirteen species left free in the fit are the167

internal radioactive backgrounds 210Bi, 11C, 10C, 6He,168

40K, 85Kr, and 234mPa (from 238U decay chain), elec-169

tron recoils from 7Be, pep, and CNO solar neutrinos and170

external γ-rays from 208Tl, 214Bi, and 40K. We fixed171

the contributions from pp and 8B solar neutrinos to the172

Standard Solar Model (SSM) predicted rates (assuming173

tan2 θ12 = 0.47+0.05
−0.04 , ∆m2

12 = (7.6±0.2)×10−5 eV2 [24]).174

We fixed the rate of the radon daughter 214Pb to that de-175

termined from 214Bi-214Po measured coincidence rate.176

Simultaneously to the fit of events surviving the TFC177

ν Interaction rate Solar-ν flux Data/SSM
[counts/(day·100 ton)] [108 cm−2s−1] ratio

pep 3.13 ± 0.55(stat)±0.31(syst) 1.6 ± 0.3 1.1 ± 0.2
CNO <7.6 <7.4 <1.4

TABLE I. The best estimates for the pep and CNO solar neu-
trino interaction rates. For the results in the last two columns
we have added the errors in quadrature. Fluxes have been ob-
tained using the scattering cross-sections from [23–25] and a
scintillator e− density of (3.307 ± 0.003) × 1029 ton−1. The
last column gives the ratio between our measurement and the
High Metallicity (GS98) SSM [8].

Background Interaction rate Expected rate
[counts/(day·100 ton)] [counts/(day·100 ton)]

7Be ν 48+2
−3 46 ± 2 [12]

85Kr 19+5
−3 30 ± 6 [12]

210Bi 55+3
−5 NA

11C 27.4 ± 0.3 28 ± 5
10C 0.6 ± 0.2 0.54 ± 0.04
6He < 2 0.31 ± 0.04
40K < 0.4 NA

234mPa < 0.5 0.57 ± 0.05
Ext. γ 2.5 ± 0.2 > 12

TABLE II. The best estimates for the background species in-
teraction rates included in the fit. The statistic and systemat-
ics uncertainties have been added in quadrature. The interac-
tion rate for 7Be neutrinos corresponds to the 0.862MeV line.
The expected rates for the cosmogenic isotopes 11C, 10C and
6He have been obtained following the methodology outlined
in [26]. The upper limit of the expected 234mPa rate is deter-
mined from 214Bi-214Po measured coincidence rate, under the
assumption of secular equilibrium. Independent estimates for
210Bi and 40K are not available.

vetoes, we also fit the energy spectrum of events re-178

jected by these, corresponding to the remaining 51.5%179

of the exposure, and we constrain the rate for every non-180

cosmogenic species to be the same, since only cosmogenic181

isotopes are expected to be correlated with neutron pro-182

duction.183

We checked the validity of the central values and184185186

uncertainties by performing fits to simulated event distri-187

butions, including all species and variables considered for188

the data fit. From these we determine the p-value of our189

best-fit to the real data to be 0.3. Table I summarizes the190

results for the pep and CNO neutrino interaction rates.191

A likelihood-ratio test between the the best-fit result and192

the result when the pep interaction rate is fixed to zero193

shows that the hypothesis of absence of the pep neutrino194

signal is rejected at 97% C.L. Fig. 4 shows our residual195

pep spectrum, obtained by subtracting the best-fit rates196

of the backgrounds (i.e. all species except electron recoils197

from pep and CNO neutrinos) from the energy spectrum198

of events after the TFC vetoes. Due to the similarity be-199

tween the electron-recoil spectrum from CNO neutrinos200

and the spectral shape of 210Bi [12], whose rate is ∼10201

times greater, we can only provide an upper limit on202

Backgrounds in agreement with expectations

}

85Kr - Rb
coincidence

Extrapolated 
from KamLAND

214Bi-Po
coincidence
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Summary of results

Solar flux assuming MSW-LMA
Ratio of High Metallicity SSM

CNO flux limit 1.5 times High Z prediction
Results consistent with MSW-LMA and SSM

45

Absence of solar neutrino signal ruled out at 99.97% C.L.



Survival probability
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No oscillation hypothesis disfavored at 97% C.L.
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Borexino Phase II
• Since July, 2010 we have undertaken a series of purification 

campaigns to decrease radioactive backgrounds.

• Nitrogen stripping has been successful at removing 85Kr. No 
evidence since January.

• Moderate success at removing 210Pb(Bi) by Water 
Extraction.

• Operations on-going and hope to decrease 210Bi significantly 
and possibly 210Po.

• Decrease of 210Po may be necessary to obtain an 
independent estimate of 210Bi contamination and a more 
precise measurement of CNO ν rate [arXiv:1104.1335v1].
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Conclusion
• We have successfully decreased the dominant 

background, 11C, by a factor of 10.

• We have performed a multivariate fit to 
measure for the first time pep solar neutrinos 
and place the strongest constraint on the CNO 
solar neutrino flux.

• Results are consistent with SSM + MSW-LMA.

• The future is promising.
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THE END
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• Producing a neutrino in a flavour 
eigenstate produces a superposition 
of mass eigenstates

• Phase differences acquired in mass 
eigenstate propagation change 
apparent flavor content

• In solar neutrinos we see a phase 
averaged survival probability:

Symmetry Magazine

wikipedia.org

Neutrino Oscillations



Borexino Data
All data: 740 
live days

Expected 7Be signal

Fiducial Volume + 
high level

Remove muons + 
followers

Statistically 
subtract alphas



e+/e- Pulse Shape Distribution
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36 variables

Well reproduced by full 
Monte Carlo

Shift in peak position due to difference in event topology 

Tail in e+ distribution due to increasing Δt of 
ortho-positronium event.
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External γ background
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210Bi - CNO ν Correlation
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Residual spectrum
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Fitting

• Find the maximum of 
the likelihood to 
obtain central value.

• Use likelihood ratio 
tests to calculate Δχ2 

and the uncertainties.
Parameter value

Δχ2

Central value

Uncertainty
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MonteCarlo
Test of Fitting

• Produce data-like samples from best fit result.

• Test that mean values and uncertainties from 
the fit are consistent with input.

• Obtained distribution of best-fit likelihood 
values to determine the p-value of our fit to 
real data to be 0.3.
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