
THE BOREXINO RECENT RESULTS AND SOX
MEASUREMENT PERSPECTIVES
Alessio Porcelli on behalf of the Borexino/SOX Collaborations

– 27th October, 2017

www.uni-mainz.de EXPERIMENTELLE TEILCHEN- UND ASTROTEILCHEN PHYSIK (ETAP)

https://www.uni-mainz.de


Borexino and SOX Collaborations

Joint Institute for
 Nuclear Research

Technische Universität 
München

167 among scientists and students, and 291 produced articles
Motivations Borexino ν-sol Modulation NMM Geo-ν . . . and more SOX Outlook Backups

A. Porcelli | The Borexino and SOX experiments 27.10.2017 1/22



Physics questions. . .
p + p d + e+ + ν p + e- + p d + ν

d + p       3He + γ

3He + 3He       α + 2p 3He + α       7Be + γ

7Be + p       8B + γ
8B       8Be + e+ + ν
8Be       2α

7Be + e-       7Li + ν
7Li + p       2α

pp cycle CNO cycle

Motivations Borexino ν-sol Modulation NMM Geo-ν . . . and more SOX Outlook Backups

A. Porcelli | The Borexino and SOX experiments 27.10.2017 2/22



Physics questions. . .
p + p d + e+ + ν p + e- + p d + ν

d + p       3He + γ

3He + 3He       α + 2p 3He + α       7Be + γ

7Be + p       8B + γ
8B       8Be + e+ + ν
8Be       2α

7Be + e-       7Li + ν
7Li + p       2α

pp cycle CNO cycle

Motivations Borexino ν-sol Modulation NMM Geo-ν . . . and more SOX Outlook Backups

A. Porcelli | The Borexino and SOX experiments 27.10.2017 2/22



Physics questions. . .
p + p d + e+ + ν p + e- + p d + ν

d + p       3He + γ

3He + 3He       α + 2p 3He + α       7Be + γ

7Be + p       8B + γ
8B       8Be + e+ + ν
8Be       2α

7Be + e-       7Li + ν
7Li + p       2α

pp cycle CNO cycle

Transition 
region

Vacuum dominated

Matter-enhanced
region

1− 1
2 sin

2 2θ12

12
2sin θ

Large Mixing Angle scenario (LMA)

Motivations Borexino ν-sol Modulation NMM Geo-ν . . . and more SOX Outlook Backups

A. Porcelli | The Borexino and SOX experiments 27.10.2017 2/22



Physics questions. . .
p + p d + e+ + ν p + e- + p d + ν

d + p       3He + γ

3He + 3He       α + 2p 3He + α       7Be + γ

7Be + p       8B + γ
8B       8Be + e+ + ν
8Be       2α

7Be + e-       7Li + ν
7Li + p       2α

pp cycle

Designed goal

CNO cycle

Designed
goal

Designed 
threshold

Borexino!

Transition 
region

Vacuum dominated

Matter-enhanced
region

1− 1
2 sin

2 2θ12

12
2sin θ

Large Mixing Angle scenario (LMA)
Designed 
threshold

Motivations Borexino ν-sol Modulation NMM Geo-ν . . . and more SOX Outlook Backups

A. Porcelli | The Borexino and SOX experiments 27.10.2017 2/22



Borexino Detector
Sited beneath Gran Sasso mountain (1400m of rock shielding), Italy.

Outer: 5.5 m
Inner: 4.25 m

Nylon vessels
• 135 μm thick
• Radon barrier
• Dynamic 

reconstruction

Stainless steel 
sphere

• 2212 PMTs
• 1350 m3 buffer  

PC+DMP (light 
quencher)

Water: 2100 m2

• γ-shield
• 208 PMTs for 
μ-veto (uses 
Cherenkov light)

20 legsCarbon steel 
plates

Scintillator
• 270 t PC+PPO 

(wavelength 
shifter): 1.4 g/l

Borexino core is the most radio-clean spot on Earth
with over 10 orders of magnitude below typical radioactivity levels

Very low
background

Nitrogen
stripping
Distillation
Water
extraction

25% Coverage
Light Yield (LY):
500 p.e./MeV
Continuous
temperature and
contamination
monitoring
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Borexino signature

Indistinguishable from the natural radioactivity (β−/γ components)
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Data selection
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pp chain result

independently and fixed in the fit, allowing for a variation consistent
with their measured uncertainty. The 214Pb rate is fixed by the mea-
sured rate of fast, time-correlated 214Bi(b)–214Po(a) coincidences. The
scintillator light yield and two energy resolution parameters are left free
in the fit.

The energy spectrum with the best-fit components is shown in Fig. 3.
The corresponding values of the fitted parameters are given in Table 1.

Many fits have been performed with slightly different conditions to
estimate the robustness of the analysis procedure. In particular, we varied
the energy estimator, the fit energy range, the data selection criteria and
the pile-up evaluation method (Methods). The root mean square of the
distribution of all the fits is our best estimate of the systematic error (7%).
In addition, a systematic uncertainty (2%) due to the nominal fiducial
mass determination is added in quadrature; this was obtained from cal-
ibration data by comparing the reconstructed and nominal positions of
a (222Rn–14C) radioactive source located near the border of the fiducial
volume29. Other possible sources of systematic errors, like the depend-
ence of the result on the details of the energy scale definition and on the
uncertainties in the 14C and 210Bi b-decay shape factors, were investi-
gated and found to be negligible (Methods). We also verified that vary-
ing the pep and CNO neutrino rates within the measured or theoretical
uncertainties changed the pp neutrino rate by less than 1%. We finally
confirmed that the fit performed without constraining the 14C rate returns
a 14C value consistent with the one previously measured independently
(see above) and does not affect the pp neutrino result. The systematic
errors are given in Table 1 for all fitted species.

We note that the very low 85Kr rate (Table 1) is consistent with the
independent limit (,7 c.p.d. per 100 t, 95% confidence level) obtained
by searching for the b–c delayed coincidence 85Kr R 85mRb R 85Rb
(lifetime of the intermediate metastable isotope, t 5 1.46 ms; branch-
ing ratio, 0.43%).

We have checked for possible residual backgrounds generated by
nuclear spallation processes produced by cosmic ray muons that inter-
act in the detector. We detect these muons with .99.9% efficiency30.
We increased the time window for the muon veto from 300 ms to 5 s and
observed no difference in the results. Furthermore, we searched for other
possible background due to radioisotopes with sizeable natural abun-
dances and sufficiently long half-lives to survive inside the detector over
the timescale of this measurement. These include low-energya-emitters
such as 222Rn and 218Po (both belonging to the radon decay chain), 147Sm
and 148Sm, and b-emitters (7Be), which are all estimated to be negligible
and are excluded from the final fit. One b-emitter, 87Rb (half-life, t1/2 5
4.7 3 1010 yr; 28% isotopic abundance; Q 5 283.3 keV), is of particular
concern because of the relatively high abundance of Rb in the Earth’s
crust. Rubidium is an alkali chemically close to potassium but typically
2,000–4,000 times less abundant in the crust. Under these assumptions,
and using the measured 40K (t1/2 5 0.125 3 1010 yr; 0.0117% isotopic
abundance) activity in the fiducial volume, that is, ,0.4 c.p.d. per 100 t at
the 95% confidence level18, the 87Rb activity in the Borexino scintillator
can be constrained to be much less than 0.1 c.p.d. per 100 t, which is neg-
ligible for this analysis. A deviation from the crustal isotopic ratio by a factor
of 100 would still keep this background at ,1 c.p.d. per 100 t.

The solar pp neutrino interaction rate measured by Borexino is 144 6
13 (stat.) 6 10 (syst.) c.p.d. per 100 t. The stability and robustness of the
measured pp neutrino interaction rate was verified by performing fits
with a wide range of different initial conditions. The absence of pp solar
neutrinos is excluded with a statistical significance of 10s (Methods).
Once statistical and systematic errors are added in quadrature and the
latest values of the neutrino oscillation parameters25 are taken into ac-
count, the measured solar pp neutrino flux is (6.6 6 0.7) 3 1010 cm22 s21.
This value is in good agreement with the SSM prediction9 (5.98 3 (1 6
0.006) 3 1010 cm22 s21). It is also consistent with the flux calculated
by performing a global analysis of all existing solar neutrino data, in-
cluding the 8B, 7Be and pep fluxes and solar neutrino capture rates31,32.
Finally, the probability that pp neutrinos produced in the core of the
Sun are not transformed into muon or tau neutrinos by the neutrino
oscillation mechanism is found to be P(ne R ne) 5 0.64 6 0.12, provid-
ing a constraint on the Mikheyev–Smirnov–Wolfenstein large-mixing-
angle (MSW-LMA) solution25,33,34 in the low-energy vacuum regime
(Methods).

Outlook
The proton–proton fusion reaction in the core of the Sun is the keystone
process for energy production in the Sun and in Sun-like stars. The ob-
servation of the low-energy (0–420 keV) pp neutrinos produced in this
reaction was possible because of the unprecedentedly low level of radio-
activity reached inside the Borexino detector. The measured value is in
very good agreement with the predictions of both the high-metallicity
and the low-metallicity SSMs. Although the experimental uncertainty
does not yet allow the details of these models to be distinguished, this
measurement strongly confirms our understanding of the Sun. Future
Borexino-inspired experiments might be able to measure solar pp neut-
rinos with the level of precision (,1%) needed to cross-compare photon
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Figure 3 | Fit of the energy spectrum between 165 and 590 keV. a, The best-
fit pp neutrino component is shown in red, the 14C background in dark
purple and the synthetic pile-up in light purple. The large green peak is 210Po
a-decays. 7Be (dark blue), pep and CNO (light blue) solar neutrinos, and 210Bi
(orange) are almost flat in this energy region. The values of the parameters
(in c.p.d. per 100 t) are in the inset above the figure. b, Residuals. Error bars, 1s.

Table 1 | Results from the fit to the energy spectrum
Parameter Rate 6 statistical error

(c.p.d. per 100 t)
Systematic error
(c.p.d. per 100 t)

pp neutrino 144 6 13 610
85Kr 1 6 9 63
210Bi 27 6 8 63
210Po 583 6 2 612

The best-fit value and statistical uncertainty for each component are listed together with its systematic
error. The x2 per degree of freedom of the fit is x2/d.o.f. 5 172.3/147.
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pp chain result
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possible background due to radioisotopes with sizeable natural abun-
dances and sufficiently long half-lives to survive inside the detector over
the timescale of this measurement. These include low-energya-emitters
such as 222Rn and 218Po (both belonging to the radon decay chain), 147Sm
and 148Sm, and b-emitters (7Be), which are all estimated to be negligible
and are excluded from the final fit. One b-emitter, 87Rb (half-life, t1/2 5
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13 (stat.) 6 10 (syst.) c.p.d. per 100 t. The stability and robustness of the
measured pp neutrino interaction rate was verified by performing fits
with a wide range of different initial conditions. The absence of pp solar
neutrinos is excluded with a statistical significance of 10s (Methods).
Once statistical and systematic errors are added in quadrature and the
latest values of the neutrino oscillation parameters25 are taken into ac-
count, the measured solar pp neutrino flux is (6.6 6 0.7) 3 1010 cm22 s21.
This value is in good agreement with the SSM prediction9 (5.98 3 (1 6
0.006) 3 1010 cm22 s21). It is also consistent with the flux calculated
by performing a global analysis of all existing solar neutrino data, in-
cluding the 8B, 7Be and pep fluxes and solar neutrino capture rates31,32.
Finally, the probability that pp neutrinos produced in the core of the
Sun are not transformed into muon or tau neutrinos by the neutrino
oscillation mechanism is found to be P(ne R ne) 5 0.64 6 0.12, provid-
ing a constraint on the Mikheyev–Smirnov–Wolfenstein large-mixing-
angle (MSW-LMA) solution25,33,34 in the low-energy vacuum regime
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process for energy production in the Sun and in Sun-like stars. The ob-
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reaction was possible because of the unprecedentedly low level of radio-
activity reached inside the Borexino detector. The measured value is in
very good agreement with the predictions of both the high-metallicity
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does not yet allow the details of these models to be distinguished, this
measurement strongly confirms our understanding of the Sun. Future
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Figure 3 | Fit of the energy spectrum between 165 and 590 keV. a, The best-
fit pp neutrino component is shown in red, the 14C background in dark
purple and the synthetic pile-up in light purple. The large green peak is 210Po
a-decays. 7Be (dark blue), pep and CNO (light blue) solar neutrinos, and 210Bi
(orange) are almost flat in this energy region. The values of the parameters
(in c.p.d. per 100 t) are in the inset above the figure. b, Residuals. Error bars, 1s.

Table 1 | Results from the fit to the energy spectrum
Parameter Rate 6 statistical error

(c.p.d. per 100 t)
Systematic error
(c.p.d. per 100 t)

pp neutrino 144 6 13 610
85Kr 1 6 9 63
210Bi 27 6 8 63
210Po 583 6 2 612

The best-fit value and statistical uncertainty for each component are listed together with its systematic
error. The x2 per degree of freedom of the fit is x2/d.o.f. 5 172.3/147.
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Simultaneous spectroscopy pp, 7Be, pep
All spectrum fitted simultaneously;

exposure of 71.3 ton × 1291.51 days
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Measurement of 8B solar neutrinos
radial fit; exposure of 1.5 kton × year
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Low Energy (LE) range:
3.2÷5.8 MeV; 〈Eν〉 ∼ 7.9 MeV

Background: faction of µ and n, fast
cosmogenics and 214Bi, 11Be, 208Tl,

external γ from (n, γ) reactions

High Energy (HE) range:
5.8÷16.7 MeV; 〈Eν〉 ∼ 9.9 MeV
Background: fraction of µ, fast

cosmogenics, 11Be, external γ from
(n, γ) reactions

Combining distribution gives 〈Eν〉 ∼ 8.7 MeV
[arXiv:1709.00756]
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Implication on the neutrino physics

Survival probability Φmeas/Φexp ⇒ Solar Standard Model (SSM) depended
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High metallicity model (HZ). p-value
0.998 (0.956 with all experiments)

Low metallicity model (LZ). p-value
0.362 (0.465 with all experiments)

3 confirms MSW-LMA (Mikheyev-Smirnov-Wolfenstein effect with Large
Mixing Angle scenario)
High metallicity favoured
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Implication on the physics of the sun

Borexino-KamLand Data
combined

HZ/LZ contour are 1σ
theoretical prediction

fX = Φ(X)/Φ(X)HZ in the axis are the

reduced fluxes

3 confirms SSM (Solar Standard Model)
3 confirms Sun’s stability in the past 105 years
3 discrimination between the HZ and LZ is now largely dominated by

theoretical uncertainties (towards an high metallicity model -HZ-?)
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7Be Modulation
Periodical fluctuation on β-like signal from 7Be [arXiv:1701.07970]:

Sinusoidal Fit to the Event Rate
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Lomb-Scargle (spectral analysis with periodic signal assumption)
Empirical Mode Decomposition (no periodic signal assumption)

Results: T = 1 y modulation and eccentricity ε = (1.66± 0.45)%
(null hypothesis rejection: CL 99.99%), compatible with Earth revolution

⇒ Low energy neutrinos detected in Borexino have solar origin
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Neutrino Magnetic Moment
Neutrino oscillation⇒ mν 6= 0⇒ µν ≈ 3.2 · 10−19

( mν
1 eV

)
µB

(µB = electron Bohr magneton)
Current mν limits: µν < 10−18µB:

7-8 order of magnitude of the current experimental limits
Further extension of the Standard Model and New Physics:

µν ∝ m` instead mν

expectations reach the levels of the current experimental limits

e− − ν scattering has additional term proportional to µeff

(µν for a mixture of neutrino mass eigenstates)
dσEM
dTe

(Te,Eν) ∝ µ2
eff

(
1

Te
− 1

Eν

)
σEM ∼ 1/Te ⇒ scattered electron spectrum influenced at low energies

7Be strong change of the shape: major sensitivity to nmm
pp change of the shape is almost equivalent to only the change of

normalisation: constraining pp flux helps!
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NMM constraining with Borexino
exposure of 71.3 ton × 1270.6 days [arXiv:1707.09355]
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With MSW-LMA µ2
eff = P3νµ2

e + (1− P3ν)(cos2 θ23 · µ2
µ + sin2 θ23 · µ2

τ ),
where P3ν = sin4 θ13 + cos4 θ13P2ν and P2ν = sin2 θ12 sin2

(
∆m2

12L/4E
)
,

and using the most conservative (i.e. the worst case) mass hierarchy, a 90%
C.L. limit on each contribution can be obtained by setting other two to zero:
µe < 3.9 · 10−11µB µµ < 5.8 · 10−11µB µτ < 5.8 · 10−11µB
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NMM constrainings comparison

Source
×10−11µB Reference
@ 90% C.L.

(Reactor)
GEMMA

νe
µνe < 2.9 Phys.Part.Nucl.Lett.10(2013)139

TEXONO µνe < 7.4 PRD75(2007)012001
(Astrophysical)

Raffelt & Dearborn
red giant cooling

µνe < 0.3 Phys.Rept.320(1999)319
Arcea-Díaz et al. µνe < 0.22 Astropart.Phys.70(2015)1

(Solar)

Super-Kamiokande
solar 8B-ν above 5 MeV µeff < 36

PRL93(2004)021802
combining solar+KamLAND µeff < 11

Borexino (old) solar 7Be-ν (192 days) µeff < 5.4 PRL101(2008)091302
Borexino (new) solar 7Be-ν and pp-ν µeff < 2.8 arXiv:1707.09355
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Geo-neutrinos
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Reactor

Geo

Detection through inverse β-decay

ν̄e + p → n + e+

n + H→ D + γ (2.2 MeV)

Exposure: 2056 days

[PRD92(2015)031101(R)]
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Log-Likelihood fit: Geo-ν out of Reactor-ν:

5.9 σ of significance out of null hypothesis
Sgeo = 43.5+11.8

−10.4|stat
+2.7
−2.4|syst TNU

Sreact = 96.6+15.6
−14.2|stat

+4.9
−5.0|syst TNU

1 TNU (Terrestrial Neutrino Unit) = 1 event/year/1032 protons

Real time spectroscopy of geo-ν is possible with larger exposure
. . . it is also possibile to distinguish between different geological models
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. . . and more physics is achieved
, Testing ν excess from LIGO and VIRGO events (Gravitational Waves)

[arXiv:1706.10176]
, ν-GRB correlation: best limits on the neutrino fluence of all flavours

below 7 MeV [Astro.Phys.86(2017)11]
, Limits on rare processes: i.e. τe−→γν > 6.6 · 1028 y @ 90% CL

[PRL115(2015)231802]
, Muon seasonal modulation: φ = 179± 6 days, correlated to

atmospheric temperature with αT = 0.93± 0.04 [JCAP05(2012)015]
, Detailed studies of the cosmogenics in liquid scintillator

[arXiv:1308.0443]
, νe → ν̄e oscillation: transition probability < 1.3 · 10−4 @ 90% CL for

Eν̄ > 1.8 MeV [Phys.Lett.B696(2011)191]

. . . a more stringent CNO limit (or a possible observation?)

. . . LIGO+VIRGO+IceCube+LVD+KamLand+Borexino joint collaboration for
multimessenger observation of next galactic Supernova
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Phase I
(2007-2010):

7Be flux
8B flux
pep flux

CNO limit

Intense  
purification

campaign
(2010-2011):

Record  
radiopurity  

level

Phase II
(2011-2017):

pp
CNO more  

stringent limit 
simultaneous  
pp, pep, 7Be  

new fluxes
8B new flux

New calibration 
campaign

(January 2017)

SOX
(April 2018-):

Start data  
taking

2019  
first results  

(~104 events  
in 1.5 y)

2003-2004
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Sterile neutrino
νs: 4th neutrino eigenstate that doesn’t interact weak (only gravitationally)
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[PRD88(2013)073008]

experimental hints
νe/νe disappearance:

reactor anomaly (solved with recent Daya Bay
results [PRL118(2017)251801])
GALLEX/SAGE anomaly (≈ 2.8σ)

νe/νe appearance:
miniBooNE and LSND accelerator anomalies
(≈ 3.8σ)

⇒ sterile neutrino in eV mass range?

A global fit gives 0.82 < ∆m2
41 < 2.14 eV2 (3σ)

(not yet updated after Daya Bay results)
⇒ more experimental data with a short-baseline:

, SOX (CeSOX now, CrSOX in the future?)
... further reactor experiments
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SOX (Short distance Oscillation with boreXino)
A ν̄e source (144Ce, 100÷150 kCi of activity) is placed underground,

8.5 m beneath the Borexino scintillator center (CeSOX)
Signature: ν̄e + p → e+ + n (inverse β-decay)

e+ Prompt: E and L info of ν̄e (resolution: 5% and 10 cm @ 1 MeV)
n Delayed: time-space-energy coincidence (almost background free)

L

ν

Motivations Borexino ν-sol Modulation NMM Geo-ν . . . and more SOX Outlook Backups

A. Porcelli | The Borexino and SOX experiments 27.10.2017 20/22



SOX (Short distance Oscillation with boreXino)
A ν̄e source (144Ce, 100÷150 kCi of activity) is placed underground,

8.5 m beneath the Borexino scintillator center (CeSOX)
Signature: ν̄e + p → e+ + n (inverse β-decay)

e+ Prompt: E and L info of ν̄e (resolution: 5% and 10 cm @ 1 MeV)
n Delayed: time-space-energy coincidence (almost background free)

Observables (as a function of E & L):

1 Rate: counted/predicted w/o
oscillation (disappearance)

2 Shape: periodic distribution

Examples:

I Disappearance + Periodic
Oscillation (Rate+Shape)

I Disappearance + Periodic
Oscillation (Rate+Shape)

I Disappearance only (Rate)
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SOX sensitivity

Rate: knowledge of
source activity
monitoring
neutrino spectrum
fiducial volume

Shape:
no dependence on
systematics in scale
direct evidence of
oscillation

Rate+Shape: exclude
great part of 99% region!

Grey contours: preferred region of the anomalous neutrino experiments
@ CLs of 90%, 95% and 99% [J.Phys.G43(2016)033001]

Motivations Borexino ν-sol Modulation NMM Geo-ν . . . and more SOX Outlook Backups

A. Porcelli | The Borexino and SOX experiments 27.10.2017 21/22

https://arxiv.org/abs/1507.08204


SOX sensitivity

Rate: knowledge of
source activity
monitoring
neutrino spectrum
fiducial volume

Shape:
no dependence on
systematics in scale
direct evidence of
oscillation

Rate+Shape: exclude
great part of 99% region!

Grey contours: preferred region of the anomalous neutrino experiments
@ CLs of 90%, 95% and 99% [J.Phys.G43(2016)033001]

Motivations Borexino ν-sol Modulation NMM Geo-ν . . . and more SOX Outlook Backups

A. Porcelli | The Borexino and SOX experiments 27.10.2017 21/22

https://arxiv.org/abs/1507.08204


SOX sensitivity

Rate: knowledge of
source activity
monitoring
neutrino spectrum
fiducial volume

Shape:
no dependence on
systematics in scale
direct evidence of
oscillation

Rate+Shape: exclude
great part of 99% region!

Grey contours: preferred region of the anomalous neutrino experiments
@ CLs of 90%, 95% and 99% [J.Phys.G43(2016)033001]

Motivations Borexino ν-sol Modulation NMM Geo-ν . . . and more SOX Outlook Backups

A. Porcelli | The Borexino and SOX experiments 27.10.2017 21/22

https://arxiv.org/abs/1507.08204


Stay tuned and Thank you!
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Backups



Purification phase

Between Phase I and Phase II, 1 year of purification occurred:
6 cycles of water extraction reduced drastically the background

contaminants!

Contaminants summary:
Isotope Typical Required Phase I Phase II
14C/12C 10−12 (cosmogenic) ≤ 10−18 (2.69± 0.06) · 10−18 unchanged

85Kr 1 Bq/m3 (air) ≤ 1 cpd/100 t (30± 5) cpd/100 t ≤ 5 cpd/100 t
210Bi not specified ∼ 40 cpd/100 t (20± 5) cpd/100 t
210Po not specified ∼ 20 cpd/100 t unchanged
222Rn 100 atoms/cm3 (air) ≤ 10 cpd/100 t ∼ 1 cpd/100 t unchanged
39Ar 17 mBq/m3 (air) ≤ 1 cpd/100 t �85Kr �85Kr
40K 2 · 10−6 (dust) ≤ 10−18 g/g ≤ 0.4 · 10−18 g/g unchanged

232Th 2 · 10−5 (dust) ≤ 10−16 g/g (3.8± 0.8) · 10−18 g/g < 1.0 · 10−19 g/g
238U 2 · 10−5 (dust) ≤ 10−16 g/g (5.3± 0.5) · 10−18 g/g < 0.8 · 10−19 g/g

N.B.: Borexino core is the most radio-clean spot on Earth
with over 10 orders of magnitude below typical radioactivity levels
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Three Fold Coincidence (TFC)
µ +12 C→µ +11 C + n

n + p → D + γ2.2 MeV (250 µs)
11C→11 B + e+ + νe ( ∼ 30 min)

Inner vessel!

muon track!

neutron capture!
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Association of neutrons to a given µ track
vetoing region in space and time to exclude decay signatures from 11Cs
associated to µ− n pairs
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α/β Pulse-Shape Discrimination
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After Gatti’s parameter Gαβ is trained
on 214Bi-214Po coincidences
Current improvement with
Multi-Layer-Perceptron (MLP)
algorithm, based on neural
network
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Geo neutrinos: geological models
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Detection through inverse β-decay

ν̄e + p → n + e+

n + H→ D + γ (2.2 MeV)

Exposure: 2056 days
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Log-Likelihood fit: Geo-ν out of Reactor-ν:

232Th and 238U left free parameters
Chondritic assumption:
m(238U)/m(232Th) = 1/3.9
Real time spectroscopy of geo neutrinos is
possible with larger exposure

1 TNU (Terrestrial Neutrino Unit) = 1 event/year/1032 protons
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