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• Solar n

• Anti-n from the Earth (see A. Ianni talk)     

• Anti-n (or n) from a radioactive source  (SOX, see L. Ludhova talk)

• (n and anti n from Supernova)

• Search for rare processes: new limit on the charge conservation

through e- decay

Signals in Borexino
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New result!



Solar neutrinos and solar models
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• Homogeneous mixture of H,He and heavy elements Xini, Yini, Zini

• aMLT : parameter entering in the description of the convection

• Cross sections for nuclear reactions

• Opacity

SSM describes the Sun evolution from the beginning until now (4.57 109 y).

Initial parameters are changed until present days data are reproduced:

- Solar Luminosity L

- Solar Radius

- Z/X (abundance of metals) on the surface

- neutrino fluxes

- helioseismology results

Standard Solar Model (SSM)

pp + CNO fusion chain
pp is dominant in the Sun
CNO is dominant in massive stars

CNO



1) Study of the photopsphere spectral lines

• Determine the chemical composition of the photosphere

• GS98   :1D model,  Local Thermodymamic equilibrium (LTE)

• AGS09: 3D models, nLTE

arXiv:1403.3097v1 [astro-ph.SR] 12 Mar 2014
M. Bergemann and A. Serenelli

The Solar Abundance problem

Grevesse et al., Can. Jour, Phys., 89 (4) 327 (2011)

(Z/X)GS98 = 0.029     1D
(Z/X)AGS09 = 0.0178   3D

2) Reduced abundance of heavy elements
in 3D models

3) SSM matching the new measured
(AGS09-3D, Low Metallicity)
values of the metallicity does not reproduce
helioseismology results
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Solar Neutrinos Flux Predictions and  Solar Abundance Problem

W.C. Haxton et al., Annual Review Astron. Astroph. 51 (2013) 21

Low and High metallicity solar models predict different neutrino fluxes: CNO is the most sensitive

n Diff. %

pp 0.8

pep 2.1

7Be 8.8

8B 17.7

13N 26.7

15O 30.0

17F 38.4

A. Serenelli(2014)
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Solar Neutrinos: ne Oscillations and Survival Probability

Borexino results assuming the flux from SSM             
(High metallicity)

Solar n mainly influenced by 2

2,112 m

Including 13 from reactors and accelerator exp,
a combined analysis
of solar and Kamland data gives (PDG 2014)
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LMA-MSW prediction

Large Mixing Angle + matter effect: LMA-MSW



• NSI between n and  electrons modify Pee vs E  
(MSW)

LMA and standard model

MaVan modelsNon standard forward scattering

Long range interactions

PRD 88: 053010 (2013)

1 10

1 10

Pee

Pee

Solar n and ne Surivival Probability: LMA and Non Standard Interaction (NSI)
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Scintillator:
270 t    PC+PPO (1.5 g/l)

in a 150 mm thick 

inner nylon vessel (R = 4.25 m)

Stainless Steel Sphere:

R = 6.75 m

2212 PMTs  

Water Tank:
g and n shield 

m  water Č detector

208 PMTs in water

• n detection: 
elastic scattering on electrons

  ee xx nn

• antin detection: 
Inverse Beta Decay (IBD)

 enpen

•“prompt signal”
e+:   energy loss + annihilation

(2 g 511 KeV each)
•“delayed signal”
n capture on H after thermalization;  2.2 g

Buffer region:
PC+DMP quencher 

4.25 m < R < 6.75 m

The smallest radioactive background of all the neutrino detectors:
9-10 orders of magnitude smaller  than the every-day environment 

Borexino: Real Time n Detector With Liquid Scintillator@LNGS (Italy) 
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Expected solar n signal and  background  

Expected rates in Borexino
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• No direction: key tool in the SNO and SK analysis

• Energy (from number of PMT hits or phe) : - high energy resolution and fit of the energy spectra
- recognize the signal on the basis of the spectral shape
- need very low background!   : Yield 500 phe/MeV, Resolution

• Position reconstruction (from PMT time) :  - definition of the Fiducial Volume (from the PMT time meas.)
- distinguish signal from back on the basis of the spatial distribution
of the events: Fiducial Volume error +0.5-1.3%
Position resolution; 10 cm@1Mev

• Pulse shape discrimination: recognize signal and back. looking at the time profile of the emitted light 

• + explore time and space correlations between events to remove or evaluate background
(214Bi-214Po, 212Bi-212Po, 85Kr, 11C 3 fold coincidence, muon daugthers)

• In situ calibration with radiocative sources + accurate detector  modeling (Monte Carlo and analytical models)

G. Bellini et al., Phys Rec D 112007(2014)

How do we see Solar n in Borexino? 

)(

%5

MeVE

Phase 1: 2007-2010                        Scintillator Purification Phase 2:  end 2011 to now
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Use of PSD to subtract
the 210Po peak

11C
210Bi

G. Bellini et al., Borexino Collaboration, Phys. Rev. Lett. 107 (2011) 141362.
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ne flux reduction 0.62 +- 0.05
5 s evidence of oscillation Theor. uncertainty on 7Be flux : 7%

MeVPee 862.0@07.051.0 
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Spectral fit (260-1600 KeV) : 5% accuracy on 7Be n interaction rate
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pep signal is  ten time lower than 7Be
About 3cpd/100t
CNO:  rate similar to pep   

pep

7Be
11

C210Bi

CNO
Ext back

Most   important  background


11C     :  


210Bi  :  
External background  (g from PMT):

Play against external background
• calib. with external 232Th source
• Monte Carlo simulation
• Include the radial distribution of events in the fit

CnC 1112  mm

Play against 11C
• 3 fold coinc
• Pulse shape param in the fit

Residual 11C:  2.5 +- 0.3 cpd/100t 
 (9+-1)% of the original value
48.5% of the original  exposure preserved

The eecThe effect of the 3 fold coinc.

G. Bellini et al., Borexino Collaboration, Phys. Rev. Lett. 108 (2012) 051302..

Multivariate analysis (260-1600 KeV) :  first pep n interaction rate and best CNO 
limit rate
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11C :  b+ decay



Multivariate analysis (260-1600 KeV) :  first pep n interaction rate and best CNO limit

rate
Fit simultaneously
1) Energy spectra after 11C subtraction
2) Energy spectra of the subtracted events
3) Radial distribution of the events
4) Pulse shape parameter (BDT) discriminating positronium
(from residual 11C) from beta events

tcpdR syststatpep 100/3.06.01.3 )()( 

128103.06.1   scmMSWLMA

pep

Sensitivity to CNO limited by 210Bi:  similar spectral shape

..%95@100/9.7 LCtcpdRCNO 
128107.7   scmMSWLMA

CNO 5.24 High Met; 3.76 Low Met.)
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BDT



G. Bellini et al., Borexino Collaboration,  Phys. Lett. B707 (2012) 22.

•ne regeneration by interaction with e-: D/N effect is a consequence of MSW
•not expected for 7Be in the LMA-MSW model
•large effect expected in the “LOW” solution (excluded by solar exp + Kamland)
•no contradiction with the recent SK results

)(007.0)(012.0001.0
2/)(

sysstat
DN

DN
ADN 




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All solar n
without Bx
without Kamland

All solar n
with Bx
without Kamland

LMA-MSW LMA-MSW

Solar data alone select the LMA-MSW
if one includes the Borexino D/N result

(no use of CPT)

Day time

Night time

z

Absence of the day night asymmetry for the 7Be n interaction rate
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Fit of the low energy spectrum (165-590 KeV) : real time detection of pp neutrino and 
best limit on the e- decay

Clean the low energy region close to the end point of pp neutrinos
 First real time detection of pp neutrinos
pp neutrinos included in the integrated signal of the radiochemical exp.
(SAGE and GaLLex)  (E>233 KeV pp spectrum ends at 420 KeV)

 Best limit on the electron decay: test of the charge conservation
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 6 purication cycles
 Water extraction
 Nitrogen stripping
 (May 2010-2011)

238U (from 214Bi-Po)
• < 8 10-20 g/g 95% C.L.
• PHASE 1: 5 10-18 g/g

232Th (from 212Bi-Po)
• < 9 10-19 g/g 95% C.L.
• PHASE 1: 3 10-18 g/g

85Kr (from spectral fit)
• < 7  cpd/100t  95% C.L.
• PHASE 1: 30.4±5.3±1.5

210Bi (from spectral fit)
• 25±2 cpd/100t  
• PHASE 1: 41.8±2.8

)256( KeVe g 

Phase 2

Borexino Coll. Nature 512 (383) Aug 2014

Borexino Coll.,http://arxiv.org/abs/1509.01223



Real time detection of pp neutrinos
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e- decay: test of the charge conservation

g e
Expected spectrum

256 g
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Real time detection of pp neutrinos and electron decay : determination of 14C

• Accurate study of the low energy portion of the spectrum
• 14C measured from the second cluster: each trigger opens a  16 microsec gate an sometime more than 1 event is recorded;

the second cluster has a lower energy threshold (no trigger threshold)

Second cluster 

Standard events

Fit of the C14 b spectrum
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Real time detection of pp neutrinos and electron decay : determination of 14C pileup

• 14C pileup: two events (mostly C14) so close in time that they are classified as single event
• Cluster duration: 230 ns ; we expect about 100 cpd/100 t as pileup count rate
• We need to determine the spectral shape and rate of pileup events

• Syntethic pileup
• Overlap real events with random events collected within the gate  and in a 230 ns window
• Standard reconstruction and processing of the synthetic event
• Determine shape and rate

)100/7321 tcpd

Pileup rate (not only 14C)
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Real time detection of pp neutrinos and electron decay : model of the energy scale

Ionization quenching

MeVcmkB /0006.00109.0 

g sources in the center and full Borexino Monte Carlo:
kB of  electrons (and Y0)

G. Bellini et al., Phys Rec D 112007(2014)

Ionisation quenching is more important for g
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Real time detection of pp neutrinos: results

pp n rate = 144± 13 (stat) ± 10 (sys)   cpd/100 t
Predicted rate for High Metallicity (1D) + LMA MSW = 
131 ± 2    cpd/100 t

Borexino Coll. Nature 512 (383) Aug 2014

Distribution of the results as a function of the options
of the analysis



New limit on the e- decay : results

pp constrained by values measured by radiochemical exp: correlation between pp and 256 g  
14C constrained by the second cluster measurement
14C pileup constrained
7Be constrained (results obtained fitting a differente energy range)
Position of 210Po peak is free

Fit with penalty factors (constraints) added to the chi2:

..%90104.6 28 LCyearse 

Main sources of systematic effects
• Fiducial volume
• Mean value of the gamma peak
• Fit range

Monte Carlo study of the detection efficiency of 256 g: 0.264 

256 g peak rate consistent with zero: upper limit on the e lifetime

Two orders of magnitude better than our previous result yearse

261026.4

Exposure: 408 days; 75.5 tons
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SK

SNO

Kamland

Borexino

pp 7Be pep CNO 8B

2.344 ± 0.034 
ne equiv.1               (1.4%)

5.25 ± 0.16+0.11
-0.13

Total active2 n   (3.8%)

2.77 ± 0.26± 0.32
ne equiv.3                (15%)

2.4 ± 0.4 ± 0.1
ne equiv.4                 (17%)

3.5 MeV

3.  MeV

5.5 MeV

3.5 MeV

1.6 ± 0.3 (19%)
LMA-MSW
included5

3.10 ± 0.15 (5%)
ne equiv6

6.6 ± 0.7 (10.6%)
LMA-MSW
included7

< 7.7
LMA-MSW
included5

(106 cm-2 s-1)(108 cm-2 s-1)(108 cm-2 s-1)(109 cm-2 s-1)(1010 cm-2 s-1)

1) Y. Koshio (SK Coll.) Neutrino 2014 talk
2) B. Aharmim et al (SNO Coll.) Phys. Rev. C 88 025501 (2013)
3) S. Abe et al (Kamland Collaboration) Phys. Rev. C 84 035804 (2011)
4) G. Bellini et al (Borexino Collaboration) Phys. Rev. D 82, 3 (033006) 2010

8B detect en. thres.
(Lowest)

3.26 ± 0.5 (15%)
ne equiv8

5) G. Bellini et al., (Borexino Collaboration) Phys. Rev. Lett. 108 (2012) 051302..
6) G. Bellini et al., (Borexino Collaboration) Phys. Rev. Lett. 107 (2011) 141362.
7) G. Bellini et al.  (Borexino Collaboration) Nature 512 383 (2014)
8) A. Gando et al.  (Kamland Collaboration) arxiv:1405.6190v1 (May2014)

Real time solar n detection



• Borexino is able to perform a full solar n neutrino spectroscopy
• 8B was also measured: low energy threshold 3 MeV

• New updated results about all the solar fluxes using the PHASE 2 data: under analysis, coming soon
• Big effort in progress to improve the limit about CNO neutrinos
• SOX  and sterile neutrinos studies: start data taking expected before the end 2016

2.4 ± 0.4 ± 0.1
ne equiv. (17%)

G. Bellini et al (Borexino Collaboration) Phys. Rev. D 82, 3 (033006) 2010

(106 cm-2 s-1)

Conclusions and perspectives
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BACKUP slides



Real time detection of pp neutrinos and electron decay : model of the energy scale

• Accurate analytical model of the low energy scale

• Energy estimator: number of hitted PMTS in a fixed (230 ns) time window :  Np
• Model of the energy response function for an energy deposit E in the fiducial volume

Energy spectrumResponse functionEnergy estimator spectrum

2
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• We model  the mean Np(E)  taking into account the quenching  and the resolution as function of E :
( 1 free parameter for the mean (light yield), 2 free parameters for the resolution ) 
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x
y

z

x coordinate (and similar for y)
Mean:   -0.01 cm
Rms :   0.87 cm

The accuracy of the absolute position reconstruction:
difference between true and reconstructed source position

1MeV

Fiducial Volume error:  +0.5 -1.3%

• Rn source deployed in 182 positions
• True position  with laser light and CCD

The position resolution as a function of the energy

Vertical coordinate

10 cm@ 1MeV (electron equiv)

Position reconstruction (Backup)
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Energy calibration: g sources in the center
Data and MC 

214Po source (from Rn) in 182 positions: difference between
data and MC

Inside the FV
R<3m

X R>3m

The energy scale
in the FV

)(%5 MeVEEnergy resolution

≈500 phe/MeV (electron equivalent)

Quenching determined from calibration data

Energy reconstruction (Backup)



The time profile of the emitted light for a and b
Distribution of the parameter (Gatti filter) used

to discriminate a from b

(obtained with time
tagged 214Bi-214Po) 

11C decays by b+
e+ slow down, capture e-,
Lifetime in the liquid is few ns
e+ scintillation delayed
(compared to e-) 

1)  a b

2)   b b

Pulse shape discrimination (Backup)

)(MeVE


