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• Introduction 

• Full pp-chain solar neutrino 

• Prospects for CNO solar neutrino 

• Geo-neutrinos 

• Conclusion

The sun

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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Borexino experiment
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1400 rock, 3800 m.w.e.

• @ LNGS, 3800 m.w.e. 
• Center detector:  

• Liquid scintillator + PMTs 
• Important characteristics

• σE 5%, σV 10 cm @ 1 MeV 
• IV ~300 ton, FV ~75 ton 
• LS 238U, 232Th ~ 10-19 g/g

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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Solar vs global MSW-LMA survival prob.

Maltoni & Smirnov,Eur.Phys.J.2016
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Why Solar neutrinos?
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• Solar neutrino is produced in the core 
region of the sun. => study the core of 
the sun 

• Solar neutrino propagate through ultra-
high-density region and become 
flavor-stable => study MSW resonanceneutrino source

The sun
credit: Kelvinsong

Two solar metallicity models

N. Vinyoles et al. The Astrph. Journ. 
835 1 (2017) Improoved model

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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Full pp-chain solar neutrino
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• Covering 0.2 MeV to 17 MeV 
• Main challenge:  

• clean LS
• High precision calibration 
• Good stability of the det. 
• Genuine MC in large E range

The sun

One experiment, 
all solar pp-chain ν

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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Unprecedented radio-purity level
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2007-2010: Phase-I 
238U 5x10-18 g/g 

232Th 3x10-18 g/g 
210Pb ~2x10-24 g/g 

85Kr ~20 cpd/100ton

2010-2012 
Purification + Calibration

2012-now: Phase-II 
238U <9.4x10-20 g/g 

232Th <5.7x10-19 g/g 
210Pb ~9x10-26 g/g 

85Kr ~5 cpd/100ton

Phase I

Phase II

14C

210Po

85Kr

210Bi

11C

238U<1.2x10-12 Bq/kg 
mineral water ~10 Bq/kg 

=> 10-13 reduction
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Internal Calibration
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The sun

203Hg γ source 241Am9Be

JINST 7 (2012) P10018
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Known stability of detector
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• No frequent calibration 
• Contamination based monitoring: 

14C, 210Po and 11C. Analytical fit 
as a cross-check. 

• Liquid scintillator is stable. 
• Good PMT(top 1000) is stable. 
• 3% / year PMT loss introduced 

nontrivial energy scale decrease 
• Light yield is decreasing due to 

degrading of worse PMTs.
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http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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MC tuning
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The sun

2.2 MeV γ

214Po α

85Sr
Borexino 2017 Astro Phys (888) 012193 

• Tuned on calibration 
• Temporal stability tracked 

according to 14C etc. 
• center region E, dE/dr , V 

agreement within 1% 
• periphery dE/dr 1.9%

[1] M. Agostini, et al. “The Monte Carlo simulation of the Borexino detector,” Astropart. Phys., vol. 888, p. 012193, Oct. 2017.

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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Analysis Overview

 14

 

The sun
Low Energy Region (LER) 
• MultiVariate fit 

• Energy + Radius + PS

• 0.19 ~ 2.93 MeV

How Energy Region (HER) 
• Radial spectral fit
• HER-I 3.2~5.7 MeV
• HER-II 5.7~17 MeV

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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Background Summary
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LER: 11C + natural decay HER-I: n capture γ+ 208Tl  
HER-II: n capture γ

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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LER Highlight: analytical det. response
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The sun

• Analytical shape of spectrum of mono-energetic events


• Momentum based approximation 

• Match the average ( energy scale + non-linearity model )


• Match the variance ( energy resolution model )


• … (—> simplified)


• More: “Mask”, “pile-up” etc…


• We can simplify because


• Borexino response is simple: small FV in center, low energies => no irregular tail


• We are not sensitive.. => small systematics


• Fit full MC to get the bias introduced in simplification

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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LER Highlight: Multi-Variate analysis
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The sun

• Scaling factor introduced to remove bias.
[1] S. Davini, “Measurement of the pep and CNO solar neutrino interaction rates in Borexino-I,” Eur. Phys. J. Plus, vol. 128, no. 8, p. 89, Aug. 2013.
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http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html


Latest Phase-II results and Prospects of CNO, Xuefeng Ding                                                                                                                              ISoNF 2018 @ Quy Nhon, Vietnam 16–19 July 2018

LER Highlight: GPU accelerated fitter
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The sun
GooFit

FitManager

FCN

ROOT

minimize FCN
TMinuit

GooStats

calculating the likelihood/χ2

GooPdf

control the work flow

AnalysisManager

collect inputs and build 
GooPdf object

InputManager

save and visualize fit 
results

OutputManager

defines ways of 
building inputs

InputBuilder

defines ways of 
building outputs

OutputBuilder
TTree and text output

BatchOutputManager

TTree and text output

PlotManager
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• GooStats[1]: middle 
layer between 
GooFit (GPU minimization 
engine) and (Borexino) 
analysis module 

• Parallelize the computation of likelihood 
• Borexino module: Speed up more than 1000. 

Multivariate fit from days to minutes
• Low overhead: Execution time linearly scales 

with problem size

[1] Ding, Xuefeng. (2018, May 19). GooStats, a multivariate spectrum fitting analysis package for particle physics accelerated by graphic processing units (Version v1.2.0). Zenodo. http://doi.org/10.5281/zenodo.1217007

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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LER Highlight: toy MC based systematics
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The sun

• Fit spectrum w/ and w/o distortion => width of best fit 

• Inject deformations according to MC tuning precision  

• Consider: Detector response (energy scale, uniformity of the energy 
response, pulse-shape discrimination shape), and theoretical shape

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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Systematic uncertainties
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LER HER

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html


Latest Phase-II results and Prospects of CNO, Xuefeng Ding                                                                                                                              ISoNF 2018 @ Quy Nhon, Vietnam 16–19 July 2018

Unique results on solar physics
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• We measured the luminosity from 
neutrino to be (3.89+0.35-0.42)x1033erg/s,  

• Consistent with results from photons 
(3.846±0.015)x1033 erg/s

• pp-I vs pp-II B.R. 0.178+0.027-0.023

• Consistent with both HZ (0.180±0.011) 
and LZ (0.161±0.010) model 

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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Results on solar neutrino flux

 22

 

• Precision on v(7Be) 3% is 
better than the model 
precision 7% 

• With Borexino results alone 
we reject LZ model at 
96.6% C.L., slightly better 
than the expected median 
sensitivity 93.8%. 

• Including superK etc. both 
models are compatible

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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Results on Pee
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• Including uncertainty from 
theoretical flux prediction 

• With Borexino results alone 
we reject Vacuum-LMA 
model at 98.2% C.L.,

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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What is “CNO”? Why to study it?
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The sun

• C, N, O as catalyst for 4p->4He+.. fusion 

• Major fusion energy source when temperature is high: more massive star or 
late stage of star 

• Only in theory, CNO v never observed
• Also can distinguish metallicity (if one day we measure it to 5%) 

The Sun and solar neutrinos, Neutrino 2016. F. L. Villante. U. L’Aquil & INFN-LNGShttp://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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CNO: counting experiment

 26

• Hardly distinguish pep, CNO and 210Bi: only know the sum 
• Constrain pep and 210Bi to measure CNO

pp/pep ratio 210Po tagging Challenging!



counting
CNO vs pep

CNO vs 210Bi
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How weak?
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• Diagonalizing the cov. matrix => get shape precision
• σ(CNO-210Bi) ~ 11 cpd/100t
• R(CNO) ~ 5 cpd/100t

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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Measure 210Bi from 210Po

 28

• When 210Pb -> 210Bi -> 210Po reaches secular 
equilibrium, 210Bi can be measured with 210Po (α) 

• With 30 ton FV ~ 6 months 210Bi can reach 10% 
precision (statistical).

half pep FV
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Measure 210Bi from 210Po: challenge

 29

ConvectionDiffusion

• Temperature instability 
induces convective 
current 

• Convection makes local 
210Po concentration 
contaminated by extra 
component
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Thermal insulation etc.

 30

• 20 cm Rockwool dressed to maximize the temperature gradient and 
stabilize the detector’s stratification in order to reduce convective transport 
of 210Po from the periphery to the FV 

• Detector wide and experiment hall wide Heating system

Before insulation During insulation
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Temperature profile history

 31
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Convective transport significantly reduced

 32
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Extract 210Bi

 33

• Define clean region, then do temporal fit to extract 210Bi 

• Residual convection component: systematics. Study is still 
ongoing to evaluate its magnitude. Radial fit can provide 
cross-check.
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Expected CNO sensitivity

 34

• Assuming pep and 210Bi constraint of certain precision
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Geo-neutrinos
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The sun

• 2056 days data (907 ton x year), 77 candidate 
• Sgeo=23.7+6.5-5.7(stat)+0.9-0.6(sys) TNU (5.9 σ, m(Th)/m(U)=3.9) 
• geochemical and geodynamical BSE fully compatible, 

cosmochemical rejected at 1 σ level 
• Geo-neutrinos from mantle observed at 98% C.L.

cosmochemical
geochemical

geodynamical BSE

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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Conclusions
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The sun

• Borexino reported simultaneous measurement of full pp-
chain solar neutrinos. 

• Significant improvement achieved in stabilizing detector 
stratification and reducing convection current. 

• With 10% 210Bi measurement, the median sensitivity of 
CNO neutrinos is ~3.7 σ (HZ) or ~2.8 σ (LZ) 

• With 2056 days of data, we observed geo-neutrino at 
5.9σ C.L. and observed mantle geo-neutrino at 98% C.L.

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html


Backup

-
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TFC cosmogenic veto
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The sun

• Production of 11C/10C 
is associated with 
production of neutron

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html
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TFC cosmogenic veto
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The sun
HER-I

• μ track + spoliation neutron + cosmogenic 
• LER: (remove 92±4% 11C, energy fit) 

• 6He (no neutron associated) also suppressed 
• HER: (remove 92.5+7-20% 10C, temporal fit)

• 11Be (no neutron associated) also suppressed

LER-A LER-B HER-II

http://csep10.phys.utk.edu/astr162/lect/energy/cno-pp.html

