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Seeing the Sun with neutrinos



Short bio of me @ dingxf.cn
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My 17 years 2008-2025

• 2008-2012 Lots of small projects

• 2012-2015 Simulation, optical models, Daya Bay and JUNO

• 2025-2019 Measurement of 7Be solar neutrinos, Borexino

• 2019-2022 Measurement of CNO solar neutrinos, Borexino

• 2023-now  JUNO reactor and solar neutrino physics and GasTPC R&D

Ø Prepare for the future, and be innovative (and fun) for now.
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1859 达尔文：太阳寿命>3亿年
1862 开尔文：<3000万年
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1920 太阳能量来自聚变

Created with BioRender.com

Arthur Eddington
(1882-1944)

Jean Baptiste Perrin
(1870-1942)
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贝特与恒星能量来源
Almost 100 years later
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•  Bethe & Weizsäcker 太阳能源为两种氢核聚变过程

• 聚变过程会放出中微子

First Direct Experimental Evidence of CNO neutrinos, BOREXINO, 2020, hep-ex/2006.15115
Comprehensive measurement of pp-chain solar neutrinos, BOREXINO, 2018, Nature

Agostini, M., K. Altenmüller, S. Appel, V. Atroshchenko, Z. Bagdasarian, D. Basilico, G. Bellini, et al. 
“Sensitivity to Neutrinos from the Solar CNO Cycle in Borexino.” European Physical Journal C 80, no. 11 
(November 26, 2020): 1091. https://doi.org/10.1140/epjc/s10052-020-08534-2.

1930s 质子-质子链与碳氮氧循环过程

https://doi.org/10.1140/epjc/s10052-020-08534-2
https://doi.org/10.1140/epjc/s10052-020-08534-2
https://doi.org/10.1140/epjc/s10052-020-08534-2
https://doi.org/10.1140/epjc/s10052-020-08534-2
https://doi.org/10.1140/epjc/s10052-020-08534-2
https://doi.org/10.1140/epjc/s10052-020-08534-2
https://doi.org/10.1140/epjc/s10052-020-08534-2
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• Two types of 4H=>4He: pp-chain and CNO-cycle.
• Solar neutrinos are produced during the fusion.

First Direct Experimental Evidence of CNO neutrinos, BOREXINO, 2020, hep-ex/2006.15115
Comprehensive measurement of pp-chain solar neutrinos, BOREXINO, 2018, Nature

Agostini, M., K. Altenmüller, S. Appel, V. Atroshchenko, Z. Bagdasarian, D. Basilico, G. Bellini, et al. 
“Sensitivity to Neutrinos from the Solar CNO Cycle in Borexino.” European Physical Journal C 80, no. 11 
(November 26, 2020): 1091. https://doi.org/10.1140/epjc/s10052-020-08534-2.

Basics about solar neutrinos

https://doi.org/10.1140/epjc/s10052-020-08534-2
https://doi.org/10.1140/epjc/s10052-020-08534-2
https://doi.org/10.1140/epjc/s10052-020-08534-2
https://doi.org/10.1140/epjc/s10052-020-08534-2
https://doi.org/10.1140/epjc/s10052-020-08534-2
https://doi.org/10.1140/epjc/s10052-020-08534-2
https://doi.org/10.1140/epjc/s10052-020-08534-2


Borexino detector
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• Located at hall C of LNGS, Italy.

• Active volume 280 tons of liquid scintillator

• Detect solar neutrinos via elastic scattering off electrons of 
the scintillator, threshold at 60 keV

LNGS Borexino

Borexino



Solar Neutrino Physics with Borexino, Xuefeng Ding

Physics program of Borexino
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2007 May-2010 May
Phase-I

2010-2011
Purification + 
Calibration 2011 Dec-2016 May

Phase-II

2016 June - 2021 October
Phase-III

Be7 Phys. Rev. Lett. 107, 141302 (2011)
pep Phys. Rev. Lett. 108, 051302 (2012)
pp Nature 512, 383-386 (28 August 2014)
3 MeV B8 Phys.Rev.D82:033006 (2010)
geo-neutrino PLB 687, 299-340 (2010)
Day-night symmetry PLB 707-1,22-26, (2012)
…

pp+Be7+pep+CNO+8B Nature 2018, PRD 100, 082004, PRD 
101.062001
neutrino magnetic moment PRD 96, 091103 (2017)
gravitational wave ApJ 850-21 (2017)
Be7 seasonal modulation AP, 92, 21-29 (2017)
gamma ray burst AP, 86, 11-17, (2017)
electric charge conservation PRL 115,231802(2017)
geo-neutrino PRD 93, 031101 (2015)
…

Experimental evidence of CNO neutrinos, Nature 2020
Sensitivity to CNO neutrinos, EPJC 80, 10912020
Search for low energy neutrinos from astrophysical sources, 
ApJ 102509, 2020
…



Signals and backgrounds in Borexino
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• Recoil electron induced by 
solar neutrinos (pp, 7Be, CNO, 
pep, 8B)

• Internal natural radioactivity 
(210Po, 210Bi, 85Kr)

• External natural radioactivity

• Cosmogenic radioactivity (11C)

• Pile-up
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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

Unprecedented radiopurity



Work1: Fit, and GPU
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The art of fitting
• Give me 8 parameters, I can fit an elephant

Impact factor ~ NIM/JINST
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• Occam's Razor: free it if you are sensitive



Systematics of fitting from detector response

17



• MC: during each iteration of the fit, vary kb / absorption length spectrum 
etc.  re-simulate and produce new pdf on the fly —> when one day 
computer is fast enough

• ~200, 000 CPU x years per fit 

• Full analytical: non-linearity + resolution models

• ~2 hours per fit

Method 1: fit with varying models
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Analytical Model of Detector Response
Build an accurate Detector response model

• 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 )
• Match the skewness
• … (—> simplified)

• We can simplify because
• Borexino response is simple: small FV in center, low energies

• We are not sensitive..
• Fit full MC to get the bias introduced in simplification
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Detector response model: NL

Energy scale + non-linearity:
scaling/streching/compressin

g
• Liquid scintilator: 

quenching, Cherenkov..
• More:Electronics, 

Clustering..source: http://m.hnstrip.com/archives/view-1525-1.html
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Detector response model: resolution

• NON-LINEARITY

• RESOLUTION DEPENDENCE

• CONVOLUTION LINE SHAPES

clearblurred
dependence of resolution on distance

• Poisson..
• single p.e. charge fluctuations..
• residual non-uniformity

Giovani’s cat. Shot by Xuefeng All rights reserved

resolution
blur
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Analytical Model — energy scale and non-linearity
Build an accurate Detector response model

np
m

ts
_d

t1
 / 

np
e

Energy -> photo-electrons
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Analytical Model — energy resolution model

Build an accurate Detector response model

charge

• If you do not apply non-linearity 

correction, resolution dependence can 

be parameterized with physics 

parameter
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Analytical Model — mono-energetic line shape
Build an accurate Detector response model

• Modified Gaussian

• Generalized 

gamma

• Scaled Poisson
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Analytical Model — More details
Build an accurate Detector response model

• Pile-up effect: Hits from more than one source piled 
up.
• Dark noise, 14C
• Crucial background for pp analysis

• Solution: “Dark noise convolution”

• Npmt is an integer variable
• Spikes appeared after normalization 2000/NLive

• Solution: Apply “mask”
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Results: correlation with NL/resolution
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• Using full analytical response function, we can 
see the correlation with detector responses

correlation with NL correlation with res

[1] M. Agostini et al., “First Simultaneous Precision Spectroscopy of $pp$, $^7$Be, and $pep$ Solar Neutrinos with Borexino Phase-II,” pp. 1–8, Jul. 2017.



GooStats: multivariate fitting package

Effects influencing the energy non linearity of liquid scintillators and their compensation, Xuefeng Ding
ESCAPE 2018 @ Heidelberg 1–2 June 2018
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• Speed multivariate up fitting with GPU.



Method 2: Monte Carlo method

• pseudo-experiment spectra without distortion —> statistical sensitivity

• pseudo-experiment spectra with distortion —>  statistical    systematic
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Method 2 : Energy non-linearity related systematics

• Determine 1-σ band of allowed NL

• Precision of MC (γ)

• Assume same Precision of e-/e+

• Generate the ensemble of models

• Find a presentation, say, E’ = E (a+bE)

• Decide the distribution of coordinate

• Generate pseudo-experiment spectra and 
verify the density plot of sampled models
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• Generate NL: (MC NL)x(a+bE), vary (a,b)

• Fit NL with mu = LY*[Qch(kb,E) + fCher*Cherenkov(E)]

• Our ensemble covers certain phase-space of (kb,LY,fCher)

Phase-space of NL model ensemble

Extra par for npe->charge NL
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Summary: analytical vs MC
MC need a lot of fitting
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So, GPU fitter would be nice



A few numbers..
• For analytical pmt fitting.. how much speed up?

original fitter GooStats speed up

single fit + dn ~ 1 hour ~4 seconds x600

complementary + 
dn ~ 2 hours ~7 seconds x1000

dn+comp.+MV unknown (> 1 week) ~5 minutes > x2000



• 2016 Feb. Ilia:  I added MINOS option so we can get precise error 
but it takes 8 hours.. me: hmm??

• 2017 New Year’s Eve, GooStats v0.001

• 2017 Feb. 03 bx-GooStats-charge

• 2017 Mar. 19 bx-GooStats-MC-MV

• 2017 Mar. 23 bx-GooStats-npmt

• 2017 April Alina, Omer et al start to produce physics result with bx-
GooStats

History & path



GooStats hosted on GitHub
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https://github.com/GooStats/GooStats.git



Git version tree



Physics Result with bx-GooStats



SOURCE OF SYSTEMATICS

SYSTEMATICS
• MC SAMPLER
• NO DISTORTION APPL IED
• NO GEO-CORRECTION INJ/F IT
• BIAS  AS  SYSTEMATICS
• 68% CL  SHOWN ON 2ND ROW

Physics Result with bx-GooStats



Contributions to borex_phys cluster

• ``AgosiniPlot’’ correlation test

• 1000 fit x ~60 test (charge) = 60 day x 20 CPU

• Normal fit

• Julich group: >4000 Analytical MultiVariate Fit

• Pros: See result in 10 seconds

• Cons: No time to eat sandwiches and watch Youtube anymore..



Borexino Phase-II result
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Analysis Overview
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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



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.



Systematic uncertainties
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LER HER



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 



Results on solar neutrino flux
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• 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



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.,



How to model the Sun?
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Neutrinos produced in the Sun
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The metallicity problem
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Borexino Collaboration (2018). Comprehensive 
measurement of pp-chain solar neutrinos. Nature, 

562(7728), 505–510.

Solar neutrino fluxesSound speed profile

E. Magg et al. v2203.02255
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First Direct Experimental Evidence of CNO neutrinos, BOREXINO, 2020, hep-ex/2006.15115

Comprehensive measurement of pp-chain solar neutrinos, BOREXINO, 2018, Nature

The pp-chain vs CNO-cycle



Borexino Phase-III: CNO
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Measuring CNO with Borexino
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• Bulk sensitivity from 0.8—1 MeV. With pep fixed, 0.6 210Bi+CNO is known well.

• Once 210Bi is determined, CNO will be measured.

First detection of solar neutrinos from CNO cycle with Borexino. G. Ranucci. Neutrino 2020

Borexino Collaboration. (2020). Sensitivity to neutrinos from the solar CNO cycle in Borexino. European Physical Journal C, 80(11). https://doi.org/10.1140/epjc/s10052-020-08534-2

Shape of CNO and 210Bi Fit results of CNO and 210Bi of toy MC datasets

ROI



How to measure 210Bi
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• 210Po is the decay daughter of 210Bi;

• 210Bi = 210Po @ secular equilibrium;

• Extra 210Po brought into FV by 
convection & migration:

R(210Bi) < R(210Po) + 
migrated 210Po

Distribution of 210Po events

Classified

Cl
as
sifi
ed

On the vessel

Diffusion like

Supported by 210Pb



Efforts to suppress the convection motion.

53

• Double layer of mineral wool for insulation & 
Active Temperature Control System (ATCS) 
(2014—2016)

• Temperature Probes (2014—2016)

• Fluid dynamical simulations

• Hall C Temperature stabilization (2019)

First Direct Experimental Evidence of CNO neutrinos, BOREXINO, 2020, hep-ex/2006.15115

First Direct Experimental Evidence of CNO neutrinos, BOREXINO, 2020, hep-ex/2006.15115



Formation of Low Polonium Field (LPoF)
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• Large cold dot: low rate;
Small hot dot: high rate

• 2011-2013: high rate of 
210Po left after purification

• 2014-2016: seasonal up 
and down of low Polonium 
region (LPoF)

• After 2016: LPoF relatively 
stable



Behavior of Low Polonium Field
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• Relatively stable, but still moving

• Rate @ minimum stable, maybe convection free

Position Rate



Blind Aligned Merged

parabolic Bubble fIt 

(BAMBI)

https://characters.fandom.com/wiki/Bambi



Low Polonium Field (LPoF) analysis
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• Residual convection remains

• Low Polonium Field formed at center

• Correct movement of LPoF 
(Blind alignment)

• Fit event distribution in a bubble shape 
region in 2D with parabolic functions 
(bubble fit)

• Previous analyses: no correction, 1D fit; 
(2σ =>5σ)



Test against no-CNO hypothesis
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• Profile likelihood as the test statistic

• Use toy-MC method to get the 
distribution of test statistic. Evaluated 
p-value has statistical uncertainty.

• Simulated & Fitted 14million dataset

• 5 σ* rejection of no-CNO hypothesis

*Evaluated with toyMC method and it’s >5σ at 99% C.L.

Residual spectrum



Technology of Correlated and Integrated Directionality (CID)
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• Use integrated hit-level directional distribution to distinguish between solar events 
and uniform backgrounds.

• Discriminate Cherenkov photons and Scintillation photons with hit order.



Borexino CNO with CID only
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• CID with events in the CNO 
region of interest, 7.2+2.8-2.7
cpd/100t

• Consistent with fit results.
• See Final results of Borexino 

on CNO solar neutrinos, 
arXiv:2307.14636 [hep-ex]

http://arxiv.org/abs/2307.14636
http://arxiv.org/abs/2307.14636
http://arxiv.org/abs/2307.14636


Borexino CID + MV fit
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• Combining MV fit, CID analysis, Borexino 
obtained CNO as 6.7+1.2-0.8 cpd/100t

• See Final results of Borexino on CNO solar 
neutrinos, arXiv:2307.14636 [hep-ex]

http://arxiv.org/abs/2307.14636
http://arxiv.org/abs/2307.14636
http://arxiv.org/abs/2307.14636


Solar abundance problem and Solar neutrinos
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• Volatile metal abundances is reconstructed from absorption lines.

• Various (say, HZ vs LZ) models exists. Neutrino fluxes can be used to test them.

Borexino Collaboration (2018). Comprehensive 
measurement of pp-chain solar neutrinos. Nature, 

562(7728), 505–510.

Solar neutrino fluxes

Borexino Collaboration. (2020). Sensitivity to 
neutrinos from the solar CNO cycle in Borexino. 
EPJC, 80(11).

Hypothesis test against 
SSM-HZ/LZ

Sound speed profile

E. Magg et al. v2203.02255



pp-chain + CNO-cycle cancellation
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• SSM inputs
• Environmental, impact Tc (core temperature) Solar 

parameters, Heavy metal abundance;
• Nuclear, not impacting Tc Nuclear matrix element

• If we modify “env without CN”, Tc is modified, 
ln Φ(8B) vs ln Φ(15O) graph fall on the diagonal line

• If we modify also nuclear + CN: Environmental, impact Tc 
ln Φ(8B) vs ln Φ(15O) move away from diagonal

• Jacobian Φ(8B) vs Φ(15O)  => ln Φ(8B) vs ln Φ(8B)-κ ln Φ(15O)
•  ln Φ(8B)-κ ln Φ(15O) insensitive to “env without CN”;
• ln Φ(8B)-κ ln Φ(15O) (almost) only depend on nuclear + CN



Results: CN abundance from solar neutrinos
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Comparison on sound speed 
(E. Magg et al. v2203.02255)

Comparison on CN abuandance
(Borexino, PRL 2022)



More to expect?
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• DARWIN claimed may measure pp neutrinos at 
0.15% level with 300ty (DARWIN, EPJC 80, 
1133, 2020). 

• May be used together with luminosity to 
constrain CNO neutrino flux (Francesco 
Vissani, Solar Neutrinos, 121-141, 2019)

• Metallicity measurement limited by fusion cross-
section measurement. To be updated. LUNA-MV

• Next generation experiments may establish 
evidence of solar neutrinos from hep branch
(SoLAr).

Francesco Vissani, Luminosity constraint and entangled solar neutrino signals
, Solar Neutrinos, pp. 121-141 (2019)

systematics in 
measurement of 
metallicity using 
solar neutrinos

(From talk of Borexino on Neutrino 2022)



JUNO
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Why solar neutrinos for JUNO
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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 resonance

Solar vs global MSW-LMA survival prob.

Maltoni & Smirnov,Eur.Phys.J.2016

Two solar metallicity models

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



The MSW effect
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• Matter effect: additional “potential” term.
• Solar neutrinos: no “oscillation” due to averaging.
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Summary
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• Borexino: pp-chain + CNO-cycle are measured

• JUNO: Many opportunities


