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• we should not forget that all energy on this planet
actually comes from the Sun

• In 1937, Gamov and von Weizsäcker suggested that
the Sun is powered by a chain of nuclear reactions
initiated by proton–proton fusion and leading to the
production of 4He. This idea was further developed by
Bethe and Critchfield. At about the same time von
Weizsäcker and independently Bethe proposed an
alternative mechanism, namely the carbon–nitrogen–
oxygen cycle (CNO cycle)



The three cycles of pp chain (pp-I, pp-II and pp-
III) are each associated with a characteristic 
neutrino source. All three cycles begin with the 
fusion of two protons to form deuterium (2H), 
through the ‘pp’ and ‘pep’ reactions. 

n

Original motivation of the first experiments

on solar n was to test the Standard Solar

Model (SSM)



CNO cycle is a
closed-loop chain of
nuclear reactions
catalysed by 12C, 14N
and 16O nuclei in
which four protons
are converted into
4He.



The CNO cycle dominates 
in stars heavier than 1.3 M

• Intense neutrinos from nuclear fusion in the Sun’s core 
• Majority (99%) from pp-chain with subdominant contribution from CNO cycle 
• What’s left in solar neutrinos? 

• Help understanding solar interior (metallicity problem) 
• Precision test of the MSW oscillation model 

• Precise measurement of spectrum at the vacuum-to-matter transition region 
• Measurement of Day/Night asymmetry 



N. Vinyoles et al., 

Astrophys. J. 835 (2017) 202

Original motivation of the first experiments on solar n was to test the Standard Solar Model (SSM)

FLUX B16-GS98

pp (1010 cm-2 s-1) 5.98(1±0.006)

pep (108 cm-2 s-1) 1.44(1±0.01)

7Be (109 cm-2 s-1) 4.94(1±0.06)

8B (106 cm-2 s-1) 5.46(1±0.12)

13N (108 cm-2 s-1) 2.78(1±0.15)

15O (108 cm-2 s-1) 2.05(1±0.17)

17F(106 cm-2 s-1) 5.29(1±0.20)



(years: 1970-2000)

Solar Neutrino Problem:

Fluxes 1/2 or 1/3 
of expectations!

• Wrong experiments?

• Nuclear physics solution?

• If neutrinos are massive: flavour

oscillations?
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Core of the detector: 300 tons of liquid
scintillator contained in a nylon vessel of
4.25 m radius (PC+PPO);

1st shield: 1000 tons of ultra-pure buffer
liquid (pure PC) contained in a stainless
steel sphere of 7 m radius;

2214 photomultiplier tubes pointing
towards the center to view the light
emitted by the scintillator;

2nd shield: 2000 tons of ultra-pure water
contained in a cylindrical dome;

200 PMTs mounted on the SSS pointing outwards to detect light emitted in the water by 
muons crossing the detector;

Borexino is located inside the Gran Sasso mountain in Italy



1990 : idea of a sub-Mev solar neut rino
detector. A real t ime neut rino
detect ion

1995 : CTF test ing the record radiopurity
238U, 232Th < 10-16 g/g
14C/ 12C < 10-18

1996-1997 : Approval of the experiment

M id -2007: Beginning of the datataking

Great care in select ing radioupure materials (st ructure and
scint illator) and unprecendented purification tecniques:

Gianpaolo
Bellini

(1937-2011)
dist illation, N2 st ripping, water ext ract ion

Raju Raghavan



Phase -I

Calibration

Water Extract ion

Phase -I I

Thermal Insulation

Phase -I I I (→CN O )

Be7

pep, pp, Be7

2007 2009 2011 2013 2015 2017 2019
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All events

Muon veto
and fast
coincidence

Fiducial
volume cut

Three-fold 
Coincidence 
(C-11 veto)
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Selected the innermost b-like events
Radius <2.4 m Ps-LPR < 4.8

From the measured interacton rates and assuming HZ-

SSM fluxes we get electron neutrino survival probability  

from 60 keV to >10 MeV.

• Pee(pp)= 0.57±0.10  Pee(7Be,862keV)= 0.53±0.05

• Pee(pep)= 0.43±0.11 Pee(8B)= 0.37+0.08

The Borexino Collaboration. Comprehensive measurement of pp-
chain solar neutrinos. Nature 562, 505–510 (2018)



Before Borexino

Borexino now

1. Borexino has measured the electron neutrino Pee

in the vacuum regime, where, according to the 
MSW- LMA model, the vacuum dominates

2. The Borexino data allowed to probe the 
vacuum– matter transition from a single 
experiment.

3. Despite the uncertainty of the various points, 
that incorporate both the experimental errors 
and the SSM uncertainties, the experimental 
results seem in agreement with the predictions 
of the MSW-LMA model.Pee - electron neutrino survival probability



TAUP 2019 - Yuuki Nakano and for the Super-Kamiokande
collaboration 2020 J. Phys.: Conf. Ser. 1468 012189

• Day/Night effect

Data/MC ratio at E < 6 MeV 
slightly shifted upward

Shift of prediction due to 
improved detector simulation.
Added statistics due to 
improved spallation cut.

Event migration due to new 
reconstruction 

Day/Night asymmetry shift

Previous analysis used data up 
to Feb 2014 (SK-IV: 1664 days) 

Added ~1200 days of data 
fluctuated towards smaller D/N 
asymmetry

Both impacted to the shift 
of best fit Δm2

21

• Energy dependent survival probability Pee

Neutrino 2020 Yasuhiro Nakajima Recent results and future prospects from Super-Kamiokande

TAUP 2021 – Livia Ludhova talk:  Solar and Geoneutrinos



• use rate, spectral and day/night rate variation • larger value of Δm2 than before
• less tension (1.4 σ) with KamLAND (reactor antinu) -

Yasuhiro Nakajima Recent results and future prospects from Super-Kamiokande Neutrino 2020



Esteban, I., Gonzalez-Garcia, M., Maltoni, M. et al. The fate of hints: updated global
analysis of three-flavor neutrino oscillations. J. High Energ. Phys. 2020, 178 (2020).

Pre-Neutrino 2020 data
• With the new data the 

tension between the best fit
Dm2

21 of KamLAND and that 
of the solar results has 
decreased.

• The best fit of KamLAND lies
at 1.14 in the analysis with 
the GS98 fluxes.

• This decrease in the tension is 
due to both, the smaller day-
night asymmetry (and the 
slightly more pronounced 
turn-up in the low energy part 
of the spectrum which lowers 
it one extra unit.



• pep rate: gaussian penalty at SSM
prediction

• 210Bi rate: semi-gaussian penalty
at our upper limit

Strategy: independent constraint 
of pep and Bi-210



Measuring 210Po could allow to constraint 210Bi
…

If only we had secular exquilibrium!

• 63 keV β--: below
analysis threshold

• Long-term supplier
of 210Bi

1160 keV β—

our big enemy!

Easily identified 
with PSD



11C cut: 1) the three fold coincidence

Muon

Spherical cut 

around 2.2 g

Cylindrical cut 

Around -track

11 n 
C

The data-set is divided in two samples: one depleted in 11C (TFC-subtracted) and

one enriched in 11C (TFC-tagged) which are simultaneously fit;

2) The b+/b- pulse-shape variable PS-LPR:
11C decays b+ : the probability density function (PDF) of the 

scintillation time profile is different for e- and e+ for two reasons:

• in 50% of the case e+ annihilation is delayed by 

ortho-positronium formation (~3ns);

• e+ energy deposit is not point-like because of the two 

annihilation gammas;

New discrimination parameter based on the output likelihood of the pos-reco alghoritm

11C is produced by muons together with neutron(s);

 + 12C -> 11C + n

The likelihood that a certain event is 11C is obtained using:

• Distance in space and time from the -track;

• Distance from the neutron;

• Neutron multiplicity;

• Muon dE/dx and number of muon clusters in an 
event;



a / b Discrimination with ANN

Solved problem of a discrimination from 210Po (a)

Neural networks method

Example of a/b 

for 214Bi-214Po

Galbiati, C., Misiaszek, M. & Rossi, N. Eur. Phys. J. A (2016) 52: 86. 



Bi < 11.5 +/- 1.04 cpd/100t (stat + sys) 

Clean region in the core of the detector 

is created: LPoF

We extract the minimal 210Po rate value,

that is an upper limit on 210Bi rate as a 

half-Gaussian constraint in the analysis

R(210Pomin) = R(210Bi) + R(210Povessel) > R(210Bi)
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Upper Limit determination

Evolut ion of the Low Polonium Field Low polonium field after blind alignment

Method (upper limit): 2D and 3D fits with paraboloidal model, model 
independent splines and steady diffution models. Bias crosscheck with Toy MC.

Bi < 11 .5 +/ - 1 .04 cpd/ 100 t (s tat + sys)



Ide a:
Strong and stable ve r t ica l g rad ie nt prevents
convect ive mot ions

M ile st ones
2014: installation of temperature probes
M id -2015: beginning of the insulation program
Lat e 2015: turning of f of the waterrecirculation
system in the water tank;
2016: first operation of the active temperature
control system (ATCS)
Ear ly 2019 : change of the act ive cont rol set point
Lat e 2019 : installat ion and commissioning of the
hall C temperature control system.

Heat sink 6°C
(floor)

Warm air
f rom room
Vent ilation

(~20°C)

BO REX IN O
Wat e r Tank

2

7



Te m pe rat ure probe s
Probes closer to the inner detectors with 
thermal program milestones
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The 210Bi upper limit can be extended over the full
FV if and only 210Bi is unifom

Unf orm it y = A ngu lar + Radia l
Results: uni form wi th in e rror .

Sistemat ic uncertainty (uniformity): 0.78 cpd/100t

Supportedbynumerical fluid dynamic simulations.

210Bi Stabel in time: 210Pb leaching forml nylon is
negligible

Final const raint : 210Bi < 11 .5 ± 1 .3 cp d / 100 t

Angular uniformity

Radial Uniformity
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Pe riod : mid 2016, beginning of 2020 (Phase-III)
Energy w indow : 320-2640 keV
Pep constraint:2.74 ± 0.04 cpd/100t (Gaussian)
210B const ra in t : 11.5 ± 1.3 cpd/100t (1/2-Gaussian)

Result
(68% CL stat)

31M e t hod: M C m u lt ivar iat e f i t
7.2 +2.9 cpd/100t-1.7



Result (68% CL stat + sys) = RCNO = 7.2+3.0
-1.7 cpd/100 t

F(CNO with sys) = 7.0+3.0
-2.0 x 108 cm-2 s-1

Null-hypothesis exclusion:
5 significance at 99% CL

The Borexino Collaboration. Experimental evidence 
of neutrinos produced in the CNO fusion cycle in 
the Sun. Nature 587, 577–582 (2020).



1. Borexino has been the first experiment probing sub-MeV

neutrinos in real-time, and is still now the unique

experiment able to proceed with these studies.

2. Borexino has measured for the first time all pp chain nuclear

reactions producing neutrinos, measuring, in particular,

simultaneously the pp, 7Be, and pep neutrino flux, 8B neutrinos with

a low threshold and probing hep neutrinos.

3. These results paved the way to actual breakthroughs not only on

Solar physics, but also on neutrino physics. The νe survival

probability in the vacuum regime is measured for the first

time by Borexino and the vacuum–matter transition has

been probed by a single experiment. In addition, a number of

non-standard neutrino interactions has been studied by

Borexino with world leading limits.



4. The detection of the CNO cycle closes a long history, which began in the 30s of

the last century, when Hans Bethe and Carl Friedrich von Weizsacker,

independently, proposed that the fusion of hydrogen in stars could also be

catalyzed by nuclei heavier than He. Then the theory of energy generation

hypothesizes that the CNO would be the primary channel for hydrogen burning

in stars more massive than the Sun , and it is in fact the primary channel for

hydrogen burning in the Universe. This hypothesis never received an

observational confirmation until now, when Borexino has observed CNO

neutrinos proving also that its contribution in the Sun is of the order of 1%.

5. When all solar neutrino fluxes measured by Borexino, including CNO,

are combined,the LZ hypothesis is disfavored at a level of 2.1σ.

6. Again, thanks to the low intrinsic background, Borexino has observed

geo-neutrinos with 5 statistical significance and studied them to

obtain Earth geo-physical and geo-chemical information.



Backup slides



Chinese Physics C 2021, Vol. 45 Issue(2) : 023004 
DOI: 10.1088/1674-1137/abd92a

JUNO

John F. Beacom et al 2017 Chinese Phys. C 41 023002

Jinping

HyperKamiokande

• slow liquid scintillator
• total fiducial target mass of 2000 tons for 

solar neutrino

• 20 kt liquid scintillator 
• excellent for B solar neutrino measurements, 
• low-energy threshold, 
• high energy resolution compared with water Cherenkov

• next generation large water Cherenkov detector
• water tanks provide the fiducial (total) 

volume of 0.19 (0.26) million metric tons


