First detection of solar neutrinos

from the CNO cycle with Borexino
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pp vs CNO Competition
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Solar neutrinos: astro & particle physics

CNO cycle
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-dominantin stars 1.3 heavier
than Sun

- crucial for the solar
metallicity problem (Z>He) :
High (HZ) vs Low (LZ) 2



The BOREXINO detector

Laboratori Nazionali del Gran Sasso - INFN (Hall C)

Rock: 3.800 m w.e. - muon flux ~ 1 mZh!




The Borexino detector

Stainless steal sphere :Q%I;Trr‘\,%s:?altjioupure
13.7 m of diameter, wlon
1300 m3 of y
pseudocumene .
Inner vessel
Nylon outer vessel target: 300 ton of
PC+DMP scintillator PC+PPO
Water Cherenkov veto Internal PMTs

2212 (nominal), 8",
35% optical coverage

208 PMTs, diameter
18m, 2000 m3of water

Detection principle : \_
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During the construction
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Now, after the thermalinsulation

Borexino's pictures

From monitoring camera



Water Extraction and Borexino radiopurity

Key procedure [1 cpd/100t ~ 0.1 nBq/kg]

for CNO quest

Before After
[cpd/100E]  [cpd/100€]

210Bj ~4() ~10
SKr ~30 ~5
210pg >2000 <30
(decaying)
e i 28J<9.5x10% g/g (95%CL) ,
Ziore o bama B2Th < 5.7x10"g/q (95%CL),

¥Ar, 9K << 1 cpd/100t
Six cycles of water extraction pd/

from mid-2010 to mid-2011 Expected CNO ~ 3-5 cpd/100t 6



(Solar) results from Borexino (2018)

s, |
Borexino has produced its

results in three experimental ~ pp Nature 2014, Nature 2018, PRD 2019 (134210),* (6.120.5) - 03x10"
ﬁhadses' alternated with 'Be  PLB 2003, PRL2011, Nature 2018,PRD 2019 (483s1.1), " (4.99:0.11) 210"
ardware improvement
€ Improvements pep PRL 2012, Nature 2018, PRD 2019 (2.43:0.36),,,*5[HZ]  (1.27x0.19), ,"**10¢[HZ]
B PRD 2010, Nature 2018, PRD 2020 0223, 5,68, 455 05X108
Phase-! hep Nature 2018, PRD 2020 <0.002 (90% CL) <1.8x10° (90% CL)
Cé||librations CNO PRL 2010, Nature 2018 (upper limit) <8.1(95% CL) <7.9x108 (95%CL)

Water Extraction

Before 2020:

- Precise measurement of the
pp-chain fluxes

- best experimental limit on
CNO

2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 7
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Implications of Borexino results
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Neutrino energy (MeV)

P_. survival probability with Borexino data only!
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Precise measurements era:

Probing the MSW-LMA
scenario

Low metallicity disfavored at 1.8 ¢
8



Counts / (day x 100 ton x keV)
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The CNO Strategy

Borexino spectrum after all data selection criteria
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Strategy:

1. independent constraint of pep
2. independent constraint and 2'°Bi (upper limit)

CNO <> pep <> *''Bi correlation

q
|

1. the “pep” constraint = 1.4%

Solar solar luminosity, pp/pep ratio,
existing solar neutrino, and oscillation
parameters



2. the “2'9Bi"” constraint

B8~ A B~ o
210Pb ; 210B1 \ 210PO
22.3 years 5 days 138.4 days

Exploiting the A=210 chain
through secular equilibrium

Diffusion:
Very slow
D~10°m?/s
(diffusion coefficient)

Convection:
2P0 from the outer
regions

A

Idea: vertical gradient

y 206p},

Warm air
from room
ventilation

(~20°C)

BOREXINO
Water Tank

Heat sink 6°
(Hall C Floor)

THERMAL INSULATION
PROGRAM

2014: temperature
probes

Mid-2015: insulation
start

Late 2015: water
recirculation system
shut down

2016: active temperature
control system (ATCS)
Early 2019: change of
the ATCS set point

Late 2019: Hall C- ACTS

10




Thermal Insulation

1ot Temperature probes

“Before the thermal insulation
(Mid-2015)

Temperature
evolution during the
thermal insulation
campaign

1 - Beginning of the Insulation 4 - Start of ATCS
2 - Water Loop turning OFF 5 - Change of ATCS set-points
3 - Completion of the Insulation 6 - Start of Hall C TCS

— N1
—_— 5l
— N2
— S2
N3

S3
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— 54
— N5
» S5

Temperature (°C)
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— S6
— N7
— S7

~—
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Cube Label

Effects on 210Po migration

The Low Polonium Field
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Minimum at z ~ 80 cm, Compatible with numerical fluid dynamics simulations
210pg activity: R(minimum) = R(?'°Bi) + R(Vessel)
R(Vessel) > 0 — Upper limit — lower limit for CNO (anti-correlation)
Bi < (11.5 + 1.0) cpd/100E (stat + sys) Systematic uncertainty (uniformity): 0.8 cpd/100

Final constraint: 2°Bi < (11.5 % 1.3) cpd/100t
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Events / 5N,

CNO neutrino analysis
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— Total fit: p-value = 0.3
10? & P
10 £ &
i : -..,1:-42-:r’-1=-'?'i:'::"1 o .
15 TR : ‘ i
500 / 1000 1500 5000 5500
Energy [keV]

CNO optimized Rol

Main ingredients in the spectral
analysis:

A) pep 1.4%
Gaussian penalty

B) 2°Bi 11%
Semi-Gaussian penalty

1. Multivariate Montecarlo Fit

2. Counting Analysis (Rol)
Analytical modelling
(consistency check)
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Final results about CNO

40
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Systematics: Response, resolution, spectral shapes and LY: 6, =-0.5, 6,=+0.6 (5.1 o significance)
Hypothesis CNO=0 excluded at 5.0 o (99%CL) Model compatibility: 0.50 (HZ), 1.30 (LZ)

Result (68% CL stat +sys) = 7.2 . _**cpd/100t

LZ disfavored at 2.1 ¢ including other fluxes from pp-chain (Borexino only) 14



Updating the table with CNO neutrinos

References Rate
[cpd/1 00t]

Nature 2014, Nature 2018, 134410 * (6.10. 5, 03)x101
PRD 2019
Be PLB 2008, PRL 2011, (48.3J_r1.1)0.7+°-4 (4.99+0.1 1_0.08+°-°6)x1 0°
Nature 2018, PRD 2019
pep PRL 2012, Nature 2018 (2.4310.36)_0.2;0-15 [HZ] (1.2710.19_0.12+°-°8)x1 08 [HZ]

PRD 2013 (2.65:0.36) ,,, 0 *[LZ]  (1.39:0.19, ., *%)x108[LZ]
B PRD 2010, Nature 2018, 0.223, % (568,052 9x108
PRD 2020
hep Nature 2018, PRD 2020 <0.002 (90% CL) <1.8x10° (90% CL)

CNO Nature 2020 (THIS WORK) 72,30 7.0, 39108
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Thank you
very much!
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