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Neutrinos from the Sun_

e

L=4x10%W

Solar luminosity - P -
Lo ~ 4 x 10*°°W p
Reaction rate /
/ 1350
- 2
n— Lo _24x10°MeV/s _ @ ~ W/m
- AMe 26 MeV g 1a.u.
Neutrino Flux on the earth \
R 10°8 65 x 10°
(Earth) 4d? 4r(la.u.)2 cm2s g



Building a solar neutrino detector

An example

®,("Be) ~ 5 x 10%cm™?s™!

Targets in 100 ton of C_H

9 12

N, ~ 3.3 x 10°!

Average cross section
(0,e) ~ 3.4 x 10" *°cm?

v.+e —uv,+e” Interaction rate
’ - R =N.®,(0,.) ~ 48 cpd/100t
- Underground
Ingredients: | - High radio-purity 1.¢pd/100t ~ 0.1 nBq/kg !"!
- Large mass




The Borexino saga

“Princeton: 1993, picture taken;by
Raju Raghavan -
S(1937:2001) e

1988: S. Raghavan and S. Pakvasa, Phys. Rev. D 37,

849-857 (1988)
1990: idea of a sub-Mev solar neutrin detector.
A real time neutrino detection
1995: CTF testing the record radiopurity
38)) B2Th < 106 g/g
14Cl1zc <1078
1996-1997: Approval of the experiment
2007-2021: data taking

Three Borexino strategies:

- clean materials
- purification
- analysis methods




The BOREXINO detector

Laboratori Nazionali del Gran Sasso - INFN (Hall C)

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




Borexino's pictures
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During the construction

Now, after the thermal insulation From monitoring camera



The Borexino detector

Stainless steal sphere :‘%’;"J‘n‘]’?fsf; dioupure
13.7 m of diameter, wlon
1300 m3 of y
pseudocumene
Inner vessel
Nylon outer vessel target: 280 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: vy + e > v+ @
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Detection Principle

Elastic Scattering

Cross sections

\//% SN

z  +

/Nnown from theory /\ /
e e e e

All types (NC)

VvV +e -V +e
X X

Electron neutrinos (NC, CC)
Ve +e = Ve + €



Source deployment
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Calibrations and features
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Gamma sources
LY ~ 500 PE/MeV

AT | CRraRLiL
1000 1200

(Considering dying PMTs...)
- Energy Resolution ~ 5-6% [@1 MeV]
~ Position uncertainty (ToF) ~ 11 ¢cm

~ Pulse shape discrimination: a/B, e+/e-
- Three-fold coincidence:
(1) p+"C—>"C+n; (2) n+H - D; (3) "C(B")
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The Borexino energy spectrum

o
%. . data set example
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Understanding the spectrum
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Purification procedures

Pressure Head Control Tanks
-
|

[ =

Advanced cleaning
Filtration

Water extraction
Distillation

Nitrogen stripping

PPO (distillation and water extraction)

13



The water extraction campaign

Six cycles of water extraction
from mid-2010 to mid-2011

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

Before After
[cpd/100€] [cpd/100€]
210Bj ~4( ~10
BKr ~30 ~5
210 <30
1%Po >2000 (decay)

238U < 10-19g/g’ 232Th< 10-20 g/g
¥Ar, YK << 1 cpd/100t
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Borexino Phases

From May 15% 2007 to October 3" 2021

|
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Calibrations

Water Extraction

Thermal Insulation

Phase-ll

New data
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Solar neutrino results
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Implications of Borexino results

Neutrino energy (MeV)

P_. survival probability with Borexino data only!

- = _ R
— o _;
Z_ Be _:
- ! pep Vacuum-LMA -
i_ { 8B i
= Probing the MSW-LMA =
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- i L .
1 10
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Precise measurement of the pp-
chain Flux. First CNO detection.

Solar Standard Model

Low metallicity disfavored at 2.1 ¢
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Counts / (day x 100 ton x keV)

10”"

1072

—_—
1
«w

10

The CNO Strategy

Borexino spectrum after all data selection criteria

L I WL LA
Region of interest for the CNO.

v(pep)

External backgrounds]

=

500 1000 a0
Energy [keV]
Strategy:

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

|
I

CNO <> pep <> #°Bi correlation

&
S




The 2'°Bj constraint

~ ~ THERMAL INSULATION
210py, & J 2103; & J 210p,, @, 206py, PROGRAM
22.3 years 5 days 138.4 days
2014: temperature
Warm air pr,Obes ) .
from room Mid-2015: insulation
ventilation start
bl Late 2015: water
ROREAT recirculation system
Water Tank shut down
2016: active temperature
Diffusion: control system (ATCS)
Very slow : Early 2019: change of
D~ 10?m?/s (e the ATCS set point
(diffusion coefficient) Convection: Late 2019: Hall C- ACTS

20pg from the outer  ldea: vertical gradient

. 19
regions



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
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Cube Label

Effects on 2'°Po migration
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The Low Polonium Field

Bi < (11.5 £ 1.0) cpd/100t (stat + sys) - Systematic uncertainty (uniformity): 0.8 cpd/100

Final constraint: 2°Bi < (11.5 + 1.3) cpd/100t
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Main ingredients in the multivariate spectral analysis:

A) pep 1.4%
Gaussian penalty

B) 2'Bi 11%
Semi-Gaussian penalty

: - Fit without systematics
i f —— Fit with systematics

: i HZ-SSM 68% Gl

| LZ-SSM 68% ClI
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Result (68% CL stat + sys) =
1.2 %" cpd/100t
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Recent results: Directionality

o ] —&— Phase-I data: 19904 events First demonstration of
2 2200:— Best fit: 8643 solar neutrino eventsil+ directional measurement of
& 21000 —— B background MC sub-MeV solar neutrinos in a
S liquid scintillator detector with
5 2000#1% { J Borexino
5 laas
e - | x
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perihelion

Recent results: Eccentricity
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GLS Power Spectra

Earth’s orbit parameters
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All frequencies
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very much!

world

TOP10

BREAKTHROUGH

G. & V. Cocconi
Prize
2021 - EPS

Pontecorvo Prize Fermi Prize
2015 G. Bellini 2017 G. Bellini

Theinternational journal of science / 26 November 2020

Neutrino detectbr secures evidence ewdence «
of the Sun’s secondary fusien cycle

Howlceland Research and invest The effeet of nbise
subdued COVID:19 in contraceptivesthat - and light pollutionon
with science meetwomen’s needs US bird populations 70025708309

Coronavirus Family planning Environment | I |
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