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* Introduction to Solar neutrinos
 The Borexino Experiment
* Challenges and Analysis Strategy

 Final Results
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Solar Neutrinos
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Energy Spectrum of Solar Neutrinos

Fluxes as predicted by the Standard Solar
Model [error on theoretical predictions]

102 pp [£0.6%]
) 1010 'Be [+6%]

pep [£1%)]

8B [+12%)]

10°

||||]||1 ||||l]|| [

Solar neutrino flux (c

hep [+30%]

10° 1 10
Neutrino energy (MGV) N. Vinyoles et al. Astrop. J 836 (2017) 202
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CNO-cycle vs pp chain

10 E | | T | | | ] A 7]
di . CN eyele 1 CNO fusion cycle dominant in
°r 4 massive stars,

AN 1 Having higher temperature

S [ 1 in their cores.

% pp-chain

7 1 Sub-dominant process in Sun.
2T 1 Contributes <1% to solar energy
i R BT B | | | I l 4 1

1 2 3 4 5 6 7 8 9 10

T (10’ K)

Haxton & Serenelli: The
Astrophysical J. 687 (2008) 678
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Why to study CNO Solar Neutrinos?

Proof of energy production via the CNO cycle in Sun and in stars where it is the
dominant process for the conversion of hydrogen to helium.

Metallicity (ZIX) in Sun’s core Fractional sound speed difference as a function of radius

2 .
« Z =abundance of elements heavier thanHand g = . B16-GS98 ]
He g 90010 ___ B16-AGSS09met ]
X = abundance of H and He % =
= & .
* High metallicity (HZ) SSM: B16 SSM with older & 10005"
GS98 metallicity input, ZIX = 0.0229 2 =
Low metallicity (LZ) SSM: B16 SSM with newer < < |
AGSS09 metallicity input, Z/X = 0.0178 0.000¢
Species HZ-Flux (cm2s?) LZ-Flux (cm2s?) Relative R S T S
difference(%) 0.0 0.2 0.4 0.6 0.8
Radial distance/ solar radius
op 5.98(1 + 0.006)x10%° | 6.03(1 + 0.005) x10%° 08
pep | 144(1x001L)x10° | 1.46(1+0.009) x10° -1.4 LZ SSM Predictions disagree
Be 4.93(1 + 0.06) x10° 4.50(1 + 0.06) x10° 8.9 with helioseismological data
5B 5.46(1 + 0.12) x10° 4.50(1 + 0.12) x10° 176
13\ 2.78(1 + 0.15) x108 2.04(1 + 0.14) x108 26.6
150 2.05(1 £ 0.17) x108 1.44(1 £ 0.16) x108 29.7 N. Vinyoles et al. Astrop. J 836 (2017) 202
17E 5.29(1 + 0.20) x10° 3.26(1 +0.18) x10° 38.3 L6
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The Borexino Detector

Stainless Steel Sphere

' 4

« Located in Laboratori Nazionali del
Gran Sasso (LNGS), Italy.

« The most radio-pure liquid
scintillator detector in the world.

« ~280 tons of liquid scintillator

Nylon Vessels

Internal PMTs Ti s ¥ : 53\’?4 ‘

SraneEanne, "-;_*‘-: 8 . C(lbzlﬁnic Muon flux suppression by
. « Effective Light Yield: 500
: . . photoelectrons/MeV with ~2000
L e 123, AL R o « Energy resolution: 5% @ 1 MeV
N\ G AR L RRE RSSSSS,  « Position resolution: 10cm @ 1 MeV
oy i * Pulse shape discrimination methods
""" ot available (e/e*,a/B)
. | « Calibration with radioactive sources.
r 1 I ‘ ‘

Iy : T .- ' ) 4
- Muon PMTs
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Detection Principle

Neutrinos detected via elastic
scattering off electrons >

=

+
y
®

* No threshold
 All flavours of neutrinos detected (cross section for v, ~6x higher)

 Even mono-energetic neutrinos — continuous spectrum with a Compton-like
edge.
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Borexino Timeline

Purification

Thermal
Insulation

Sept 2021
(End)

o

1 |
:‘ Phase 2 : + Phase 3 ’:

2012 2015 2016

2020

Phase-1:

First observation of the
solar

* 7Be neutrino

* pep neutrino

* 8B (>3 MeV)

RWTH

Phase-2:

First observation of the solar
pp neutrinos, Nature 512
(2014) 383-386

pp-chain spectroscopy,
Nature 562 (2018) 505-510.
(pp (10.5%), 'Be (2.7%), pep
(>50, 17%), B (3 MeV
threshold, 8%), First
Borexino limit on hep
neutrinos)

Phase-3:

Experimental Evidence of
neutrinos produced in the
CNO fusion cycle in the Sun,
Nature 587 (2020) 577-58

oo
THERAYS -

Neutrinodetector seclires evidence
ofthe Sun's secondary fusioncycle '«
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Solar Neutrino Analysis Strategy

* Neutrino signal indistinguishable from B/y
radioactivity.

Borexino raw spectrum
7 Muon cut
And Fiducial Volume cut

Number of events
o

« Selection Cuts are applied to data to reduce
contribution from backgrounds.

» Perform spectral fit using Monte Carlo
simulations derived Probability Density
Functions (PDFs) exploiting difference in the

energy spectra of all detected species 0705 505 306" 406 00 600 700 800 o T

‘ Interaction rate of each species (neutrino + residual backgrounds)

Borexino Monte Carlo:

» Geant4 based,;

 Full simulation of all processes: event generation, energy deposition, light production
(scintillation and Cherenkov), propagation and collection;

 All known material properties included,;

» Time variations of the detector channels included.

RWTH IJ JULICH
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Main Backgrounds

Internal backgrounds : #°U,*?Th negligible (~10” g/g), *C
85Kr, 210Bi, 2 OPO

1 2 3
“+I1c_..n+llc+u

236|us
29.4 |min

Cosmogenic backgrounds: ''C

~

NC—''B + e* + v,

—— n+p — D+ Yy (2.2 MeV)

External backgrounds: 2*Tl, #“Bi, “K

!

Three Fold Coincidence
(TFC) algorithm

Exponential R<2.8m,-1.8m<z<2.2m
Radial Mass of 71.3 tons
Dependence
RWTHAACHEN 9 JULICH
Forschungszentrum
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Events per day x 100 t x N\,

Borexino Phase-Il results

Species [c:?;g%ﬂt] Flux [ems7] Spectl‘OSCOPY of all pp-cyCIe
oD 134210°% ., 6.1£0.503 55 1010 neutrinos in Phase-2.

2.65t0.360'15_0_24 (LZ) 1 39i01 g+0'08_0‘13 XlUB

"Be | 483211904, | 4.9920 11°0%, , x10° Limit on CNO cycle neutrinos.
88 |0.223%0015,,.+0.006 | 5.6803%,,, £0.03x10° No detection of CNO neutrinos yet.
CNO | <81(9%%CL) |<79x10°95%C.L)
hep < 0.002 <2.2x10° —
(90 % C.L.) (90 % C. L.) ]
5.6 x10°F SSM-HZ T
Nh
100 200 300 400 500 600 700 800 900 . TS )
L I LI I T 1T [ T | LI I | '| T rrr I T 1T I L I T 1:—‘-‘ 5-0 « 109 N GLOBAL ’::2/ . "',’{ i
10 —_ 140 __1ig c;’ = ]
PP 210pg  ---Pile-up = .
210Bi R External background E I // BOI’eXmO ‘
1 Be  —%Kr 8 45x10° ]
— Total fit: P = 0.7 =) I ) y ]
107 CNO pep 8g 1
T—1_ 40x10°F  SSM-LZ -
£ .H\-H\" - o
10—2 Fiaa a | — . . N I N . . N ] N . . . ] N . . P
L eeed 3 x 108 4 % 108 5x 108 6 x 108 7 x 108
i kI ;
; EEER Y yl! @, (cm2s1
103 T N L e .
B ' e Indication towards HZ-SSM predictions
500 1,000 1,500 2,000 2,500
Energy (keV)

Comprehensive measurement of pp-
chain solar neutrinos (Nature 562, 505-
510 (2018))
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Challenge in CNO detection

Borexino Data : Phase 3 (July 2016-February 2020), Exposure 1072 days * 71.3 tons

10k ) __CNO v * Low rate of CNO neutrinos
~ E . —Pep v « No prominent spectral feature
z* F/ 1\ Borexinoblata — "B » Correlation with other species
S E%o \ - .
%o - . "-"mw W‘tﬂfﬁmwm&%ﬁw iy
S10E «. ”Wﬁ i b
© F .ﬁr}ﬁﬂl’ ) If all 3 species are left unconstrained,
2102F C Peak spectral fit is sensitive only to the
2 sum of the three rates.
10° =
—— 200600 8007000 1200 7400 7600" .
Energy (keV) Constraining pep-v rate to 1.4%
P precision level:
| e constraint based on solar luminosity
Spectral correlation of CNO, pep . Glob_al analysis solar neutrino
v signal and 2°Bi decay due to experimental data excluding Phase-3.
spectral degeneracy
pep-v rate = 2.74% 0.04 cpd/100ton
RWTH Egrr)g:s/t/rccl)c:?oergﬁo.1007/JHEP03(2016)19 :!rgul:g!zgrt!



210Bj Constraint

Constraining #°Bi through its daughter nuclei #°Po

210pp, £, 1og; P 210p, _*, 206pp (stable)
223 yr 5d 138.4d
« Source of ?1°Bj « Gaussian peak spectral shape
« Below analysis threshold * Decay via emitting a
(end point energy: 63.5keV) » Event by event identification through
MLP o/ pulse shape discrimination
e

Y
i

N'“'-W‘.\lw fl"u(

1UleNh)

P
; ..A‘M"’M ."'N""iu;%

In secular equilibrium, 21°Bj
and #°Po rates are equal.

107!

-
[=]
"

Events / ( day x

s
(=
e

I S | P
1200 1400 1600

9

| P RN T R [
400 600 800 1000
Energy (keV)
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210Bj Constraint: Challenge

Fiducial
Volume

Inner Vessel
(?*°Po contaminated)

NORTH

TEMPORAL
EVOLUTION OF 210-
POLONIUM RATE

y

SOUTH

« Temperature variation due to seasonal effects causing
convective currents and brings #°Po from nylon vessel
surface to fiducial volume.

« Secular equilibrium is broken.

« Two contributions for #°Po:

219Po from #1°Bi decay and #°Po from vessel.

R
15

—_
>
0]

14.6
14.4

™ b A " 14.2
i IV
R

A
™
R, 5

o
1

0 1 1 1 \ ‘ 1 1 Il ‘ I L 1 I\ I L 14
'013/04/24 2014/09/20 2016/02/16 2017/07/14 2018/12/10 2020/05/07

Date [day]
Phase-2 Phase-3

Seasonal effects ‘ ‘

140

120

21%p5 Rate [cpd/100t]

100

Average Temperature [OC]
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2108 Constraint: Solution

Thermally stabilise the detector

Thermal insulation of detector
using mineral wool (Dec 2015)

Achievement of excellent

temperature stability due to stable
vertical gradient of AT/Az >0 .

=
~

WT probes

Effort of over 6 years

Temperature
monitoring probes
and active
temperature control

2 - Water Loop turn

1 - Beginning of the Insulation
ing OFF
3 - Completion of the Insulation 6 - Start of Hall C TCS

4 - Start of ATCS
5 - Change of ATCS set-points

Temperature (°C)
= = = =
w k=] wv o
| f |

iy
~N

=
-

iy
(=}

1.1 131
lllz 314

L)

W e

— N1
— sl
—— N2

52

N3
H S3
: — N4
I — 54
1 — N5
: S5
1 — N6
. — 56
! — N7
— 57

Jan-2015

Jan-2016 J

n-2017

Jan-2018 Jan- 2019 Jan 2020
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Low Polonium Field

Identifying low *'° Po rate region to get the *°Bi constraint

dZR 210PO 2 (Z—Z )2
d(F()z)dZ ) :(R (210P0min)*eﬁa*eﬁE+ﬁleak>*[1+ 22 + b2 - ]
Low Polonium Field (LPoF) L _
~ 20 tons (Black Grid) Efficiency Residual B events

due to cuts  In aregion

Blind alignment of data

corrected Po-210 rate [cpd/100t]

p? = X2+ y¥m?]

More details in talk by L. Pelicci: Strategy and data analysis for the discovery of
CNO neutrinos in Borexino

RWTH R(2“Bi)<R(**Po__ )=R(**Bi)+R(*°Po

9 JULICH
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Upper limit on %1°Bj

Low Polonium field region (20 tons) < Fiducial Volume (71.3 tons)

To assume R(*“Bi_ ) = R(*’Bi uniform distribution of ?1°Bi should be proven.

LPoF)’

— 42 Mollweide Projection —— White Noise
. ) = L 70t 20
Analyzing spatial S 4ol =) —
distribution of p events & | } } { -
in energy range where = g st - )
relative #°Bi contribution= "} ! —rﬁ'i Sl —p——
is maximal. 4E S
32:_ B 26 C.L. band -
 |—— 1o C.L. band
Rate variations are 30[- |+~ Data 10}
attributed to *'°Bi 280_,F‘|,,,. g
. 01 02 03 04 05 06 0.7 08 0.9 1 : . : ; . : .
events (flc;nservatwe i o S e o 1 e o s
approac
Radial distribution Angular distribution

R(**Bi,) is homogeneous within error of 0.78cpd/100 t.

Considering all other systematics, R(*'°Bi) <= (11.5+1.3) cpd/100 tons

RWTH g JULICH
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Multivariate Spectral Fit

TFC- 1C subtracted energy spectrum

_11
TFC- “'C tagged energy spectrum Radial Distribution

T | 3\WJ+ ?l B
glrTim 'W'l i# i m W | wll il s
LI MW Y i W‘Jﬁmﬂ”ﬂ’ﬂ A |”|'}||W|N||W|W :

S e N .

Maximisation of Ltotal (e) - LTFC-sub (G)LTFC-tagged (_é)Lradial (é))
Fit in energy range (320keV - 2640keV) with pep-v rate and 2'°Bi rate constraints
pep-v rate: 2.74% 0.04 cpd/100ton, 219Bj rate < 11.5 + 1.3 cpd/100ton
Rate of other species are left free.
T Best fit CNO-v rate = 7.2cpd/100ton

IJ JULICH
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Systematics Evaluation

Fit Configuration C spgctrum “*Bi decay Detector response
g deformation due to Spectrum shape P
noise cuts
Negligible Vary detector response

parameters within range
allowed by calibration

* Energy scale (0.23%)
* non-uniformity (0.28%)
* non-linearity (0.4%)

Nominal Model

Compare output
CNO distributions

Distorted datasets

Total systematic error: **° __cpd/100 tons.

RWTH 9 JULICH
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Results

40
----- Fit without systematics |
. _ 0.06
35¢t —— Fit with systematics
HZ-SSM 68% CI
30 LZ-SSM 68% ClI 10-05

Borexino 68% CI

1 Counting analysis

25§ 10.04

20t
10.03

-2AInL

15t

Counting PDF

10.02

20.01

0.00
14

8
e (cpd per 100 1)

HZ-SSM = (4.92+0.78)
cpd/100t

D ' 6 10
'/ CNO-v ra

LZ-SSM = (3.52+0.52)
cpd/100t

CNO rate with sys = 7.2**° _counts/day/100 ton. _
' Borexino (‘Be + 2B + CNO)

©(CNO with sys) = 7.0 x 10° cm2 s disfavors LZ SSM @ 2.10 only

RWTH g JULICH
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Significance of CNO Detection

Null Hypothesis (no CNO) Test

10
. [ | expected @ 7.2 cpd/100t
1 q, (data) [ | stat+sys
B stat
£
10 — G
hi

fraction
S
w

—_
=
o

) i
10

llIIIIlIIIlllllllllllllllllllllllI

L
107010 20 30 40 50 60 70 80 90
q

Profile Likelihood ratio test statistics :

L(CNO=0)
L(CNO)

g=-2log

Generating ~14 million
“distorted” datasets with no
CNO injected and analysed as
regular data (i.e “distorted" datasets
are fitted with undeformed PDFs)

q, (data) = 30.05

No CNO hypothesis disfavored with = 50 significance at 99% CL

RWTH

g JULICH
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Events/(5N,)

200

Counting Analysis cross check

N,

300 400 500 " 600

700

800

900

TTTTT]

10°

102

1IIIJII| T TTTT

10

T T T T

= CNO-v "Be-v and 8Be-v
s DEP-V 11C
ROI .. 210g; External backgrounds

1

Other backgrounds

— Total fit: P value of 0.3

I

500

RWTH

1,000

1,500

2,000

Energy (keV)
Specie (S;) Events

N 823 4+ 28.7
210p; 261+ 29.6
v(pep) 171.7+ 2.4
v(Be) 86.8 + 2.6
e 57.9+5.8

Others 15.6 +=1.6
>iSi 593.5 +30.4

N—>.S 22951418

2,500

Choose an energy Region of Interest (ROI)
(780-885 keV) where the expected discovery
significance of CNO neutrinos is maximized.

Count the events in ROI

Subtract all identified background events, which
are estimated based on independent constraints
(pep v and 2!°Bi) and analytical response model.

Detector response systematics accounted

varying the fraction of events inside the ROI for
each component.

R(CNO) =5.6 + 1.6 cpd/100 t
3.50 significance

Confirmation of signal detection

g JULICH
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Summary

* Borexino has detected neutrinos from the CNO cycle in the Sun with a
significance of 50.

« Borexino has proved experimentally, for the first time, the existence of the
catalyzed hydrogen fusion mechanism, proposed in the 1930s by Bethe and
Weiszicker.

European Physical Society
PRIZE

The 2021 Giuseppe and Vanna Cocconi Prize

for an outstanding contribution to Particle Astrophysics and Cosmology
is awarded to the

Borexino Collaboration

for their ground-breaking observation of solar neutrinos from the pp chain and CNO cycle
that provided unique and comprehensive tests of the Sun as a nuclear fusion engine.

p“;‘:: Al \
¢ )

Luc Bergé pS " / Thomas Gehrmann

T ~
72 P Y
%/ J< 7/
President Chair
European Physical Society EPS High Energy and Particle Physics Division

Mulhouse, France, 26 July 2021
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*1%Po spatial distribution fits

Paraboidal fit Paraboidal along x-y + Cubic spline along z

Z
1.00 0.75 0.50 0.25 0.00-0,25-0,50-0,75-1,00

120
110
100

90
80
70
60 120
110
=0 100
90
80
70
60
-0.6 -0.4
04-02 09 02 01 gp
Complex structure along the z axis are accounted
with a spline model within a Bayesian framework
Paraboidal fit
120 Paraboidal along x-y + Cubic
Toy MC validation: B pneeones
Datasets of 2 years livetime each with B
supported and convective *10Po o
60
No negative bias in both methods — ©
conservative 210Bi upper limit — =
no false enhancement of CNO rate

= | 0 1 2 3 4 5
Rmin difference (Extracted - Injected) [cpd/ 100t]

Rmin(de/100t) | Oft ‘ Omass | Obinning | 0 2108 homog. | O3 leak | O Total

1.5 1088|036 | 031 | 078 | 030 | 13 .
RWTH - § JULICH
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L PoF with time

Low Polonium Field (LPoF) at around 80cm above equator, but it moves over time

corrected Po-210 rate [cpd/100t]

2017 2018 2019 2020
Time

Reconstructed central position of LPoF over
time for different methods

RWTH g JULICH
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Simulation of “1°Bi uniformity

Initial conditions 12 days 1 month

3 months 6 months 1 year '

Evolution of an initial non uniform 210Bi distribution pre-insulation and with the
experimental temperature distributions at that time - uniformity reached in 1 year in the
entire inner vessel

RWTH g JULICH
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Correlation plot for the rates of pep,
CNO neutrinos and 21°Bi decay.

Rate (cpd/100 t)

v(pep)

20 0 20

v(CNO)

v(CNQ)

"0 2040 0 5 -20 0 20
"Cqy ?10g; v(pep)

Rate (cpd/100 t)

M. Agostini et al. (Borexino Collaboration), "Simultaneous Precision Spectroscopy of
pp, 7Be, and pep Solar Neutrinos with Borexino Phase-II", arXiv:1707.09279. Physical
Review D 100 (2019) p. 082004

RWTH g JULICH
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