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Outline

Partl

Solar Neutrinos & the role of Borexino

» Neutrino physics
» The Standard Solar Model
» A brief history of Solar Neutrino experiments

» The Borexino Experiment

Partlll
The Search for CNO neutrinos in Borexino
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Solar Neutrinos

Neutrino Physics (in a nutshell)

A sketch of neutrinos

(=)}
» Hypothesized in1930 (Pauli) g
. . . o
Discovered in 1954 (Cowan & Reines) a
» Subject to weak interaction only o
—» tiny cross sections g
» Still alot of unknowns ’
12 fermions 5 bosons
increasing mass — (+1 opposite charge W)
Neutrino sources
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Solar Neutrinos
000

The Standard Solar Model

The Sun as we know it

Internal structure:
core

radiative zone Subsurface flows » To = 4.6 X 109 years
convection zone.
Photosphere > M@ = 1.9885 X 1030 kg
A ! 4 > Re = 696342 km
rro . : Rl > Conductive/Convective transition
- at~ 0.71Rg,
5 > T = 5778 K
Coronal Hole : . Tc®0re =1.57 X 107 K
— Chromosphere

e

Corona

The Sun is a benchmark for all Stellar Evolution Models
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Solar Neutrinos
(o] le}
The Standard Solar Model

Energy production in the Sun

Hydrogen burning: 4p — [- - -] — *He + 21, + 26.73 MeV

The CNO cycle

The pp chain

RS SLEIaEY - IETRETE

99.76% 0.24%
|—)ZH+p—> 3He+7<J
H

2.5 x 10 °%!
|

Y

*He + He — *He +2p 3He + *He — "Be + v :_hePl’]I
99.89% 011%

Be + e~ — 'Li+ PR Be+p — B+
v
Nitp—onet B — "B + ot Y

v

8Be — 2*He
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Solar Neutrinos
(o] le}

The Standard Solar Model

Energy production in the Sun

Hydrogen burning: 4p — [-- -] — *He + 2v, + 26.73 MeV

The pp chain eCNOcycle

RS SLEIaEY - IETRETE (r.7) (c,p)

99.76% 2 0.24%
|—> H+p — He + v <J
H

2.5 x 10 °%!
|

_y_
*He + He — *He +2p 3He + *He — "Be + v :_hEPV]I
99.89% 011%

Be+e” — li+ P2 7Betp— B4~y

v v 99.9% 01%
Nitp—onet B — "B + ot Y
v

8Be — 2*He
Depends on

» Elementlocal density

Reaction Rate Rpg = ) AB .
14 048 < > » Cross section
» Local Temperature
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Solar Neutrinos
[ele] J

The Standard Solar Model

The Standard Solar Model (SSM)

Bahcall, Pinsonneault, Pefia-Garay, Basu, Haxton, Serenelli, Vinyoles, ...
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Solar Neutrinos
[ele] J
The Standar odel

T Sadard Solar Model (SSM)

Bahcall, Pinsonneault, Pefia-Garay, Basu, Haxton, Serenelli, Vinyoles, ...

Input parameters
emEEEEEEEmm=a
1 Protostellar cloud =
" . .
: M, Y, Zi . » HydrogenfractionX; » Metal fraction Z;

Qe EEEEEEEE. P

» Mass » Helium fraction Y;
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Solar Neutrinos
[ele] J

The Standard Solar Model

The Standard Solar Model (SSM)

Bahcall, Pinsonneault, Pefia-Garay, Basu, Haxton, Serenelli, Vinyoles, ...

D

\S /Q

\e’b' S,
\>_(,. - EmEEEEE D, Q

W NS\CS + Protostellar cloud : /’—VS/CS
¢ : M, Y, Z; '

Input parameters
» Mass » Helium fraction Y;

» HydrogenfractionX; » Metal fraction Z;

Qe EEEEEEEE. P

Rogy

Physical phenomena

Q; 00
Oﬁe e 2

i\
C/‘lj/ N

[\

awn

» Gravitation » Nuclear Physics
» Plasma Physics » Radiative Opacity
Assumptions

» Hydrostatic equilibrium
» Energy produced onlyvia pp-Chainand CNO cycle

» Energy is transported via conduction up tor <
0.71R(», after that convection takes place
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Solar Neutrinos
[ele] J

The Standard Solar Model

The Standard Solar Model (SSM)

Bahcall, Pinsonneault, Pefia-Garay, Basu, Haxton, Serenelli, Vinyoles, ...

S py. Input parameters
$\>(,\?'. 5 brotostellar coud » 7 72 > Mass » Helium fractionY;
QWS\C v Protostellar cloud = /e i
| ] "
L]

M, Y, Zi ¥ » HydrogenfractionX; » Metal fraction Z;

Qe EEEEEEEE. P

Physical phenomena

» Gravitation » Nuclear Physics
4, . o .
o/ <o | » Plasma Physics » Radiative Opaci
O,Oe /Qm/@ " 200 y! pacity
(o7 =N G\ Assumptions
v 3
® » Hydrostatic equilibrium
» Energy produced onlyvia pp-Chainand CNO cycle
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Solar Neutrinos
[ele] J

The Standard Solar Model

The Standard Solar Model (SSM)

Bahcall, Pinsonneault, Pefia-Garay, Basu, Haxton, Serenelli, Vinyoles, ...

A Input parameters
\}('\e’b'( EEEEEEEEEEE. p/sa p p . .
) \(\Aé\c’ .‘ Protostellar cloud = /]ysl'cs » Mass » Helium fractionY;
N : M, Y, Z : » HydrogenfractionX; » Metal fraction Z;
AaEsEsEsEsEsEsEEEEn P
Physical phenomena
» Gravitation » Nuclear Physics
;390290}/ N 3{\0(\ » Plasma Physics » Radiative Opacity
0‘90/‘1:,/ € g (,("’\1 Assumptions
® » Hydrostatic equilibrium
» Energy produced onlyvia pp-Chainand CNO cycle
q,o\“'?dary » Energy is transported via Fonductlon uptor <
aditio 0.71R, after that convection takes place
L= =K
A <
K AR SSM Predictions
| ' Complete snapshot of the Sun
1
‘\ ’/I » Helioseismology (sound speed profile)
PN -
©, == © » Solar Neutrino Fluxes
o, 10"
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Solar Neutrinos
O

Solar neutrinos

Neutrino oscillation

Neutrino produced in the Sun in pure electron flavour

Flavour Mass
eigenstates eigenstates

) # ) ——
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Solar Neutrinos
O

Solar neutrinos

Neutrino oscillation

Neutrino produced in the Sun in pure electron flavour

Flavour Mass
eigenstates eigenstates

) # ) ——

PMNS Mixing Matrix

—is
3angles 015, 023, 013 1 0 0 a3 0 sse 2 Sz O
1complex phase § u=1o e = o 1 0 —s2 Gz O
plexp 0 —S3 3 —sze” 0 0 o3 0 o 1
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Solar Neutrinos
O

Solar neutrinos

Neutrino oscillation

PMNS Mixing Matrix
3angles 6, 0,3, 013
1complex phase §

Neutrino produced in the Sun in pure electron flavour

Flavour
eigenstates

Mass
eigenstates

) # ) ——

0 0 a3
0 C23 S23 0
0 —sS;3 3 —size

Different v; masses — Flavour Oscillation

P(ve — 1) =1 — sin” 20 sin” <1.z7
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Solar Neutrinos
oe

Solar neutrinos

Impact of matter on neutrino oscillation

Presence of matter (electrons) = Interaction Potential

Affects differently v, (CC+ NCinteraction) and v/, - (NConly)

—~ 0.8 T ]
< 1
. . T matter]
Interaction potential V(x) = v/2Gene(x) = 0-7Facuum oscillation effect]
S o steet:
Modifies oscillation parameters 0.6
bringing an energy dependence 05

Amy = \/(Am? cos 20 — 2EV)? + (Am? sin 20)? 0.4
sin 20 = Am” sin 20/ Amjy, 03
0.2 el
10" 1 10
Neutrino energy (MeV)

T T T T T T

Studied by Wolfenstein (1978), Mikheyev and Smirnow (1986)
MSW effect
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Solar Neutrinos
L 1]

Solar v history

Measurements of Solar Neutrinos

Expectation from the SSM: L(pp-chain) ~ 99% -L(CNO cycle) ~ 1%

102 7 — T T T T T T T 1]

Energy (MeV)
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Solar Neutrinos
L 1]

Solar v history

Measurements of Solar Neutrinos

Chlorine - Homestake Expectation from the SSM: L(pp-chain) ~ 99% -L(CNO cycle) ~ 1%
(1967-1994)
37 37 _ ‘IO‘IZ%\ T \\\\\\‘ T T \\\\\\‘ —
ve + 70— TArte = —"" Chlorine (Homestake)
5
2]
=
TV)
1
5
I CNO 5
B pep =
Il "Be
M °B
Theory Exp. Energy (MeV)
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Solar Neutrinos
L 1]

Solar v history

Measurements of Solar Neutrinos

Gallium - Gallex/GNO Expectation from the SSM: L(pp-chain) ~ 99% -L(CNO cycle) ~ 1%
(1991-2003) .
_ 10 T T T T T 1T ‘ T T T T T 1T ‘ —]
ve + Tlca — TGe + ¢ = —""" Chlorine (Homestake)
N T gallium (GALLEX - SAGE)
3
=
TV)
1
- CNO E
I cB 5
H "Be =
B vey
[

Theory Exp. Energy (MeV)
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Solar Neutrinos
L 1]

Solar v history

Measurements of Solar Neutrinos

Gallium - Gallex/GNO Expectation from the SSM: L(pp-chain) ~ 99% - L(CNO cycle) ~ 1%
(1991-2003)

ve + 'Ga — MGe + e

_ 1012 | E— T T T T 1T ‘ T T T T T 1T ‘
——\ PP Chlorine (Homestake)
gallium (GALLEX - SAGE)

- CNOI

I cB

H "Be H )

I pep 10 \]
. vy 10° 10

Theory Exp. Energy (MeV)
Super-Kamiokande
(1996-running)
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Solar Neutrinos
L 1]

Solar v history

Measurements of Solar Neutrinos

Gallium - Gallex/GNO Expectation from the SSM: L(pp-chain) ~ 99% - L(CNO cycle) ~ 1%
(1991-2003)

ve + 'Ga — MGe + e

NN \>

s

T\n

9

I cNO E

[ 5

I 'Be w
B ver
v

Theory Exp.
Super-Kamiokande
(1996-running)

_ 1012 | E— T T T T 1T ‘ T T T T T 1T ‘
——\ PP Chlorine (Homestake)
gallium (GALLEX - SAGE)

Energy (MeV)
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Solar Neutrinos
L 1]

Solar v history

Measurements of Solar Neutrinos

Before Borexino After Borexino

Gallium - Gallex/GNO
(1991-2003)

ve + 'Ga — MGe + e~

- CNO
I B
I "Be H
Il ver
i vy

Theory Exp.
Super-Kamiokande
(1996-running)
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Solar Neutrinos
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Solar v history

Measurements of Solar Neutrinos

Before Borexino After Borexino

Gallium - Gallex/GNO
(1991-2003)

ve + 'Ga — MGe + e

Phasel Phasell
- 2008 2010 2012 2014

®(’Be){ 1@ % E +6%
1 SSM expect.
B CNO ¥ ; ; f ;
[
B 7B d(pep)+ s :H?EA’
expect.
B vey 1

12 1 1 : 1
Theory Exp. 1 §
Super-Kamiokande S(pp)+ +1%
(1996-running) 1 SSM expect.
2008 2010 2012 2014

D. Guffanti (GSSI & INFN-LNGS) ~ Measurement of pp-chain solar v and prospects for CNO v detection in Borexino LAquila, 26.07.2019 9/48



Solar Neutrinos
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Solar v history

Measurements of Solar Neutrinos

Before Borexino After Borexino
Gallium - Gallex/GNO
(1991-2003) Phasel Phasell

- 2008 2010 2012 2014

o(’Be) | @ % § +6%
T SSM expect.
. CNO £ : : : :
Il B
B 7B ®(per) | SSM exar?
xpect.
I ver 1

v

ve + 7Ga — 7'Ge +e

Theory Exp. il §
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Solar Neutrinos
oe

Solar v history

The Solar Metallicity puzzle

Improved measurement of element
abundances in the photosphere

Significant reduction in
Sun Metallicity
(A ~ 30%)

Low-Metallicty
Standard Solar Model

(LZ SSM)

LZ SSM predictions does not match helioseismology data

T T

— B16-GS98 (HZ)
0.010 ____ B16-AGSS09met (LZ)

Vinyoles et al.

0.005- 2017 ApJ 835 202

Why?

» Wrong metallicity?

» Wrong opacity calculations?

» Approximationsin the SSM?

0.000

0.0 0.2 0.4
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The Borexino Experiment

The Borexino Experiment

Borexino is an ultrapure liquid
scintillator experiment installed at 11400 m of rock 1
the Gran Sasso National Laboratories (3800 m.we.)

of the Italian National Institute of
Nuclear Physics

i"‘\ Scintillator
A2 pC + PPO (1.5g/1)
B8l 150 um tick nylon vessel

vx—e~ Elastic Scattering (270 tons, ¥ = 4.25m

Ux Vx Ve e

PR o .~

S Buffer region
&8 PC + DMP quencher
4.25m <r<6.75m

Water tank
~ and n shield
1 Cerenkov detector

e e"e”
> Light Yield 500 p.e./MeV Energy observables:
— AE/E ~ 5%/+/E[MeV] & Npme: Normalized number of fired PMTs
> Position reconstruction based on > Nj: Normalized number of reconstructed hits
time of flight
(T‘:gcnﬁesolution at1 Mev) > Np.e.: Normalized number of photoelectrons
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The Borexino Experiment

Expected signal (and background) in Borexino

1e

Expected interaction rate in Borexino

from ~ 130 counts/day/100 t for v/(pp)
to & 2.8 counts/day/100 t for v/(pep)

Counts / (day x 100 t x keV)

L L L
500 1000 1500

Energy (keV)
:; €14 (40Bq) Expected rates from
< perv(iEs) Borexino Phase I
Extreme low background requirements ®
Requirement Result Phase-I| 4‘-:’ e
Kr85(30) Cc11(26)
By 1x10 %g/g <95x10 ®g/g o s |
PTh  1x107g/g <s7x10%g/g o e
pep-v(2. .
7%po < 100cpd/100ton  ~ 50 cpd/100ton o)
210g; ~ 20 cpd/100ton 0
e 1x10 ®g/g ~2x10"%g/g S
10° 1 \

. L P
0.5 1.0 1.5 2.0 2.5

Energy (MeV)
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The Borexino Experiment [

Full Spectrum

Entries

0 200 400 600 800 1000 1200 1400

Energy (N f,dtl))
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The Borexino Experiment

Data selection

Full Spectrum

~ 4300 pu/day crossing ID

Entries

Removes p, p-induced nand

cosmogenics

{1 T W 1T 11| S 11T

0 200 400 600 800 1000 1200 1400
Energy (N gm))
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The Borexino Experiment

Data selection

§ L —TT T —TT T T ‘E Full SpeCtI’U.m
=

5 7

~ 4300 pu/day crossing ID

Removes p, p-induced nand

AT

cosmogenics

Fiducial Volume cut

Reduction of external and surface

background

0 200 400 600 800 1000 1200 1400
Energy (N gm))
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The Borexino Experiment

Data selection
'g T 1T4TC L L L L L L T E Fu” Spectrum
5 108 5
= E 3
w . 3
10
10° % ~ 4300 u/day crossing ID
s 3 Removes j, p-induced n and
10 g cosmogenics
10* el
Fiducial Volume cut
10° _
Reduction of external and surface
102 background
10 "IC suppression (TFC cut)
1 p—n pairs coincidences
+ space-time correlation with 3-like ev.

0 200 400 600 800 1000 1200 1400 1 Tic taggingefficiency 92 - 4%

Energy (N :)dtl)) > Residual livetime 64.3%
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Development of a new MV analysis
®0000

The Borexino data

Partll

Borexino Phase Il Analysis Methods, Results and Implications

Analysis Method

» Development of a new multivariate analysis

» Statistical sensitivity and model systematic uncertainties

Borexino Phase Il Results

» Determination of low-energy solar v interaction rate

Interpretation of the results

» Study of v, survival probability

» Impacton the Solar Metallicty Puzzle
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lopmentofan AV analysis

)O

The Borexino data analysis

. : .
1000 1500 2000

Energy (keV)
=

500
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Development of a new MV analysis
(o] lelele]

The Borexino data analysis

Data analysis concepts

Counts / (day x 100 t x keV)

560 1000 1500 2000 2500
Energy (keV)

Distance from the centre Pulse Shape Discrimination
Ext. y-ray background discrimination B /B~ discrimination

208. 214p:
Tl —Ext. “'Bi — Positrons

—Ext. K — Uniform — Electrons
— External y

D. Guffanti (GSSI & INFN-LNGS) Measurement of pp-chain solar v and prospects for CNO v~ detection in Borexino

B~ ev: std. scintillation

BT ev: prompt + 3 ns delayed
signal from ortho-positronium
decay.

Pos. Reco. likelihood as PSD




Development of a new MV analysis
[ofe] lele]

The Borexino data

Previous analysis Likelihood function
L£(6) = L35(8) x Lim(8) X Lraa(8) x Los(6)

Product of Poisson Likelihood of 1D histograms (approximate construction)
Known limitations

Ignores correlation between variables ‘ ‘ Hard-coded rigid structure

D. Guffanti (GSSI & INFI

GS)  Measurement of pp-chain solar v and prospects for CNO v detection in Borexino L'Aquila, 26.07.2019 16/48



Development of a new MV analysis
[ofe] lele]

The Borexino data

Previous analysis Likelihood function
L£(6) = L35(8) x Lim(8) X Lraa(8) x Los(6)

Product of Poisson Likelihood of 1D histograms (approximate construction)
Known limitations

Ignores correlation between variables ‘ ‘ Hard-coded rigid structure

I

» Multidimensional PDFs from MC simulation

» Simpler Likelihood definition
Ng,Ny,Nps
_ Aik(0) —x,0)
£(0) = 1:[ e
i.j k=0

» Keepsinto account correlation among variables
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Development of a new MV analysis
000e0o

The Borexino data analysis

Validation, Benchmarking and Performance

Validation

No bias found in the best fit estimate distributions.

Performed on an ensemble of pseudo-datasets. V

Benchmarking against the previous MC fit tool

bx-stats and the previous MC fit with the same settings of
the minimizer and same PDFs.

The same ensemble of pseudo-datasets analysed using V

Performance

» Increased flexibility
Easier to include additional variables and datasets

» Improved stability
fit results are more stable for components with low sensitivity

» Better computational performance
More efficient design led to 50 X improvementin time per min-
imizer call

Bpx-stats | Standard 7
2040.65 ms Fit E
15}t E
10} E
Il L Lob i L L L k|
% 571015 20 25 30 35 40 45 50

Time per call [ms]

D. Guffanti (GSSI & INFN-LNGS)  Measurement of pp-chain solar v and prospects for CNO v detection in Borexino LAquila, 26.07.2019 17/48



The Borexino data anal

Development of a new MV analysis
O000e

Iysis

PDF creation

Neutrino a
>

nd background events generated

Full MC simulation
+electronic chain
+data reconstruction

(GSSI & INFN-LNGS) Measurement of pp-chain solar v and prospects for CNO v detection in Borexi

LAquila, 26.07.2019
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Development of a new MV analysis
[efelele]

The Borexino data

PDF creation

Neutrino and background events generated

Full MC simulation
+electronic chain
+data reconstruction

—

Variable correlation

Multidimensional PDFs take into account second or-
der effects like the spatial dependence of the energy

response

D. Guffanti (GSSI & INFN-LNGS)  Measurement of pp-chain solar v and prospects for CNO v detection
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Development of a new MV analysis
[efelele]

The Borexino data

PDF creation

Neutrino and background events generated

< | Full MCsimulation
+electronic chain
+data reconstruction

Binning Optimization

Reduce the impact of statistical fluctuations
preserving physical information

» Radius: ¥ — /* (5 bins only)

» Energy: variable width binning
(scaling ox detector energy resolution)
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Development of a new MV analysis
@000

Borexino sensitivity and fit model systematics

Signatures of solar neutrinos in Borexino data

External background

Counts / (day x 100 T x keV)

2!
Energy (keV)

Analysis looses sensitivity when two or more components
have similar shape

Example: The 2'°Bi-CNO-pep triplet
CNO signal can be mimicked by the interplay of 2'°Bi and pep events.
< Strong correlation of the reconstructed pa-
rameters
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Development of a new MV analysis
(o] lele]

xino sensitivity and fit model systematics

Correlation studies

25 3

e (sub) Sensitivity studied from distribution of
maximum likelihood estimators obtained from simulated datasets

0 5 10

Clear correlation between CNO, #°Bi and pep

Kr
o

0 20 40

2100
Bi
N

@
8

ERIUICICN
o ho&er

v('Be)

Rate (cpd/100 t)
s
&

v(pep)

V(CNO)

|
o

Ext.ys

25 3 5 10 0 20 40 45 50 0 5 20 0 20 4R 3 4 5 6
C (sub) BKr 210g; v('Be) v(pep) V(CNO)
Rate (cpd/100 1)
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Development of a new MV analysis
(o] lele]

Borexino sensitivity and fit model systematics

Correlation studies

Rate (cpd/100 ton)

N
o

~

e (sub)
.
5

ke

210
Bi

Ext.ys

100 150 200

Sensitivity studied from distribution of
maximum likelihood estimators obtained from simulated datasets

2 25
e (sub) Clear correlation between CNO, 2'°Bi and pep
- s o External constraints break the correlation
; ; Kr and improve sensitivity
L s Implemented as Gaussian penalties to likelihood
H 210, . . . .
3 ' Reno constrained to HZ and LZ SSM predictions in
|
E order to measure Ry,
45 50
HE v('Be)
b b L1 2 3 4
H Vv(pep)
i 5 6 7 8
Ll . L . Ext. ys

100 150 200
v(pp)

2 250
1T (sub)

510101?520 45 50 1 2 3 4 56 7 8
ke i v('Be) v(pep)

Rate (cpd/1L00 ton)
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Development of a new MV analysis
[ole] o]

Borexino sensitivity and fit model systematics

Statistical Sensitivity

Nominal
Response Model

Statistical Uncertainty

- 2

PDFs of = Ofa

~

»  pseudo-dataset
0 10 20 30 40 50 60 70 80 90;00

D. Guffanti (GSSI & INFI
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Development of a new MV analysis
oooe

Borexino sensitivity and fit model systematics

Systematic uncertainties

Nominal
Response Model

T

Randomization of

1

1

1

1

| response
| parameters
1

1

¥

Systematic Uncertainty

2 _ 2 2
0% = Ogar + O

(Randomly) Modified
Response Model

)

h

0 10 20 30 40 50 60 70 80 90;00

Fit model systematic uncertainties

» Detector response non-linearity » PS—Lpr modelling

» Response uniformity along z » %'°Bispectral shape

D. Guffanti (GSSI & INFN-LNGS) ~ Measurement of pp-chain solar v and prospects for CNO v detection in Borexino
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Phase Il results
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Borexino Phase Il results

Borexino Phase Il Dataset and fit configuration

Dataset

T T T
Borexino Phase Il Exposure
(71.3t FV mass)

Boe e
S N 5
3 3 38
3 8 3

Exposure: 905 days X 100tons
(1291.51 days from Dec. 2011 to May 2016)

§
Fitrange: 0.19-2.93 MeV w00 < \S\\§§§\§\\\\\\ N\
\

Collected exposure (daysx100 t)
N @
5 2
g 8
2
Z
Z.

]
plovy 2012 2013 2014 2016 2016 2017 2018
o101 1231  12/31 1231 001 1231 12131 12131

Fit baseline configuration

Free parameter Constrained parameter
Parameter Parameter
U(pp) rate 1(CNO) rate ggfsvs‘zd onHZand LZ
v(pep) rate
1/(7Be) rate ¢ and “C-C co- based ”on “second
L cluster event
Background components incidences dataset

uffanti (GSSI & INFI
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Phase Il results
(o] lele]

Borexino Phase Il results

Energy (N,) 3 (m%) PS- L,
100 200 300 400 500 600 700 800 _ 900 5 10 15 20 25 3 4446 48 5 52 54
T T ; ; : : : :

s Energy projection __ 4| Radial projection = 10k Pulse shape projection

3 1 v(Be) TFC-subtracted dataset £ 35| TFC-sub. dataset F TFC-sub. dataset

x © — Uniform comp. o

ot V(CNO) —2%;i ¢ O3 3 <

Q.1 y Lo b=y — External comp. X

510 —¥C (sub) —*c 8 a5t E o

% He  —%kr bl S

z ---Pileup 290 (sub) > 2F El x

z

Z102 Ext. 2Bi -+ Ext. ‘K g ok

<10 150 E| s

8 - Ext 2T 3 < =
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810 8 sk 1 8 [—rositons
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8 gLe datmmodel [esse Mosoe Woos% gu.%@ g o5

500 1000 1500 2000 7500 0 5 10 1820 25 %0 P o s -
Energy (keV) ¥ (m*) PS-Ly
Energy (N,,)
100 200 300 400 500 600 700 800 900
T T T T

- Energy projection

§ 1 TFC-tagged dataset

x

S

S0t

X

> .

g0 Fit p-value = 0.5

g

2

3

0107 .. .

Analysis independently crosschecked with
T T ;

ge analytical and MC previous fit methods
E 5 5 .
E — Consistent results ¢/
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500 1000 1500 2000 2500
Energy (keV)
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v(pp)

— pprate =133.12 +12.77 (CNO HZ SSM)
— pp rate = 133.41+ 12.77 (CNO LZ SSM)

8
oL T T T T T T T T

Borexino: 134 &£ 10(stat) fﬁz(sys) cpd/100 ton

HZ Model: 131.0 £ 2.4 cpd/100 ton
LZ Model: 132.1 &+ 2.3 cpd/100 ton

-2 log A(pp)

10% accurac
Test of solar luminosity
Photon Luminosity =3.846(15) x10F er.

N
Q

Neutrino Luminosity ~ =3.9(4) x10® erg/s

b

-
q

Test of stability over a10° years time scale L ‘ ‘ Lo
055100116 126" 130140 156" 160 170 180

pp rate (cpd/100 t)
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v(pp)

— pprate =133.12 +12.77 (CNO HZ SSM)

Borexino: 134 &£ 10(stat) fﬁz(sys) cpd/100 ton
— pp rate =133.41£ 1277 (CNO LZ SSM)

HZ Model: 131.0 & 2.4 cpd/100 ton e A VA L A A AR
LZ Model: 132.1 =+ 2.3 cpd/100 ton s E
S 6 -
10% accurac R E
Test of solar luminosity 4
Photon Luminosity =3.846(15) x10% erg/s 3
Neutrino Luminosity ~ =3.9(4) x10® erg/s 2F
" . 1-
Test of stability over a10° years time scale E N T
055100116 126" 130140 156" 160 170 180
pp rate (cpd/100 t)
— 'Berate=48.11+ 1.13 (CNO HZ SSM)
— "Berate=48.13+1.13 (CNO LZ SSM) v (7 Be)
T 8Ty T T T T T
o E E . 0.4
i s E Borexino: 48.3 £+ 1.1(stat)+ 2 (sys) cpd/100 ton
S 6F 3
R E HZ Model: 47.8 £ 2.9 cpd/100 ton
7] S WY A 209 LZ Model: 43.7 £ 2.6 cpd/100 ton
& E 2.7% accuracy! Twice more precise than the SSMs!
2F E
ISR N A, ta g
OEH\HH\HH\HH\H \‘\\\\‘\\\\‘\\\\‘\\E
44 45 46 47 48 49 52

50 51
"Be rate (cpd/100 t)
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Borexino Phase Il results

Phase Il results
[elefe] ]

N,
300 400 500 600 700 800

- SN SRS .
~ 0-161] ‘v(Be) Inner region of FV (R < 2.4 m)
é 0.14f | Reduced ''C (PS-L, <4.8)
: 0.12f1 *. __210p;

5 ok b vpep) —MC(ab)
3 t + ! — Ext. K
% 0.08- + v(CNO)

Z 0.06F

% 0.04f* |

> E + +
w 0.02F R .

0750 1000 1250 1500 1750 2000 2250
Energy (keV)

D. Guffanti (GSSI & INFN-LNGS) ~ Measurement of pp-chain solar v and prospects for CNO v detection in Borexino

CNO and #'°Bi have a very similar spectral shape

< Correlation between /(CNO), v/(pep) and *'°Bi signal

v (pep)

CNO constrained according to SSMs (HZ & LZ)

Borexino (HZ CNO):
Borexino (LZ CNO):

2.43 + O.36(stat)f%?zsz(sys) cpd/100 ton

2.65 + 0.36(st.31t)fc(’,'.1254 (sys) cpd/100 ton

HZ Model:
LZ Model:

2.74 £ 0.05cpd/100 ton
2.78 £ 0.05cpd/100 ton

No-v/(pep) hypothesis rejected > 50 C.L.
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Borexino Phase Il results

N . . .
300 400 500 500 700 800 CNO and #'°Bi have a very similar spectral shape

_, 0.6 "V(Be) nner region of Fv (R <24m)| < Correlation between /(CNO), (pep) and “'°Bi signal
Z o14f Reduced ''C (PS-L, <4.8)

= F

X 012 * i * —210g; v (pep)

[ £

S ol * * v(pep) — :5151 (foué’) CNO constrained according to SSMs (HZ & LZ)

S E * i - EXL

% 0.08— + V(CNO) Borexino (HZCNO):  2.43 & 0.36(stat) T%% (sys) cpd/100 ton
S o006 Borexino (LZCNO):  2.65 & 0.36(stat) 1% (sys) cpd/100 ton
2 P

g 0% HZ Model: 2.74 £ 0.05 cpd/100 ton
0.0z LZ Model: 2.78 4 0.05 cpd/100 ton
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Energy (keV) No-v/(pep) hypothesis rejected > 50 C.L.

V(CNO) One-sided test statistics - 95% CL upper limi

ptp—H+e +|  pte +p— HH [P

Same nuclear matrix element — ®(pp) /P (pep) = fixed
Fit the spectrum constraining Ryy /Rpep

-3

-2log(Likelihood)
S
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2 4
HZ Model:  4.92 4 0.55 cpd/100 ton L =
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2 4 8

6 10
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Phase I re

Impact for Solarand v/ physics

Borexino Phase Il

Most accurate determination of low-energy solar neutrino to date

pp neutrinos: improved accuracy respect to previous Borexino results

"Be neutrinos: 2.7% precision, twice more accurate than SSM predictions

pep neutrinos: significance > 5o for the first time (constraining CNO rate)
CNO neutrinos: confirmed previous Borexino result, best upper limit available
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Phase Il results
@00

Impact for Solarand v physics

Borexino Phasell

Most accurate determination of low-energy solar neutrino to date

pp neutrinos: improved accuracy respect to previous Borexino results

"Be neutrinos: 2.7% precision, twice more accurate than SSM predictions

pep neutrinos: significance > 5¢ for the first time (constraining CNO rate)
CNO neutrinos: confirmed previous Borexino result, best upper limit available

_+ (independent) AR TG 1

— Comprehensive measurement of
pp-chain solar neutrinos

Nature, 562 (2018)
arXiv: 1707.09279 [physics.hep-ex]
arXiv: 1709.00756 [physics.hep-ex]

Sun asa v source v as messengers

{ {

neutrino oscillation Sun behaviour
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Phase Il results
oeo

Impact for Solarand v physics

v, survival probability

Survival probability throughout the solar v spectrum
studied by a single experiment

o ) REO _ My, , Frequentist hypothesis test
Ve = Ve) = —ccr— < 2 2
OMp, (o, — 0,,) t = x*(MSW) — x?*(vacuum)
~ 0.8 . R . = T T H T 7
3 OO ] matter 3 2 [ HzsSMfluxes i [lltrue MSW-LMA ]
t C vacuum regime enhanced 1 & E
= 0A7: P - _§ [l true vacuum Osc. E
o £ b = El
0.6 Vacuum-LMA w ;* *;
05 I
0.4 E : E
0.3 = E
FHZ SSM fluxes assumed MSW-LMA ] El
0.2 ‘ S
107 1 10 X2 ox2
Neutrino energy (MeV) mMsw  “vac

Assuming HZ SSM fluxes (favoured by helioseismology):
Absence of matter effect rejected at 98.2% C.L. (2.10)
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Impact for Solarand v/ physics

HZ SSM LZ SSM A (%)
®(7Be) (x10° cm~2s7) 4.93+0.30 450+0.27 -87
To(HZ) — To(LZ) =~ 19
o(H2) , o(L2) A’ (8B) (x10° cm~2s™) 5.464+0.66 4.50+0.54 -17.6
— Different neutrino fluxes

6.0 1

[ SSM: ]

[ E=HZ (68.27% C.1.) b

5.5 @17 (68.27% C..) b

vt ]

E 50 E

£ 50 ]

Tt ]

< as- b

& I 1

4.0- 3

SR S R R s

g (x10° cm2 57)
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Impact for Solarand v/ physics

HZ SSM LZ SSM A (%)
®(7Be) (x10° cm~2s7) 4.93+0.30 450+0.27 -87
To(HZ) — To(LZ) =~ 19
o(H2) , o(L2) A’ (8B) (x10° cm~2s™) 5.464+0.66 4.50+0.54 -17.6
— Different neutrino fluxes
Lo A A R s LA s A s B A LA AR L SRR AR AL AR
i [ SsSMm: ] 3
Borexino shows a weak preference o (68.27% C.) 1 <t Wirve HZ
for the HZ SSM 5.5 B 17 (68.27% C.L, 1 £t HtruelLz |
oo ] @
Frequentist hypothesis test % sof 1 E ]
o r 4
LZ rejected at 96.6% C.L. g 1 3 ]
48 B
o [ Borexino: ] b ]
& L B68.27% C.1|
4‘0:’ M 95.45% CH L E
b H99.73% C.1
355 s T I 5 S 5 65 T 75 po15105 0 5 ioae
g (x10° cm? 57 X2, " X2,
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Impact for Solarand v physics

HZ SSM LZ SSM A (%)
®(7Be) (x10° cm~2s7) 4.93+0.30 450+0.27 -87
To(HZ) — T (LZ) ~ 19
o(H2) , o(L2) A’ (8B) (x10° cm~2s™) 5.464+0.66 4.50+0.54 -17.6
— Different neutrino fluxes o)« 10° cm? s
(°B) (x 10° cm? )
. 35 4.5 5.5 6.5 7 7
Borexino shows a weak preference L
for the HZ SSM 1 / \\
&} [T\ - - - HZ SSM Prior
Frequentist hypothesis test g0 RN A — HZ SSM Posterior
LZ rejected at 96.6% C.L 0.4 A ',/'/\7’ \‘ 1S ---LZ SSM Prior
0 Lo 8 _- N q S — LZ SSM Posterior
Bayesian hypothesis test sgf I T R g
HZ favoured with Bayes factor K = 4.9 s6F . o
545 S * 4
g2 o @ z ;t\\ 25
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AN e el
%4. E 7 Sl 238 .s%
& gl A Loy a8
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Impact for Solarand v physics

HZ SSM LZ SSM A (%)
®(7Be) (x10° cm~2s7) 4.93+0.30 450+0.27 -87
To(HZ) — To(LZ) =~ 19
o(H2) , o(L2) A’ (8B) (x10° cm~2s™) 5.464+0.66 4.50+0.54 -17.6
— Different neutrino fluxes
Borexino shows a weak preference
for the HZ SSM
. Q7R
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Global Analysis: % [ ]
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Impact for Solarand v physics

HZ SSM LZSSM A (%)
_ 10 ®(7Be) (x10° cm~2s7) 4.93+0.30 450+0.27 -87
To(HZ) — To(L2) ~ 1% (8B) (x10° cm~2s™) 5.464+0.66 4.50+0.54 -17.6

< Different neutrino fluxes
®(CNO) (x108cm™2s™")  4.88+0.53  3.51+0.35 -28.1

Borexino shows a weak preference

for the HZ SSM
6.0 e
isth hesis test r Borexino: ]
Frquentlst ypothesis tes [ £26827%C. |
LZ rejected at 96.6% C.L. 550 ]
Bayesian hypothesis test %
HZ favoured with Bayes factor K = 4.9 E5.0- T
Global Analysis: % [ ]
Including all solar data o o]
+KamLAND reactor data e | Global Arlalyss. ]
Significance is reduced 4.0/ SSM: E=68.27%C.l. 3
EEHZ (68.27% C.1.) BB 95.45% C.I. ]

. [ EELZ (68.27% C.I.) [ 99.73% C.I.
CNO neutrinos 35u\mu\Mm\uu\\mhm\uuhm\uu\uu
. 25 3 35 4 45 5 55 6 65 7 75
can help solving the puzzle 5
D (x10° cm? 1)
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The importance of CNO neutrinos

CNO v in Borexino
®0

The Importance of CNO neutrinos

S 102 |- CNO-cycle
s
g1
S w
B 107" |-
8y
[
&

1074

0 10 20 30

Temperature (X 10° K)

Astrophysics

Contribution to the total solar power ~ 1%
BUT dominantenergy production mechanism
for heavier stars
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The importance of CNO neutrinos

CNO v in Borexino
®0

The Importance of CNO neutrinos

S 102 |- CNO-cycle
s
g1
S w
B 107" |-
8y
[
&

1074

0 10 20 30

Temperature (X 10° K)

Astrophysics

Contribution to the total solar power ~ 1%
BUT dominantenergy production mechanism
for heavier stars

The Solar Metallicity Problem

Ad)CNo(HZ — LZ) ~ 30%

pp-chain CNOcycle

®,(To(2)) beno(Te (2), (an, nc))

Indirect Z dependency + Direct Z dependency
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CNO v in Borexino
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The importance of CNO neutrinos

The Importance of CNO neutrinos

5 107 - CNO-cycle Astrophysics
gf; Contribution to the total solar power ~ 1%
S 107 BUT dominantenergy production mechanism
?5 for heavier stars
&
1074
0 10 20 30

Temperature (X 10° K)

The Solar Metallicity Problem

A¢CNO(HZ — LZ) ~ 30%

pp-chain CNOcycle
Py (To(2)) deno(To(2), (mnsne))

Indirect Z dependency + Direct Z dependency
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CNO v in Borexino
oe

The importance of CNO neutrinos

Partlil

Borexino is the only running experiment with the potential
to achieve a first measurement of CNO neutrinos

Borexino sensitivity

» Impact of background

» Detailed studied on the sensitivity of Borexino under different scenarios

Background assessment strategy

» Indirect measurement of '°Bi rate thanks to ?'°Po daughter
» Sources of unsupported “°Po

» Development of model independent method for supported *'°Po measurement
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CNO v in Borexino
@000

Borexino sensitivity to CNO neutrinos

ed by ?°Bi and v (pep) backgrou
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CNO v in Borexino
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Borexino sensitivity to CNO neutrinos

210p:
sen y ed by “°Biand v (pep) backgrou
~ - ~ -~ N,
Independent background assessment: Rg; = Ggi, Ryep = Gpep _ 20,320,340 360 380 400 420 440 460 480 500 520
o E . . f ‘210 -‘
. . i —— pep + CNO + 2°Bi
1Countmg Analysis g 1o  oNO (@1 epato0y
o o~ g I 20
- — epiRn — 3 14 Bi (17.5 cpd/100 )
Reno E-ecno (Ntot €giRai EW!JRPGF’) = 125‘\-‘ —— pep (2.8 cpd/100 1)
3 10C ——— Background
£
1 €Bi210 Epep 3 8%{ R
i ~ o E
OCNO = [————ONype| ® OBi210| © —— O pep 6t
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E L T
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Evaluated W/ toy»MC 210Bi accuracy pep accuracy Energy (keV)
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Borexino sensitivity to CNO neutrinos

CNO v in Borexino
@000

~ - ~ -~ N,
Independent background assessment: Rg; = Ggi, Ryep = Gpep _ 20,320 340 360 380 400 420 440 460 480 500 520
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CNO v in Borexino
[o] lele}

Borexino sensitivity to CNO neutrinos

Expected sensitivity to CNO neutrino measurement

. . . . Exposure: Jul 2013 - May 2016
CNO uncertainty evaluated with simulated experiments

Variables: Ny, P

Full multivariate analysis (energy + radial distribution) Inj. Rate
Simultaneous fit of the TFC-sub./tagged datasets No 49 cpdf1oot
: 210g; 17.5 cpd/100t

Remainder  Borexino Ph. I

pep and “'°Bi constraints folded in the analysis by adding to the likelihood two independent
multiplicative Gaussian penalty terms on the “'°Bi and the v/(pep) rate.

= 3r .
§ 2'55 ‘ P Shagg if‘lformat‘ionA helps the CNO sensitivity if
27r 1 the*Biconstraintisweakerthan2.5 cpd /100t
2 2: T ] (Systematic uncertainties not included)
€15 T 1
t;% F L.t S R p Rate analysis E

l;_..--"'- ’ @ Rate + Shape analysis E

T T T

T T
0O 05 1 15 2 2.5210 3 35 4 45 5
Bi uncertainty (cpd/100 t)
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CNO v in Borexino
[ele] le}

Borexino sensitivity to CNO neutrinos

Borexino discovery power

1g .
% 1o Injected background rate
2 104E" PO Rg =17.5cpd/100t
c E
8 . ® o ARRCREEE 20| Rpep =2.8¢pd/100t
oL m
g 10 ] b
F ® _ e3g| ® LZSSM-bxstats analysis
10%F 2
F " B HZ SSM - bx-stas analysis
107
E Discovery power evaluated performing an hypothesis
10 T S R — test based on a profile likelihood test statistics
[o0) ™ [o0) ™ [o0)
N o N o N o o
o o o o o o » Stronger constraints
“% “% “% “% “% “% — higher sensitivity to CNO signal
QID uf uf mf DID DID » 2-30 evidence achievable if °Bi is measured with
8 8 8 2 e Gsi < 2.5¢cpd/100t
ﬂ? ﬂ? (: (: ‘ﬁ' ‘ﬁ' » Thediscovery power is the same even if only an up-
0 o ® o per limit for Z'°Bi is provided
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CNO v in Borexino
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Borexino sensitivity to CNO neutrinos

CNO sensitivity summary

The bulk of the sensitivity to CNO v comes from a simple counting analysis

» CNOvalue and uncertainty determined by » Systematic uncertainties of the fit model are
the background rate assessment. subdominant compared to the impact of the
A bias on the background rate is linearly background rate precision

transferred to the CNO rate
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CNO v in Borexino
[elele] J

Borexino sensitivity to CNO neutrinos

CNO sensitivity summary

The bulk of the sensitivity to CNO v comes from a simple counting analysis

» CNOvalue and uncertainty determined by
the background rate assessment.

A bias on the background rate is linearly background rate precision
transferred to the CNO rate

Background assessment strategy

» Systematic uncertainties of the fit model are
subdominant compared to the impact of the

pep neutrinos

Luminosity co

Link with ®(pp) +

2°Bj background

nstraint
< Gpep ~ 1%

Not that easy...
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CNO v in Borexino
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Background assessment strategy

ZTOBi background rate measurement F. Villante, A. lanni, F. Lombardi, G. Pagliaroli, F. Vissani

DOI:10.1016/j .physletb.2011.05.068

t|z . t!z
Zwa / z1oBI /

—
222y s.0d

T 2r
s F e 2% activity 210 . . .
S 20 o Pb dissolved in the scintillator
= —— — “7Bi activity
S 18 B
z T E : 210 210p: + b
£16 Assuming no source of “°Pb — “"Bi in equilibrium
g
<14 ]

1 ]

10 3

500 1000 1500 2000 2500 3000
time (days)
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CNO v in Borexino
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Background assessment strategy

ZTOBi background rate measurement F. Villante, A. lanni, F. Lombardi, G. Pagliaroli, F. Vissani

DOI:10.1016/j .physletb.2011.05.068

t. t. t,
210 /2 210p: /2 210 /2206
Pb —— “"Bi — “"Po —— “""Pb (stable)
22.2y 5.0d 138.4d
S 22: ------ °Pb activity 210 . . o
S 20, — 219Bj activity Pb dissolved in the scintillator
3 —— — %0 activity
S 18|
< ~—_

Assuming no source of Z°Pb — Z°Bj in equilibrium
< 2%g in equilibrium too

B
X ©
—~

79 rate B #'°Bi rate
500 1000 1500 2000 2_500 3000

time (days)

B
o
e
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CNO v in Borexino
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Background assessment strategy

2198j background rate measurement

F.Villante, A. lanni, F. Lombardi, G. Pagliaroli, F. Vissani
DOI:10.1016/j.physletb.2011.05.068

tl 2 . tl 2 tl 2
zwpb / z1oB| / z1oPo / zoapb (stable)
22.2y s.od 138.4d

719pp dissolved in the scintillator

Assuming no source of Z°Pb — #'°Bi in equilibrium
< 2°pg in equilibrium too

2%pg rate B #'°Bjrate

MC-data

— %o rate

%%pg out of equilibrium

The method works also in presence of
out-of-equilibrium #"°Po contamination

....... supported term

Reo(t) = (A — B)e"/™ + B

2%y rate (cpd/100 t)

A = unsupported term, B = supported term Supported rate

(Rpo & 1400 cpd/100 t at beginning Phase II)

| | | | | |
100 200 300 400 500 600 700
time (days)
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CNO v in Borexino
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Background assessment strategy

219pg spatial evolution

%1%pg detached from the vessel and
transported by fluid motions induced by temperature variations

10°

—~ fran)
=
£ o
N, S
3
o
O
)
o
©
@
[e]
o

S

N

0 10?

Beginning of insulation ops
Insulation completed

01/01 31/12 31/12 31/12 01/01 31/12 31/12
2012 2012 2013 2014 2016 2016 2017

iso-volumetric layer of a 2.75 m sphere
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Towards a #!%Bi measurement

Measurement concepts

From 2'°Po to the ?'°Bi rate

1% spatial distribution model unkown

Preliminary results from computational fluid dynamic
shows a qualitative agreement with data

2.5 courtesy of V.DI Marcel

Avo [cpd/100t]
50

2 4 6
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Towards a #!%Bi measurement

Measurement concepts

From 2'°Po to the ?'°Bi rate

Avo [cpd/100t]
50

1% spatial distribution model unkown

Preliminary results from computational fluid dynamic
shows a qualitative agreement with data

2.5 courtesy of V.DI Marcel

2 4 6 s 10

#1%pg density continuity equation  (Ding XF, F. Villante, N. Rossi)

Onpo Ngi np
Bi o
= 1 -—+4V. [ — wn }
Ot - Tro DPoI”Po Jjo
Supported Diffusion Convection
term term term

< in Xo where np, is minimum — Convection term=0

_)
and is a Plateau (V?np, = 0) — Diffusion term=0

O 210p;
For each t, in xo where np, is minimum — Convection term = 0 IR UpperLimiton “"Bi
positive contr. from diff.
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Towards a #!%Bi measurement
@000

The Polonium Plateau Finder

A model independent Plateau Finder

How to determine the (flat) minimum distribution when no model is given?

D. Guffanti (GSSI & INFN-LNGS) ~ Measurement of pp-chain solar v and prospects for CNO v detection in Borexino LAquila, 26.07.2019 39/48



Towards a #!%Bi measurement
@000

The Polonium Plateau Finder

A model independent Plateau Finder

How to determine the (flat) minimum distribution when no model is given?

. . . X
Adaptive Kernel Density Estimator (KDE) 0 10 20 30 40 50 60 70 80 90 100
@ R TR R
Q r — hi f
Associate to each datum x, a kernel K (Gaussian) with U*E: 0.035F h!Stogram (1o _bms)
bandwidth w, dependent on the local density 0 03}  histogram (20 bins)
Tl 1 /x—x 0.025-
o — Xn .025F
=2 > ok () ;
N = Wn Wy 0.02F
Advantages respect to “binned” density estimators (his- 0.015F
tograms) 0.01
» Smooth E
0.005}
» Does notdepend on binning o
» Preserve information loss (position inside the bin) 0 10 20 30 40 50 60 70 80 90 100
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Towards a #!%Bi measurement
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The Polonium Plateau Finder

Plateau definition criterion

n
o
o

—— Toy z event distribution
—— Model (toy)
—— Density estimator

i
®
o

LN
nNb
S S

Counts density (cts/m)
=
[2]
o

) e T S S T S S T S S ARSI
-0.5 0 0.5 1 15

z (m)
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Towards a #!%Bi measurement
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The Polonium Plateau Finder

Plateau definition criterion

n
o
o

—— Toy z event distribution

—— Model (toy) n Find the position of the Density
—— Density estimator Estimator minimum

i
®
o

LN
nNb
S S

Counts density (cts/m)
=
[2]
o

) e T S S T S S T S S ARSI
-0.5 0 0.5 1 15

z (m)
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The Polonium Plateau Finder

2
Towards a #!%Bi measurement
0O

Plateau definition criterion

200
180
160
140
120
100
80
60
40
20

Counts density (cts/m)

—— Toy z event distribution
—— Model (toy)
—— Density estimator

R E7.£ 7, £ Ty

19
N[TTT

I
.
(5,18

|
b

15

z (m)

n Find the position of the Density
Estimator minimum

Expand left and right until the
absolute value of the DE
derivative exceed the threshold
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The Polonium Plateau Finder
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Towards a #!%Bi measurement
0O

Plateau definition criterion

100
80
60
40
20

£ 200f —— Toy z event distribution
i 180 —— Model (toy)

g 160 —— Density estimator

S 140 :

@ :

S 120 H

o '

(&) ll

19
N[TTT

I
.
(5,18

|
b

15
z (m)

n Find the position of the Density
Estimator minimum

Expand left and right until the
absolute value of the DE
derivative exceed the threshold

Integrate the DE and compute the
rate
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Towards a #!%Bi measurement
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The Polonium Plateau Finder

Test configuration

£ 5 2 s 2 Livetime: 25 days
N 4F e = H .
N E % Injected Plateau Rate: 17.5 cpd/100 t
S = 2000 & .
2 = Spherical FV:r < 2m
E b
= | =005  Events distribution along z
o \ / ‘ £ — transformed coordinate
-1 1000 ¢
£ k o ©
_of S a 2 1.3 3
E z—(=(Rz2—-37) %
-3 500 ¢ ( 3 ) 2
-4
B T | o
Rl e 1 475
x (m)
Narrow Model Medium Model Wide Model
~ F 3 ~ ~2.
el ER A 3 &z
> k| > >18F
2 E 2 250 E S 16 E
S E| 3 b 8 14F 3
: / £ i £ 3
& & 150 E ] 1 E
1.‘5 2 (—)2 —1‘.5 —‘1 —6.5 6 0.5 ‘1 1.‘5 92 —1‘.5 —‘1 —6.5 6 0.5 ‘1 15
{(au.) {(au) {(au)
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Towards a #!%Bi measurement
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The Polonium Plateau Finder

Test results

Narrow Model Medium Model Wide Model
[JStat spread: + 3.9 [JStat spread: + 3.0 [JStat spread: + 3.0
— Rec rate (n = 1.500) - -0.1 bias — Rec rate (n = 1.500) - -0.8 bias — Recrate (n = 1.500) - -2.2 bias
— Recrate (n = 1.750) - +0.3 bias — Recrate (n = 1.750) - -0.3 bias — Rec rate (n = 1.750) — -1.4 bias
600 — Rec rate (n =2.000) — +1.0 bias 400 — Rec rate (n =2.000) — +0.5 bias 400= Rec rate (n = 2.000) - -0.5 bias
so0l 3501 3501
300F 300F
400 250F 250
300 200 200
2001 150F 1501
100F 100F
1oop 0 50- i 50-
o oIf | Ll o L5 1 Lo o Lo [ !
0 5 10 15 20 25 30 35 40 [ 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
2% rate (cpd/100 t) 2% rate (cpd/100 t) 2% rate (cpd/100 t)
Additional test: Randomized model Additional test:

Sutspread 238
Recrate (1 = 1500) — +0.4 bias

Injected Plateau Rate =10 cpd/100 t
Injected Plateau Rate =50 cpd/100 t

Rec ote (s = 1.750) - +11bas

Recrate (s = 2.000) - +18bias

hy @
0w o a

29pg density (a.u.)
N

15 20 25 35
(au) 2% rate (cpd/100 t)
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Towards a #!%Bi measurement
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Polonium Plateau Preliminary Results

A first look on data

13 T T
2%pg selection cut: £ B All events
w B FV cut
MLP <0.05 [ #°Po selection

Energy cut: 130 < Np.. < 390

More than two years of data
2016_0ct_30 — 2019_Jan_13

28 days time windows

1000 1200
Energy (N,)

23/10/2016 - 19/11/2016  LiveTime = 17.8 days 7/5/2017 - 3/6/2017 LiveTime = 22.0 days 22/10/2017 - 18/11/2017  LiveTime = 25.3 days
Nr. Plat. ev. = 20 (187 tot) Plat. mass = 6.86 t Nr. Plat. ev. = 28 (229 tot) Plat. mass =8.16 t Nr. Plat. ev. = 39 (208 tot) Plat. mass =9.39 t
Rate = 17.1+ 3.7 cpd/100 t Rate = 15.7 + 3.0 cpd/100 t Rate = 16.4 + 2.6 cpd/100 t
= 140y T T T T = 140y T T T T T = 140y T T T T
< 120 1 S 120 1 ga120p
S 100 4 100 4 100
>
% 80| G 80 g 80F 1+
S 60 S 60 S 60 E
° ° o
& a0f & 40 & a0t + E
T 20r 2 4 20k 4 7 200 + JF
. ORI 58 RS )
=2 -15 -1 -05 0 05 15 =2 -15 -1 -05 0 0.5 1 15 =2 -15 -1 05 0 0.5 1 15
{(au) {(au.) (au.)
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Polonium Plateau Preliminary Results

Preliminary results

2016 2017 2017 2017 2017 2018 2018 2018 2018
31/12 01/04 02/07 01/10 31/12 02/04 02/07 01/10 31/12

T T
35 PRELIMINARY X2/ ndf 28.31/27 | 4

o
S Supported 16.81+0.87 | J
B + Unsupported3.964e+04 + 1.997e+04 | §
H o 1 e
o)
g e .
; I R
70 8
k=
3
60 &
L
50 &
)
— On-
E 40 &
N
30
20
10
01/04 07 0110  31/1; 04 02007 0110 3112 ©

2017 2017 2017 2017 2018 2018 2018 2018
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Polonium Plateau Preliminary Results

Preliminary results

2016 2017 2017 2017 2017 2018 2018 2018 2018
31/12 01/04 02/07 01/10 31/12 02/04 02/07 01/10 31/12

T T Conservative
35 PRELIMINARY X2 I ndf 28.31/27 | 4

§ Supported 16.81+0.87 | 3 Upper Limit
g + + + Unsupported3.964e+04 + 1.997e+04 | ] Limitations
g + + peY + + 1D projections of the data
= T
E + fT T T Tf +r+l
A Recent studies shows that a
70 g  stable ‘clean region”is smaller
S thantheselected FV
60 \% £ 5 T A
¢ £,
so & 0
o == = |
— £ N3 Region
E 20 & / \
N 1 \
30
20 /
J
10 ~.
IS L L L
01/04 07 01/10 11 04 02/07 01/10 112 0 25 -4 -3 -2 -1 1
2017 2017 2017 2017 2018 2018 2018 2018 X (m)

Projecting along z includes
unsupported  2°Po  back-
ground
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Towards a #!%Bi measurement
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Future developments

(Very) Recent and future developments

Parabolic Fit Ding XF. KDE-2D
400
350
= 300
N
<}
@ 250
<
>
o
o 200
150
100
50
TRNRERRNL ENETY RS FNNNI ANRY NS FRNNE FRRNL A
_4012345678920
Taylor expansion close to the minimum P (m’)
< Fit with paraboloid Same concept of KDE 1D
1
extract Upper Limit on
210p;
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Towards a #!%Bi measurement
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Future developments

Prospects for CNO neutrino detection

» The sensitivity study shows that a measurement of the “'°Bi background is crucial to
achieve a first detection of CNO neutrinos

» After the thermal stabilization the detector entered a new phase
Radiopurity and stability conditions are promising
» The KDE method can be extended to include more dimension:

» Monitoring of “'°Po behaviour
» Cross-check otherindependent analyses
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Future developments

Conclusions

Borexino Phase Il Results

» Development of a new MV Analysis
» Sensitivity and Systematics Studies
» Fitondata

» Testof oscillation model and SSM predictions

Search for CNO neutrinos with Borexino

» Detailed sensitivity study
» Background assessment strategy

» Development of a model independent method for the determination of ?'°Bi background
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2108j measurement
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Future developments

Thank you for your attention

(GSSI & INFN-LNGS) Measurement of pp-chain solar v and prospects for CNO v detection in Borexi
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Backup

Backup material
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Test of Solar Luminosity Relative intensity of pp-chain terminations

Each neutrinos mark a reaction in the Sun

®(v) — Sun Power SR v (per)
LPhoton) 3 846(15) x10%% erg/s |—> M4 p— He+
Lé') 3.9(4) x108 erg/s

Production — detection time

Photon = 10*-10° years
Neutrino & 8 min

3He + 3He — *He + 2p

He + *He — "Be + v

ohowon) () V)
photon) ., (v
Lohorom ) (0
4  (He+'He)  20(Be)
Evidence of Sun stabilityona R = CHe + He) _ ®(pp) — ®(7Be)
10*-10° years time scale
+2)
@ ooy R =080+ 0.01
Ryn™ = 0178 25 a3 @
R = 0.161 £ 0.010
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Evaluation of the discovery power

CNO uncertainty gives indication about the CNO signal strength, but does not take into account the
probability that fluctuation of the background can mimic the signal.

Discovery power from hypothesis test on profile likelihood test-statistic

40 = —2 [|Ini(0,8) - [In1(p. 6)

Minimized NLL Minimized NLL

assuming no CNO w/ free CNO

qo says how well a model with no CNO describes the data

Derive distribution of go from pseudo-experiment 1

with no CNO injected 10
(null hypothesis, Ho)

|:|f(q°|no CNO)
[f(a,HZ CNO)

CNO) median

Derive distribution of o from pseudo-experiment 107
with CNO injected according to HZ 10
(HZ hypothesis, H;) 105
Compute the (median) discovery power as the 10'50 b - 5 i i n i)
q

p-value of Hp corresponding to the median value of H,
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Impact of an additional purification campaign

An additional purification will not necessarily improve the sensitivity

210,

Injected “"Bi rate: 10, 5, 2 cpd/100t CNO LZ-SSM

%; 27 I ni. 2% = 10 cpd100 t
[ inj. *°Bi = 5 cpd/100 t
[ inj. #%8i = 2 cpd/100 t

Even with lower ?°Bi background, CNO and
219j energy spectra remain degenerate

< possible improvement in 500

the CNO upper limit

D
o
o

Entries

400

Interesting to possibly exclude HZ CNO, but 300
current limit already quite stringent

200

100

Current Bx limit

OO

6 8 10 12 14
CNO rate 95% upper limit (cpd/100 t)
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Backup

Impact of Additional Exposure

Additional Exposure plays a secondary role

= 31 T T T ] = Sp= T T

Q £ Q E

8 F @pep =0.28 cpd/100 t -~ 8 F|Opep = 0.028 cpd/100 t

3 25f g 25¢ -

e T / 1 S r ]
o f - 1 o F 1
5 2 5 2

& F = E e F ]

1,5: /’ ——— 3 years exposure 1.5: —— 3 years exposure

£ = —— 3+05years exposure £ / 3+0.5years exposure

1;@ —— 3+ 1years exposure 1;// ——— 3+ 1years exposure

C ——— 3+2years exposure = 3+ 2years exposure

L 3+5 years exposure 5 3+5 years exposure
05 050l |

115 25, 1 15 2%
Bi uncenamtv (cudlloo 1) Bi uncenalnlv (ch/lOO t)
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pep neutrino background assessment

Luminosit . .
YL et o O fOyraio RN
Constraint

Impose L(Cghoton) — Lghoton)

=47(1aw)’ Z ai®;

i=pp,7Be, ...

L(g“m’") known with 0.4%, a; uncertainty ~ 10™*

— ®,, uncertainty < 1%
Assumptions
> The Sun is powered only by the processes of the pp chain and of the CNO cycle

> TheSunisinequilibrium
(L@ is constantovera ~ 10° yrtime scale)

> 2Hand 3Hearein local kinetic equilibrium
(creation rate = destruction rate)
Reasonable since lifetime H ~ 10 ~®yrand *He & 10°yr (proton lifetime ~ 10'° yr)
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Performance of the Borexino Thermal Monitor and/fﬁ\\

Management /) @
Buffer Tempertures (. 2
H H . .

O

T[C]

TTT

& 5th ring copfpl

E,o, o, :112.:3 4 1, ., . ,i5 6 AR 2
20] 9/ 10/30 2015/07/05 2016/03/08 2016/11/11 2017/0717 2018/03/21
date
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