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Solar fusion in the Sun and neutrino emission

» Fusion reactions in the core of the Sun
» pp dominant in the SUN (99% of the energy and v production))
» CNO important for larger mass stars

p+p—> H+e +y, pte+p —> H+y,
99.76% U U 024%
H+p —> He +y protons fused
into He-4
83.30% J§ § 1670%
*He +*He —> *He + 2p *He + *He —> "Be +y
ppl 99.88%, U U-j. 129
Be +& — 7Ll +4, ‘Be+p —> B+y
Y U
130 (p,v) 14N (p.a) 170 Li+p —» 2*He B —>» 2Het+e +yu,
ppll pplll
B (b B
BN ov 15Q wNo 17F 4p — *He + 2et + (24.60 + 2mc?) MeV
* (P.7)
(p.¥) P l _ P
(p.a)| 15 (p.y) 16 <EV> ~ 0.53 MeV
12¢ Aalisy L1 160
102 (~2% of the total energy)
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Many years long scientific debate: solar fusion and v oscillation

Total Rates: Standard Model vs. Experiment

Bahcall-Pinsonneault 2000
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SNO in 2002

» 2 different reactions in heavy water
» Detect v,and v, v
» Neutrino oscillations 0—0

\¢

. (10 “em?sT)

L e T T R D= A S T~

IIIIIIIIIIIIIIlIIII|I'
¥

- SNO detector

1 kton of heavy |
water target

Phys. Rev. Lett. 89, 011307 (2002)
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v oscillation

v production v propagation v detection
as flavor-eigenstate:
e.g. p'-decay ': cohcrenl R SUpSrposKion Superposition of mass
= . o - eigenstates has changed
/ because of phase factors.
VAVAVAVAVAVAV/ , 1 ==
am ol v,
~ 7 - P%:v
)\ N\ NN VG
v ’ v
Weak interaction o \
creates neutrino in NURTIRE FREsets CrOvte 8 Finite probability to detect
flavor-eigenstate. phase difference over time. o different neutrino-flavor!
Flavor ; Mass
eigenstate PMNS matrix eigenstate
Ve 1 0 0 cos f13 0 sinfyge® cosflis  cosflys 0 vy
vy | =|| 0 cosflay sinfay | 0 1 0 —sinflyy cosflyy 0 vy
v, 0 —sinflyy cosfys —sinf3e® 0 cosfys 0 0 1 3
Atmospheric term Reactor term Solar term

Oscillation parameters:
e Mixing angles: 615.6:3.6053
o Mass squared differences: Am3;, Am3, and the sign of Am3, * 3 mixing angles 6;;

. — o 0,;=45°(which quadrant?)
® Complex phase. 0= 5CP o 6,3=9° (non-0 value confirmed in 2012)
o 6,,=33°
* Majorana phases al, a2 and CP-
violating phase & unknown



v oscillation: LMA-MSW parameters

Solar + KamLAND:

o T

K sin?6;, = 0.310 + 0.012
<5 Am3; = (7.491017) X 10~ °eV?

N /o B
0l Solar+KamLAND I.f' /\ KamLAND:
Qo \‘_‘E—-“% _ |
=y Solar global \ 'i | |I
o = ]
c':_j) | Very Preliminary Filled region: 30 | |
GJ i I i I 1
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g Including latest SuperKamiokande results
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Solar electron v survival probability
after traversing the SUN (LMA-MSW)

oscillation:
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v, conversion probability influenced by matter interaction
depending on electron density



Solar metallicity and solar neutrinos

- Density (kg/m3) *  Evolution of a star from beginning until now 4.57 10%

* Homogeneous mixture of H,He and heavy elements X, Y.
* oy : Parameter entering in the description of the convection
*  Cross sections for nuclear reactions ( S factors)

*  Opacity

*  Equilibrium between gravitational force and outward force due to gradient of pressurre P(r)

Zini

Neutrinos
e

Initial parameters adjusted to reproduce present days status . .
o Observables : elioseismology
Solar Luminosity L

Solar Radius — spectroscopy

Z/X (abundance of metals) on the surface solar neutrinos

“Temperature (millions of K)

Since 2001: new analysis of spectroscopic data from photosphere, revision of surface solar metallicity, lower values (LZ)
But solar models reproducing these new LZ values disagree with elioseismology data (solar abundance problem)

Relative (data vs model) sound speed
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3 0.005 i - |
i ;;;/‘_F'f"
0.000 ——————==
L \\‘_" e
0.0 0.2 0.4 0.6 0.8
r'R

N. Vinyoles et al. The Astrph. Journ. 835 1 (2017)



The prediction of solar v flux is sensitive to the Sun metallicity

vV V

CNO,

Flux

B16-GS98 HZ

B16-AGS509met LZ

T(pp)
T (pep)
P (hep)
T ('Be)
o (*B)
o(°N)
o(0)
T('F)

5.98(1 + 0.006)

1.44(1 £+ 0.01)
7.98(1 =+ 0.30)
4.93(1 =+ 0.06)
5.46(1 = 0.12)

2.78(1 + 0.15)
2.05(1 &+ 0.17)
5.29(1 =+ 0.20)

6.03(1 + 0.005)
1.46(1 + 0.009)

8.25(1 + 0.30)
4.50(1 + 0.06)
450(1 + 0.12)

2.04(1 + 0.14)
1.44(1 =+ 0.16)
3.26(1 + 0.18)

Units:
pp: 1087 eyr? 574
Be: 10F cm™ s7%;

pep, N, O: 10° em? 57%;

B, F: 10° cm® s574;
hep: 10° crm? 571

'Be: 8.7% diff
8B: 17.6% diff
CNO: 40% diff

N. Vinyoles et al. The Astrph. Journ. 835 1 (2017)




Borexino
V

Scintillator:
270 t PC+PPO (1.5g/l)
in a 150um thick

Inner nylon vessel (R=4.25m)

Buffer region:
PC+DMP quencher (5g/l)
4.25m<R<6.75m

PR T T

Outer nylon vessel:
R=5.50m
(222Rn Barrier)

|
Stainless Steel Sphere:
R=6.75m
2212 8" PMTs with
light guide cone. 1350m3

Wiw o wn e S

e

L
b AL T

Energy E
e Position of the scintillation event

* Pulse shape discrimination

Water tank:

y and n shield

u water cherenkov detector
208 PMTs in water

2100m3
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the full Borexino detector full, May 15 2007

* Designed to detect solar ’Be v
* We measure the entire pp spectrum
 Has become a standard against which compare low background experiments



Extreme radio-purity

internal radioactivity
traces of radioisotopes in the
scintillator (U, Th,40K)

external y rays

from fluid buffer, steel sphere,
PMT glass and light
concentrators (49K, 208T| 214Bj)

radon emanation
from the PMTs and steel

sphere

cosmic muons
and their secondaries

cosmogenics

neutrons and radionuclides
from p spallation and hadronic
showers

fast neutrons
from external muons



The need of low radioactive background in Borexino

Detection of MeV-subMeV v

No event by event signature in liquid scintillator Water Cerenkov detectors can see the v direction

. shape of energy spectrum, S
. radial distribution of the events, SK-IV solar neutrino signal aK
. some pulse shape discrmination SK-IV 3.5-19.5 MeV(kinetic) bor 2018
£ 0-6: — :SK-I’:Ir;:,:(;:lZ;}S'
Lack of directionality = ?,0 sE T — f
) g "~ 3 : Best-fit Signal +/- stat. err. i
‘ 5 & I |
s -
T c C 7
~50 events/day 100 t expected for 7'Bev & 8,4F E
S " had s .
5109 Bqg/Kq g : :
. 1. 5 0.2p—=~ A g ==
Drinking water: 10 Bg/Kg & . -
e 40 0.1  Signal (in SK-IV): 55729 +363 —361 events _‘
Human bOdy Is: 5 KBC] ( K) i Total: ~93000 solar v events (in SK-1~IV) i
~1Bq 070806 04 02 0 02 04 06 08 1
cosf,,
=



Accurate modelling of the detector response

Event energy : from the number of PMT hits (or charge)

Position reconstruction: use events in the inner part of the vessel

550 Np@1 MeV
o= 50 KeV@1MeV

Oy, =10 cm@1MeV

Pulse shape discrimination: from the scintillation time profile

Ba
P+ p-

Data
Number of Pmt hit (energy)
MC and Calibration source in the center

107

10

107

107

XI/NDF = 1742/1759
— MC

Data

Hit time:

MC and Calibration source in theé cen

100 200 300 400 500

o 600
Hit time (ns)

© 0.6
4] &
= +
O 0.4 ;
e r Y
QO o0 i
8® ,f oot fo L
qo F ! { ;
Tj :? 0_. ; L o

H » L
O © Lk ' .
- 210 b
A + DATA and MC: ?!°Po peak energy ] .
ﬁ T 0.4t nvarious positions { :
™ [ inside the inner vessel { L
@ -0.6 1
(45 it {

ﬂ 1 1 1 IO-SI 1 1 1 1 1 1 1 1 l-EI 1 1 1 2 1 1 1

Cube center distance from
detector’'s center (m)



Borexino data taking history

Purification I
(filling)

Phase I (2007-2010)

Purification II

External tank
insulation

Phase II (2012-2016)

2007 l 2010 l 2012

* v ("Be) flux,
D/N
* v (8B) flux

Improved radiopurity:
(6 cycles LS purification)
« 85K7: reduced by ~ 4.6

* v (pep) flux
e v (CNO) limit

* 210Bi: reduced by ~ 2.3
* geo-neutrinos

« Th and U negligible:
¢ 288[J: < 9.4*10=0g/g
e 282Th: < 5.7*10-12 g/g

.. hot only solar neutrinos!!!

2017 l

CNO campaign

* v (pp) flux
* v ("Be) day-night
* Jeo-neutrinos

* v Inagnetic moment
* Correlations with
GWs and GRBs




All the pp chain v measured by Borexino with a unified analysis (Phase Il)

Low Energy Region (LER) 0.19 —2.93 MeV pp, 'Be, pep, (CNO)
High energy region (HER) 3.2 - 16 MeV 8B HER1 (3.2-5.7) MeV + HER2 (5.7-16) MeV

Low energy threshold: limited by residual 2.6 y rays from 2%8 Tl decays in the nylon vessel

* Apply cuts to remove some known background on event by event basis
) * Ctag and split the LER energy spectrum in 1C tagged and !C subtracted
The analysis stratetgy * Select a proper fiducial volume
* Fit distribution of global quantities built with the events surving the cuts
* Use of an accurate Monte Carlo tuned with calibration sources covering all the range

ttps.
_  LER:71.3t(r<2.8 mand-1.8 <z<2.8 m) A1, - /ar. s
Choice of the FV * HER1 entire mass of the scintillator (266 t) e Py e Zar, V.org,, Y17
* HER2 z<2.5 m (due to vessel leak events ) (227.8 t) Vo 97 2044 a175/170900
, P 75,

3 6
e 6.5
' 9

* Maximize a binned likelihood through a multivariate approach in the LER region

L(‘g) - I—sub (‘9) ’ Lta (‘9) ) I—rad (‘9) ) I‘PS—Lp, ('9)
f \4 \ Pulse shape parameter

Radial distribution of the events U

Energy spectrum 11C tagged
Energy spectrum 11C subtracted 8y sp &€

* Fit the radial distribution of the events in the 8B energy region Comp\‘e“



Signal and background in the Low Energy Region

Data energy spectrum in the LER region
(0.19-2.93 MeV) before and after cuts Simulated energy spectrum in LER region
including solar v and the main background components
present data set:

Dec 14th 2011 to May 21th, 2016 —
1291.51 days X 71.3 tons e
g L= s —— Ext :'""r\
$ E —— nocuts £ — Tk
e wcut e o
E o w8
10 std+ "Be FV cuts e 7Be — e,
E o I i
i & v{CNO)
wh “x.ﬁ_‘ ; Kr vipp)
SHA) ]
et e g e = - \
E _v' '_‘_ \ e
10 Th Ty 2
; W L . o
0 Prw-r“m 'L r
N S T T T R ol \ \
200 400 &0 BO0 1000 1200 1400 /
npmis N | f i L ] I L L ) | \ L | L
P 500 1000 1500 2000 2500 3000

i Energy / keV
Event selection rgy

* removal p and cosmogenics (1.5% dead time) Purification: reduction of 8°Kr, 21°B
*  removal of Bi-P0214
* noise events

*  Fiducial Volume (R<2.8 m, -1.8 < z < 2.2m) #32Th (from 1Bi-Po) 238 (from 214Bi-Po)
«  71.3tons * <5710%¥g/g95%C.L. + <9.4102°g/g95% C.L.
*  no af discrimination e PHASE 1:3 1018 g/g e PHASE 1:5 1018 g/g

*  Fraction of good events removed by cuts <0.1%



11C ( B+ decay) : Three Fold Coincidence and 3+/B3- discrimination

/U"'lZC —> U+ n+'C > Identify uand p track

» Detect n (y signal due to n capture after themalization )

» Space time cuts around the p track and n position: *C should be there
——> » Build a Likelihood function to evaluate if an event is a 1C

Divide the exposure in 2 samples: *1C subtracted & *!C tagged

Performances: 92.4 +- 4 % tagging efficiency
exposure: 64% in the 11C subtracted spectrum

Novel B+/B- pulse shape parameter:
Energy normalized likelihood of the position reconstruction

2148 W
llc .

» Pdf of the position rec. assumes point like, prompt scintillation
but:

= e+ slows down, form O-Ps with few ns lifetime

= Multiple interaction of 511 y within about 20 cm

* The max likelihhood assumes lower values for true - events than
Ml 1 for 11C decay

L .
52 5.4
narm likelihood

.

PS-Log



Toy-MC and sensitivity studies

"2 * Build MC data set with the same exposure as in the data

tati * Fit with pdf used to fit the data
Check bias, sensitivity, correlations

Analysis strategy:

CNO v recoil and 21%Bi: very similar energy spectrum

1) pp ’Be pep flux measurement:
set a constraint of the CNO rate to the HZ and LZ values

CNO HZ 4.92+0.56 cpd /100t
CNOLZ 3.52+0.37 cpd /100t

2) Upper limit CNO v flux:
Ex_TI208 we set a constraint on the ratio pp/pep

I | R(pp/ pep) 47.5+1.2




Example of multivariate fit: energy spectrum

11 N,
Energy spectrum *'C tagged 100 200 300 400 500" 600 700 800 900
Nh l T T L] T I y ) L L I T T T T I T T L L] ' L T T L] I T T T L] l L] L} T T l T L] L T l T L]

re— 14C e 85Kr

10 210pPg — 10C
~ PP CNO —_— :_‘:Bi - pilte-bukp
. = 3 e ==w=extbkg
(\0 ?\". x 1 Be pep e 11C
xe Ca s _ —— Total fit: p-value=0.7
\\) o .
W\O 8
x 107 B | ' [ 1 °B
m -~ i |
= ) X \ bl 1
=42 o LY "
Full simulation of energy loss&detector geometry §%] 10 i X N .
Tracking of single scintill.& Cherenkov photons § y 1"y T i A e ;;,Jv‘ A | [-‘r }
Absorption,re-emission, scattering.. ¥ E: % el \ . ; /WFR" PR | ‘
Detection on PMTs & electronics response simulation 103 r™ ‘U:’s"”' ) f Lo il ,.,‘.'," F \| ’5-‘.’}”.\ ’
Tuned with calibration data taken during Phase 1 e Jk R i NN AL
Solar v and back. simulated with known time variations of the detector 200 1000 1500 R 20001 ey ’2’500
Processed a's real d.ata o Energy (keV)
Data analysis free fit parameters: solar v and background rate = _
If it works: MC well tuned & detector is stable ‘-(Lh g
% 2f
S M
@ -é "
© -2Hf
= | —
2 af . : . . .
&’ 500 1000 1500 2000 2500

Enerav (keV)

CNO fixed to HZ and LZ values



Example of multivariate fit: energy spectrum

N
Energy spectrum 'C subtracted 100 200 300 400 500" 600 700 800 900
Nh IHHIHH'I'”I””IHHIIH'I““CI”I”I”ICIH
10 210PQ = pile-up
= PP 210 == eXt bkg
>© s 85Ky
T\ x 1 Be s Total fit: p-value=0.7
ca\© §
N\O‘\‘e = CNO
x 1071 ' 8B
) —— . pep
© 1 N Wit . R
- \ Y f o du
: . »1072 S sl gl iy M-
Full simulation of energy loss&detector geometry .2 g X |02 Ut i
Tracking of single scintill.& Cherenkov photons 0 y L \ ’
Absorption,re-emission, scattering.. & § ‘Z VAL : WAy _ ..!JT \
Detection on PMTs & electronics response simulation 107° ;'E X 1"" is i 5 Gt A Al ' "*1'; - I\
Tuned with calibration data taken during Phase 1 R QRACRRR ' % ] RN h‘}" ' A
Solar v and back. simulated with known time variations of the detector — b 8 e i o :
Processed as real data R 500 1000 Energy (k1es\/0)0 2000 2500
Data analysis free fit parameters: solar v and background rate =
If it works: MC well tuned & detector is stable LLt-U g .
T 2ff
o 1
. OE
o 1B
w 4 ; A ; . :
& 500 1000 1500 2000 2500
Energy (keV)

CNO fixed to HZ and LZ values



Zoom of the lowest energy region, below 800 KeV

Example of multivariate fit of the data:

Y)

B o

=z

* Energy spectrum zoomed in the low energy X
region (200-830 KeV) 8
e N dt2 ;
p >

. 3
8

Analytical model to link E to Np, Npe
Including scintillation and Cerenkov Light
Model to describe the E resolution
Some model parameters fixed (comparison with MC or calib, data)
Describe the energy response and resolution averaged in the FV
Data Analysis free fit parameters:
solar v and background rate + 6 model parameters
(Light Yield, 2 resolution param., position & width of 210Po peak,
starting point of the 11C spectrum)

Possibility to descrive unknown time variations
Easy work at low energy (high rate 14C)

\ 08
2
- andY
pe!
ng
100 150 200 : 250 300 350
10° [ . I | l _szli _14¢
Be _SSKr 210Po
10} pp
T CNO
g pep
107" .
i \\ \\.\ -
2 ™
10 N\ ~—
,3-
105.\..|..,|..,|\.1.|.
300 400 500 600 700 800
Energy (keV)
©
= 4
T 3
1 2 -
2 1Ey I i
8 Ofrz AT i it T -
%_; | 1 i q Fl a
3.3
§_4 1 1 L L L L
4 7
300 00 Ene?gyo (keV) 600 00 800

CNO fixed to HZ and LZ values



5 ¢ evidence of pep solar v
(including systematics uncertainties)

Likelihood profile resulting from the multivariate fit

o
<]

L2 70 T T T | T T T | T T T | T T T | T T ‘ T T7TpT | T 17T
CNO constrained to LZ solar model
60 -

CNO constrained to HZ solar model 7 /

50

40

30

6 7
pep rate (cpd/100 T)

Select innermost B- like events

Radius<2.4 PS-LPR<4.8

400 500 600 700
L BN A B B B

N,

800 900
————

Z0.16
o
~0.14
-
g0.12
% 0.1

Iil.l

Be

TTTTTTJT1
| [RAB Y

S0.08
[72]
£0.06
3
30.04
0.02

data/model
oo st
(o) e « B o I Sia ) I # o]

0.4 E ® data/model

[Josw [Posoo [Poos%
L

400 500 600 700

o
o

— 21OBi 90

e 110

= = = ext bkg

Energy (keV)

Counts/10 N,



Upper limit on the CNO flux

* Set a constrain to the ratio pp/pep
* Very well know in the solar model
* Include oscillations LMA-MSW

* Toy MC study of the sensitivity :

Entries

the median 95% CLis 9 cpd/100t for LZ
10 cpd/100t for HZ

95% C.L. limit on the CNO n rate
8.1 cpd/100t
including systematics errors

Previous limit (set by Borexino Phase 1)
7.9 cpd/100t

10?

Borexino result

One-sided test statistics - 95% CL upper limit

Expected HZ

CNO rate (cpd/100 ton)

Expected LZ

CNO v

<8.195%C.L
cpd/100t

4.91 +-0.56

cpd/100t

3.62 +- 0.37
cpd/100t

.................... T 1T
S -
S
-3 f )
=% 5 Data analysis result
A,
3= 2
£ w
2= z
E 8
: 1 ?
N c
- NN eC\A — 8 10
- e
I _-\\\'\’0\ 0’&“(\ K\C° LLu1 CNO rate (cod/100 ton)
(\5\‘— -\0(\ e oY o U b
kg ,&(’QO‘)‘ N . N
6\50 F A 1 S S
WO i e
1 L | 11 | | 1| ‘ 1| | | 11 1 | I | ‘ I 11 | I 11 | 11 |
0 2 4 6 8 14 16 18 20



The 8B signal: fit of the radial distribution of the events in the HER1 region

n produced through (a,n) reaction

Gamma due to n capture

208T| from 232Th of the vessel
and in the scintillator bulk

PDF from MonteCarlo

(=3

(3.2-5.7 MeV)

—
<
L IIIIII.|_

—
=]
)

jurs
=

—

Events / (1494 days x 227tx 0.10 m)

LI Ty rrrT rmrr|y 1711y TrrTrTryrrirT LB L L L LI
I I I | | I I |

— Model
—— Neutron captures °B
....... 2MTI: bulk .

S Tl: emanation
2057 surface

III;“IIIIIII'IIIlIIIIIIIII

11 IIIIIIT

107!

o

0.5 1 1.5 2 2.5
Radius [m]
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The pp chain solar neutrino
results of Borexino

2.5% accuracy

Flux at 1 AU ((:m_2 s_]MeV_]} [for lines, em s_]]

Neutrino energy (MeV)

Solar

pep (HZ)

pep (LZ)

"Brzza

Br=ma

Borexing experimental results

Rate Fluz Flux —55M predictions
(cpd/100 £) (em™ 5) (em™s Y
134 + 1025, (6.1 +0.550%) x 1040 5.98(1.20.006) x 10'? (HZ)

483 + 11703

243+ 0.364343

2.65 + 0.367013

+0.013+0.008
0.136757513 0’003

+0.080+0.005
0.087 —0,010-0.005

+0,015+0.006
0.223 —0,016—-0.006

=31@5%CL)

(4.99 + 0.11*388) x 10°

(1.27 + 0.19739%) x 108

(1.39 + 0.19739%) x 10®

(5.77+3:36+045) x 10°

(5.5625:337838) x 10°

(5.68:3:312883) = 10°

=79 %102 (95% CL)

6.03(1. £0.005) x 1017 (1.7)

4.93(1.+0.06) % 10° (HZ)
4,50(1. +0.08) x 10° (LZ)

1.44(1.40.009) x 10° (HZ)
1.46(1.+0.009) x 10® (LZ)

1.44(1.40.009) x 108 (HIZ)
1.46(1.4+0.009) % 10° (LZ)

5.46(1.+0.12) X 108 (HZ)
4.50(1.+0.12) % 10° (LZ)

5.46(1.+0.12) x 10° (HZ)
450(1.+0.12) % 10% (LZ)

5.46(1.+0.12) % 10° (HZ)
4.50(1.£0.12) = 10% (LZ)

4.88(1.+0.11) x 10® (HZ)
3.51(1.+0.10) % 10® (LT)



The neutrino survival probability
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Not Standard v Interactions modify the survival probability...



Implication of the results: probe solar fusion with R

Reaction from the main pp chain

PP pep

p+p — 2H +e* +v, [076% 024% | by e +p —2H+v, I

83.30% 2y | 1y 3Hg 4y HEI0%

IaHe +°He — *He +2p I 01228 SHe +*He —"Be +y

"Be+p — B+y 99.88%
Be
[ "Be+e —Li+v, |

B
ISB —°Be’ +e*+ve‘

| "Li+p — *He +'He |

‘“Be' —“He +“He‘

3 3 2 d('Be
» _ Rate(He+’He) =) R- (‘Be)

~ Rate(*He+*He) ~ @(pp)-('Be)

Expected values: (C. Pena Garay, private comm,)

R=0.180+0.011 HZ
R=0.161+0.010 LZ

Measured value: R(BRX)=0.178*0-027 ..

Implication of the results: check solar Luminosity with v and with photons

L

neutrinos

L

photon

=3.897% 10¥ erg/s

=3.846+0.015 10*erg/s
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A step toward the understanding of the metallicity...?

55x10°F
5.0x10°F GLOBAL
A
45x107 b . 4
4.0x10°F SSM-LZ ]
3x10° 4x10° 5x10° 6x10°

Borexino only:

Hints in favor of HZ
Likelihood ratio test statistic
assuming HZ true

LZ is disfavoured at 96.6%

Borexino+other solars and Kamland
Global fit
Hints about HZ is weaker
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Annual modulation of the 7Be solar v in Borexino
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Effort toward the CNO solar v measurement

1) Reduce 2!Bi by purification: partially achieved
B (63 KeV)

210Pb E— ZIOBi —L> 210P0—a> 206Pb

2) Infer the 219Bi activity from the 21%Po vs time
T12=22y 5 days 138 days stable

Assuming 219Bi rate constant

nPD{tJ = [HPD,D - ﬂ“Bi] F F. Villante et al.,Phys. Lett. B 701 (2011)

» Look at the 21%Po time decay: at regime we should have the same the amount of 21°Po and 21°Bj

Needed E—) 210pg is easy to count thanks to PSD in the scintillator
eeded:

» 210pg activity not too high: actual values are OK
* stable conditions for long time ( some years..)
* no additional 219Po sources

—)

We observed 21°Po leaching out the nylon vessel and moving into the FV due to convection motions
Thermal insulation &temperature control of the detector to reduce and control thermal gradients

Before thermal insulation After thermal insulation



Arbitrary Units

210 po decay in the interior of the inner vessel (r<2.5 m and abs(z)<1.5m)
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Conclusions

Borexino running since May 2007
We measured all v from pp chain
Annual modulation of 7Be v detected
Additional results on rare processes
Geoneutrinos detected with 5.9 s (using data from the year 2007 to 2015)
and new results coming soon

Effort in progress to measure CNO v
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Purification of the scintillator

6 cycles, closed loop
Reduction factors:

> 4.6 for &Kr
> 2.3 for 210B;j

Background (LER)

rate (Bg/100 t)

“C(0.156 MeV. p)

[40.0 = 2.0]

Background (LER)

rate (cpd/100 t)

“Kr (0.687 MeV. B") (internal) 68=18
*Bi (1.16 MeV. ) (internal) 17.5+1.9
Y (1.02-1.98 MeV. B7) (internal) 26.8+0.2
Do (5.3 MeV. a) (internal) 260.0+3.0
YK (1.460 MeV., ) (external) 1.0+06
“¥Bi (<1.764 MeV. ) (external) 19+03
33=0.1

“*T1(2.614 MeV. ¥) (external)

Rate of relevant background

Background (HER-I)

rate (cpd/227.8 t)

L. cosmogenics, ~ 'Bi (internal)

[6.175]107%]

(a . 1) (external) 0.224 +0.078

“5T1(5.0 MeV. B, v) (internal) [0.042=0.008]

5T1(5.0 MeV. B, y) (emanated) 0.469 +0.063
1.090 = 0.046

5T1(5.0 MeV. B~. ) (surface)

Background (HER-II)

rate (cpd/266.0 t)

L., cosmogenics (mntemal)

[3.8554%1073]

(o . n) (external)

0.239+0.022




