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Fusion processes in the Sun
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Solar neutrinos - a window into the core of the Sun

Studying the Sun with Neutrinos

The only direct probe of nuclear
process in the core

Studying the Neutrinos with the Sun

Flux ~1011cm—? s-1
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Goals of solar neutrino experiments

Studying the Sun with Neutrinos

~ Fusion rates (pp, CNO)

- Energy production/loss mechanisms

~ Testing stability of the Sun

~ Metallicity problem: high (HZ) vs low (LZ)
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Goals of solar neutrino experiments

Studying the Sun with Neutrinos Studying the Neutrinos with the Sun

~ Fusion rates (pp, CNO) ~ Neutrino oscillation parameters
© Energy production/loss mechanisms -~ Anomalous magnetic moment
. . - Searching for deviations from MSW-LMA
© Testing stability of the Sun (large mixing angle Mikheyev-Smirnov-
~ Metallicity problem: high (HZ) vs low (LZ) Wolfenstein effect) scenario of solar
neutrino oscillations, especially in the
transition region of Pee (€.8. non-standard

D Tt N . B;f """ y Tneutrino interactions models)
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Solar Neutrinos Flux on Earth

103 —
— Based on Vinyoles, N. et al. Astrophys. J. 835, 202 (2017).
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Borexino @ Laboratori Nazionali del Gran Sasso

Borexino detector at Hall C
Laboratori Nazionali

di Gran Sasso
(LNGS)

3800 m.w.e shielding
-7:., SO against cosmic rays
Gran Sasso, ~106 reduction of cosmic
Apennines, background Entrance to the LNGS
Abruzzo, Italy
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Borexino Detector

Water tank

R=9m, 2.1 kt water
Shielding

Cherenkov muon veto

Stainless Steel Sphere
R=6.85m

PMT's support

Buffer + scint. container

208 Outer Detector ‘
PMTs

2212 Inward-facing
PMTs
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Nylon Outer Vessel
R=5.5m

Barrier for 222Rn
from steel, PMTs etc.

Buffer
Pseudocumene (PC) +
DMP quencher

Nylon Inner Vessel
R=4.25m

~ 300 tons of

liquid scintillator
(PC/PPO solution)
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Borexino Detector

Water tank Nylon Outer Vessel
R=91m, 2.1 kt water R=5.5m
Shielding Barrier for ?22Rn
Cherenkov muon veto from steel, PMTSs etc.
Stainless Steel Sphere
R=6.85m Buffer
PMTs support Pseudocumene (PC) +
Buffer + scint. container DMP quencher

208 Outer Detector
Nylon Inner Vessel

PMTs
R=4.25m
~ 300 tons of
liquid scintillator
2212 Inward-facing (PC/PPO solution)

PMTs

Unprecedented Scintillator Radiopurity
Low-energy threshold

Design Principle Goal:
7Be neutrino measurement

High Light Yield
Good energy and position resolution

No directionality ‘J J U LICH
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Borexino achievements and goals

Thermal insulation

e CRIN Gl R0 2016 Phase III (R016-)

Purification I Purification II

2007 2012 ¢ v (pp) flux (6] Towards
¢ v ("Be) flux [1-3] Improved radiopurity: ¢ New results on the solar fluxes* CNO
¢ v (8B) flux [4] ¢ 85Kr: reduced by ~4.6 | ¢V ("Be) day-night asymmetry
¢ v (pep) flux (8] ¢ 210Bi: reduced by ~ 2.3 ¢ Neutrino magnetic moment limit
¢ v (CNO) limit, [5] ¢ Th a.n d U negligible ' ¢ Correlations with gravitational
¢ Limit on NMM [1] (~10-1° g/g) wave signals
¢ Non-standard interactions
(WSsI)
Other interesting results:
Geoneutrinos > Bg DOI:10.1103/PhysRevD.92.031101
. No statistically significant DOI:10.1016/j.astropartphys.
Gamma-ray burts correlation excess over background 2016.10.004
e charge conservation >6.6 1028y @ 90% CL DOI:10.1103/PhysRevLett
115.231802

[1] DOI: 10.1103/PhysRevLett.101.091308; [2] DOI: 10.1016/j.physletb.2007.09.054; [3] DOI: 10.1103/PhysRevLett.
107.141308; [4] DOI: 10.1103/PhysRevD.82.033006; [5] DOI: 10.1103/PhysRevLett.108.05130; [6] Nature 512 (2014)
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Comprehensive measurement of solar neutrino
spectrum from the proton-proton nuclear fusion chain

Step 1: the event selection to maximize the signal-to-
background ratio: different set of cuts in the three
energy regions

Step 8: the extraction of the neutrino and residual
background rates with a combined fit

v(pp) v(pep) v("Be) v(CNO)

B . L L T \
0 0 @0 o0 0 1000 En;°g°y N ‘4°°] internal, external, and cosmogenic backgrounds
PMTs,

S A AR MMM AR r High energy range HERI: (3.2 - 5.7) MeV |
* v(®B) v(hep) ;
internal, external and cosmogenic backgrounds
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&:ﬂ High energy range HER II: (5.7 - 16) MeV |
| v(®B) v(hep) |
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e, external and cosmogenic backgrounds
2000 2500 3000 3500 4000 4500 5000 Ssnn LU ) - 5 . 3 . N
Energy [pe] e s -

Different energies -> different backgrounds ‘ ’ J U |_ | C H
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Low energy range (LER)(0.19-2.93) MeV

¢ Data-set: Dec 14th 2011- May 21st 2016;
¢ Total exposure: 1291.51 days x 71.3 tons (1.6 times Phase I data);

R

(300 ms internal muons, & ms external muons)

filif i

8 1. Nocuts
0 . Muon and muon daughter cut
07
3. FVcut(R<2.8m,-1.8<z<2.2m)
6
10 4. TFC cut (Three-fold coincidence)
£ 10°
. 1045§ e
Ll —
3 L
Z10° % 1C
10? lm
10 %_ 85 "y ﬁy_..
Kr 21084 gl
E telnaly rays |”| ||
1 1 1 I 1 1 1 I 1 1
0

200

v(pp) v(pep) v("Be)
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Low energy range (LER)(0.19-2.93) MeV

¢ Data-set: Dec 14th 2011- May 21st 2016;
¢ Total exposure: 1291.51 days x 71.3 tons (1.6 times Phase I data);
————————————

1. Nocuts
. Muon and muon daughter cut
(300 ms internal muons, & ms external muons)
3. FVcut(R<2.8m,-1.8<z<2.2m)
4. TFC cut (Three-fold coincidence)

* Improved radiopurity of Phase-II data
* More statistics than Phase-I

10° | * Improved understanding of the detector
t 11C response
New Geant-4 based Monte Carlo code

10%_ SKr  20p; T le i "
P -

1 1 1 I 1 1 1 I 1 1
200 400 600 80 1000 1200

Number of PMTs hit

Number of events

v(pD) v(pep) v(7Be) JULICH
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11C cosmogenic background - Three Fold Coincidence (TFC)

TFC tagged
TFC subtracted

o"

TFC —'gubtracted

P I T AT S AT T N ST B S
200 400 600 800 1000

Events / (20409 days x tons x 5 p.e.)

P | i
1200 1400 1600

(E >~ 2 - N3, keV) Nee
n+p—D+vomev (250 us)
"c 5"B+et +v.  (~ 30min)
~  Association of neutrons to a given 1 track
~  Calculate for each event the likelihood to be 11C ¢ 64% of exposure, 8% of 11C
~  Divide total exposure into TFC-subtracted and ¢ 36% of exposure, 92% of 11C
TFC-tagged spectra | — ———
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Events / (20409 days x tons X 5 p.e.)

Spectroscopy of pp,”Be and pep neutrinos (LER)

TFC tagged A multivariate fit with the likelihood,
TFC subtracted including:

108 A spectral fit

102; needed to disentangle dfMV(e)=<£tag(e)'dfsub(e).fPS(e) 'chad(e)
: signal and background

10

L TEFC “subtracted

¢ 64% of exposure, 8% of 11C
500300600 5001000 1200 1400 16()0 ¢ 36% of exposure, 92% of 11C

d
d NPC
(E~2- Npe keV)
Electrons b4
~ — Positrons
10 — Best Fit - 2/NDF = 85.1/107

¢ Constraining the remaining 11C
content in the spectrum depleted

Counts/(day x 100 ton x 0.01)
3
HH[ T \HHHF T IHHH‘ T T7

in 11C
102 l Q
45 46 47 48 49 5 51 52 53 ¢ To better disentangle external
PS-Lpg )
i background from the internal
E Uniform component .
- —— External component contaminants
10 ; —— Best Fit - x?/NDF = 47.8/69
Spectral shapes of
10k signals and ¢ Analytical and Monte Carlo
backgrounds
10*35—
0 ra— L

Counts /(day x 100 ton x 0.4 m)

05 T sz 25 s y ‘JJULICH
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Monte Carlo spectral fit

CNO constrained to
(4.92 £ 0.58) cpd/100t (HZ)
v(pp) v(pep) v(7"Be) or (3.52 £ 0.37) cpd/100t (LZ)

TFC tagged energy spectrum TFC subtracted energy spectrum

N
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] Po C 10 210 .
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=z —%Kr - ext bkg = . s Bi  ----extbkg
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Improved measurement of 8B neutrinos (HER)

Raw Spectrum

T I LI B | I LI I LI I LI I LI

10°

E I |

¢ Fit performed with the Monte
Carlo fit, split into High Energy
Region I ([1650, 2950] p.e.) and
High EnergyRegion II ([2950,
8500] p.e.) at 5.7 MeV for proper
fw handling of the background,;

¢ No natural radioactivity
expected above S MeV

Lol

T T lllllll
1 1 lllllll

10

counts /25 pe / 1494 d
=)

T T llll]ll
1 1 lllllll

L
m
Py

HER I

T Illllll
| lllllll

v(8B)
1 1 I 1 1 1 1 l 1 1 L 1 I L 1 1 1 l 1 1 1 1 l 1 1 1 I 1 1 1 l 1 1 l 1 L L 1
2000 2500 3000 3500 4000 4500 5000 5500 6000

Energy [pe]

C Data-set: January 2008 - December 2016  (Purification period removed)
Y Total exposure: 1.5 kton x years (extending FV)

(11.5-fold increase from Phase I results)

¢ Fit range: (3.2 -16) MeV

| — —
@) JULICH
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Improved measurement of 8B neutrinos (HER)

Removed muons

Neutron cut: remove 8 ms after all muons

Cosmogenics cut: 6.5s after all internal muons

(12B, 8He, 9C, 9L, 8B, 6He, 8Li)

10C TFC cut: 120 s, 0.8 m radius sphere around neutrons

Fast coincidence cut: no f14Bi-214Po

Coincidence cut: no events closer than 5 s

e TR
103 LIS L L L B L HERI
—— Data E d
———— Model PSSR NG
— ®Bsolar-v
10> ———— Neutron captures
2987): pulk

208 =
Tl: emanation

20%T1: surface

10

counts /1494 d/ 227t/0.10 m

T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII+

1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII'|.

=i

10t bt

(=}
(=}
9]
—_
—
9]
)
[}
9]
w
W
W

I4.5 5
Radius [m]

counts /1494 d/ 266t/0.10 m

10?

10

Radial fits - no assumptions
on energy spectra:
¢ Probe deviations from MSW

S— e
S A Ranan e A AARaa e
' ——— Data E _ -
C Model X .
- ®B solar-v * —
| Neutron captures .
— previous _
8 FV cut =

.I....I..|.....I....I....lI....I....I....I.
0.5 1 1.5 2 25 3 35 4 4.5 5
Radius [m]

¢ Fit performed with the MonteCarlo fit on the radial distribution, split into HER I
([1650, 2950] p.e.) and HER II ([2950, 8500] p.e.) ranges split at ~5 MeV

Mitglied der Helmholtz-Gemeinschaft

Zara Bagdasarian, Lomonosov Conference 2019

JULICH

Forschungszentrum

/.



New results: pp-chain neutrino rates

All rates are fully compatible with and improve the
uncertainty of the previously published Borexino results

CNO constrained to
(4.92 + 0.55) cpd/100t (HZ)
or (3.52 £ 0.37) cpd/100t (LZ)

Previous BX results New results Uncertain
(cpd/100t) (cpd/100t) ty
pp 144 + 13 + 10 134+10%6 11.4% -> 10.6% o
. Composition:
Be 48.3+2.0+0.9 48.3%1.1704 _ 4.8% ->2.7% Ev(pep)
N\ v(;Be)
pep 1406408 (HZ) 2.43+0.36*015 . |21.6% ->17.4% (HZ)
T (LZ) 2.65+0.36+0.15 | 1.6% -> 16.3% (LZ) 4
8B 0.217 + 0.038 + 0.008 0.223:0.015 +0.006 17.9% -> 7.7%
hep N/A <0.002 at 90% C.L.
ARTICLE o 4
v(pp

Comprehensive measurement of
pp-chain solar neutrinos

= haft

produced by

(pep) fusion,

Zara Bagdasarian, Lomonosov Conference 2019
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New results: pep in the spotlight

CNO constrained to

N\<70_| LI | 1T 1T | T 1T | T T | LI (4.92 i 0.55) de/loot (HZ)
< E CNO fixed to LZ solar model or (5-52 T 0-37) de/loOt (LZ)
60 - CNO fixed to HZ solar model
5oj\ Applying stringent cuts on FV and on the
\ ) pulse-shape variable PS_L,, we can actually
40; \ / see the pep v shoulder!
30
-\ / N
20F \ 400 500 600 700 800 900
C / I e
- / AO.16% 210,
10 Z-C 7 . 11C
C \ / Py 0.14 Be
0:.... T P < N X 012 CNO - Ext. Bkg.

+IIIIII

0 1 2 3 4 5 6 py
pep rate (cpd/100 t)

Z 0.08=

Z O

< 0.06F

Absence of pep signal is £ 0.04F-

. . . > -
rejected at >50 (including 0.021— .

. i s map s - '"'-':-'lf:l-‘: :' '-l:'l--l--n--q-.l. Lo
systematic errors) O 00250 1500 1750 2000 2280 2500
Energy (keV)

IJ JULICH
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Implications: Sun Stability

Borexino results: Photons only:
L =3.891)2> erg s~! L = (3.846 £0.015) erg s!

~ Real time picture of the Sun

- Nuclear origin of the solar power
o Thermodynamic equilibrium for
100 000 years

JULICH
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Implications of the new results: Ri.ix

(°*He +* He) 20("Be)
-V ep-v _
PP pep |/|| (3He 43 He) [CI)(pp) _ @(736)]
p+p—>2H+e*+v, p+e+p—>?H+v.
Y Y
99.6% ! 0.4%
’H+p—>°He+y
e 2 hepv 0027
SHe+3He—*He+2p | 1 | *He+p—*He+e +v. Borexino: Ry = 0. 1780:) 023
' _ 15%
P *He+*He—’Be+y o135
‘Be-v 9787% f G In agreement with the predictions:
‘Bete—=>’Li+v, ‘Be+p—>8B+y
Y Y
Litp—2'He | eg.y| B—*Be’+e*+v. HZ: R|/“ =0.180x0.011
PR Y
8Be'—>2He
pp-lli LZ: R|/” = 0.161 = 0.010
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Implications of the new results: Metallicity

— - T ] The new Borexino results
on 7"Be and 8B neutrino
5x10° —HZ
5.5x10 SSM-HZ rates seem to give a hint
] towards the High
—_ y , - Metallicity hypothesis/
‘Tm 50x10° } GLOBAL \ & e .
o ]
£ BX _ Frequentists approach:
2 45x10° L ] disfavour LZ with
S ! p=0.034, 96.6% C.L.
i ] -~ Bayesian approach:
4.0x10°F  SSM-LZ 7 HZ:1.7Z=5:1 odds; Bayes
L factor =4.9
3x10° 4x10° 5x10° 6x10° 7x10°
rmmmmnmmmm A .,  ¢slem®sT]
] 1 Difference |
. SolarVv 1 hziz)HZ . .
NN I 3 We are now largely dominated by the theoretical error
! 7Be [10%cm2s-1] | 8.7% .
F========-- Am - -
: B[105cm?s1] 1+ 17.6% 1 l J U L I c H
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Implications: Survival probability

0.8

Pee

0.7

0.6

0.5

0.4

0.3

0.2

B 1 1 1 1 1 1 1 1 I I 1 1 1 I 1 1 1 | _
: Vacuum N
—  pp oscillations —
3 B E
B o PEP - ]
- 8B g
- } .
n transition .
B region —
: 1 1 L 1 1 1 1 1 I 1 1 1 1 1 1 L 1 I :
1 10
Neutrino energy (MeV)

1.0

08

06
P

04 | Yacuum

oscillations
I (E< 1 MeV)

02 |

0.0

Transition
region

~2 MeV

Matter ]
enhanced
resonant
conversion |
(E > 5 MeV)

- Borexino is the only experiment that can probe the Pee survival probability in

both vacuum and matter dominated regions

- assuming HZ SSM fluxes (favoured by helioseismology): Absence of matter
effect rejected at 98.2% C.L. (2.10)

Mitglied der Helmholtz-Gemeinschaft
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Non-Standard Interactions (NSI)

Solar neutrinos as probe for physics beyond the Standard Model

production U

_________________________ @ detection
propagation |

Neutrino-electron interaction in the Standard Model:

ESM = —2\/_GF(1/a7“PL1/a [. e'yMPRe +@6’YMPL€ ]

(R,L) x (e, u,7) = 6 new constants for NSI:

R oL .
Objective of our study: ™ e e R g1  Stronglimitby CHARM II
e collaboration

e =
Borexino is particularly sensitive to N'SIs at detection:

- changes in vg — e and vy - e interactions affect electron-recoil spectra

JULICH
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Non-Standard Interactions (NSI)

- Analysis: Phase II data, Neutrino spectra: pp,
7"Be, pep and CNO modified to include NSI.

- NSI assumed in both propagation and
detection (NSI at production affect the
spectrum below Borexino threshold)

0.6
[ 90% CL.(2dof)
0.4~ Solar+KamLAND 05
0ol . LZ-SsM
- TEXONO k
0:______,_______,______,,______,,___._:: ________________________
ey L F BOREXINO %0
Q)—O.Q_— . &'
~0.41- o
06— Hz-ssm 7 05
[0 |SND
0.8
—_rllllll||||||||||||IIIlIIII]‘||l|l|||||[|[||l|
025 02 -0.15 -01 -0.05 0 005 01 0.15
e

Mitglied der Helmholtz-Gemeinschaft

L R T e N e = 1
: ' BX(HZ)[1] ! BX(LZ) [1] : global [2]

e N B | i iy 1
: Ee® ' [0.15,+0.11] ' [-0.20,+0.03] ' [0.004,+0.151]
F====q===========-== F============= e memmmmm===a- 1
' 8" ' [-0.085,+0.032] ' [-0.013,+0.052] ' [-0.03,+0.08] !
| e T e pnl 1
: el '+ [0.83+0.36] ' [0.4R+0.43] [-0.3, +0.4] :
| =S B S [ 1
' e ' [0.11,+0.67] ' [0.19,+0.79] '  [-0.5,+08] !
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https://arxiv.org/abs/1905.03512

New results: upper limits on CNO

LER with constraint on

305 ' ' ' ' ] Ryp /Rpep = 4%7.7% 0.8
2B == pp/pep ratio fixed to HZ-SSM B
20F ' : pp-v pep-v
N F // 7
: 15 / - p+p—>2H+e*+v, pt+e+p—>2H+v.
10 /’
5 - > :
L——M T | T TR TR Lo 1
% 5 4 5 5 10 15 14 16 Rcno< 8.1 (95% C.L.)
Rcno (cpd/100 ton)
Confirmed Phase I result

Best upper limit currently available

S —— E—

Towards CNO measurement (see later): important for Astrophysics
¢ Contribution to the total solar power ~ 1%

¢ BUT dominant energy production mechanism or heavier stars

¢ Very sensitive to metallicity: (HZ-LZ)/HZ = 28.1%

IJ JULICH
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Towards Cl\TO-neutrmos

100 200 300 h 400 500 600
- Motivation:
~ B f ~ Proof of principle of star energy
ok \ production via CNO cycle
o v 210R3 W\ww WW““‘“M““*‘““M‘WM% o Important for astrophysics
§ F———0 " MM' studies of the Sun and heavier
P e Jk v(pep) stars where the process is
§  Esscmemerrenr expected to be dominant
g V(CNO) Post "
o Sensitive to Sun metallicity
60800000 1200° 7400 7600"
T S B :
Co o solrv 1 Qi |
o A — - 1
Correlations - ' -
. 1CNO 108 cm2s1]; 28.1%
0 2,0 4.0 Wlt'h IlO 1 1 1
[ 210g] e LR E DL R R
- 5 | constraints
g8 & 7 Challenges:
8 — (-’V( Zp) ~ Low rate
T 5 5 i . . .
% ﬂ i ~ Shape similar to 210Bi and v(pep)
T 0 0 20 _ Strong correlations ->need
5 20* v(CNO) independent constraints
2 :
B r Y
20 0 2040 0 5 20 0 20 ‘ JULICH
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Towards CNO-neutrinos

Bi constraint from Po measurement

_2,2 years 35 188 4 da;ys _

~ At secular equilibrium the rate of | —— g SN L SN g S
R10Bj is equal to that of 210Po F '3' o

“*TPO con@mmauon

horth

Fiducial Volume

® Inner Vessel with
210pp contamination

! L g | i 0 e
2019/02/28 2014/11/23 2015/08/18 2016/05/12 201 7/02/04 2017/10/30

210Po identification advantages: 210Po stability challenges:

* Monoenergetic decay — “gaussian” peak Thermal insulation to stop convective
motions

* a-decay — pulse shape discrimination

Berguno on |
: Tuesday, SESSION B 17: 55 &
) JULICH
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Towards CNO-neutrinos

. . 22.2 years
Bi constraint from Po measurement = T

_ Sdays___138.4days

. il 210P0 ,._"j,rv,‘ 206 Pp :
<~ At secular equilibrium the rate of | S— gl TR gl N
R10Bj is equal to that of 210Po P o
north L
0 Fiducial Volume
40
30+
20
® Inner Vessel with
, 210pg contamination
K H o u
2012/02/28 ‘ 2014/11/23 2015/08/18 201/05/12 — 2(|)1‘7/|02/(|J4 — 2(|)17/10/30
(] [ ] [ ] [ ] ] [ ] : ‘
Promising sensitivity studies stay t.uned'

Possibility to get CNO measurement
between 2 and 4 sigma

— ——
@) JULICH
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Summary

Borexino has gone well beyond its original goal providing a complete
study of solar neutrinos from the entire proton-proton chain

JULICH
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Summary

Borexino has gone well beyond its original goal providing a complete
study of solar neutrinos from the entire proton-proton chain

The newest results feature

First comprehensive extraction of pp-chain neutrinos:

Improved precision in all flux measurements (notably "Be precision is now 2.7%);

>50 evidence of the pep neutrino signal,

First experimental determination of the ratio between 3He-4He and 3He-3He
reactions in the Sun

Hint towards the high metallicity hypothesis
Test of the MSW-LMA vs vacuum flavour conversion paradigms
Thermodynamic equilibrium of the Sun for 100 000 years

Competitive limits on non-standard neutrino interactions

Outlook
- Take data with temperature stabilized detector in an attempt to measure CNO v

JULICH
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Dedicated to the memory of Simone Marcocci

(1989-2019)
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BACK-UP SLIDES
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Limit on the Neutrino Magnetic Moment
(Phys. Rev. D 96 (2017), 091103 R) SM

e

Considering the current limits on m., py < 1018 up, 7-8 orders of
magnitude less than the current experimental limits... A/ Beyond SM

v proportional to the mass of charge leptons, expectations reach the
levels of the current experimental limits

t do =”2&3m r_r
ar), " m2 \T E,

pog = P ul + (1 = P¥)(cos™0y; - p; + sin*6ys - u7)

¢ Data-set: Dec 14th 2011- May 21st 2016; The NMM limits obtained on solar
neutrinos represent an effective value

e Tc.)tal exposure: 1291.51 days x 71.3 tons; typical for a certain flavour
¢ Fit range: (215 - 715) keV, composition Pesr
L — B

) IJ JULICH
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Limit on the Neutrino Magnetic Moment

350

New limit obtained by profiling p_. and using a

constraint from radiochemical experiments on

the total flux of neutrinos measured by Borexino 30071

250 |

2004 .

o
>
3
S i
GEMMA . § :
[Phys. Part. Nucl. Lett. 10 (2013) reactor anti-v, u <&.9 © 1504 % .
139] 2 "y
Borexino: S, |
k?:Be SOla,I’ V Meff< 5.4 100_\\ N
[PRL 101 (2008) 091302] x
Borexino pp- and "Be U< 2.8 504 | | .
0 I :\I “7““I ‘-"‘Anl‘ tpas I‘ S I “H “
200 300 400 500 600 700 800
i Energy, keV
ﬂ L] ] (]
4 Modification of the spectral shape of electrons

scattered from pp and “Be solar neutrinos due ton_, >0
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Comparison with the theoretical predictions

Solar v Borexino results Expected-HZ Expected-LZ
Rate [cpd /100 t] Rate [cpd/100 t] Rate [cpd/100 t]
pp 1344+ 10 19, 131.0 + 2.4 132.1+2.3
Rates "Be 4834117102 AT8 £2.9 43.7 £2.6
pep (HZ) 2.43 +0.36 1055 2.74 +0.05 2.78 + 0.05
pep (LZ) 2.65+0.36 03] 2.74 +0.05 2.78 + 0.05
Solar v Borexino results Expected-HZ Expected-LZ
Flux [em™2s71] Flux [em™2s71] Flux [em~2s71]
pp (6.1£0.5152) x 10" 5.98 (1 £ 0.006) x 10 6.03 (14 0.005) x 10'°
Fluxes & |7, (4.99 £+ 0.13 £997) x 10° 4.93 (1 £ 0.06) x 10° 4.50 (1 £ 0.06) x 10°
pep (HZ) (1.27+0.19 T0-9%) x 108 1.44 (1 £ 0.009) x 10° 1.46 (1 £ 0.009) x 10°
pep (LZ) (1.39 £0.19 79:9%) x 10® 1.44 (1 £ 0.009) x 108 1.46 (1 £ 0.009) x 108

*oscillation parameters from: I.Esteban, MC.Gonzalez-Concha, M.Maltoni, I. Martinez-Soler and T.Schwetz, Journal of High

Energy Physics 01 (2017)
**neutrino fluxes from: N.Vinyole,A.Serenelli, F.Villante, S.Basu, J.Bergstrom,M.C.Gonzalez-Garcia, M.Maltoni, C.Pena-

Garay, N.Song, Astr.Jour. 835,202 (017)
39
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Two approaches: Analytical & MC

MonteCarlo Analytical

Astrop. Phys. 97 (2018) 136 -159 Phys.Rev.D 89, 112007(2014)

~ Full simulation of all processes: © energy scale and response
energy deposition, light described analytically (including
production (scintillator and Cherenkov, quenching);
Cherenkov), propagation and
collection,; ~ Spatial dependence of

<~ All known material properties reconstructed E and o(E);
included;

~  Known time variations of the ¢ Free parameters in the fit: the
detector included (for example, rates of signal and background +
number of live PMTs and 6 parameters of the response
electronics channels); function (Light yield, 2

¢ Free parameters in the fit: only resolution parameters, 210Po
the rates of signal and peak position and width,
background; starting point of 11C spectrum,;

JULICH
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Frequentist Approach to Vacuum vs MSW a
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Frequentist Approach to HZ vs LZ
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Systematic errors of pp,”Be and pep

Two methods to
take into account

pile-up: A pp "Be pep
Source of uncertainty % 2% —% % —% +%
Egzce‘ﬁi;f;gﬁgff%t Fit method (Analytical/MC) | -12 12 |-0.2 02]-40 4.0
detector response: Choice of energy estimator -25 25(-0.1 0.1]-24 24
Uncertainty on Pile-up modelling -25 0510 0 01 0 0
theoretical input ‘\Fit range and binning -3.0 3.0(-0.1 0.1| 1.0 1.0
spectra (R10B1); Fit models 45 05[-1.0 02]-6.8 2.8
Inclusion of 88Kr constraint |-2.2 22| 0 04|-3.2 O
8°Kr constrained Live Time -0.05 0.05|-0.05 0.05]-0.05 0.05
2%23627 'f‘;p&{,cl,?ft Scintillator density -0.05 0.05]-0.05 0.05{-0.05 0.05
85KP—85I.{,b. delayed |* Fiducial volume -1.1 061]-1.1 06]-1.1 0.6
coincidences) Total systematics -7.1 4.71-1.5 08]-9.0 5.6

Mitglied der Helmholtz-Gemeinschaft Zara Bagdasarian, Lomonosov Conference 2019 43 J
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Borexino background rates

&

Factor 4.6
—p reduction with

respect to Phase-I

Ba"kgmundsl)ecles """"""" Rate (cpd/100t)
14C (Bq/100t) 40.0+2.0
SR 6.8+1.8 _
“oBI 17.5+1.9 —
He 26.8+0.2
“i°Po 260.0+3.0
Hxt 20K 1.040.6
Hxt #14B1 1.9+0.3
Hixt 200T1 3.310.1
Mitglied der Helmholtz-Gemeinschaft  Zara Bagdasaian, Lomonosov Conference 2019

P Factor 2.3
reduction with
respect to Phase-I

Statistical and systematical
errors added in quadrature
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Improved measurement of 8B neutrinos

Excess not compatible with a bulk
distribution

Events/ 10 cm

| Not compatible with events from the
vessel nylon: 5 MeV is the max Q-value
from natural B-decay radioactivity (208Tl)

I—lw-

Radius [m

Hypothesis:

- External background from neutron
captures on elements different from
Hand C

- Neutron sources: (o, n) reactions
and fissions from U and Th chains

- Neutron capture material neutron
candidates: §§S, PMTs, support
structures

\ 4

 (n)
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