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Solar Neutrinos

Fundamental paradigm:
The source of energy in the sun (and in
H-burning stars) makes neutrinos:

4p — “He + 2e* + 2v_ +(24.69+2-1.022)MeV
<E >~ 0.53 MeV, 2% of total energy produced
Hydrogen burning works through:

pp-chain reactions
CNO bi-cycle



pp chain
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CNO bi-cycle H burning
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Solar neutrino flux [em? s

Solar neutrino spectra

A. Serenelli et al, Astrophys.J. 835 (2017) no.2, 202
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The Borexino detector

Outer Detector

Inner Detector—

Buffer regio

Inner Vessel

278 t of liquid organic scintillator PC +

PPO (1.5 g/)

* (v,e)-scattering with low threshold

(~200 keV)

Borexino Experiment

External water tank 18m ¢

Rope tendons Stainless steel sphere 13.7m ¢
2200 Thorn BMI 8" PMTs (1320m 3 PC)
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In data taking at LNGS since 2007
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Borexino: water filling
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Borexino: liquid scintillator filling May 2007




Borexino Expected Solar v Spectrum

Spectrum with irreducible backgrounds
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Data selection for solar neutrino analysis
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210Po: can be reduced by purification + PSD
14 me- _li i
\ C 14C.. can be .reduced by off-line tagging Muon cuts: muon
C: irreducible induced events
/ are removed
210PO
FV cut: Events
in the outermost
11 part of the
Be C scintillator
volume are
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Borexino: timeline of activities

External Tank insulation
PHASE-I PHASE-II

2007 2010 2012

2017 j2018

A
If \I I A

CNO campaign

' LS purification campaign

filling 6 cycles of water extraction

« R(’Be)+ DIN * R(pp) first in real time
* R(pep) — first observation « Seasonal variations of R( ’Be)
« R(®B)- first with LS « Simultaneous spectroscopy of
« R(CNO) - limit pp, 'Be and pep v
« R( ®B)-improved
geo- v — first robust observation s geo-v
cosmic muons flux studies * v magnetic moment
rare processes * NSI (under study)
* rare processes




Number of events

Phase I/Phase i

Phase II: lower 85Kr and 21%Bij,
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Removing "C background: Three-Fold Coincidence

u+12C>p+11C+n
HC>1B+e*+v,
1=29.4min
E,=1—-2MeV
n diffuses before
capture on H in
~ 250 us

The TFC eff. is
92+4% "C
preserving 64% of
the total exposure
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Three-fold Coincidence

at work
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Multivariate approach to spectral fit

Originally developed for pep-neutrino analysis (2012) to separate electron spectra
from overhelming contribution of 'C

The technique consists in combining the likelihoods:
* (1) Energy spectrum with and without the TFC tagging

* (2) Pulse-shape discriminator (PS-Lpg) of e*/e
(""C decays emiting B* ) based on the
difference of the scintillation time profile for e
and e* due to:

Evants

2B =
11C .

Mﬂ.“ L

PS-L narm likelinood
PR

» 50% of e* annihilation is delayed by ortho-
positronium formation (t~3 ns);

» e* energy deposit is not point-like because of 'E
the two annihilation gammas; s

5..

» (3) Radial distribution (allows to separate external backgrounds from uniformly

distributed signals); 17



Events / (day x 100t x 40 cm )
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Multivariate fit is sensitive to pp,
'Be and pep contributions

CNO neutrinos are included in the fit, but the sensitivity is limited CNO (MSW/LMA):
because of energy spectrum degeneracy with similarity to 2'°Bi HZ: (4.9210.55) cpd/100t
LZ: (3.52%0.37) cpd/100t
dt, Nh
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102 I L B _'14'C | I21BBiI ,}0.16 I I | | | :OBi
— 210 85 pd —Tc
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In this plot pep-neutrino
characteristic shoulder is made
visible by applying more stringent
cuts (R<2.8 m and Lpg<4.8) 19



Results .

arXiv : 1707.09279 .

« Data-set: Dec 14" 2011- May 215t 2016
Total exposure: 1291.51 days x 71.3 tons
Fit range: (0.19-2.93) MeV

Borexino experimental results B16(GS98)-HZ B16(AGSS09)-LZ
Solar v Rate Flux Rate Flux Rate Flux
[cpd /100 t] [em 2571 [cpd /100 t] [em—2s7 1] [cpd /100 t] [em 2571
p 134410 7%, | (6.1£0.592) x 10" |131.0 £2.4{5.98 (1 £ 0.006) x 10'°|132.1 4 2.3|6.03 (1 4 0.005) x 10'°
"Be 483+ 1.1 707 1(4.99+£0.13 T507) x 10| 47.8 £2.9 | 4.93 (1 £0.06) x 10° | 43.742.6 | 4.50 (1 £ 0.06) x 10°
pep (HZ)|2.43 4 0.36 7935 | (1.27 4 0.19 T505) x 10%]2.74 £ 0.05| 1.44 (1 £ 0.009) x 10® |2.78 £ 0.05| 1.46 (1 £ 0.009) x 10°
pep (LZ)[2.6540.36 7035 [(1.39 4 0.19 T0°9%) x 10%]2.74 £ 0.05| 1.44 (1 £ 0.009) x 10% {2.78 4 0.05| 1.46 (1 & 0.009) x 10°
CNO < 8.1 (95%C.L.)| <7.9x10% (95% C.L.) {4.91 £0.56| 4.88(1£0.11) x 10® |3.5240.37| 3.51 (1 +0.10) x 10°
Backgrounds Systematics
Background Rate pp "Be pep
[cpd /100 t] Source of uncertainty % +%| =% +%| -% +%
T4 Bq/100 t] 100+ 20 Fit 1‘nethod (a‘nalyt_i(‘:al/l\/I‘C) -1.? 1.? -0.2 0.2]-4.0 4.0
SSK‘ 68+ 18 Choice of energy estimator |-2.5 2.5 |-0.1 0.1]-24 24
210 1- ) ' Pile-up modeling 25 05] 0 0 0 0
- “Bi 1750+1.9 Fit range and binning -3.0 3.0(-0.1 0.1] 1.0 1.0
“C 26.8 + 0.2 Fit models -4.5 0.5-1.0 0.2]-6.8 2.8 219Bj E-scale, response
210po 260.0 + 3.0 Inclusion of *Kr constraint | -2.2 2.2 | 0 04 ]-32 0  R(®Kr)<7.5@95%
Ext 4OK 1.0+06 Live Time -0.05 0.05(-0.05 0.05|-0.05 0.05
s, ' ' Scintillator density -0.05 0.05]-0.05 0.05]-0.05 0.05 LS mass
214 ‘
Ext. 208B1 19 +0.3 Fiducial volume 11 06]-1.1 06]-1.1 0.6
Ext. 11 3.3+0.1 Total systematics (%) -71 47(-1.5 0.8(-9.0 5.6 20




Results highlights

Earlier result | Actual result

>5c evidence of pep signal (cpd/100t) (cpd/100t) Precision
(including systematics) op 144313£10 134£10%6 _,, 11>10%
O Be(") | 46.0+1.5*16 . | 46.3%1.1%04 . 4.7>2.7%
220 E_ | CN(ED fixed 1::: LZ sola;r mode!_ (HZ)
" CNO fixed to HZ solar model 2431036_‘_015 ]
50x pep 3.140.6+0.3 v 22>16%
\ | (L2)
40: \ / i 2.6510.36-‘-0'15 -0.24
30;_ """ \ / *Result for 'Be 862 keV line is quoted
20F ‘\ / -
: // :
10 .
i 1 Solar luminosity: L Borexino = (3.9 + (0.4) x 1033 erg/s,
N4 : y: L, ( ) g

00 I - is in agreement with measured photon luminosity
eprEe YL, = (3.846 £ 0.015) x 10% erg/s

CNO: 95% C.L. limit on CNO rate : R(CNO)<8.1 cpd/100 t
flux : @(CNO)<7.9-108 cm-2s""

Expected (HZ) 4.92+0.55 (LZ) 3.52+0.37 cpd/100 t (20 apart) o1



Improved measurement of B

What is improved in analysis:

« better understanding of backgrounds (external
YS, cosmogenic)

* No FV cut: 1.5 ktons-yr exposure between
2008 and 2016 (x11.5 of the Phase | analysis)

Efficiency

* Lowest energy threshold among real time
detectors

 Identified new source of background due to n

capture on C and Fe
« New estimate of the cosmogenic "Be

> 3 MeV visible energy

10 e e T T T TS

10° E

counts / 25 pe /1494 d

10 E

v b o by P b b s s
2000 2500 3000 3500 4000 4500

arXiv:1709.00756

f
5000 5500 6000

Energy [pe]

counts /1494 d/ 227t/0.10 m

0.133T0:013 (stat) 10003 (syst) epd/100t,

Rip =

Ryp = 0.08709% (stat) 10005 (syst) cpd/100t,

Ripenp = 022070010 (stat) To00s (syst) epd/100+t.

Expected rate in the LE+HE range:
0.211%£ 0.025 cpd/100 t
Assuming B16(G98) SSM and MSW+LMA

¢(hep)<2.2 x 10°cm=2s1(90% C.L.) 22
vs 7.98/8.25 x 103 in HZ/LZ SSM.



MSW-LMA : electron neutrino
survival probability

High metallicity SSM _ow metallicity SSM
- e 5 T
? 09F SSM: B16(G98) = ? 09E SSM: B16(AGSS09met) =
o 0.8F 3 o 0.8F =
A - PP = 2 E PP Be 3
o 0.7:— 7Be K o 07 B —E
0.6 l pep - 0.6F ’ l Pep =
: { B 3 ] E
0.5:— r 0.5:— ’ —
0.4F- I 3 0.4F- =
03F - 03F =
025 p-values: 3 - p-values: E
“E Bxonly:0.998 O2E Bx only: 0.362 E
O-IE All exp: 0.956 E 0.IE All exp: 0.465 E

Ob—— ol = O ) il

1 10 1 10
Energy [MeV] Energy [MeV]

MSW error band is 10
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6.0x10°

55x10°

Ppelcm?s7]

40x10°F

Borexino vs SSM

See also A. Serenelli this meeting

5.0x10°F

45x10°

-------------------------

Allowed regions: ]
()68.27%C.L. 1
(J95.45%C.L. ]
(J99.73% C.L. {

3x10° 4x10° 5x10° 6x10° 7x10°8

¢plecm? s7]

* Global fit to all solar + Kamland data
(including the new "Be result from BX)

7= 2B i 6110.03
O(Be)y,
7, =208 _ 603100
O(B)y,

 a hint towards the HM :

LZ is excluded by BX only data at 93% CL

« theoretical errors are dominating

R

2 +
p+p—="H +e"+v,

8

99.76%

‘B

‘B —°Be +e'+v,

®Be’ — “He +'He

’/p+e'+p —=H+v,

3.30% 2H+p—>3He+y 16.70%

*He +°He — “He +2p (e
‘Be+p = *B+y

pep
0.24%

% 3He +*He —="Be+y J

"Li+p — “He +*He .

R =

<% He +' He >

20("Be)

<3 He+3He >

o(pp) — ()(:‘-L’\P:]

R(HZ)=0.180+0.011
R(LZ)=0.161£0.010

From the pp and "Be fluxes measurement

R(B RX)=0. 1 78+0'027_o_023
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Seasonal modulations of
"Be neutrino flux

Astroparticle Physics 92 (2017) 21-29

ROl is around "Be shoulder
0 September

48f
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“ a4F

af
4():
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4F
32k

100 ton

p

[t
0 200 400 600 8§00 1000 1200 1400

Time [days]
Fit to the evolution €= (1.74 + 0.45)% ‘
of the rate in time |:> T=(367 = 10)days
(bin of 30 days) ® = (-18 £ 24) days March

The duration of the astronomical year is measured from

underground using neutrino! 25



Borexino: next goals

e Goals:

— Main: attempt to measure CNO neutrinos with present
data

— Geo-neutrinos: update previous results

— Rare processes: supernova (watch), neutrino
magnetic moment, ...

— Calibration

— Preparation for a Water Extraction purification with an
upgraded plant

» See F. Calaprice at TAUP 2017
— measure CNO neutrinos

26



Strategy for a CNO measurement

« Main background is 2'9Bi
« With present data: attempt to measure 21°Bi supported component
from internal 2'°Pb
— We have observed 2'%Po |leaching out the nylon vessel and
moving into the FV due to convection motions
— Reduce convection into FV and let 2'°Po decay to determine
supported contribution from 21°Pb
— Supported 2'%Po activity determines/constraints 21°Bi

21%pg Top/Bottom

:é 10* .‘\\\\ Top
5 | g “\,,\ — Bottom
S iy .
2R N o/ PSD determines 2'°Po
1200 1\_ "‘»"“};“ﬁ.h‘ " t . t
1000 “"“tiﬁfm‘“’“}"ﬂi ", M activi y

800

= supported component +
residual surface convection

— Ry = (A-B)ets+ B

,,,,,,,,,,,,,,,,,,,,,,,,,,

600
400 —

200 —
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CNO neutrino sensitivity

Depends on 2'9Bi background.
We assume that 2'9Bi will be measured with 10-20% accuracy

Vv(CNO) median p-value (LZ/HZ hypothesis)

O e
- —
. = % Bi + 20% - pep+ 10% (LZ CNO) % Bi + 20% - pep: 10% (HZ CNO)
> ~ 1o
Q _1 --------------------
10 B
S SR O Bi +20% - pep+ 1% (LZ CNO)  m Bi + 20% - pep+ 1% (HZ CNO)
g : ----- D - e i\ B B BN OB B OE = . 26-
= 102 * ; . A Bi + 14% - pep+ 10% (LZ CNO) 4 Bi + 14% - pep 10% (HZ CNO)
- ° 3|l _ |
jgiEz e gmmm e Bi + 14% - pep+ 1% (LZ CNO) Bi + 14% - pep+ 1% (HZ CNO)
— O Bi + 10% - pept 10% (LZ CNO) = Bi + 10% - peps 10% (HZ CNO)
10—4 -
S 40
s s s mmsmmm—————— = =|| o Bi + 10% - pep+ 1% (LZCNO)  ® Bi + 10% - pep+ 1% (HZ CNO)
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Thermal insulation to
reduce convection motion
Inside the FV

210pg in std FV

s — Top
% — ’ — Bot
§ H —TOT

H; i wm H* “Hnilll I““‘l' L, 1|*|
e | i A
* {iH“}i*}mlHll 1}. L
1

*1 S5 T R T I

P
E=

o Supported componeht

.........

1 1 1 1 1 1 1 \ 1 1 1 1
201 5/02/27 2015/10/09 2016/05/19 2016/1 2/29 2017/08/10 [%018303/22
t [days

Hemishell Analysis

hemishell no.

Hemi-shell #53 .
Hemi-shell #27

Thermal insulation 29
et (summer 2015)
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Borexino: next future prospect

« Borexino has measured all neutrinos from the
pp-chain

NEXT:

« Exploit thermal insulation to determine/constraint
21OBi

* Improve present thermal insulation

« Set-up underground plants to make water
extraction with new purification system

* Plan calibration campaing

* Plan new results on geo-neutrinos and rare

Processes
30



