BOREXINO:
Solar Neutrinos
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Why the Borexino Experiment?

Neutrinos coming from the Sun (< 3 MeV region )
- allow the study of neutrino oscillations (PARTICLE-)
- provide key information for accurate solar modeling (ASTRO-)
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Borexino Milestones

Borexino is presently the only detector able to measure the solar neutrino
Interaction rate down to energies as low as ~150 keV and to reconstruct
the energy spectrum of the events.

Solar Neutrinos

v First measurement of the interaction rate of the ‘Be mono-energetic
862 keV solar neutrinos with accuracy of 5%

v Exclusion of any significant day-night asymmetry of the ‘Be solar
neutrino flux

v First direct observation of the mono-energetic 1440 keV pep solar
neutrinos

v Set of the strongest upper limit of the CNO solar neutrinos flux

v Measure of the 2B solar neutrinos with an energy threshold of 3 MeV

v First spectroscopic measurement of the pp spectrum.

And so on...
v Geo-netrinos detection
v Detailed study of the cosmogenics in liquid scintillator
v Limits on rare processes



The experimental set-up

Borexino Detector 13.7 m stainless sphere
: diameter

" Stainless steel sphere

External water tank —
< ~Nylon outer vessel e ~ 1000 tons of
Ropes —_ —— )\ Nylon inner vessel pseudocumene (PC)
o Fiducial volume e ~300 tons Inner Vessel

Internal " ’ « Ultrapure Water Tank

~2200 (PMTs)
25% Coverage

Light Yield = 500 PE/MeV

Hall C — LNGS Lab

Very (very) low background - - Nitrogen stripping (Low *°Ar, “°K)
- Distillation
- Water Extraction
Unmatched keystones - - development of thin radiopure nylon ballons 4
- developments of powerful purification method




Borexino Timeline

Most of the solar
neutrino results are
from Phase |

Water Extraction

And operations gee |l

Calibrations

May 2007 Jan 2009 | Jun 2009 Dec 2011
. PP

Be Very low background geoneutrinos
B reached

PeP SOX project

End of 2016 5



The Borexino Signal

The Borexino PMTs detects the scintillation light
produced by electrons scattered by neutrinos
o(CC) ~ 5 a(NC)

This signal is indistinguishable from natural
radioactivity (- and y components). No directionality.

For a and [3* we can apply pulse shape discrimination

Extreme low background required!!!
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Calibration Campaign

Source deployment locations 7

/ inner vessel

A 222Rp 4 14C
® Am-Be(@®)
* zozﬂg
51Co
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¥ 838r + 6Zn + 0Co
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Calibration of the full energy scale with
different standard sources deployed inside the
detector with mechanical arms. Response.
Resolution modeling (Analytical + MC)

5%VE

Calibration of the position. Position is
Important for defining the fiducial volume



Pulse Shape Discrimination Techniques

Annihilation Ys

B+ prompt

Scintillation
light decay

Hit time-density [(2 ns) 1]

214B; (B)

Probability of hit detection in 2 ns
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Trained on #“Bi (e”) and cosmogenic °C (e*)

Trained on #“Bi-Po coincidence



The energy spectrum

Borexino spectrum

. Muon Cut
. Cosmogenics

N -

The strongest cut is the fiducial
volume that removes the
external background

Alpha-beta statistical subtraction:

The alpha events are statistically removed
iIn each energy bin according to the Gatti
filter

Analytical method

Projection
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Fit example: ‘Be

Full spectrum

—— Fit: */NDF = 141/138
—— "Be:45.5£ 1.5

— ¢

—— Ppo: 656.0+ 9.8
External: 4.5 + 0.7
pp; pep, CNO (Fixed)
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- Live time ~740 days
- Result from Phase |
- 5% accuracy

o/f3 statistical subtraction
of the 21°Po peak

—
>
5]
':d
—
b
=
@]
—
]
2
]
e
:}"I
3
=
—
7]
—
=]
=3
@]
Q
—
O
—
=)
(a4

‘Be  46.0£1.5(stat) "% (syst)

851y 31_2j:1_T(:sta.t)iil.T(:s}-’Bt)

#1Bi 41.041.5(stat)£2.3(syst)

"C 28.5+0.2(stat)+0.7(syst)

—— Fit: ¢/NDF = 99/95
—— "Be: 47.0+ 1.9
— ®¥Kr:24.6+32
210Bi: 40.6+ 2.6
— 1280104
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Threefold coincidence

muon track Muon tracking

inner vessel
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% neutron capture

Blinding for 2h of cylinder
or sphere volumes
according to the neutron
multiplicity

uH+12C - p+ + n

~90% reduction of the C
~50% of exposure lost

H+n - D+ 2.2 Mev (250 us) }



Rate [counts / (day x 100 ton x 5 hit)]

—-

—_
=]

—_
=

-
=h

—

Multivariate fit for pep

After TFC veto

—— pep: 2.98 £0.65
"Be: 480+ 1.8
Kr: 20.6+ 2.0
20B{: 540+ 2.6

5B (fixed)

214ph (fixed)

—— UC: 268+ 0.17
10C: 0.23+0.09

External y: 2.49 +0.23

—— 1C:50.04 + 051
10C: 1.24+0.18

Species

Result [cpd/100 ton]

Expected value [cpd/100 ton]

2“le (Nli
. pe
. ZHXTI (Nh)
. 2YBi (Nh)
. 2YBi (N,)
. 4()K
Total Ext. Bkg.

0.7(0)£0.6(0.5) £ 1

31+0.6+03
483+2.0+09
193+£20x19
545+24+14
274+03+£0.1
0.62+02+0.1

2.73 £0.05 (2.79 £ 0.06)
460+ 15+1.6
304 £53x£1.5

NA
285+02+£0.7
0.54 £0.04
0.31 £0.04
NA
NA
NA
NA
NA
NA

1.64+0.11+0.01
1.9440.134+0.02
0.67+0.12+0.01
0.41+0.13+0.02
0.16+£0.1+£0.03
249+02+0.04

68% Limit

95% Limit 99% Limit Expected value

4
0.11
0.12

12
0.42
0.46

19
0.69
0.75

5.24 £0.54 (3.74 £ 0.37)
NA
1.78 = 0.06

Multivariate Fit

Data

------ Signal and intemal background events
External background events
Best fit

Data

¢ events
e*events
Best fit

(likelihood) concept
radial distribution
beta +/- pulse shape
TFC subtracted spectrum
normal spectrum
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Borexino Phase ||

Isotope Borexino-I Borexino-lI
Best conditions
14¢ /1 12¢, g/g 2.7.1018 ever!

238y, g/g <9.7- 10-1° (95%)

( 219Bi-219Po) From

232Th, g/g <1.2-10-18 (95%) December 2011
(#12Bi-2'2Po) After the Water
22Rn (2%U), - Extraction
ev/d/100 t

e ol

210pg, 80 (initial),
210Bj, 20-70
ev/d/100 t

85Kr 30.4+5 cpd/100t <

ev/d/100 t compatble with 0
<<8Kr

ev/d/100t

Jun 2010 — Aug 2011

Apr 2015 estimate
(cpd/100ton) Phase | Phase Il
8Kr ~30 ~0

(]
=]
=1

210B; ~40 ~20

6 cycles of Water Extraction (~1 year)
reduced drastically the background
contaminants




Phase I|-Il nalve comparison

Phase I-Il

Norm. Counts

Phase | "Be shoulder

e

Phase I

200

Example of comparison normalized to the live time




pp energy spectrum

Fit of the energy distribution

y2/d.of. =172.3/147

— pp v: 144 + 13 (free) — 210pg- o
—_ J;ée -1.:-:1416?2_1_12%.1llf(r0(iistrained) . 140}?2-9.5882 a.g(groffs)trained) Selection criteria (maXimize Signal'tO'
- pep v: 2.8 (fixed) Pile-up: 321 + 7 (constrained) . ]
CNO v: 5.36 (fixed) — 2108j: 27 + 8 (free) noise):
#11Pb: 0.06 (fixed) ®Kr: 19 (free) - removing residual backgrounds
- remove electronic noise events
il - Fiducialization (~86 m?)
Synthetic 4C (156 keV): 2.7 x 108 of 2C (""40 Bq)
plasup - pile-up due to the high rate
- F PSSl - Independent measure of *C
e - pile-up modelling through the

synthetic pile-up

Parameter Rate = statistical error Systematic error
(c.p.d. per 100t) (c.p.d. per 100t)

nd ‘ 3
\1\/!
/\
250

300 350 | 400 450 500

Energy (keV) pp neutrino 144+ 13 +10

85Ky 1+9 +3

) ) ) 210B; 27+8 +3

The first direct observation 210py, 583 + 2 +12

of the low energy neutrinos
coming from the "pp" fusion
in the core of the Sun. 15



P__survival probability

10°

Energy (keV)

MSW-LMA scenario with Borexino results only!
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Inverse beta reaction:
geo-neutrinos Prompt / delayed coincidence

238 and 2*?Th
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What next?

0. Better accuracy for the solar neutrinos

1. CNO possible evidence (???)

- 219Bj independent constraint from the #°Po decay

- Temperature stabilization for preventing #°Po mixing
- Further purification campaigns

2. Plan for a new Calibration Campaign

3. The SOX project (end of 2016)

- Search for the Sterile neutrinos with short distance
neutrino sources

- 144Ce-Pr anti-neutrino source (1% stage)

- 95% coverage of the detector anomaly region

18



Thank you
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photo: BOREXINO calibration
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