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Solar neutrino detection in Borexino
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Summary of the talk

*The Borexino detector: only few words

*The ’Be measurement

*The calibration of Borexino and the reduction of the errors
*The Day Night asymmetry for the Be neutrinos

*The ®B result

*Toward the pep (and CNO) measurement
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The Borexino Detector at Laboratori Nazionali Gran Sasso

*Low background
*High mass: 270 tons active mass, liquid organic scintillator PC + PPO (1.5 g/I)

2200 Photomultipliers

Borexino is continuosly
RUNNING since May 16, 2007

We have now more than 900
days of live time

Borexino is the results of almost
20 years of R&D and tests!!!
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The Borexino Detector layout

Stainless Steel Sphere:
6.85 m radius

| | - | 2212 photomultipliers
Scintillator: S 1350 m3

270 t PC+PPO ina 150 um
thick nylon vessel 4 Design based on the
4 principle of graded
shilding
Nylon vessels: :
Inner: 4.25 m radius Water Tapk(16 m height)
Outer: 5.50 m v and n shield
n water C detector
208 PMTs in water
2100 m3
Carbon steel plates N20 logs




“ - “ A \

-

& " '...‘ ._."- ',-"' ‘.'.
1 b, S5 - " Y/ _33
£ __-"‘ o - o . { T- i. ‘-
L& i = | IV
: ‘0 re‘XI n‘- B | |
- Y | {
/ o R ] '
4 " ' ' « 4l 4
; a7 B "" . : o'-& ] - .'"
:: :.‘ ; e ..-.' i~ - - .‘. -,, v; \.,' ".
REH :: & » bl .’ : L 'A‘.', 0\'
. - . . o ui e (e "
: 4 i

(&)

L




.....
3 L

o % .

5 ‘:. av



o0

‘

il

1
|
2

A

nstalleelad

[ ]

—
-




v detection method

= Neutrino elastic scattering on electrons: v+e—2>v + g;

= High scintillation yield: 500 phe/MeV (electron equivalent) and low threshold (0.2
MeV)

= No directionality

= Reconstruction of the scintillation position through time measurement; software
definition of a “ wall less” Fiducial Volume (r< 3m)

= Measure of the energy of the scintillation events (Npmts, nhits, charge)
= Alpha beta discrimination capability

= Active muon veto (see later)

= Solar neutrino signature: shape of the energy spectrum

= Extremely low background is essential
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Background

232Th: (6.8+1.5) 10-18 g/g “
from 212Bj-212Pg > e
38U (1.6£0.1) 107 g/g |[ natk <3 1015 g/g o
fr0m214Bi'214P0 From Spectrum D:‘.|nn...|.—nm‘.n\‘..n.mm.n.m Pl oo oo PN Ly ]
. 2 29 3 33 4mean ?é?iial poZiliun (&:n%
85 -
Kr 3 decay- 687 keV 85K B 85mRb Y, 85Rp
32events — 30+5 c/d 100t — 173 keV 914 keV
« 2% content in FV (Milano reco, R<3.276 m, abs(Z)<1.8 m) T: 1-46 Ms - BR: 0-430/0
w_ x‘f S — " < ZIOPO_ o, Q:541 Mev quenched by 213_
Ny | no evidence of ?1°Bi,initially 80 c/d/t
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and solar neutrinos 3 "t
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g 10° [ |H_H__..T=-'":'”
® 1000 | — i | ppaid1% 2B{11%)
:. . GAH . .CL | "F(*19,,%) SNO & SK
’Be solar neutrinos 00T 02 05 10 20 50 100 200
*This was the main physics motivation Energy (MeV)

*Borexino is measuring the real time spectrum and flux of the 0.862 MeV neutrinos

*Results after 192 days live time: 49 +- 3, +- 4, cpd/100t
. FIRST real time measurement!

*Toward higher precision : the Borexino calibration campaign
*Day night asymmetry

8B solar neutrinos
*Low (3MeV) threshold detection

pp, pep, CNO:

swork in progress

PhysSun 2010, G. Sasso, G. Testera INFN Genova



Solar neutrinos: the SUN and the neutrino physics

*Solar neutrinos change flavour (oscillate) during the travel from the Sun to the Earth
*Electron neutrinos emitted from the Sun may reach a detector as Vi Vo

*Oscillation model : LMA-MSW

*P. : electron neutrino survival probability is energy dependent

*It has to be measured in all possible energy range

*Before Borexino: P, was poorly known below 1 MeV

*|s there room for exotic models (not standard?)
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o Before Borexino 2010
ee F 0 —----= MSW-LMA Prediction 8L
n.sE— ------- MSW-LMA-NSI Predictiom - P, for LMA
] eeeeaas MaVaN Prediction N = SNO
C . SNO Data 7 TRe ® Borexino, "Be 2010 L7
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Solar neutrinos: the SUN and the neutrino physics

*Solar neutrinos flux and standard solar models

*CNO contribution: poorly known!
a direct measurement is appealing
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Signal and the main background in Borexino :
the energy spectrum (MC simulation, no DATA)
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Counts/ (10 keV x day x 100 tons)

’Be signal after 192 days
and before the calibration campaign

~ 10°E
— Fit: %?/NDF = 55/60 a E — Fit: y?/NDF = 185/174
107 —"Be: 49%3 cpd/100 tons| S 100 I_:ﬂe’. 4913 091/100 tons|
—— 21°Bi+CNO: 20%2 cpd/100 tons o - _EEKBJ""C;?‘_‘S 23-&2/1‘-';%‘”:00 tons
85 . + =] 1035— I r: I3 Ccp ons
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R7p.= 49 £ 34 £ 45, cpd/100 tons

Borexino Collaboration Phws. Lett. B 658 [2008) : after 2 months of data taking
Borexino Collaboration PRL 101 (2008) : 192 days of live time
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Be7 signal after 192 days
and before the calibration campaign

’Be: (49 3, *4

sys

) cpd/100 tons (192 days)

No-oscillation hypothesis rejected at 4o level

Expected
rate
(cpd/100 t)
No oscillation 75+4
BPS07(GS98) 48 + 4
HighZ
BPS07(AGSO05) 44 + 4
Low/Z

Estimated |10 Systematic Uncertainties” [%]

Total Scintillator Mass 0.2
Fiducial Mass Ratio 6.0
Live Time 0.1
Detector Resp. Function 6.0
Cuts Efficiency 0.3

*Prior to Calibration

PhysSun 2010, G. Sasso, G. Testera INFN Genova




Strategies to reach higher precision for the ’Be line
and sensitivity to pep, CNO, pp neutrinos

Calibration of the detector with internal (and external ) radioactive sources
Reduce the FV error

Reproduce the calibration data with a Full simulation (MonteCarlo) code an
then use the MC to analyze the real data

Purify the detector to further reduce the background contaminants (Kr, 21°Bi)
Progresses in the muon tracking and *'C removal

1. Completed during the year 2008 and 2009

2. Completed

3. In progress, almost completed

4. In progress: started during the summer 2010
Preliminary promising results!

5. Almost completd
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hits/ 10 ns

In addition: more statistics allows better Kr determination

8Kr can be measured directly by means of a relatively rare but easy-to-
measure decay to excited 3Rb" with following radiative decay [B.R. 0.434%]

10.756 y &
* l‘b%
os p173 kevBS , Y514 keVES W g'f"? 5
36 _ T o0
K1 Rb Rb Q, =687.0 &2 .4:; ;
e .
T=1.464 ps osmm 95 ses S h%;‘_f 5140003 ; 515 4
4 Tx107% =187 12 ij‘-; .'.5 200986
Measured with 751 days of statistics 32- J 151181 5y o
32 candidate events in final sample e —~ 2 stable
s7Rb

2 analysis with very consistent results

Result on 8Kr contamination (main f§
decay to 8Rb ground state)

3ot5 c/1o0t/d

preliminay

"nmmmm1m1am1m1m1mzm:—
ns
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Borexino calibration

*a, B : scintillator vial loaded with 222Rn

clean a 3 tag due to to 2'“Bi-Po fast coincidence

vy sources : dopant dissolved in a small vial (water solution)
*AmBe source

Borexino hits spectrum and calibration sources

10°

i0°

Gamma
sources in the center

—+— Hg
—— sr
—+— Mn

Zn
40K

| L] J. '} 1 I 1 | | 1 I
500 600 700
Co |1¥Ce |?™Hg | ¥Sr |¥Mn | ¥®Zn | ¥Co | YK Uc [(M4Bi | 2M4pe | np 4—1]:(3 n+Fe
ENETTY 11, _
(MeV) 0122 [ 0165 | 0279 ) 0514 | 0834 1.1 13 14 0.15 32 2226 | 494 75
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Borexino calibration

Umbilical and laser
cord
= CCD
Movable, cameras

PMT's

Radioactive source

Source decays induced scintillation light/PMT's —/

Red laser light/CCD cameras (accuracy: < 2 cm)

Glove box

assembly:

—

!
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Borexino calibration

*Measure the accuracy of the position reconstruction

*Measure the resolution of the position
reconstruction

*Check the energy scale

*Validate the full simulation MonteCarlo code (MC)
using the source calibration data

*Use the MC code to model and reproduce
the whole detector response function

— Positions of all runs W
o T ~ Inner Vessel
N '“'-xhxlf‘ nominal radius
E- ke - . xk'\_-.- h
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f w3 ak , STCo
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t at T +r 355y
® 551 5Zn+0Co
T SMMn+K
1
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distance firom z axis (m)
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The Borexino MonteCarlo code

*Full modeling of the detector geometry and material : Geant4
*Energy loss of all the particles in all the materials
*Scintillation and Cerenkov light
*Use measured spectrum of scintillation light and time response
*Use measured cross sections for absorption, re-emission, light scattering
Single photon tracking
*Modelling of the lonization quenching (Birks effect)
*Full simulation of the electronics chain (threshold, dead time, charge measurement,
shape of each sphe peak)
*Follows pattern of working photomultipliers and changes in the electronics setup
during time
Reproduce the behavior vs Energy and position of the 3 Borexino energy estimators
Npmts : number of PMTs fired
Nhits  : number of hits (including multiple hits on the same PMTS)
Charge : collected charge
Reproduce the time response
Final MC tuning using the calibration data



The energy calibration

DATA (blue filled) vs MC (black line), Charge (pe correction)

0.2

022
02=07Co

200 400

The energy scale is known at 1.5 %
in the region (0 -2 MeV)

Energy resolution (c):

10% @ 200 keV
8% @ 400 keV
6% @ 1000 keV

600 800

1000

12hcharge

Data Peak | MC Peak Peak error

Source name (nhits) (nhits) (nhits)

57Co 47,9 48,5 0,2
139Ce 68,3 69,4 0,3
203Hg 108,1 106,8 0,3
84Sr 205,3 204,2 0,4
54Mn 336,3 334.8 0,5
657Zn 443.4 445,4 0,5
40K 570,5 5739 0,6
60Co 871,9 873 0,7
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The position reconstruction

214Po : oo decay 0.8 MeV electron equivalent

. Sourceinx=1.7m y=0m z=3m
Source in the center

__ | Po214 from a calibration source in the center |

£ 400= _ Po214 from a calibration source off axis
__(_.! e i E B
@ 350 S 500F |
c E @ - -
S 300°F < B
8 E 3 400F
250 ° r
200 300}
150 E
(02 200( _
100 10 =11 cm
50 100:
%M q""hau-. B . Wk Lo )
-05-04 -03-0.2-01 0 01 0.2 03 04 0 0.4 0.2 0 0.2 0.4
z-z_source (m) x-x_source (m)

max difference between reconstructed and measured position=3 cm |
Spatial resolution : 12 cm @800 KeV

16 cm @500 KeV

35cm @200 KeV

Fiducial volume known with +- 1.9 % accuracy
compare with previous 6% !!!!
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o 3 discrimination and MC reproduction

Arbitrary Units

10?

.
E 00 E BOE — Data
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Gaiti Gt
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The expected accuracy of the 'Be measurement:
preliminary considerations

Stat. error : 1.5 cpd/100 (about 780 days of live time) :3 %
Fiducial Volume : :1.9%
Work is in progress to control the additional systematic effects
(event selection, fit model, accuracy of the energy scale...)

and reach a final global accuracy of 5% (or better??)
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The day night asymmetry of Be solar neutrinos

N—-D N = ve flux during night time (average over 1 year)
(N +D)/2| D= vefluxduring daytime (average over 1 year)

ADN =

*MSW mechanism: v interaction in the Earth could lead to a v, regeneration effect
=Solar v, flux higher in the night than in the day

=The size of the effect depends on the detector latitude, the oscillation parameter values and the energy of
the neutrinos;

* Actual LMA solution : a very small effect is effect is expected

* A large ADN was expected if the LOW solution was allowed ( in 2002, after the first SNO results and before
the Kamland results)

*LMA and LOW predictions: large difference for the ADN effect and and small difference for the 7Be flux

*LOW is now already excluded but Borexino alone could exclude a large portion of the LOW space
parameters if the ADN for 7Be is very small (independent confirmation of the results)

Observable LMA LOW

"Be 0.64+0.07 0.58+0.05 \Am 2 r 10 - eV ?
ADN ~0%

J. Bahcall JHEPO7(2002)054
PhysSun 2010, G. Sasso, G. Testera INFN Genova



The day night asymmetry of the ’Be solar neutrinos:
not standard oscillation scenario

Mass Varying Models Expected effect in Borexino
P.C. de Holanda JCAPO7 (2009) 024 (including the v, . detection)
0.8 e —_— N - D
ADN = ==0.23
(N+D)/2

Survival Probabil

Energy (MeV)
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The day night asymmetry of the ’Be solar neutrinos:
a preliminary result

0.8
0.6
0.4
0.2

-0.2
-0.4
-0.6
-0.8

’Be Day spectrum  387.46 days
’Be Night spectrum 401.57 days

| 2(N-D)/(N+D) signal and background :C);! ndf 320%112 J;:;
5 o
it b b bt
S tH { b H
%: /Be region ‘
~ Background region
B T T BN S R T I 'sr',o'nhi;s'n'm
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The day night preliminary result

’Be Day spectrum 387.46 days
’Be Night spectrum 401.57 days
Statistical error 2.3 ¢/d100t
The 7Be flux is obtained from the separeted full fit of the day and night spectra

N—D
ADN = = 0.007 +—-0.073 (stat) _ -
(N+D)/2 G. Testera Neutrino Telescopes Feb 2009 (Venice)
N—-D
ADN = =0.02 +-0.09
(N+tD)/2

Preliminary (and conservative) result:

*The MaVaN prediction is disfavoured within 3 sigma

*ADN is well consistent with zero: further confirmation of the LMA!
*Unique measurement for solar ’Be neutrinos

*More refined analysis is in progress aiming to significantly reduce the error
*Result not sensitive to many systematics effect influencing the ’Be absolute

measurement
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L]

Survival probability for v, P

8B v with 3 MeV energy threshold in Borexino

Important to probe the oscillation scenario

0.8

Z P, for LMA

- ] "Be: Borexino
U'.?_— L ®B: Borexino, (= 3 MeV)

: L *B: Borexino (> & MeV)

06— ® "B:SNO (>4 MeV)

Fassssaas HH ®  peralisolary experiments Borexino data
0.5/ P_. for 8B neutrinos in Borexino
0.4 /

0.3
U'.E—l p l A l A
10 1 10 E, [MeV]

Borexino Coll. Phys. Rev. D, 82 (2010) 033006
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8B v with 3 MeV energy threshold in Borexino

8 B solar neutrinos: electron recoil spectrum after the background subtraction
and comparison with the models

w 450
E‘ —a— [ata
o 40
X BPSO9(GS98]-LMA-MSW  High metallicity
1] BN A
3 R | | BPSO%AGS05)+LMA-MSW | o\ metallicity
g 30 e
(3] ———
~ 25
= y— . .
S L b 488 days live time
(& ]
.5 345 days after the cuts
10 NN Iy
: i
0 —

4 6 8 10 12 14
Energy [MeV]

3.0-16.3MeV  5.0-16.3 MeV
Rate [cpd/100 t] 0.22+0.044-0.01 0.13+0.02+0.01

G [10° em™?s™'] 24204401 2.7+0.4£0.2
il e 0.88+0.19 1.08+0.23




8B v with 3 MeV energy threshold in Borexino :
identification of the signal

Cut Counts Counts
3.0-16.3 MeV 5.0-16.3 MeV
> All counts 1932181 1824858
Muon and neutron cuts 6552 2679
FV cut 1329 970
Cosmogenic cut 131 55
10C removal 128 55
214Bj removal 119 55
2057 subtraction 90+13 5547
"1Be subtraction 79+13 4748
Eesidual subtraction (h=13 4648
Final sample Qg;g)) 46+8
BPS09(GS98) °B v 8 4346
BPS09(AGS05) *B v 7347 3644
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High efficiency muon identification in Borexino

Inside the Stainless Steel sphere there are the nylon
vessel and the scintillator seen by 2200 PMts

Borexino Stainless Steel sphere and the muon detector
for the Cerenkov light in the water
208 Pmts + tyvek reflector on the external tank wall

About 4300 p/days cross the inner detector

Muons have to be removed from the data
Events following muons (cosmogenics, afterpulses)

About 4300 pi/days cross the inner detector
pep :2.7cpd/100t (all recoil spectrum)
CNO? :5 cpd/100t

8B (E>3 MeV) 0.25 cpd/100 t

PhysSun 2010, G. Sasso, G. Testera INFN Genova



High efficiency u identification in Borexino

mean time [ns]

100
[ u like events
10— = 7
- £ - .
» 2 u like events
[ b : 2
— x P A ’
k. [
A 5 o
102 B g :

IDI (| ! 1 (| J | B | 1 J 1 'l 'l | I ] A il Il I | 1
107 108 10 2
visible enerav [

oy Tl Y Vo O T TR T S Y YR TR T | e a d
10° 10 108
visible energy [number of hits]
Muons tagged by a combination of signals from the outer detector and
pulse shape discrimination based on the inner detector data:

Residual muon rate : (4.5+0.9)x10~* muons/day/100 t E> 3 MeV
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Toward a possible pep and CNO measurement?

11Cis one of the most important background: lifetime 29.4 minutes

11C is produced by muons interaction in in the scintillator
Scintillator purification cannot help
95% of 11C is produced with a neutron

E, (GeV) 100 190 285 320 350
Interaction Rate (10™*/pu/m)

TG pp )0 18 32 49 56 5.7
2Cp,dtic 0.2 0.4 05 0.6 0.6
12G(,n)'1C 19.8 97.0 341 46.6 384
IEC(H,Zn)HC 1.4 2.6 3.8 44 4.6
120 (r+ 2+ N)1C 1.0 18 2.8 32 33
20 ) 13 23 3.6 41 42
Invisible 0.9 1.6 24 2.7 29
Total 25.4 37.3 49.7 544 57
Measured 22.9x1.8 36.0x2.3
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Tagging of 1C:
the Three-Fold Coincidence

Position of the gamma
released after
the thermal
neutron capture

Interaction point
and C +n production

Muon

u track+ gamma from neutron capture detection+ space and time cut
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Muon tracking in Borexino: about 10° accuracy

gﬂ-ﬂ’_— global track

5,0 owee The distribution of the directions

i of the muons measured by Borexino
?_Em_ (colored plots)

0.06—

reproduce the one measured by MACRO
\

e e e 0 0z 04 08 0 Shaded area:

:::"mm uon direction measured by the MACRO
----- 0D rack High tracking accuracy

normalized probability
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Conclusions

*Borexino already measured the flux of the 7Be solar neutrino line (real time)
*A more precise result will be released soon (thanks to the calibration campaign)
3B with 3 MeV threshold have been measured

*The Day Nigh asymmetry for the 7Be is under study: a result with reduced errors will
be released soon

*The purification of the scintillator is in progress

*Work is in progress to measure pep, CNO and pp

NOT ONLY solar neutrinos!!: geoenutrinos and search for rare processes
see next days
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