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BOREXINO : capability to measure in real time and

separately the different components of the solar-v
spectrum
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Importance of low/medium energies neutrinos
precise flux measurements

- HMSW-LMR-HSI Prediction
- MaVal Prediction
SHO Data
Ga/Cl Data Bzfore Borexino

Barger et al.,
PRI. 95, 211802 (2005)

MSW-LMA (arXiv:08 49,
. . e « AM2=7.69%10-° eV/?
o 1r"\-i\_ Eriedland =t al.. hd tan28=045

PLB 504, 347 (2004}

MSW-LMA theory: neutrino oscillations are dominated by:
- resonant matter-enhanced oscillations at higher energies (>5 MeV)
- vacuum oscillation at low energies (<1 MeV)

- a smooth fransition is expected between the two different regimes:

VERY IMPORTANT in order to confirm MSW-LMA or exploit possible traces of
non-standard neutrino-matter interaction / presence of mass varying v's
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Importance of low/medium energies neutrinos
precise flux measurements:

high/low metallicity Solar Models controversy

v fluxes vs metallicity :

BS05 (D 5.99 1.42 4.84 5.69 3.07 2.33 5.84
GS 98 ™

BS05 () 1.45 4.34 4.51 2.01 1.45 3.25
AGS05®
s | 1o | 206 | -10% 219

(DBSO5: Bahcall, Serenelli & Basu, AstropJ 621 (2005) L85
(2)Based on high metallicity model 6S98: Grevesse & Sauval, Space Sci. Rev. 85, 161 (1998)
(3)Based on new low metallicity model AGSO5:

Asplund ,Grevesse & Sauval 2005, Nucl. Phys. A 777, 1 (2006).

BUT: incompatible with helioseismological measurements

La Thuile 2009 Sandra Zavatarelli Univ. & INFN Genova Italy




Borexino detects solar v in real
time via their elastic scattering

Expected signal

. 4 i ") g Windo
off electrons in a volume of T I S e S—
highly purified liquid scintillator E \f Po|T e e
-
Detection via scintillation light: S
- Very low energy threshold g "

*  Good position reconstruction
+  Good energy resolution

BUT.. e

- No direction measurement

«  The v induced events can't be
distinguished from other p
events due to natural
radioactivity

m*":' T T IR N s B T S
0.r 04 06 08 1 1.2 14 1.6 1.8 2
visible energy (MeV)

Stainless Steel Sphere
Nylon Outer Vesse

Nylon Inner Vessel

Fiducial volume

External water tank —,

Rope

~—

Internal
PMTs

Steel plates
for extra
shielding
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Liquid scintillator radiopurity

‘:‘?
-
|t
@%

Background Typical abundance Borexino Borexino
(source) goals measured
14c/12C 10-12 (cosmogenic) g/g 10-8g/g ~21018g/g
238 2 10-°(dust) g/g 10%%g/g  (1.6+0.1) 10-¥7g/g
(by 214Bi-214Po)
232Th 2 10-°(dust) g/g 10g/g  (5+1) 10-'8g/g
(by 212Bi-212Po)
222Rn 100 atoms/cm3 (air) 10g/g ~101g/q
(by 21Bi-214Po)  emanation from materials (~1 cpd/100t)
210Pg Surface contamination ~1c/d/t  May07:70 c/d/t
Sep08 : 7 c/d/+
40K 2 106 (dust) g/g ~101g/g <3108 (90%) g/g
85K 1 Bq/m3 (air) ~1¢/d/100t (28+7 ) c¢/d/100% (fast coinc.)
39Ar 17 mBq/m3 (air) ~1¢/d/100t <« 85Kp
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Detector performance
RGBT B 1)  C spectrum, B-decay 156 keV end point;

2)  C spectrum, B*decay 960 keV, triple coincidence with muon and neutron;
3) Global spectral fit (1*C, 21%Po, "Be edge);

(500 + 12) p.e./MeV
taking into account quenching factor
Iu

RIS IO iSO REZ 00 28

Spatial resolution: 35 cm @ 200 keV

:,_I_!_.\_Zi_l_ W RS IS IR S AR S Sl
3 2

(SCG“H GSN_]'/Z) 16 Cm@5oo keV o 1o 20 a0 a0 50 6 70 8 w0 ._
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3 main goals reached so far:

(I) Real time measurement of 7Be solar neutrino flux;

(IT) Direct measurement of the soliar 8B neutrino fiux with the iowest
threshold achieved so far (2.8 MeV) by a real time detector , observing
simultaneously both the vacuum (’Be) and matter-enhanced dominated
oscillation regimes (8B);

(IITI) Best current limit on the neutrino magnetic moment.
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(I) /Be analysis: Data Selection

B Muon & muon daughters are rejected: events associated with muons are removed; 2
ms veto is applied after each muon (removing afterpulses and spurious events). the measured
muon rate in Borexino is 0.055 + 0.002 s, the dead time introduced by this cut is negligible.

B Only 1 cluster events are accepted: the event must have a unique reconstructed
cluster in the gate time window (16 ps) in order to reject pile-up and fast coincident events
(e~100%).

B Space & time correlated events are rejected: events occuring withing 2ms at the

same place (AR<1.5 m) are removed; the Rn daughters occurring before the 214Bi-?14Po delayed
coincidences are eliminated by vetoing events up to three hours before a coincidence.

The total loss of fiducial exposure due to this cuts is 0.7%.

® Fiducial volume cut: Software-defined FV cut (R<3m + |Z|<1.7 m in order to cut out the
regions close to the poles with very different detector's response) resulting in a nominal
fiducial mass of 78.5 t, for the moment the main source of systematics.

m o subtraction : Beta and alpha particles could be discriminated on the base of the
different time pulse shape
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(I) ’Be analysis: Physical results

Last published result: Direct measurement of the Be Solar neutrino flux with 192 days
of Borexino data PRL 101 2008 errors reduced to 10% (our goal is 5%);

Fit to the spectrum with or a-subtraction is performed giving consistent results

— Fit: ¥?/NDF = 185/174

|— 'Be: 4913 cpd/100 tons|

— 21'Bi+CNO: 223%2 cpd/100 tons
— #5Kr: 25%3 cpd/100 tons

— 1g: 2511 cpd/100 tons

— Fit: y?/NDF = 55/60

|— "Be: 4913 cpd/100 tons|

—— 2Bi+CNO: 2012 cpd/100 tons
— ®Kr: 29%4 cpd/100 tons

— g; 24%1 cpd/100 tons

I'I'I'| |||||I1TI'| T 1T

[
o

[

f!'l'l'l ||||I'I'M'I'|H |{|||

—

200 400 600 800 1000 1200 1400 1600
Energy [keV]

R7p.= 49 £ 344t + 445 cpd/100 tons (192 days)
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(T) 7Be analysis: Physical results and uncertainties | [

»

R7g.: (49 * 344 +44,s ) cpd/100 tons (192 days)

BPS07(GS98) BPS07(AGS05)
HighZ LowZ

No-oscillation hypothesis rejected at 4. level

Source Syst.error
(1o)

Tot. scint. mass +0.2%

Live Time +0.1%

Need for Efficiency of +03%
Calibrations!!! R -

Detector + 6%
Resp.Function

Fiducial Mass + 6%
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(I) ’Be analysis: 8°Kr contamination

85Kr B-decay energy spectrum similar to the 7Be recoil electron

85Kr b » Rb 1=10.76 y - BR: 99.56%
687 keV

8Kr contamination can be measured through a very rare branch which gives a
fast coincidence:

85Kr P » 85MRp | sRp 1=1.46 us - BR: 0.43%
173 keV 514 keV

Last published result (PRL 101 2008 ): Only 8 (B—y) coincidences selected in the
inner vessel in 192 days :8°Kr contamination (29+14) counts/day/100 ton

Taken as a free parameter in the total fit

NOW: ~ 1y lifetime, the uncertainty has been reduced by 50%:
(28+7) counts/day/100 ton

=>ITIS POSSIBLE to constrain the 82Kr content in the total fit




IT) 8B neutrinos: Analysis threshold

Counts/100 kaV

2.6 MeV y's from 208T| on PMT's MSW-LMA prediction:
and in the buffer expected 8B v rate in 100 tons of
liquid scintillator above 2.8 MeV:

0.26+0.03 ¢/d/100 tons

12 14 16
Enerqgy [MeWV]

Energy spectrum in Borexino
" muons cut
= FV cut

E;,.= 2.8 MeV > 50 distant from the 2.6 MeV y peak

La Thuile 2009

Sandra Zavatarelli Univ. & INFN Genova Italy



]
K

k.

] U] L L e

Cownts,/100 keV
-
L

-I'.
L‘hdL”“"J"""mﬂh-f

In

None

Muon cut

Neutron cut

FV cut 567 : U

14 18
Encxgy [MeV]

Cosmogenic cut 71 26

*°C removal 65 26 Non-oscillation excluded @ 4.2 &

24B1 removal
Expected **T] —ﬂ
Measured *B-v 48+ 8 26+ 5

BSo7(GSg8) 5B-v 50+5 25 + 3 ' ' ‘ | _ BSo7(GSg8)
' *+..no oscil.

Count=;1 MeV

BSo7(AGSos) 5B-v 40 + 4 2042

LiVCTimQ: 188d I e s IIIII‘II””I”'.I.IEI-: I-:I.l.l 12

Enasagy [Malf]
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(IT) 8B neutrinos: equivalent v flux

First real-time measurement above T,=2.8 MeV:

®Fs,, = (2.65 + 0.44 + 0.18) 106 cm 2 51

Systematic errors:

Dggm=(5.941060)x10° cm s BSO7(6598)

Kamiokande  SK.I| SNO el * 67 from the determination of
1998 q 2008 g 2005 2008 the fiducial mass
2003 *THEV 2001 > 25WEY 2008 >2:8 Mev #* 3% (2%) uncertainty in the 8B
{ rate above 2.8 MeV (5.0 MeV)
% ¢ ¢ from the determination of the

¢ detector energy response

® Cherenkov
e Liquid Scintillator
*Threshold is defined at 100% tigger efficiency N ee d f or ca I | b r 01. | ons
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P, is defined such that:

R = / dTe/ dE, (?ee : 4o (ErnTe) + [:1 -
TE}TD EE.-':"‘EI:I dTE‘

R: measured rate
E, and T,: neutrino and recoiled electron energies
To= 2.8 MeV: energy threshold

& SNhNO data
® Borexino data
®  pp solar neuirinos from all experimenis

P, (¢B)=0.35 + 0.10 (8.6 MeV)
P,.("Be)=0.56 + 0.10 (0.862 MeV)

—— MSW-LMA prediction |

First simuitaneous measurement
in both vacuum-dominated and
matter-enhanced regions

Survival Probability

_ Borexino data are in agreement
dominated enhanced with the prediction of the
10 MSW -LMA solution for solar v

vacuum matter

Neutrino Energy [MeV]
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(III) Limit on the neutrino effective magnetic moment

If m,>0: pu, >0, additional EM term influencing the v scattering cross section off

electrons and thus the spectral shape:

E

The limit on the neutrino effective magnetic moment
has been obtained studying the X2 profile as a function
of the hypothetical EM contribution (proportional to u,?)

o)
dT

2
2 V10

= U, >
EM me

Model-independent analysis, defined only by the shape
of the spectra (no systematics attributed to the
ncertainty of the FV).

EXp. Method 90% C.L.
(20" pg)
8B above 5 MeV | < 11

H, = 5.4x10-11pg

_

200

300 400 500 500 700 BOD

Energy, KeV

300 400 500 8O0 TOO
Energy, KeV




Borexino performed the first real-time measurement of solar-v below

of natural radioactivity (4 MeV);

B The measurement reported for 7Be-v favors MSW-LMA solution;

® The first real-time measurement of 8B-v below 5 MeV (above 2.8 MeV) ;

B The first simultaneous measurement of solar neutrinos from the vacuum region
(“Be-v) and from the matter-enhanced oscillation region (8B-v) ;

m Best current limit on neutrino magnetic moment

IN PROGRESS:

Calibration campaigns (Oct08, Jan/Feb09, next scheduled: May09 ?)

Borexino Outer/Inner Buffer distillation (Feb09-MarQ9) in order to remove the
PPO from the leak and reduce the quencher (DMP) concentration => small density
gradient between OB/IB and Inner Vessel to stabilize IV shape.

Inner Vessel Purification (?)
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Detector Calibration

Main Goals:

* Fix the FV volume and verify the detector Response vs Position:

100 Hz #C+222Rn source diluted in PC has been deployed in more than
100 positions inside the Borexino inner vessel

Fix the energy scale (precise determination of quenching parameters for
different particles):

Beta sources: 14C, 222Rn diluted in scintillator
Alpha source: 222Rn diluted in scintillator
Gamma sources: >*Mn, 8°Sr, 222Rn in air
Neutron sources: AmBe
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Radioactive source

I
L~
-

Umbilical
cord

Movabl

Working pr'_i;|ciple sketch ] Laser CCD

Source positions reconstruction:

» Source decays induced scintillation light/PMT's
* Red laser light/CCD cameras (accuracy: < 2 cm)
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Detector Calibration: source mounting and insertion

Laser diffuser

\*L_ !
0

Am-Be source ﬁ
housing | |
Y2

i
\Q_!‘"

3 -
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Two examples:

Detector Calibration

218Po

'

"4 222Rn

214Po

222Rn source:
overall spectrum

214Q;
7 Bi

L L |
400

a4
600

800 C olgmr"g'eﬁzeg.e.yoo

AmBe source:
Neutron Capture time

7=(256.8 + 0.5) us

500400600 6001000 12001400 1slop 75003000

Time
previous published measurement : (255 + 5 ) ps
from cosmic pinduced n

Overall analysis in progress : results in the next monthsl!!
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What's next (1-5 years)?

Precise measure of 7Be neutrino flux coming in the next months:

- Fiducial volume and energy response fixed by calibrations;
- 85Kr constrained by delayed coincidence measurement;

Scintillator purification (?): 8Kr effectively removed by nitrogen stripping.
More precise measurement of the oscillation probability in the transition region:

-Fiducial volume and energy response fixed by calibrations;
-More statistics (measure time + increase of FV mass)

Day/Night and Seasonal variations of the neutrino fluxes:

- D/N for 7Be coming soon;
- Seasonal variations need more statistics;

CNO and pep-neutrino fluxes measurements:
- cosmogenic !!C tagging already improved;
- 210Bj content could be reduced through PC purification.

Antineutrino studies: geo-v (expected 7-10/yr), reactor (20/yr), supernova.
-The study of geoneutrinos is promising due fo the fact that Borexino is located far
away from any of the European reactors. A set of candidates has been already
collected but requires statistics in order o get evidence for a signal at the 3c level
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Backup slides




(I) 7Be analysis: Physical Model used to fit the data |

B 14C free (with fixed shape factor);

m 85Kr free; in principle can be bounded (correlated with 7Be)

m 210Po; free (in another approach removed by statistical a/p subtraction)
m 214Pb fixed at the value found for the number of 222Rn events

m 210Bj; free

m 'Be; free normalization for MSW(LMA) parameters
mUC: free

m CNO fixed @ SSM+M highly correlated with
® fix pp and other solar neutrino contributions @ SSM+MSW(LMA)

® Other contributions (still not completely excluded 4°K; isotopes from 238U

21085);

and 232Th decay chains in secular equilibrium) are found to be negligible

m Light yield + one energy resolution parameter are free;
m Birks' quenching model with parameter k; fixed at the (best-fit) value found

with CTF
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Example of spectral analysis
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14 'C:
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Events/Bin
2

2

-
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400 600 800 1000 1200 1400 1600 1800 2000
Energy, keV

=
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Background: 232Th and 238U content

232Th chain
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210Po: time decay

2%po content in FV (Milano reco, R<3.021 m, abs(Z)<1.67 m)

i

Entries 2.191347e+07
Mean 56.05

210P0|lf€1’lmei 2046 . ' RMS 13.44

— Aug 08
— Aug 07

Iilhll.ll' | 1.f"| F'*Ill'lhi.‘lr'r" ]"'II-'IIL
. L .|. el |. I'|"i‘|i!i'hl||‘‘|I|i||l|||i |“||W"|il'| |

|IIII|II
100 200 300 400 500 600 700 800 QUON h'.rs

~

1‘-1

-IIIII| IIIIIIII| IIIII|T|] IIIIIIII| T TTTTM T TTTIT

200 300 400 500
Time, days

May 2007 : 70 c¢/d/+
Sep. 2008: 7 c/d/+
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Constraints on pp & CNO-v fluxes after the

e measurement

LB B 4 ) v“l 8 J T8 ¥

It is possible to combine the results obtained by Borexino on 7Be flux with those obtained by
other experiments to constraint the fluxes of pp and CNO v,;

*The measured rate in Clorine and Gallium experiments can be written as:

‘R; and P are calculated in the hypothesis of high-Z SSM and MSW
.pA o |
R, a

* fo5 = 0.87 + 0.07, measured by SNO and SuperK;

* f p.=1.02 *0.10 is given by Borexino results;

*Performing a y? based analysis with the additional luminosity constraint;

f —1.005 *0:008 (1o) Which is the best determination of pp flux

—-0.020

fCNO < 3.80 (90%C.L.)
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Borexino E,, .., = 0.25 MeV
target mass 300 t

Normalized SN Neutrino Spectra

electron neutrino
electron anti-neutrino
w and t (anti)neutrino

Electron anti—

20 . 30 40 :‘~I neutrinos
Neutrino Energy [MeV] (Ev >18 MeV) Can be used as

Standard SN @ 10kpc an early alarm

Spectrum of recoiled protons

electron neutrino

electron anti-_neutrino 1 12C(V,V) 12C* BO r'ZX|nO planS
w and t neutrino i
- (Ey = 15.1 to enter

SNEWS

02 04 0.6 0.8
Tp, Recoiled Proton Visible Energy [MeV)
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Pep- and CNO-v fluxes

The main background for pep and - electronics improvement to detect all the

CNO analysis is 1C neutrons produced by a muon

0 - Changes in the electronics (Dec 07):
u+2C-> p+"C+n (90 %) after each muon, 1.6 ms gate opened

lr ~ 266 us - FADC implementation in parallel:

T ~ 30 mi
nC > 1B t+et +v, n+p—=>d+y (2.2 MeV)

Example with several tens of neutrons detected:

sample event with many neutron (trigger type == 128)

Spherical cut
around 2.2 vy
to reject !1C
event

2 I
S 300 -
S

. 10
400
decoded hit time (ns)

Cylindrical

cut around
u-track
u, 2*511 keV y (2.2 MeV)
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Borexino potential on geo-v

Prompt signal energy spectrum (model)

——— geo-neutrinos
——- reactor newtrines

reactor——

o

—
=
=,

-
=
a
=

g

L]
k]

=]
[~]

=
£
=
L]
=
[TF]

Geo-v

5 3
Prompt Energy, MeV
5.7 events from reactors (in geo-v E range)

BSE: 6.3 events from geoneutrinos

(peryear and 300 tons, € = 80%, 1-2.6 MeV)
(Balata et al., 2006, ref. model Mantovani et al., 2004)

BSE: 30 evidence of geoneutrinos expected in 4 years of data
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