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BOREXINO at LNGS
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BOREXINO design

Borexino DGSIgn 2200 8" Thorn EMI PMTs

(1800 with light collectors
400 without light cones)

Stainless Steel
Sphere 13.7m &

Nylon Sphere
8.5m @

Muon veto:
200 outward-
pointing PMTs

100 ton
fiducial volume

Nylon film
Rn barrier

Scintillator

‘L il Holding Strings \
Stainless Steel Water Tank Steel Shielding Plates

18m @ 8m X 8m x 10cm and 4m X 4m x 4cm
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BOREXINO and solar neutrinos
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Flux [em™ s MeV™]

BOREXINO and solar neutrinos
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BOREXINO at a glance

May May  Aug.-Oct.
2007 2010 2011
| z -:E'Il'
'.'IH*"--: Preparation, \ Phase | I I Phase |1
i %H ‘ ! Purification !
> (First) solar ‘Be-v measurement /
> 'Be-v day-night asymmetry > Measurement of pp-v flux
8
> Low-threshold °B-v > Measurement of CNO-v flux
> First pep-v detection > Short-base v oscillations: SOX
. » Best upper limit on CNO-v
Phase |1 physics § 5 First geo-v observation at > 4
> Muon seasonal variations
» Limits on rare processes

\ )
|

» Neutrons and other cosmogenics
> Be-v seasonal modulation
» Updated geo-v flux
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BOREXINO radiopurity

In a nutshell: the radio-purest detector ever built

Specification

Isotope for LS Before purification After purification
238 <1016 g/g (5.3+£0.5)-1018 g/g < 0.8-101° g/g
232Th <1016 g/g (3.8 £0.8)-1018 g/g <1.0-10%8 g/g

14CeC <1018 (2.69 + 0.06)-1018 g/g unchanged
40K <1018 g/g <0.4-1018 g/g unchanged
8Kr <1 cpd/100t (30 = 5) cpd/100 t <5¢pd/100t
9Ar <1 cpd/100t [k< &Kr [k< &Kr
210Pg not specified ~(70) 1 dpd/100 t unchanged
210Bj not specified (20) 70 dpd/100 t (20 £5) cpd/100 t
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'Be neutrino flux

The flux of monoenergetic "Be neutrinos measured with 4.6 % precision
R = (46 £ 1.5, = 1.6,) cpd/100 t
Phys. Rev. Lett. 107, 141302 (2011)

Pg. = (3.10£ 0.15) x 10° cm2s? P =0.51+0.07 at0.862 MeV

* The final spectrum is fitted to a global signal plus background model to extract the value of the flux
* Two independent methods: MC based and the analytical one

740 live days
10°E
Phase I resu ItS = - Fit: /NDF = 99/95 * First real time detection of ’Be solar neutrinos by Borexino
] SR —— "Be:47.0+ 19
= —_— 464 30 Phys. Lett. B 658 (2008) 101-108 — data collected for 47.4 live days
10 Kr:246+32
2 E_ 210y
x - — “"B1:40.6+2.6
) > F — 11028 04 04 R=47+7.+12,,. counts/(day-100 ton)
C | o C:28.0+ stat sYs
onclusions S pp. pep. CNO (Fixed)
s | 3 * Direct Measurement of the Be Solar Neutrino Flux with 192 Days of
= - W. Borexino Data
3z [ ™
‘E 107 = Phys. Rev. Lett. 101 (2008) 091302
g r | R = 49+3 4, counts/(day -100 ton)
10-: - — L I 1 1 ' l l\.l k l/] A1 i 1 L l ' 1 i l A1 L '
200 400 600 800 1000 1200 1400 1600

Energy [keV] .
Spectral feature: compton-like edge

from scattered electrons
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'Be-v flux day-night asymetry

Agn =2 (R, - RY/(R, + Rg) =0.001 £ 0.012,,,, + 0.007,,

In agreement with MSW-LMA, LOW region excluded at >8.5 ¢ with solar
neutrinos only (no assumption of CPT symmetry)

Phys. Lett. B 707, 1 (2012) 22-26

solar neutrino data  solar neutrino data

% 4007 1" WITHOUT Borexino WITH Borexino
~ { | [ 11 ]
o 300}“4{ 11
BOREXINO ~ 10*} ”1““#“ 107 1k 310
2 200 M LMA || LMA
d>, ml‘hi L 11 only |
. o I 100F ' +#*+ & 107 1 F 4107
Phase Il physics 10°H +M,+1ﬂ.n:m‘ 3 i ;
) - 0.55 0.6 0.65 0.7 0.75 0.8 e | b
10 - Day spectrum w-?.— LOW ® | [~excludes - ,'_:]0_?
: 1F 99730 €1 -
L v by b by L ] ""“--._____‘__h p _—--:
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MeV 10! | "”"1111'l ' 1
tan’fh;_ 131126'12

Les Rencontres de Physique de la Vallée d'Aoste, 23.02-01.03 2014 La Thuile, Italy



BOREXINO

Phase Il physics

pep and CNO-v fluxes

- First observation of the flux of mono-energetic pep neutrinos

R =(3.1%0.64, *0.3,,) cpd/100 t

oM, =(1.6£0.3)x 10 cm?s? P, =0.62%0.17 at 1.44 MeV

- Limit for CNO neutrinos obtained assuming the pep neutrino flux according
to SSM,
- Strong correlation with 219Bi in the fit

R<7.1cpd/100t (95 % C.L.)
OMA (o< 7.7 x 108 cm? st (95% C.L.)

The strongest limit obtained up to date.
Not sufficient to solve the metallicity problem.

Phys. Rev. Lett. 108, 051302 (2012)
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pep and CNO-v fluxes

Three-fold coincidence technique

"C is a produced by muons crossing BX
pn+2C > p+'"C+n

Optimal choice:
— Eliminates 91% of ''C;

BOREXINO

Phase Il physics

"C> "Bret+yv,
t~30min

Muon

n+p->d+y
1~260us

Spherical cut
around 2.2y

Cylindrical cut
Around p-track

'

— Preserve 48.5% of livetime;
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« MC from 27 counts/day/100tons to
2.5 counts/day/100tons
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8B neutrino flux

- BOREXINO is the first LS detector sensitive to 8B neutrinos
- The energy threshold is limited by 2%8T]

R = (0.22 £ 0.04,,  0.01,,) cpd/100t E >3 MeV
R = (0.13 £ 0.02,,, + 0.01,,) cpd/200t E >5 MeV

Phys. Rev. D82 (2010) 033006

= =(2.4+0.4,,, £ 0.1 ) x 10° cm2s7!

BOREXINO P..=0.29+0.10 at <E>=8.9 MeV

* Exposure: 345 days in 100 tons FV: Jul 2007 — Aug 2009
* no oscillation hypothesis excluded at 4.2c

Phase Il physics as —

40 -
E 3 BPS09(GS98)+LMA-MSW . - 1 i
Conclusions - N - the measurement of: v-e elastic scattering from
3T NN I BPS09(AGS0S}+LMA-MSW 8B solar neutrinos with 3 MeV energy threshold
NN
g %N\
é 2 S Background | ¢ inagreement with measurements from SNO and
~ 2 N substracted SuperKamiokaNDE
£ 15
c RS
3 10 SN * the first measurement of 2B solar neutrinos in
5 w{gw- a liquid scintillator
0 —— 1
4 6 8 10 12 14

Energy [MeV]
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BOREXINO

Phase Il physics

P.. after BOREXINO

V., survival probability

PP - All solar -—+
’Be - Borexino !
pep - Borexino

!B - SNO LETA + Borexino

|8 - SNO + SK

MSW-LMA Prediction
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Be-v flux annual modulation

Aphelion: 1.017 AU Perihelion: 0.983 AU
’»\ )\

3. January

Due to Earth eccentricity € =0.0167 (maximum on January 3) one expects:
- Perihelion-Aphelion difference of £7% in neutrino flux
- 'Be neutrino rate variation between 47.5 and 44.5 c¢pd/100 ton

Very stable detector response (energy scale, PSD and position reconstruction)
needed. Problem with unstable background from 21°Bi!

3 analysis methods applied (Phase | + 11)
- Fit of the rate vs time

- Lomb Scargle analysis No evidence for
- Empirical Mode Decomposition anomalous oscillations
(30)
arXiv:1308.0443v1
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BOREXINO
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BOREXINO Phase Il Goals

Improvement of ‘Be neutrino flux measurement (3%) and
seasonal variations

Precision pep neutrino measurement (> 3o)

Geo-neutrino flux measurement with higher statistics

8B neutrino measurement with x4 statistics (aiming 10%)

pp-neutrino flux measurement

- first direct observation of neutrinos from the primary proton-

proton fusion reaction taking place in the Sin’s core

Measurement (or establishing stronger limits) on the CNO
neutrino flux

- first confirmation of fusion process that powers most stars

- can help resolve the solar “metallicity problem”
Measurements with artificial neutrino sources: Project SOX:
Short distance Oscillations with BoreXino.

- search for sterile neutrino

- measurement of neutrino magnetic moment

- search for nonstandard neutrino interactions
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Towards determination of CNO-v

1. Lower %10Bi background is required
(additional purification)
— CNO high metallicity rate is ~5 cpd/100 t

— 210Bj is still too high at ~20 cpd/100 t:
reduction to 2 cpd/100 t is needed

Phase 1results | 2 Knowledge of energy spectrum of 21°Bi.

3. Improved energy calibration (1 %)

4. Control of detector temperature (AT <0.1
C/month)
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Reactor neutrino anomaly
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ROVNO88_38 — 0.93g :0008 =0.068 Ve DIEE] ppearance
.= M
:‘ROVNDBB_ES 0959 +0.008 =0.075
25.2m
ROVNO88_15 0.972 4% = The synthesis of published experiments at reactor-
ROVNO8S_2| 0.04g =0008 =0.065 detector distances < 100 m leads to a ratio R of

observed event rate to predicted rate of

ROVNO88_1l 0.917 =000 =0.063
18.0m

SRP-II 1.019 =000 =00

ZaEm u =0.976 + 0.024 (OLD flux)

_Ssl'_jr:‘ | 0.953 +0.006 =0.035

Krasnoyarsk-11 0.954 *0010 =0.045 With NEW flux evaluation, this ratio shifts to

Krasnoyarsk-I

i 0.960 +0.190 =0.053
u=0.943 * 0.023, [201 1] result]

BOREXINO Krasnoyarsk-| 0.944 =003 =005
e 0.801 “%" = leading to a deviation from unity at 98.6% C.L.
Phase I results Goesgen-I 0.924 oo oo X2min = 19.6/18

Goesgen-ll
46.0m

0.991 =0.024 0,059

Goesgen-| 0.966 <0023 =0058
38.0 m

Conclusions Bugey3 : .
Bugeys -

3373 +0.115  =0.044

.I..--.l.T._------.l-{..“.,.l.l..l.

2013 result
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QOJ\U; N | 0.940 <0023 =0028
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Ga anomaly

MGa+ v, — MGe+e”

Stirer

Ny No+ GeCl,
jg L

—_— —_—

30.3 tons of
Gallium
in an aqueous

solution :
GaCl; + HCI

~ 65 PBq (°1Cr)
(1 PBq = 10%5 v/s)

k| Irradiation
17 of Ga in the GGNT
\

~ 15 TBq (*’Ar)

30 to 57 tons of

Gallium (metal)
In 10 tanks

Measured / predicted

ve Disappearance

1.15 L LN N B N IR

data

11—

\,

1.05—

095 [} [

0.9
u;l.a:_ “ / o
os- Best fit

0.7

SAGE-Ar

SAGE-Cr

0.65 III|IIIIIII|IIII 1111

GALLEX1 GALLEX2

(LYeaLLEx = 1.9m
(Lysage = 0.6m
= 40.09
R =0.76"¢ s
[Giunti, Laveder, PRC 83 (2011) 065504]

Haxton cross section with uncertainties
[Haxton, PLB 431 (1998) 110}
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The SOX project: v-sources

27.702d

<y
X 712 0 284.803 d
* h"r-. .
< 51 I8 " ~
& Cr r 44ce Loe O
N 196% 73 10 9% S¥ § o7 1335152 7
184 ps 5/2- ™~ 320.0852 9.88% 5.9 FP &G
- 2 199 6 o 99.952 g5 s
3.9% 83 1 il 80120 435 g
3 T’ 3903 7om
stable 712 0 _19[]_12% 54 765% 74 O 0 47 28m
51 Vv 144p.
BOREXINO 23 59

Phase | results

: S1Cr e-capture 40 0.7 0.011 0.19

200-400 PBq o1y "0, )
144Ce-144Pr  Fission 411 <2.9975 0.314 7.6
roduct MeV
2-4 PBq E_ 97.9%
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The SOX project

2 2
P.. = 1 — sin® 26,4 sin? 127&%{}&?&9””

Buffer liquid
1300 m’

Scintillator
270 t PC-PPO contained in
a 130 pgm think nylon vessel | ~ . £

e
Nylon Vessels
internal: R=4.25 m
esternal; R=550 m
T Tank
Ce 3300 m? of water
Sphere 210 PMTs
2214 PMTs
Phase A
Phase B
Phase C

. 5ICr tunnel beneath detector
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The SOX project

BOREXINO

Phase | results
Conclusions

Les Rencontres de Physique de la Vallée d'Aoste, 23.02-01.03 2014 La Thuile, Italy



The SOX sensitivity

L 10 [ | | | T T 1 | | | L | | | T 1]
NE - | i .
4 — 370 PBq °!Cr ; _
B 2.3 PBq Ce i ]
L :. i _
IE ¢ i E
— EEEN RA: 95% C.L. ‘ ; ; Z
- RA: 99% C.L. s - ; .
B S'Cr: 95% C.L. : 7
T =--e- SCr99% C.L. ] _
BOREXINO | —— '“Ce (water): 95% C.L. N E _
m==== ¥Ce (water): 99% C.L. PN [
Phase | results 10_1 || — 4Ce (center): 95% C.L. :‘ < :
[~ ===== '"Ceg(center): 99% C.L. . -l ...
— Solar+KL: 95% C.L. P~
~ ----- Solar+KL: 99% C.L. ;
Conc|usions R I I Lo T— | L1 111
1072 107t

1
sin“(20,,)
A(Ac) ~1%; R ~15cm; A(FV) ~1%; Ty, signature
A(Ag) ~1.5%

Journal of High Energy Physics, 08 (2013) 038

Les Rencontres de Physique de la Vallée d'Aoste, 23.02-01.03 2014 La Thuile, Italy



Conclusions

BOREXINO achieved an unprecedented
background level (still improving)

In Phase | results over a broad range of
neutrino energies obtained: ‘Be (<5%),
8B, geo, pep, CNO limit...

pp neutrino flux analysis well advanced
Improvement on the CNO neutrino flux
limit  requires  further  background
reduction (41°Bi)

Promising future: search for sterile
neutrinos with artificial sources (SOX
funded and ongoing)
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Events/Bin

BOREXINO energy spectrum

A1l data after cuta (i} - (iid)
— Rfter cuts (iv) - (v}

—— After statistical subtraction of 's

Emcﬁmanw E_
213(' °
10° " L. y.m583 s
—_— Solarpp w
= Solar 'Be <
10* E— gorar&o s
»Qlar other
4]
210 i
108 —_ 1 Bi 10 ul:-o z-!.w 3c||o 4-:|:c- scluo a-:lm 7c|~n sén 9&0 :.nluo
— 1;% Fhotoelectrons [pa]
—— u
102 0 14
10
10"
10.\2 L1 1 i 1 11 I L_1%1 L1 1 I
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Energy, keV
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