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Solar Neutrinos

pp Chain CNO Cycle

(contributes ~1% of solar energy)
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Solar neutrino spectrum
predicted by the Standard Solar Model (SSM)
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Surface metallicity puzzle still open...
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Many accomplishments of Borexino in the solar neutrino arena
and beyond...
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Borexino at Gran Sasso: low energy real time
- - ——————— detection
Stainless Steel Sphere:

<l T 2212 photomultipliers
e I 1350 m?

Scintillator:
270t PC+PPO ina 150 um

thick nylon vessel Design based on the
principle of graded
shielding
Nylon vessels: -~
Inner: 4.25m L] Water Tapk:
Outer: 5.50 m y and n shield

u water C detector
208 PMTs in water

Neutrino electron

scattering 2100 m®
ve —>ve
N 20 legs
Carbon steel plates )
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Detection principle

Vyte—>V,+E€

Elastic scattering off the electron of the scintillator
threshold at ~ 60 keV (electron energy)

Goals: (in read already accomplished) ‘Be flux (862 keV), 8B with a
lower threshold down to 2.2 MeV, pep (1.44 MeV), possibly pp
and CNO in the future, Geo-antineutrinos (Phys.Lett.687,2010),
Supernovae neutrinos, all requiring ultra-low background
especially the solar measurements — the big challenge of the

experiment!

Further proposed measurements with v and v artificial
sources for sterile neutrino search (second part of the talk)
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Results made possible by
a) Ultra-low background
b) Thorough calibration of the detector with internal and

external sources

c) Adetailed MC able to reproduce accurately the
calibration results

d) High statistics

IEE)  Extraction of the fluxes through a data-to-model fit

Stockholm 20-7- 2013



Radio-Isotope Concentration or Flux Strategy for Reduction Final
Name Seource Typical Reqguired Hardware Software Achieved
_ ~ 200 5! m? N underground Cerenkov < 10
. - 1
- coste (@ sea level " water detector PS analysis eff. > 0.9992
¥ 1ock Waler fid. vol. negligible
i PMTs, S55 buffer fid. vol. negligible
o intrinsic PC ~10 gla ~1071% g/g selection threshold ~210%¥ g/g
dintiNntion T E _ 17
sa]] ciatillstion, W.E., agomng.  [|(1.6720.060107 g/ g
dust, metallic 103-10° gfp <10°1% gfg filtration. mat. selection, TS { }l_m
**Th cleanlmess 24 (2.6208107g/2
Be COSIOZENIC ~3 10 Bg/it =10% Bg/t disullation -
AWK dust, PPO ~2_ 106 g/g (dust) <10-18 g/g distillattion WE. =
surface cont. distillation. WE. May "07: 70 o/d/t
1p <1 cfd/t : i i fat
° from 2Rn © filtration, cleanhness Jam *10: ~1 c/d/t
: 10 Bq/l amr, water N, strippin tagging.
my, | cmanaton fom ° <10 cpd 100 1 » SRS e <1¢pd 100t
matenials, rock | 100-1000 Bq rock cleanlness /B
BAr 31T, COSMOgenic 17 mBq/m? (air) < 1 cpd 100 t N2 stnipping fat
By TSR 1 Bg/m?(air) | <1 cpd 100 t N; stripping fit 20+ 5 cpd/100 t
Weapons
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Low energy range (0.14-2 MeV) calibration _
Energy scale-Resolution

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

ﬂ.ZE%—
T R(m) 50
]| 139Ce =— from 200 keV to 2 MeV
014 5 A/ E
- 63Zn  goco
oo w s | Wheharge U | less accuracy in the calibration

@ MC tuned on vy source results

@ Determination of Light yield and of the Birks parameter kg,
L.Y.— obtained from the y calibration sources with MC: 511 p.e./MeV
—~left as free parameter in the total fit in the analytical approach

@ Precision of the energy scale global determination: 1.5%0 (1 o)

@ Fiducial volume uncertainty: >if_‘§% (1o)
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Counts / (10 KeV X day X 100 tons)
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1600

«—— MC- fit range: 250-1600 keV

Soft a subtraction

# pp, pep, CNO fixed, according

MSW-LMA high metallicity

# free parameters: 'Be, %K,

210Bj ( B emitter) ,*C,
210P0o (o emitter), 4 C,
214Pb (B emitter)

Analytical- fit range 300- 1250 keV

“statistical o subtraction via PSD

The ’Be flux is extracted
via a multi-component fit



Result

 oe0800): 4115 stat) ) 713] costpationons

Corresponding to an equivalent v, flux of (2.78=+0.13)x10°cm?s™"

By assuming the MSW-LMA solution the absolute ‘Be solar neutrino
flux measure is (4.84=+0.24) x 10° cm™2s™"

The ratio of our measurement to the SSM prediction is fBe=0.97=+0.09

N Kr 28.042.1par 4. Tayet
components in ‘ ElﬂBi 40.3 ]--EJ'sta,t::E-Bsyst

the fit 11(:;' = 5 ﬂ_zstat::D-Tsyst

85Kr in very good agreement with the correlated coincidence
determination

Unprecedented better than 5% precision in low energy solar
neutrino measurements

Assoclate result zero day night asymmetry — as expected
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FIRST DETECTION of PEP neutrinos

» Borexino obtained first evidence of pep neutrinos ﬂ.

« Thanks to the very low background and analysis
tools developed for *'C rejection

» Three fold coincidence tagging of 11C events

* B+ - B separation exploiting positronium induced
pulse shape distortion

» Multivariate maximum likelihood test using all available
Information

 Three-fold coincidence

Energy spectrum in FV

o

|J+12C—>n+1lc+p 3 [
. = 10° - After TFC veto
236 No convection @ F
k= 11C doesn’t move 2 2o ¢ ssbtrection
- o’
29.4 min %1 |
thermalization g 1 _
and capture s |
yields clear tag l 5 ok
»n+p— D+y (2.2 MeV) :
PHYSICAL REVIEW C 74, 045805 (2006) TE

E...._..__..‘-
f
l
f
II
;
1

Stockholm 20-7- 2013



FIRST DETECTION of PEP neutrinos

Ax proflle for pep v rate -

e Rate: 3.1 + 0.6(stat) a5 0-3(sy5) delloo t $10— -~ 68% C.L. SSM
PRL 108, 051302 (2012) - —— No Osc.
e - 8 99% C.L.
- No oscillations [z s T gy -
excluded at o i
97% c.l. % - h_q;_:t:+_ji“ L
« Absence of pep [{ea + l:
solar v excluded “ n._ ]*T_"I: s
at 98% CI E**-‘";_‘ B T T S T T S——tr— : ............................. -
uD ; | 2 | 4 é
pep v rate / counts/(dayxl00ton)
* Assuming MSW-LMA: e e im e o e e e

Ay~ profile for fixed pep and CNO rates

Ppep = 1.6 £0.3 108 cm= s

U =]
-
I-H = un

« CNO limit obtained assuming pep @ SS

pep Rat s cpd/100tons
Lk

2.5§
l
 CNOrate<7.1cpd/100t (95% c.l.) 1.55—-\3
(1.5 times the SSM prediction) 1
0.5F

T2 4 6 8 10 12 14 16 18 20
CNO Rate / cpd/100tons
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o D 5B with lower threshold at 3 MeV
BPS09(GS598)+LMA-MSW
-% m BPS09(AGS05)+LMA-MSW
g
: Exp. 8B spectrum vs models
2 15 | |
E RN
o 10
. s |
! ° ey o Threshold @by
[MeV] [lﬂ& cm ™2 5_1]
Data com atlble Wlth bOth SuperKamiokaNDE | [7] 5.0 E.EE:EU.DE:I:D_Dﬁ
: P . SuperKamiokaNDE Il [2] 7.0  2.3840.05%) 0
high metallicity and low SNO D-0 [3] 50  2.30+024 +013
metalllClty mOdels SNO Salt Phase [26] h.b 2.35:%&2121_':5?[.}%5
SNO Prop. Counter [27] 6.0 177755 010
Borexino 3.0 2.4+0.440.1
Svstematic errors Borexino 5.0 2.7+0.440.2
Source E:;:aaﬂr Me\ ) E:::-?TMeV ] SSM; HM.(Z.T-I_-(] .3) x106cm2s-!
| | -
Energy threshold  3.6% 3.2% 61% 4.8% LM(ZZ +0.2) x10°cm2s!
Fiducial mass 3.8% 38% 38% 3.8%
Energy resolution  0.0% 25% 00%  3.0% Phys. Rev. D, 82 (2010) 033006
[ otal 5.2% 5.6% 7.2% 6.8%
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BOREXINO VALIDATION AT LOW ENERGY OF THE LMA MSW

OSCILLATION PARADIGM

Before Borexino Borexino 2012
RS = i - MR
| e pp - all solar (w.o0. BX) ; ’ i
| o7 e 8B - all solar (Rad. + Cher. w.o. BX) _."‘.';‘ 02
£ r S A e Homestake = 0.8
& MSW prediction c
2 06 8 0.7 7
g 1 | B 0.6 Be 'pep
T 0.5 ~ +
*.% ] E £ o.s {
a 0.4 i L 0.4 1
= -l—lsin" 20 k I i @ " PP - All solar -
. 0.3 : T S 03§ pep - Borexine 8
E n_g: f E ., 0.2 L EIi P_ Bl?ﬂ- LE'.':A + Borexino B
L 02 3 * "B - SNO + SK
i = i’ ) 0.1 MSW-LMA Prediction !
| ; L k) I I Lt bl k] L Ll
ot 1[ 10 L : "
| E, [MeV] _ ; e (MEV] R
Additional program (Phase 2: 2012-2015) after L year | [ w57
and a half of successful purification which reduced I | | |
further the backgrounds ol © i - I
- Improve 'Be, ®B — more test of MSW at Low A i
energy probe of non standard physics (NSI) in the & | T
transition region of the Pee curve s - 1F o
. . . . excluded by —§ |
- Confirm pep with stronger significance and reduced . ® | [ DNasymmetry |
1 E 3
error
- Improve upper limit on CNO — probe metallicity i | o
(perhaps) 't _
= Attempt direct pp measurement




Annual modulation of the v signal (PHASE 1):
Lomb Scargle analysis

. lc 20 3

. Lomb-Scargle Periodogram /
.‘5
C Peak at period 0.979 Year oL / T
3 Q- P 2 150 /¥ Montg Carlo distribution of the
T4 —‘ g 400 - Spectral Power Density
o N . M 350 _
0 Spectral power density: 7.96 .ofl Nullhypothesis: no seasonal effect
g o 200~
5 e _
0 150:—
70 1007 With seasonal effect
% 500

Q -
£ | | | . S R TR Ty
0 Lomb-Scargle SPD

05 10 15 20 25 30 35 40 No seasonal effect: excluded at morethan 3 o

X

Froquency [thear] £ Preliminary results

Peak at 1 " +/i—+ for phase 1l —
year period oY N; unambiguous
: /‘F independent proof

N that we are

11/11 I(Jl}lé!I I03}12I I05}12I I0'.?}12I I08}12I IJ_0}12 1 7
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New geov results: evidence of the signal

Others
Nreactor Nreactor back. Ngeo Ngeo Nreactor
Expected Expected measured N measured measured
with osc. no osc. reactor
measured

events |Events |events |events |events | TNU TNU
33.3+2.4 |60.4+2.4 |0.70+x0.18 | 14.3+4.4 31.2_6_1+7 38.8+12.0 84.5*19'3_169

Unbinned likelihood fit No geov signal: rejected at 4.5 c C.L.

100 .

= 18F I o T
= - L AN
c HE geov S0 N
S 12F o
- F reactor o SRR
= 10 > 60 )
s gb T E L 1 N\
s o AT F sl SRR
2 R ks TR | SR R
B ;'Ep'_.i'l.-._ L .LL:LH. A PP EPURPR. S R B S Rt S ' i o 1:-:r | -

500 1000 1500 2000 2500 3000 3500 ob, . o

Light vield of prompt event [p.e.] 0 50 100 150

TNU]

TNU = Terrestrial Neutrino Unit = 1 event / year/ 1032 protons
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\ ‘ SOX: Short distance ve Oscillations with BoreXino

® Science

® Motivations

® Search for sterile neutrinos or other
short distance effects on Pee

and also

® Measurement of 9,, at low energy (~ 1 MeV)
* Improved limit on neutrino magnetic moment Funded by the European

® Measurement of g, e g, at low energy Research Council with an

® Constraint trino NSI
onstraints on neutrino FRC advanced grant

® Technology amounting to 3.5 Meuros

® Neutrino source: >1Cr _
® Anti-neutrino source: #4Ce SOX Is the “European”

official project acronym
® Project
® SOX-A - °'Cr external

®* SOX-B - Ce external
_

®* SOX-C - MCe internal o



. 0 [T T
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| SOX: the Science case My
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— 100 — \:\E“EE-\\:“ :
® “anomalies”: a few experiments deviate from = 1
the standard 3-flavor mixing at L/E - 1t m/MeV *‘E 10 " | ,
¢ LSND 2001 < o2t R
* (Clear excess: 87.9+22.4 + 6.0 (3.8 0) “LSND anomaly”
10_3 | survivingarea @00 TS TTr=w

e Partially confirmed by MiniBoone

» Allowed region restricted by ICARUS to
Am? - 1 eV2 (see Eur Phys.J. C (2013) 73:2345 )

90% CL (this work)
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New reference, Phys. Rev. C83, 054615, 2011

tan’(9) '
Reactor Anomaly | |

| ||I‘ | I |
1.08 —

-

0.95

=
o]

* Gallilum and Reactor
anomalies:

0.85

. W

=
»

'\'\H'T'\'

Terra Incognita ' phys. Rev D83, 073006, 2011
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C. Giunti et al. arxiv:1210.5715 (hep-ph)
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Il SOX: Three Phases

® Mission: test the existence of low L/E

v.and/or v_,anomalies by placing
well known artificial sources close to

or inside Borexino

® SOX-A
® 51Cr source in pit beneath detector
® 8.25 m from center [within 2015]

¢ SOX-B
¢ 144Ce-144Pr source in W.T.
® PPO everywhere to enhance sensitivity

® 7.15 m from center [2015/2016]

® SOX-C
¢ 144Ce-144Pr source in the center
® Only after the end of solar program
® More effort and more time S1CT ‘ tunnel
[>2017] It
sox-A| B ~
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Artificial neutrino sources

: Decay Energy Mass Heat
Source Production [MeV] (kg/MCi] (W/KCil
EC

510y Neutron irradiation of 2°Cr
In reactor 40 0.746 1.1 0.19
320 keV (10%
Ve ®, = 5. 104 cm2? st Y (10%)
144Ce-1*Pr = Chemical extraction from P 8- > 00 7E aEia - s
Ve spent nuclear fuel ' ' '
3996 d
f 51cr f" \\ //,»\\
En =427 keV 9 % !f \— \\ .
E, = 432 keV 0.9 % / n. . / delayed ~ __-@
/En=?4?kev 81.6 % = @ 4 ~236 ps /
- E,=752 keV 8,5 % 35—_ 5 ,’/ v
g c®--->-9
s = . prompt vy (2.2 MeV)
320 keV 10% r 3 P fewns
stable E N
51y ; = v (511 keV)« - - .".+- 5y (511 keV)
g 2__ (&
17 mn ‘S —
B-<913keV o ~
1% 1.5—
ls-<21331 keV -
° : — 144
2185 keV 1— Ce
RB-<2996 keV\\ | 0.7 % -
97.9 % : 05"
144 -144 -
Ce**Pr £9¢ =
% 0.5 5 2 2.5 3 o
144N neutrino energy (MeV)
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I I The tunnel beneath the detector

S 100 Cm EELEEEERES =&

INFN
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‘ Data analysis: two techniques

® Total counts: standard “disappearance” experiment
® Total number of events depends on 814 and (weakly) from Am?14

® Sensitivity depends on:
® Statistics (source activity and active volume)
® Error on activity (in particular) and on efficiency

® The relatively short life-time of >1Cr yield useful time-events correlation
® The background is constant while the signal is not

® Spatial waves [C.. Grieb et al., Phys. Rev. D75: 093006 (2007)]
® With expected Am? e and ~ 1 MeV energy, the wavelength is smaller than
detector size (~11 m max) and bigger than resolution (~ 15 cm)
® The distribution of events as a function of distance to source shows waves
® Oscillometry analysis —Direct measurement of Ami4? and 014
® Very powerful and independent. Does not depend on knowledge of source activity.

® The two techniques can be combined In a single counts-waves fit

)
INFN
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I ‘ Geometry with external source

® \olume:

d2 — R2 + l2 source
_ 2 . ‘
V(l) = 2l (1 > ] )

® Flux and decay

I L t
d(l) = ﬁTe_TD (1 — e_?)

® Oscillations (one sterile)

arbitrary units
e
=] -k
| |

1.27 Am?1
Pee = 1. — sin?(26;) - sin® ( )
E 0.6
® The number of ve-e” events at distance | from 0.4]

the source, with detection threshold T1 and
maximum recoil energy T2:

“Far'm' ~%00 500 600 700 800 600 '1'u'u\':}' 3700
To dO’e(E, T) distance from external source (cm)
No(1, Ty, T2) =ne ®(1) V(1) Pee(l, E)[r dT dT N.B.: The distribution of events is not

uniform even without oscillations

)
INFN
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| ‘ Example for SOX-A

®Waves may be detected in the distribution of
events as a function of the distance from source

® With waves, both parameters can be measure

Ideal curves

Borexino Background - No fluctuations
Em |r1|rr1|r1||r'||r11|r1|r[1|r1'||r1|[|1|r'||rr1 L

" — el ated cveral] spectium

700

e U ilated overall spectrum

3 =
-
|®

2
E 7
|= g
=

500

300

100

55 6 7 8 9

10
Distance from the source [m]

11 12

= 2r
™ C
§1 of- Reactor anomaly central value
<] az—
175
16F
1_5;— e —
14F
1.3( lo
1.2F-
3 RN
Y ¥ E X T E— T a—
. . SiIl2 2914
Full Geant4 simulation - example
Borexino Background
L0 e B B L L B IR AL I IR
™ Vol Bted owerall spectrum .
?m : Crmz Bated overall spectmam _-
- —%— MC Dax ]
600 o —
: ‘Rew :
- -'Z'I-F.n -
JOOF o et B
400~ —
300 -
200 —
100 —
:. L s a0l oy L —
) 3 4 5 6 7 8 9 10 11 12
Distance from the source [m]
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Il Waves with Ve and space-energy correlation

1 m fiducial cut o ® Space - Energy correlation

events

i ® With the 44Ce-**Pr source (both
external SOX-B and internal SOX-C)
global fit exploiting correlation
Am?2=1.0 eV2 Hypothetical between reconstructed event

sin?(28s) = 0.1 Monoenergetic position and positron energy
source in the '

1 year
| | clenter | | !
0 100 200 300 400 500 600 External
distance from center {(cm
.I|_|_|'|. ilT'll _|_+ III.I N ll:|'+ .1.” : I+. Am214=2eV2
1 'H' ¢ sin%0,,=0.1
*
i 2.2
Am?=2.0eV? ;
sin2(29s) = 0.05 o)
1 year T e, |
ist&ﬂ(‘e f T .
N el e ] romthesflllloc |5 1.0 Qos\
0 100 200 300 400 500 600 € (m)

distance from center (cn
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Il More examples of space-energy patterns for 144Ce-144Pr
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| ‘ SOX-A sensitivity

Reactor+Ga
anomaly region

®* SOX-A: 3 10 T g
& N .
< - ’

®>51Cr source at - _
8.25 m from the - }
center L _
; B Ra:os%cL 1 ;

® 10 MCi B RA: 99% C.L. B
| —— "'cr: 95% C.L. ¥ |

® 1% precision in I e er: 99 C.L. B
source activity = Solar+KL: 95% C.L. i -
— Solar+KL: 99% C.L. . _

* 1% in FV R Y —
determination sin2(2(—)14)

® Phase A can happen any time during next solar neutrino phase
©2014/15 is realistic — 3 months of data taking P

INFN
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i ‘ SOX-B sensitivity

Reactor+Ga
anomaly region

A
l/

¢® SOX-B 10 o

.
-
<]
¢ 144Ce-144Pr source a
7.15 m from the
center (in water tank

. - I RA:9s%CL -
"ok 5 RA: 99% C.L. i
: —— ™4Ce (water): 95% C.L. :
®1.5% precisionin | - 144Ce (water): 99% C.L.
source activity 107"

Solar+KL: 95% C.L. =

Solar+KL: 99% C.L.

® 2% bin-to-bin error L '_2 L '_1 L
to include all effects 10 10 Sin2(26 1

® SOX-B can happen any time during next solar neutrino phase
®2015/16 is a realistic scenario — 1.5 years of data taking ~
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i ‘ SOX-C sensitivity

Reactor+Ga
anomaly region
o SOX_C: NES 10 - I — // I —— |:
S -

¢ 144Ce-144Pr source
INn the center

® 75 kCi — [ rA:95%cL -
: RA: 99% C.L. :
| — 44Ce (center): 95% C.L. 1
®1.5% precisionin | . hCe (center): 99% C.L.
source activity 107! SolarsKL: 95% C.L.

Solar+KL: 99% C.L.

® 2% bin-to-bin error to o2 o )
Include other systematic sin2(2614)

® SOX-C can happen only after the end of solar neutrino phase
®2017-2018 is in principle possible — 1.5 years of data taking
® decision to be taken after SOX-A and/or SOX-B results )

INFN
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| ‘ Other low energy neutrino physics

Weinberg angle: 3(sin?3w)=2.6% Magnetic moment
20 - - - - - 20, . . | |
k 10 MC;i / |
15|\ : 0RO 210 * 15| Reactors
o | 1 < 2.9 10-1uB (90% CL)
S0 [ 30 upper limit _ _
[ Borexino (solar)
S u < 5.4 10" 1B (90% CL)
%0 02 04 06 08 10

Neutrino Magnetic Moment [10™'% pz]

A0}

SN ® With both sources (SOX-A and B or C)
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Technology of the *'Cr source

Concept is the same as in Gallex 1994

* 36 kg, 5°Cr enriched at 38%0 irradiated in a
high neutron flux reactor (we may use more material)
®* 190 W/MCi1 from photons

® _few uSv/h on surface (required < 100)

. careful thermal design to handle 10 MCi (2 kW)

® Preliminary studies are encouraging

External T must be
acceptable
Current value: T=73°C

33333
00000
22222
33333

zzzzz

11111
11111

Internal T must be

below syntherization (750°C)
Current value: T=365 °C
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Precise determination of the source activity

The technological effort encompasses also the precise
determination of the source activity

For °1Cr particularly important at relatively high Am?>2 eV?
where the measure relies essentially on the disappearance effect

Not important in the region where the oscillometric measurement
dominates the sensitivity

* Insitu calorimetric measurement — calorimeter coupled to the
source during the measurement period

e (Gamma scanning at the reactor just after irradiation

o Post-decay °'V determination
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Detall of the source
deployment procedure In
the tunnel through the
clean room
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i ‘ SOX-C: 144Ce source inside detector

® Very massive source
® ~ 4t of shielding
® Source: spent nuclear fuel from Russia

® DENSIMET (W) shielding plus
ultra-pure copper layer to reduce
background

® W is very dirty for Borexino

® vy background is a problem if rate too high
® random coincidences make background

® Source deployment to be studied
® Either from the top or from the bottom

® PPO everywhere in the SSS to enlarge
active volume (active radius up to 5.5 m)

® New anti-neutrino trigger
® Trigger on singles would be too hard, but this is not a problem

® > 2017 for deployment in within the scintillator
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Conclusions |

Borexino has completed with great success the first round of solar and geo
measurements thanks to the unprecedented purity achieved in the liquid
scintillator

e ’Be with unmatched 5% precision

« 3B with a threshold as low as 3 MeV and first experimental specific
detection of the pep component

« Overall and unique to date direct confirmation at low energy of the MSW-
LMA oscillation solution

e Clean and convincing geo-neutrino signal detection

A new round of measurement has been started (phase Il) after a purification effort
which further suppressed the contaminants in the scintillator

o Complete solar neutrino spectroscopy with improved precision, possible

probe of new physics in the transition region , depending upon the reached
precision

* Further improved geo-neutrino results
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Conclusions Il

Source experiment to test the sterile neutrino hypothesis
 Neutrino Source Cr-51 SOX A — within phase 2

 Anti-neutrino source Ce-144 in water SOX B — appendix
to phase 2

 Anti-neutrino source Ce-144 in tehe center — possibly
beyond 2017
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