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Solar neutrinos :
messengers from the core of the Sun and talented wizards

. Solar neutrinos, witnesses of the core of the Sun

. Archaeology (1968-2001) : the solar neutrino problem

. Towards solar neutrino spectroscopy
. Solar neutrinos and particle physics

. Is there any future ?




Solar neutrinos :
messengers from the core of the Sun and talented wizards

1. Solar neutrinos, witnesses of the core of the Sun




The Sun

> Composition :
73% hydrogen (H)
25% helium (He)
2% other elements
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Energy production in the Sun: cycles of nuclear reactions
Energy balance : 4 protons + 2 electrons — helium-4 + 2 neutrinos + 4 10-12 W




Central temperature: 15 106 degr'ees
The Sun

> Composition :
73% hydrogen (H)

25% helium (He)
2% other elements

Energy production in the Sun: cycles of nuclear reactions
Energy balance : 4 protons + 2 electrons — helium-4 + 2 neutrinos + 4 10-12 W




The standard solar model (SSM)

# Basic hypotheses

*

*

*

hydrostatic equilibrium (radiative
pressure vs. gravity)

spherical symmetry, no rotation, no
magnetic field

energy transport by photons (radiative
zone) or by convective currents
(convective zone) - No wimps

energy generation by nuclear reactions

primordial solar interior chemically
homogeneous

# Observational Constraints

LR R IR B B

Mass : 2103 g
Luminosity : 3.84 1026 W
Radius : 7103 m

Age : 4.57 10° years

T (5800 K) and composition of the surface

Helioseismology
Neutrinos

¥ Ingredients and Uncertainties

# Opacity tables

# Microscopic diffusion of He and heavy
elements

# 7/X (heavy elements / hydrogen) :
0.0245 (1 = 0.01) (photospheric and
meteoritic determination) — presently
controversial

# Y/X (helium / hydrogen) : 0.25 + 0.01
# Nuclear reaction rates



Basic equations of stellar evolution

/pressure gravitational cst \

dP  M(@) G
e 5 p
dr r
v
radius density

hydrostatic equilibrium : each gas shell dr
is balanced by the competition between
downward gravitational force and

outward pressure force.
M(r) : mass enclosed within a sphere of radius r :

ﬂlermal equilibrium : energy €
produced by nuclear reactions
balances the energy flux L(r)

emerging from the sphere of
radius r :

correction (heat

\_ [Ee]

transfer)
(Sis entropy)/

A third equation governs the temperature gradient dT/dr, which depends
on the luminosity and the physical process of the energy transport.




How to build a solar model ? }

) @
(0
beginning of H burning
t=0
boundary conditions : T., p., T.¢
J
—/
p
initial
L abundances X(r)
resolution of the [ equation of state
t+dt structure equations _ PUe(r), T(r), X(r)) |
| f opacity coefficients
K(p, Tl xl)

Solar age
Solar luminosity
Solar radius




Nuclear reactions in the Sun

p+p o> 2H+e* +v,

100%

2H + p > 3He +y
85% |
-

SHe + 3He > “He + 2p

3He + ‘He —» 7Be + y

0,02%

7Be+e'—>7Li+ve® ‘Be + p—> 8B +y
Li + p > “He + “He 8B > 8Be +e* + v, @

8Be — ‘He + 4He




Nuclear reactions in the Sun

p+p o> 2H+e* +v, V,

85% | | (2 109)

&~ 15% e
3He+3He—>4He+2p| 3He + p > “He + e* + v, @

3He + ‘He —» 7Be + y

0,02%

7Be+e'—>7Li+ve® ‘Be + p—> 8B +y
Li + p > “He + “He 8B > 8Be +e* + v, @

8Be — ‘He + 4He




Nuclear reactions in the Sun

CNO cycle
Lo O\Q '\
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13C + p — 14N +y
4N+ p — 150 +y & c
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Energy production in stars

cycle pp

ENERGY PRODUCTION € (MeV/g-s)

n - -
B lllll v A 'S A 1 J._l

1 10 100 1000
Temperature of the star (10° K)

Competition between the pp chain and the CNO cycle
as a function of the stellar temperature. For the Sun,
the pp chain is still dominant.



Energy spectrum of solar neutrinos

) SuperK, SNO >
Chlorine >

Galliuml Borexino ——=—>

£
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Flux
Spectres continus : cm2sMeV!
Raies monoénergétiques : cm2s-

102

0,1 1 10
Neutrino energy (MeV)



Predictions of the solar models

140 Bothers| Flux 6598 AGS09 | Seismic | Error
=B 120 (em-2 s-1) | (High met.) | (Low met.) | (A6509) | (~)
8
120 :11:; i 100 pp (101°) 5.98 6.03 0.6%
100 pep (108) 1.44 1.47 14 1.2%
6
80 7Be (109) 5.00 456 472 | 7%
= 80 55 =
Z 7 § 60 8B (109) 5.58 459 5.31 14%
7 % 4
60 ) 2 13N (108) 2.96 217 4 14%
40 ) 40 150 (108) 2.23 1.56 35 | 15%
20 20 Radioch.
1 (SNU)
0 0 0 Chlorine 8.5 6.9 7.67 | 10%
Gallium Chlorine SuperK | Gallium 128 121 1234 | 6%
SNO
50 years of solar modeling Z/X 0.0229 0.0178
N
% J.N.Bahcall, M.Pinsonneault, S.Basu, astro-ph/0010346,
Ap. J. 555 (2001) 990
A.M. Serenelli, W.C. Haxton, C. Pena-Garay, arXiv:1104.1639 Updated determination of
N. Vinyoles et Ol., arXiv:1611.09867 (updaTes in some nuclear reaction rates and, a 'l'he Sun me‘ralllcﬂ'y (should
new freatment of uncertainties due to radiative opaciﬂes) be fhe bes.r) bu.r
#S.Turck-Chiéze et al., Ap. J. Lett. 555 (2001) L69 disagf‘eemen'f with
S. Turck-Chiéze and S. Couvidat, Rep. Prog. Phys. 74 (2011) 086901 he|ioseismo|ogy
SSM and Seismic model




Helioseismology

The Sun acts as a resonating cavity,
exhibiting millions of oscillation modes
(described by spherical harmonics)

=19 =19 n=11
m=19 m=15 1=19 The Sun as a drum
m=15

Observation of acoustic waves at the surface of the Sun :
tool to explore the interior (SOHO satellite and others)



Helioseismology constraint :

the sound speed

c, (km/sec)

700
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S
o
o

sound speed temperature

c2=T/u

mean molecular
weight

T T T T T T T T T T T T T T T T T T T

Sound velocity versus radius -

01 02 03 04 05 06 07 08 0.9 1
R/R,

J.N.Bahcall et al., Ap. J. 555 (2001) 990




How long it takes to energy (« the light »)
to escape the Sun ?

Photons are faced to an « infinite » succession of collisions (emission,
reabsorption). Their mean free path is : | = 1/(xp)
Kk is opacity and p density (determined by solar models)

Diffusion time in the Sun (10° yr)

L ] ! ] ] L 1 !
0 0.2 0.4 06 08 10

r/R,

Photon energy in the core of the Sun: ~100 keV. At the surface they are visible (eV)!
Opacity sources are electron diffusion, photoionization, inverse bremsstrahlung,...
A lot of atomic physics to create opacity tables.

1025 collisions
| = 0,09 cm

t = 170 000 yr

[Be careful, it is
a mean estimate]

Mitalas & Sills (Ap. J. 401 (1992) 759)




For' 'rhe neu'rr'mos 2 Seconds'
~ fo cross the Sun i =

B Direct witnesses of what hapens

in the core of the Sun

- and 8 mmu‘l'es to r'each The <
Ear'1'h (quasu af The I|gh1' speed)l




Solar neutrinos :
messengers from the core of the Sun and talented wizards

2. Archaeology (1968-2001) : the solar neutrino problem




g {The « pionneering » chlorine experiment}

1970 - ey \ > Radiochemical
S > Sensitive to 'Be and 8B
?he deTecTor'

f» (1 FWHM Results)
.r‘l%‘ N ”'.
&,?SW" ‘%

Sfar'f of ‘rhe
solar' neu'rr'mo problem !/

o = N W A L O = ®
SNU

1970

1975 1980 1985 1990 1995

l‘)o‘.él‘ ear
= Result :
: 2.56 + 0.20 SNU
Homestake mine (South Dakota)
600 tons of C,Cl, 1/3 of solar

models
Ve + 37Cl > 37Ar + e-

|_’ 37C| (T1/2=35 d)

(6.9-7.5 SNU)

B.T.Cleveland et al., Ap. J. 496 (1998) 505
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GALLEX / GNO :

radiochemical detection of primordial solar v

Solar‘ models : 121 128: SNU

Jun 1992
First observation of
| primordial solar neutrinos !|

GALLEX : 77.5 + 7.8 SNU (73.4 + 7.2 SNU)
GNO :62.9 6.0 SNU
GALLEX/GNO : 69.3 + 5.5 SNU (67.6 + 5.1 SNU)

in aqueous solution (GaCl; +

V, ~60% of solar models

threshold = 233 keV
W.Hampel et al., Phys. Lett. B447 (1999) 127

sensitive to all v M.Altmann et al., Phys. Lett. B616 (2005) 174
(including pp) F.Kaether et al., Phys. Lett. B685 (2010) 47




pHYsics LETTERS B8 B 285 (1992) 376-389

Solar neutrinos observed by GALLEX at Gran Sasso

GALLEX Collaboration '#34:
©

(D
The GALLEX experiment can truly claim to have
observed, for the first time, the primary pp neutrinos.

- 4 "P«g. Une découverte au laboratoire de Gran Sasso,
< I | J} LESPARTICULESVENU];SDUSOLEILSELAI§SEI\TUN PEUPLUS ATTRAPER, MAIS PAS ASSEZ CS o en ltalie i
Les neutrinos, lutins du cosmos - Des neutrinos qui éclairent
A - sl T \ . . L ° 5
R | e e e T i oo v I’enfer du Soleil

l/ndémwins{nllésowIMmdemter:poarI:prcmk'rt{akpiégz‘dempxm‘mlesdiw«pn'mwdiala», de faible énergie,
émises au ceur de notre étoile lors de réactions thermonucléaires, L'inventaire de ces fantomes et de Jeurs avatars reste encore  faire.

———— Neufrinos —— Se NMionde  Mercredi 10 juin 1992
Flitzer zu Gott . _
OER SFIEGEL [iretond Casse-téte solaire

in Granada gab es Streit um die

Frage: Haben Neutrinos, die On croyait connaitre le Soleil. Mais des particules manquent c I'appel qui pourraient bouleverser la théorie
2 ] 8 DER SPIEGEL 26/1992 fliichtigsten unter den Atomtfeilchen,

eine Masse oder nicht?
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SAGE .

radiochemical detection of primordial solar v
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SAGE : 656.4 + 3.1 + 2.7 SNU
Baksan (Russia)

50 tons of liquid metallic gallium Similar result

v, + '16a —> 7Ge + e- J.N. Abdurashitov et al., arXiv:0901.2200

threshold = 233 keV ~60% of solar models
sensitive to all v

(including pp)




p(measured)/ p(predicted)

1.1 4

1.0 4

o

0.8

09

0.7

N\

Validation with
a 21Cr neutrino source

J

- 40 kg of Cr enriched in °0Cr
- 2 sources prepared at Grenoble (Siloé reactor)
n+3%Cr > SCr+y

followed by >Cr + e- > 5V + v, (751 keV)
Source activity : ~65 PBq

Gallex Crl1 SAGE Cr

N\

Y

Gallex_érZ

\

R=0.93 +0.08
R=0.88 + 0.08

Experimental proof of the
radiochemical method

® Is the cross section on Ga
overestimated ? Sterile v's 2?2?

SAGE Ar

W.Hampel et al., Phys. Lett. B420 (1998) 114
F.Kaether et al., Phys. Lett. B685 (2010) 47




Kamiokande
1987-1990
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Number of Events / Day

Vet € =V, T ¢ Flux measured for 8B v / Flux SSM:

(0.46 + 0.05 (stat.) + 0.06 (syst.))

sensitive to 8B v

- ~45% of solar models
E"‘:"‘f;";‘f:v (5 +1) 106 cm2 s-!

K.S.Hirata et al. : Phys. Rev. D44 (1991) 2241




SuperKamiokande auﬁ

(from 1996)
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~~~~~~ —,/e electron
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cos0

Flux measured for 8B v :
(2.35 + 0.02 (stat.) + 0.08 (syst.)) 106 cm-2 s-!

sensitive to 8B v

: 45% of solar models
SuperKamiokande I (5 +1) 105 cm-2 s-!

(1996-2001)
E > 5 MeV

J. Hosaka et al. : hep-ex/0508053




SuperKamiokande

The Sun seen with neutrinos |




Solar neutrinos:
results | and predictions ||
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/
#1000 tons D,O (target)
# 7000 tons H,0 (shield)
#* 9600 8" PM for Cerenkov light
# Canada-USA-GB Collaboration

# Start data taking : nov. 1999

Vo+d—>p+p+e (CO)

vy+d—>p+n+vy (NC)

n+d—->t+y
n detection n+Cl->Cl+y

n+ 3He—)t+p

Vete > Vete (elastic sc.)

Events per 0.05 wide bin

E > 4-5 MeV
sensitive to 8B v

160
140 June 2001 i
120
\(
3 4
0 Hﬁ %
p R et
40F ~—
205_ NC + bkgd neutrons J
N - .
-1.0 -0.5 0.0 0.5 1.0




EsE Summary of SNO results
N (2006) [units : 10° cm2 s-1] )
Ve\/e

P W CC:176+ 0.11
CC :168+ 0.10

= [ 16(stat ) o (syst.)) x 10° cm_28_1

e/\ ES(SRL: 721908 V™ o Ne

Salt phase
v \Y Oscillation
\/ Total flux =
: NC : 5.09 + 0.63 CcC + (ES-CC)*6
= NC

NC : 4.94 + 0.43



g N
Summary of SNO results
_ (2006) [units : 106 cm-2 5-1] )
8
7
6k
5
4? No oscillation :
3F Total flux =
é |ES = €C = NC
2
1 __ Oscillation
E Total flux =
y 1 |cc + (Es-ccy*6




Experimental results after SNO

Total Rates: Standard Model vs. Experiment
Bahcall—Serenelli 2005 [BS05(0P)]

%B‘Itié % 1.0+0.18 % 1-0t8ﬁ}2
1.0:3% |
% % % ‘0.88il: .06

0.48+0.07
7 s
7

0.41+0.01

.56:1:0.23 10.02

SAGE
Superk S,tﬂ) i’l‘llou
H20 Kamiokande Ca D20
Theory W "Be W P—P. pép Experiments m

88 M CNO Uncertainties




How to interpret all this ?

© Nuclear reactions in the Sun produce only v,

® Solar neutrino detectors were (until SNO) sensitive only (or
mainly) to v,

SNO has shown that v, have been (partially) transformed into

v, or v, and the « oscillation mechanism » explains the deficit
observed.

Appeamnce1 sin?29
P(v, —> v, 0
(v > ve) Losc = 2,5 E/AM?

distance = c.temps

# To obtain the oscillation parameters (0 et Am?), the v, flux
reductions observed in the experiments and energy spectra are
fitted simultaneously.



© The problem is solved

.. and the SSM is (at first order) right |



Solar neutrinos :
messengers from the core of the Sun and talented wizards

3. Towards solar neutrino spectroscopy




{ Towards solar neutrino spectroscopy }

1. Borexino : ] | T mis?
pp. "Be, pep, CNO, 8B Vosame . ol

11 lml

2. SuperK, new results on 8B

3. SNO : results on hep




Energy spectrum of solar neutrinos
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Borexino (2007-..)

2200 PM Elastic diffusion

13.7 m diameétre
Nylon Sphere Veto muon vV e —> \@
200 PM

Swom volume Target n°® 1 : 7Be neutrinos

Nylon film
Rn barrier

e Proposal :

60 events / day (no oscillation)
10-40 (oscillation)

scintillateur

(300 tonnes) Gran Sasso (Italy)

3800 m.w.e.

4% 3

! e 5%
‘L Holding Strings ?
Stainless Steel Water Tank Steel Shielding Plates
18m & 8m x 8m x 10cm and 4m x 4m x 4cm

o © 50 times more light than Cherenkov
Scintillator @® No directionality
% No discrimination e- Sun and e- radioactivity




Expected signal in Borexino
(SSM+ oscillation Lma))

- Be window pep window
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Towards ’Be solar v

Historically, Borexino designed to measure ’Be v's

/ All data: 740 live days

107
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Towards ’Be solar v

107

10°

Events / 10 p.e.

N
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All data: 740 live days
/ Remove u + u followers (2 ms)
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Towards ’Be solar v

107

10°

All data: 740 live days

N
o
)

Events / 10 p.e.

Remove u + p followers (2 ms)

/
// Fiducial Volume
-
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.
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R<3.02m
|z] < 1.67m
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o
N

N
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1 1 1 l
2 400 600

1800 1 1

1 l 1
1000 —_
Photoelectrons (Light yield = 500 p.e./MeV) E o -
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Expected ’Be signal

Fiducial mass = 75.6 tonnes ) S




Towards ’Be solar v

107
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All data: 740 live days
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Statistically subtract a’s
[a/B discrimination by
pulse shape analysis

/ using the Gatti
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Event Rate [evt/ (1000 keV x ton x day)]

Event Rate [evt /(1000 ke V x ton x day)]

Towards ’Be solar v

Fit: x/NDF = 141/138
"Be:455+ 15
SKr:348+1.7
0B 415+ 15
1C:280+0.2

2%po: 656.0+ 9.8
External: 4.5+ 0.7
pp. pep. CNO (Fixed)

10 g

Events / day / 100 tons

— 'Be: 46.0 + 1.5

| 460+ 15 (stat) « 15 (syst) ev./day /100 tons

T for 7Be (862 keV) v,

+

*

*

1.5
4.7

2.3

®(’Be-862 keV) = (2.78 + 0.13) 10° cm-2 s-!

SSM-High Met = (4.48 + 0.31) 10° cm-2 s-!

Ratio = 0.62 + 0.05
P.. =0.511+0.07

[o(ve)=4.5 o(v,,v.)]

arXiv:1104.1816
Phys. Rev. Lett. 107, 141302 (2011)




Towards pep and CNO v

= 10°
Q —
o, 1
10% =t : | )
ot = 11C : dominant background
e |
— ’ e Cosmogenic, t,,, =29 min
W - ‘Be v . Borexi /2~ %
orexino muon rate = 4200/day
0 10 ,
g v Can’t veto after every muon!
s B
— 17
" — External
o, B 210g; Backgrounds
© -1
3 10 E|
.
/)] 2
o 10?%E
(=] —
Q =
> -
m L WP - 1
10_3 I [ AT TN R

200 400 600 800 1000 1200 1400
Photoelectrons [Light yield = 500 p.e./MeV]



Towards pep and CNO v

n capture
(255 ps)
‘N

~

Most 1C (t,/,=29 min)
produced via
w+12C = 1UC+n
IC — UBe+e +v,
Delayed neutron capture
(2.2 MeV v signal)

identifies when and
where !'C was produced

= geometrical cut

The 125 muon-neutron coincidences/day can be vetoed
without excessive loss of live time.



Towards pep and CNO v

Multidimensional fit with all the ingredients

~ 5

0500 a -
> C 0 _QQ
g - LasE
i 0.06— Residual signal energy spectrum ° C
o = . . =

. C e recoils from pep v o
o 0.05 pep A=

] - T 3.5F

g 0.04— > F
o - 2 3
© 0.03= 3 c
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8 10 12 14 16 18 20
CNO v rate / counts/(dayxl00ton)

pep flux CNO flux

3.1 + 0.6 + 0.3 counts/(day.100 ton) < 7.9 counts/(day.100 ton)

®(pep) = 1.6 + 0.3 108 cm2s"! [ ®(CNO) < 7.7 108 cm-2s-! ]
®(SSM) = 1.45 + 0.1 108 cm-2s-! ®(SSM) = 5.2 (3.7) 108 cm-2s-!

o
N_
»
<))

Energy / MeV

arXiv:1110.3230
Phys. Rev. Lett. 108 (2012) 051302




Why pp-neutrinos ?

pp neutrinos are the gold ring of solar neutrino physics and astronomy.
Their measurement will constitute a simultaneous and critical test of stellar
evolution theory and of neutrino oscillation solutions.

\ A‘L pp neutrinos are a fundamental product of the solar energy generation
;N Baheall process who flux is precisely predicted but not yet measured separately
" (2001)

Some desperate attempts

HELLAZ (TPC hélium 20 bars)

To gt the matsmses xoway on gk, cor dewon e e bowars
whemacs B0 cnrdesses of cah b ter ketuson deare L nooakd
Thes dmpdhes Pun the gaim of the emd-cap detocrs

i e 007 0 pvond plleap. e sgeals Should be back w0 e < 10 e
# lpe Mgh pvosese puacous Sowcice RAD bas st sl o i o,

oy Micrenepa pacaliel plaw dovign suifios hewe (réera

, UJA unit module...
B Fle 2t 20 b, 37 K or 10 bae. 135 K ‘ - « technique :
= liquid scintillator
B -— .‘l / \
g Y — - — k‘\ "
— -— | ‘e o localisation AV/V = 15%
8 e— SS— - ' o energy AE/E < 20%
| \ ! v
! e A et
\ &ffusson @ = BOum Ecm, v 4t « 14 e s e
—— * ’
0)3-.9 S )
P . T El

Super Munu, ...



Towards pp neutrinos

Zoom (theoretical) at low energy

E, MeV

156 keV 264 keV
(14C) v-pp

To measure v-pp, we need:

- Low energy threshold

- Good energy resolution (10%
@ 200 keV)

- Low radioactivity

- Low 14C rate (tail and pile-up)

Hard reality |

N

Events / (day x 100 tons x 1 keV)

synthetic
plle:up

P S———

N N A O A v NS TR O T T N N N T S N, O T | .
100 150 200 250 300 350

Energy (keV)

.
400
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Towards pp neutrinos

Energy threshold

T‘ -—

Trigger threshold (25 PMTs < 100ns)

N T T AN Y SN MR AN NN SR S SR N S SN

20 40 60 80 100

Mean number of hits

Energy ~proportional to
number of photoelectrons :
60 PMTs

~120 keV

d No problem to
measure 4C..
and to fit v-pp!

*



Events (c.p.d. per 100 t per keV)

;

Towards pp neutrinos

10*
10°
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107
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Expected energy spectrum

pp v

Synthetic 210Pg

p ile-u p C NO vV 85.K|'
- 21 OBi
N
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Events / (day x 100 tons x 1 keV)

Residuals, (data - fit) / o

10*

10° B

10°

10

10*

b bR L O wa o

Towards pp neutrinos

Result
PpP-v
. 210 £ O
synthetic Po CNP Vo esgr
pile-up { ;
By B | o

o .‘s' . H . /s

’Be constrained (measured value with o)
pep, CNO fixed (SSM)
214ph fixed at the measured rate (BiPo)

14C and pile-up constrained (measured
value with o)

pp, 21%Po, 210Bi, 85Kr : free

g 1|II|IIII|IIII|IIIIIIIII IIIIIIIIIIIIIIIIIIIIIIII

>~ A0, L\ >

2’4Pb ANA TVAVAY ) '\—“-f B

AN

— & [ It | I L1 1.1 L1 1.1 l L1 1.1 I L1l l_] Ll l 1 l"\

200 250 350 200 350 500 550
Energy (keV)
Eoropd -
l | L1l L |

| ] li | |! [n eIy l 'Illlll I il L [i«l 1_ ‘,ll |! 4

'L“' T | l

l

il ,Ii i
”“'F|’l 1{1 —

x?/d.of. =172.3/147

pp v: 144 + 13 (free) — 210Pg: 583 + 2 (free)

"Bev: 46.2 + 2.1 (constrained) = 14C: 39.8 + 0.9 (constrained)
pep v: 2.8 (fixed) = Pile-up: 321 + 7 (constrained)
CNO v: 5.36 (fixed) —— 210Bj: 27 + 8 (free)

214Pp: 0.06 (fixed) — 8Kr: 1 + 9 (free)

Energy (keV)




Fit Occurrence

Towards pp neutrinos

Result

v-pp : 144 + 13 (stat) £ 10 (syst) cpd / 100 t

25

20

15

10

IIIIIIIIIIIIIIIIIIIIIIIIIIII

; Mean 144.2
FIRMS 9.844

IIII|IIII|IIII|IIII|IIIN\IIII

_IiIIIIiIIIIiIIIIiIII__llilll

@
o

100 110 120 130 140 150 160 170 180

pp-v [cpd /100 {]

Many fits varying initial conditions (energy window,
data selection criteria, other method for pile-up,
energy estimator, .. ) < 7% systematic error

—
©
o

™~

Total systematic error

- 7% (see figure)

- 2% (nominal fiducial mass)




Towards pp neutrinos

Result

v-pp : 144 + 13 (stat) £ 10 (syst) cpd / 100 t

_ Goodness of the fit
signal excluded at 10c.

M R ) RSN
150 200

Rate pp-v (cpd /100 t)

SSM
High met. : 5.98 (1x 0.06) 101
©(v-pp) : 6.6 + 0.7 10'% cm™2 57 (1312 cpd / 100 1)
. Low met. : 6.03 (1 0.06) 1010

— MHSSM y
Rexp d n, o,

®>SM n, (c.-0,)

_ VooV
Cross sections v, et v,

P(vev,) = = 0.64 + 0.12




Neutrinos from the primary
proton-proton fusion process in the Sun

Borexino Collaboration*
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Soleil et neutrinos
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Neutrinos : le Soleil a coeur ouvert

Les physiciens de I'expérience Borexino ont mesuré pour la premiére fois le flux
des neutrinos produits par la fusion de protons au centre du Soleil, les témoins
directs de la production d’énergie de notre étoile.

<l

CERN COURIER

Sep 23, 2014

Borexino measures the Sun’s energy in real time

The Borexino experiment at the

INFN Gran Sasso National

Laboratories has measured the
energy of the Sun in real time,
showing for the first time that the
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Des neutrinos pour ausculter le cceur du Soleil

ne équipe de physiciens a sondé ke ceeur du
Soleil en direct (Nature, 28 ao0t). Grice au dé-
tecteur Borexing, ils ont montré que la puis-
sance produite par les réactions nucléaires qui
ont lieu dans les régions centrales de notre étofle n'a pra
tiquement pas changé depuis cent mille ans.
Pour comprendre comment ls 'y sont pris, Il faut se
nppeler que le Soleil est une sphére de gaz chaud dont

tette particule n'interagit quasiment pas avec la matiére,
blle traverse le Soleil d'une traite, puis la Terre, 500 se-
fondes et 150 millions de kilométres plus tard.

Les premiers neutrinos solaires furent détectés a Ia fin
les années 1960. C'étaient les plus énergétiques, mals
ussi les moins nombreux. Ainsi, le détecteur Borexino

frappé par 66 milliards de neutrinos ! Vous ne sentez
rien, et eux non plus dailleurs. En un jour, seuls 150 nous
font 1a grace de Sarréter au cceur de Borexino.

'Méme si elles n'en ont pas la couleur, ces particules
sont d'une discrétion de violette. si le Soleil est transpa
rent aux neutrinos, il ne Fest pas 3 Ia lumiere. En fait,

b pourla p , réussi 3 détecter I
heutrinos, ceux e basse énergie, issus de réactions qui

gravité et
presslon llen résuilte un fort contraste de temperature
qui engendre un transfert dénergie prélevant Fexcés de
1arégion chaude intemne pour le céder 4 la région froide
externe. En surface, cette énergie séchappe sous forme
de lumiére : le Soleil brille !

Condamné a perdre de I'énergie par sa surface, il brillera

durablement - des milliards d'années -, car une source
interne compense hémorragie de surface. Au centre, des
réactions de fusion transforment 4 noyaux d'hydrogéne
en 1 noyau d'hélium et libérent une énergie considérable.

99 % de T'activité nuciéaire du Soleil.

La radioactivité naturelle supprimée

Pour réussir cette premiére, Borexino a été installé
tans le laboratoire souterrain du Gran Sasso, en ltalie,
fous les 1400 metres de roche du massifdes Apennms

rénergle produite par les réactions de fusion met envi-
ron cent mille ans a émerger par la surface solaire sous
forme de lumiére. Les neutrinos observés par Borexino
sont donc des témoins directs des conditions qui ré-
ignent actuellement au cceur de notre étoile, tandis que
rénergie qui rayonne d'elle maintenant a été produite il
ly a bien longtemp:

Le Tux e neuttinos mesuré par Borexino a permis de

ui le protégent des
| technologie développée pour ce détecteur a aussi per-

|déduire Ia pui égagée par les réactions de fu-
Ision. Comme elle est tout a fait comparabie 2 1a puis-

sance « rayonnée » par la surface de notre étoile, Cest
|que ractivité nuciéaire du Soleil n°a pas sensiblement

1a production de 1 noyau dhélium

sion de 2 protons en 2 neutrons, chaqy i
Saccompagnant de Iémission de 1 neutrino. Comme

jue seconde, chaque mnlimolm carré delaTerre est

117 septembre 2014 - Ne peut étre vendu séparément

is cent mille ans.
Vous pouvez donc étre rassuré sur 1a santé de notre
létoile : sa luminosité restera parfaitement stable dans les

is de supprimer les traces naturelle -
fource perturbatrice de neutrinos de basse énergie - 3
lin niveau encore jamais atteint, soit dix milli P
Inférieur  celui g un verre deau!

Le flux déduit d

Iprochains miliénaires. @



Play with numbers

65 1013 v/ m2/s

In the core of the Sun:

~1038 pp interactions / second (and as many V's)

[3.84 10%° W / 4,28 10-12 J]

Myp = My

1v ~2 10-12 W
~600 millions tons of hydrogen burnt per second

On Earth:

1360 W/m?2

1,5 10%! v crossed the target each day ~150 trapped !




UPER
SuperKamiokande 5
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~~~~~~ _,/e electron

Events/gay/kton/ in
N

~_
Flux (x10°/(cm”sec))
0.1 SK-I 2.3R0:£0I024
i SK-II 2.41 + 0.0519-1¢
- SK-III 2.404 £ 0.039 £+ 0.053
o I RN SK-1V 2.308 40.0207 0 o°)
-1 -0.5 0 SO Combined 2.345 + 0.014 & 0.036
vV,te > v, te
Flux measured for 8B v :
sensitive to 8B v (2.31 + 0.02 (stat.) + 0.04 (syst.)) 106 cm-2 s-!
SuperKamiokande IV 45% of solar models
(2008-2014) (5 +1) 10 cm-2 s-!

E > 3.5 MeV

K. Abe et al. : arXiv:1606.07538




hep neutrinos

Ees i SNO : what's new ?

hep solar neutrinos fg}

il s Y 1Y

FERTITY BRRTTIT MRRTTTT BRRETT BERTTTT BRRATTT RRTTTT BERETT T AURTTT MRTATTT ERTIT

1000 times less than 8B |
®(hep)ssp = (8.0 £1.2) 103 cm-2s-! '

1054 days of SNO data
®(hep) < 21 103 cm-2s-! [preliminary]

[@(hep)sk < 1.5 10° cm-2s-!]

1.0
Neutrino Energy in MeV

N. Fiuza de Barros, NOW 2012




Towards spectroscopy of solar neutrinos

Flux

Borexino limit

Borexino
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Solar neutrinos :
messengers from the core of the Sun and talented wizards

4. Solar neutrinos and particle physics




Vacuum oscillations

Flavour eigenstates Mass eigenstates
. v, / \
* (v, ] (cos © sin® | (v,
V, - )
v, -sin O cos O v,
\ 7 \ J &
0,
(" 2 Am? . N
(v, AM” 0520 -—sin20 | (v,
. . : _ | 4p 4p
Evolution equation: 1 — Am? Am?
de |y 2 6in20 -—— cos20 v,
S . 4p 4p J o~

! = P(v, > v,) =f(E, Am?, 0)




Thanks to three musketeers | The
oscillation mechanism is not as simple
as that imagined by Pontecorvo |

S

S.P. Mikheyev & A.Yu. Smirnov L. Wolfenstein
June 1985 1978



[ MSW effect ]

Evolution equation
In matter
(Wolfenstein) :

Dissymetric
behaviour of
veand v,
in matter

( Am? GN

—— Cc0S20+—

4p \2 2

_Am® giog _AMT s0g _GN
L 4p 4p 2

P(v, > v,) = f(E, Am?2, 6, N,)

—

/

electronic
Vi density

P(v, > v,)

Adiabatic conversion :
\ Mikheyev et Smirnov

center

edge



Solar neutrinos and
oscillation parameters

#To obtain the oscillation
parameters (0 et Am?), the v,
flux reductions observed in the
experiments and energy spectra
are fitted simultaneously.




Solar neutrinos and
oscillation parameters (spring 2001)

Thanks to lﬂ‘*E @ LMA
MSVW effect )

= E

&; ; :
lﬂ_'f - -
Am212 9 - 90 % C.L. LOW Q E
NE 10-8 - mmm 85 7% C.L cg -
g E s 99 % C.L. - E
1oL = 9873 % CL = ?
10-10 3 Cl + Ga + Sp{D) + 8p(N} war =

- BB free + BE2000 ]

10 b VAC
10_12 i 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 L1 1111l
104 10-8 102 101 1Q° 10!

tan20

012

Bahcall, Krastev, Smirnov, hep-ph/0103179




Solar neutrinos and

oscillation parameters (June 2001)

lﬂ_a T T TTTTM
10 E
10-s L
- I SMA
100 L 5
Pam = =
N - .
AmZ % 10-7 3 80 % C.L. LOW Q E
-’ - -
12 o~ 10-8 - meem 855 % CL = .
<El E| w95 % CL e
1o0L| == 9878 % CL = 4
1g-10 | €1 + Ga + Sp(D) + Sp(N} — e 4
= | ®B free + BP2000 :
101 L VAC |
10_12 : 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 IIIIIII| 1 1 IIIIII_
104 109 102 101 109 1!
2
2 phenomena : tan6
- Vacuum oscillation
— v, transformation in the Sun 912
(MSW effect)
Bahcall, Krastev, Smirnov, hep-ph/0103179




Solar neutrinos and
oscillation parameters (precision)

) KamLAND K
B 95% C.L. L
99% C.L. % )
2 (70 Il 99.73% CL. s
> 1074 i) o Dbestfit
°"1 | emee— KamLAND
by - am
5 i ;:‘i:
¢ Solar
. i -~ 05% C.L. ‘et 2
sin2(20,,) = 0.87 I iy precision on Am<;,
2 - -5 2 —— 99.73% C.L.
Am2 = 7.6 10-5 eV2 | | e
1 1 1 1 11 II|
107 1
).
tan“0,,

precision on 6,, angle

Phys. Rev. Lett. 100 (2008) 221803




Solar neutrinos and
oscillation parameters (precision)

A closer look to the solar hint of 6,5>0 shows that
it emerged from a delicate interplay of solar and KamLAND

i | sin®8, =0.03 |

8,;>0

o .
0 0.1 0.2 0.3 0.4 0.5: 0.1 0.2 0.3 0.4 0.5

sin’®,, i sin®1,,

Solar vs are thus a very precise machine and we can
trust it also when searching for non-standard physics!

A. Palazzo, Physun 2012




P(ve —> Ve)

MSW effect : the Sun and LMA

1. Needs more precision
0.9 sin2(20,,) = 0.87 in the transition

' Am2 = 7.6 10-5 eV? region
0.8 >

vacuum effect
1-0.5 sin220,,
0.57

0.7

0.6

MSVW effect
sin20,,=0.314

0.5

0.4
® pp - all solar

0.3 ® 7Be - Borexino
0.2 ® pep - Borexino
©® 8B - SNO (LETA) + Borexino
0.1 ® 8B - SNO + SK
0) | |||||||| | ||||||||
0.1 1.0 10.

E, (MeV)



Day-night asymmetry of ’Be v,

Possible regeneration of solar v, if they cross

the Earth before interacting (Cribier et al.,
1986).
R7Be _R;Be Rdgﬁ‘
Ad” = 2 ';Be " Be =
R ™ +R, R
Model Predicted A, (862 keV)
LMA <0.001
LOW 0.11-0.80
MaVaN ~0.20

Solar before Borexino

1073

Allowed regions:
[] 6827%cCL.
[] 9545% CL.
B 99.13%CL.

1074

-
-
R
-
-
-
-
R
B
4
-
-
4

1077

1078

10~ , 1
tan“f |,



Day-night asymmetry of ’Be v,

10—35' Allowed regions:
- [] 6827% CLL.
[ [] 9545% CL.
L [l 99.73% C L.
> - B
% 150;_ Low solution 10 4_
T e —
S sofqp [ ] IR
% Oill Il]'l _1' IT:T..I rlll Tl!;”l!”"llll.-l.!I, o 10_5__
TR et e 1 B S
s Tl S
0.55 0.6 0.65 0.7 0.75 o . -
MeV a 1076k
LOW
m— A;(862 keV): 0.001 2 0.012,, £0.007,, <lafion
107 excluded-at
- 399.73% CL—
Solar WITH Borexino 108 _\\\\_*___#/

arXiv:1104.2150 tan’@
Phys. Lett. B707 (2012) 22 12




A" SUPER
aK Day-night in SuperKamiokande

m Un-binned Day-Night analysis (PRD69, 011104) is applied in each
SK phase, then obtained Day-Night asymmetry values (=A;,) from
fitted Day-Night amplitude parameter.

m Consider energy and zenith angle dependence of event rate variation.

Dy Tl = Night 1

DN~ S pep— B
0.5 (Day flux + Night flux) T | 5
> 10f .
Ap, (Estat.tsys.) ‘g b L L T

SK-I -2.0+1.71+1.0% 3 g L + F+ | f
SK-II -4.3+3.8+1.0% < -10§ Jf Expected 1
Z | 5
SK-III -4.34+2.74+0.7% a f :
| Am,,2=4.84 x10-5 -
SK-IV -2.8+1.94+0.7% F [ ;
- -30¢ | sin2@,,=0.314 ulk !
Afit, SK _ :

Apn. = (—3.3 £ 1.0(stat.) £ 0.5(syst.))% [~ AR R

Recoil electron kinetic energy (MeV)
24

first significant indication for matter-enhanced v oscillation ?

arXiv:1606.07538 Physun 2012




Smirnov paper arXiv:1609.02386

Solar neutrinos: Oscillations or No-oscillations?

A. Yu. Smirnov]
Mazx-Planck-Institute for Nuclear Physics,
Saupfercheckweq 1, D-69117 Heidelberg, Germany

The Nobel prize in physics 2015 has been awarded *... for the discovery of neutrino
oscillations which show that neutrinos have mass”. While SuperKamiokande (SK),
indeed, has discovered oscillations, SNO observed effect of the adiabatic (almost
non-oscillatory) flavor conversion of neutrinos in the matter of the Sun. Oscillations
are irrelevant for solar neutrinos apart from small v, regeneration inside the Earth.
Both oscillations and adiabatic conversion do not imply masses uniquely and further
studies were required to show that non-zero neutrino masses are behind the SNO
results. Phenomena of oscillations (phase effect) and adiabatic conversion (the MSW

effect driven by the change of mixing in matter) are described in pedagogical way.



Oscillations

W

Adiabatic conversion

survival probability

distance

In conclusion, the answer to the question in the title of the paper is

“Solar neutrinos: Almost No-oscillations”.

s i - e i e P
We are sure that at least the au'rhor's of the!
paper have well understood the MSW mechanism !|

1

1gh energles (DNO) the adiabatic conversion 1s close to the non-oscillatory transition whic

corresponds to production of single eigenstate. Oscillations with small depth occur in the

matter of the Earth.



\_

Back on solar models

J

What is the best solar metallicity ?

Why the best solar metallicity does not
satisfies helioseismology ?

Grevesse & Sauval 1998 (6598)

old (high) solar metallicity

Z/X = 0.0229

Asplund, Grevesse, Sauval, Scott 2009 (AGS09)

new (low) solar metallicity

Z/X = 0.0178



N. Vinyoles et al., arXiv:1611.09867

- — B16-GS98
0-010_— —— B16-AGXRS09met

o

Q

V

- £t
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m -

0.000
0.0. | .0.2‘ | .0.4. | .0.6. | .0.8
MR_

Qnt. B16-GS98 B16-AGSS09met Solar
Ys 0.2426 = 0.0059 0.2317 = 0.0059 0.2485 + 0.0035

Rcz /Rg [0.7116 £ 0.0048 0.7223 £0.0053  0.713 £ 0.001

Very good agreement for B16-6S98 (0.50)
and a poor one (2.1c) for B16-A65S09met.



N. Vinyoles et al., arXiv:1611.09867
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8B and 7Be fluxes normalized to solar values
(Bergstrom et al. 2016). 1o solar models.



N. Vinyoles et al., arXiv:1611.09867

Flux B16-GS98 B16-AGSS09met  Solar®  Chg.

®(pp) [5.98(1 £0.006) 6.03(1 £0.005) 5.97, 70 0.0

®(pep)|1.44(1 £0.01) 1.46(1 +0.009) 1.45;10000) 0.0

®(hep)|7.98(1 £0.30) 8.25(1+0.30) 19,7052 -0.7

®("Be)| 4.93(1 £0.06) 4.50(1 £0.06) 4.80{,*0°" L1.4

®(*B) | 5.46(1 £0.12) 4.50(1 £0.12) 5.16;; 7077 -2.2
®(1IN)[2.78(1 £0.15) 2.04(1 £0.14) <137 <64
®('°0)[2.05(1 £0.17) 1.44(1 £ 0.16) <28 81

®(1"F)[5.29(1 £ 0.20) 3.26(1 £ 0.18) <8  -4.2

Table 6. Model and solar neutrino fluxes. Units are:
10" (pp), 10? ("Be), 10® (pep, °N, °0), 10° (°B,'" F) and
103(hep) ecm~2s~!. “%Solar values from Bergstrém et al.
(2016). Last column corresponds to the relative changes (in
%) with respect to SSMs based on SFII nuclear rates, which
are almost independent of the reference composition.

Is CNO v's measurement will allow to solve the metallicity ?



Solar neutrinos :
messengers from the core of the Sun and talented wizards

No Fulfe




Future for solar v in Borexino

© measure CNO v (if suppression of 219Bi) ?
® improve pp, 'Be, 8B

= 10°E Fig. 10.6 — T77437% MOHY as1'r'ophy5|cal
; - Entire period , - :jg(; 36;i imp'icaﬂons .
% 105? i 14 °
= | e - Help to solve the
g UF 7K Solar 78 metallicity problem
i - . :
107 B : ; Sojar ot - Check homogeneous
S o \ "C 255
£l we g0 young Sun (e.g.
10 il = To1al (*" : .
= accretion during
10 Ty formation of planetary
: ) P . = system) , ...

10-1lll. 11 1! ll‘l\ll L1 1 L1l ]
200 400 600 800 1000 1200 1400



Future Solar v experiments (beyond Borexino)

pep/CNO Medium ________[Status |
SNO+ 780 kg LAB Liq scintillator = Construction, start 2013
Kamland-2 780 Ib Liq Scintillator Following KamLAND-Zen

For pp, ‘Be neutrinos, measuring CC plus ES could extract electron and total neutrino fluxes

pp via ES I

XMASS 20 tons Lig Xe 835 kg since 2010 for B

CLEAN 50 tons Liq Ne MiniClean (500 kg) start 2013
O N R
LENS 10 tons *°In ULENS under development

MOON 3 tons 1Mo R&D in progress

IPNOS OIn R&D in progress

MEGAPROJECTS Threshold defines:*B 1.7 _

HyperK, MEMPHYS Megaton Water Cerenkov
LBNE, GLACIER 50 to 100 kTon Liquid Ar
LENA 50 kTon Liq Scintillator

A. Mc Donald, Neutrino 2012
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Liquid scintillator
(Linear Alkyl Benzene

LAB) in the old SNO
sphere

At scintillator purity levels similar to that of Borex-
ino Phase 1 [20 25], the unloaded scintillator phase of
SNO+ provides excellent sensitivity to CNO, pep, and
low energy "B neutrinos. With the scintillator sourced
from a supply low in *C, SNO+ could also measure pp
neutrinos with a sensitivity of a few percent. Due to
the relatively high end-point of the spectrum, *B vs with
energy above the *°Te end-point can also be measured
during the Ov33-decay phase.

Physics Plan

. SNO+

» Ligl"t Water running nucleon
(Mar 201%) decay
- Scintillator run So::irt'; :de
(Mar 2014) |
» Nd-loaded scintillator Pr;;[;e ! |
(Oct 20147) |
detailed ,
5 Pure scintillator (I1) solar study
(20177) —

e 15 |

® Schedule delayed

arXiv:1508.05759




Conclusion

Since 50 years, solar neutrinos have been a major
and exciting topic at the crossroad of particle
physics, astrophysics and astroparticle physics

Two Nobel prizes have rewarded the main successes
We know « how the Sun shines » and solar neutrino
spectroscopy is how impressive

The experiments fix fluxes for solar models

The elegant (and now precise) "oscillation” solution
LMA-MSW has convinced the more sceptical
physicists

Future : CNO ? Precision measurements ?
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Thanks to Symmetry magazine
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HAVE A LOOK INSIDE THE SUN

Zone
convective

N oyau ou ceeur

Zone
Radiative

> Composition :
73% hydrogen (H)

25% helium (He)
2% other elements




Solar neutrinos and

oscillation parameters (precision)
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How the solar neutrino
spectrum is modified =2

by the MSW effect ? PR
E

10’

o1 TR 100
Neutrino Energy (MeV)

1¢ i | T

Survival probabilities with MSW effect

Energy (MeV)



The expected signal is here

Many radioactive enemies |

14c
T1/2:573O yr'
100% B

E,ox = 156 keV

85Kr

T=10,7 yr

~100% B

Enax = 0,687 MeV

| ¢ ]

4OK

T=1,25 10 yr
89% B

11% c.e.

Enax = 1,311 MeV

11C

Cosmogenic (u)
T=20 min

100°/o B-l—

Enax = 0.96 MeV
1.02<E,;;<1.98 MeV

ZIOPO
T1/2:138 d
100°/o (0
E,=5.3 MeV
Quenching f.
in PC: 13.4
Evis = 395 keV

AENE'

0.5

components of the detector

© Fortunately, Borexino could achieve exceptional

low radiopurity of the scintillator and of all the

E (MeV)




How ? 2 TOOLS

Neutrinos V Helioseismology
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> Borexino is underground the Gran Sasso mountain (3800 m.w.e.)

Target: 300 tons of liquid scintillator
in a nylon vessel (4,25 m radius)

Sphére acier 2200 PM

13.7 m diameétre

ler shielding: 900 tons of liquid
scintillator

Nyl re Veto muon

200 PM

’ 100 ton
4 fiducial volume
" gilzn ﬁl_m
2"d nylon vessel (against radon) N

kY
\

scintillateur
. (300 tonnes) |

2200 photomultipliers looking at the
center

| 2"d shielding: 2100 tons of water |/

Holding Strings
Stainless Steel Water Tank Steel Shielding Plates
18m & 8m x 8m x 10cm and 4m x 4m x 4cm

| 208 PMTs to sign muons (veto) |




Towards pp neutrinos

Le « pile-up » et comment s'en débarrasser

Pile-up : deux événements si proches en temps qu'on ne peut les séparer
(le second profite de la porte ouverte pour s'engouffrer)

L'essentiel est dii au 4C (mais aussi bruit de fond externe, PMT dark noise ou 210Po).

Estimation du taux :
(300 tonnes x 40 Bq/100 t) x 40 Bq/100 t x 230 ns = 100 cpd / 100 t

A comparer avec le taux attendu de v-pp : 130 cpd / 100 t Q

Trigger gate start

230 ns

—

| | |
‘ ' ’ Uncorrelated
After-pulsing _data

Synthetic pile-up : on
« overlappe » des données non
corrélées avec les événements
réguliers.

Trigger gate end

Fit du pile-up 14C-14C : 154+10 cpd / 100 t

S
[
II|

10°

Counts / I N, .r
s
IIIIII| TTT

il 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1
0 50 100 150 200 250
Energy estimator: number of hit PMTs

Spectre en énergie des données pile-up



Towards pp neutrinos

Towards the fit |

. Contraindre le 1C.

Sélection des données (Janvier 2012 - Mai 2013 : 408 jours).

. Calcul de I'énergie (passer du hombre de PMTs en keV [calibration + Monte
Carlo]), de la position pour tous les événements,....

. Coupures :

a) Pas de coincidence avec un p (veto de 300 ms)
b) Reconstruction dans le volume fiduciel :
R<3.021met |z|>1.67 m.

c) ..

. Contraindre le pile-up.

. Effectuer le « fit spectral » entre 165 et 590 keV. Utilise un outil software
développé précédemment.




Arbitrary Units

Towards pp neutrinos

Estimation of 4C (public enemy n°1)
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Energy estimator: number of hit PMTs

14C determined from a sample where the
event provoking the trigger is followed by a
second event (in red) in a 16 ms window (in

black: spectrum of the triggered events)

Events / (day x 100 tons x 1 keV)

3 i

R

-
<
T

10°

/

+
I 1 1 I 1 1 1 | 1 1 1 I 1 1 1 I 1 1 |
100 120 140 160 180 200
Energy (keV)
4 fit

40+1 Bq/100 +t

corresponds to

2.7+0.1 10-18 g/g of 14C/12C

(origin « oil » du scintillator)




Event Rate [evt/ (1000 keV x ton x day)]

Event Rate [evt /(1000 keV x ton x day)]

10

10"

107,

L
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Towards ’Be solar v

Fit: x/NDF = 141/138
"Be:45.5+ 15
SKr:348+1.7
0B 415+ 15
1C:28.9+0.2

#%po: 656.0+ 9.8
External: 4.5+ 0.7

- pp. pep, CNO (Fixed)

\\
\l \\I/ 171‘1

400

600

Energy [keV]

IOOO 1200

..\\/

= Fit: ¥*/NDF = 99/95
—— "Be: 47.0£ 19
— K 246+32
— 20B;: 40.6 £ 2.6
— 1 280+04

= pp. pep, CNO (Fixed)

it
ettt s

o

|

400

600

Energy [keV]

85Kpr: 31.2

: 41

[~

11c . 28.5

— 'Be: 46.0 +

*

I+

1.5
1.7
1.5

0.2

+

I+

I+

I+

Events / day / 100 tons

1.5
4.7
2.3

0.7

2 types of fit :

1) No subtraction of a from 21%Po - Energy

from number of photons

Gatti) -

e 2) Subtraction of a (pulse shape method by
Energy from total charge




Towards ’Be solar v

46.0 + 15 (stat) + 1.5 (syst) ev./day /100 tons
for 'Be (862 keV) vg

Systematic errors

Source [%]
Trigger efficiency and stability <0.1
Live time 0.04
Scintillator density 0.05
Sacrifice of cuts 0.1
Fiducial volume f?:g
Fit methods 2.0
Energy response 27
Total systematic error f;‘g

®(’Be-862 keV) = + 0.13) 109 cm2 s-!

(2.78 Ratio = 0.62 + 0.05
SSM-High Met = (4.48 + 0.31) 10° cm-2 s-!

P.. =0.51+0.07
[6(v.)=4.5 o(v,,v.)]

I+

arXiv:1104.1816
Phys. Rev. Lett. 107, 141302 (2011)




®("Be-862 keV) = (2.78 + 0.13) 10° cm-2 s-!
SSM-High Met = (4.48 + 0.31) 10° cm-2 s-!

Ratio = 0.62 + 0.05

P, =0.514%0.07
[6(v.)=4.5 o(v,,v.)]




Towards pep and CNO v

I. Three-fold coincidence : space and time veto after
coinc. between p and cosmogenic n

[
o

I E REEE

Spectrum of events in FV
Spectrum after TFC vetoes

----------- C rate = 27 csssssssses 'C rate = 2.5
pep vrate = 3,13 srrrrrerens CNO vrate = 7.6

‘gi rate = 54

|

(95% C.L.)

Events / (day x 100 tons x 10 keV)

.
.
.
.
p— 1 ] ~
- .... .... B
: N o? e
:’ ..' ...... \ 00.
10-2 PR T T | 1 | i P VIO TSR] |23, NI T CEN W (ST bl | Y -

800 1000 1200 1400 1600
Energy / keV

Remove 91% of 11C with a livetime sacrifice of 51.5%.




Towards pep and CNO v

IT. Pulse shape discrimination between e* and e- (50% of e*
give orthopositronium (t,,,=3 ns))

PS-BDT distributions for test samples

Ik B
& S B+
1077
107
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-008 -006 -004 -002 0 002

PS-BDT Parameter
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SNO : what's new ?
I- Low Energy Threshold

J

I- LETA (Low Energy Threshold Analysis) : T, > 3.5 MeV

Fractionof 1 SSM

0.4

<
L

=
2

0.1

H
...‘..1_...!..-.{.....g.-..'...-}_....,.._.'_....'.._..'..._.,.._...!...-..

—— Fit result + total uncert

mm— Statistical uncert
mmmm Systematic uncert

== Undistorted spectrum
LMA prediction
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Low energy spectrum still consistent with no distortion

Phys. Rev. €81 (2010) 055504




% i SNO : what's new ? k

IT- 3 phase analysis

-

Combine data taking phases into a single analysis
(to avoid double counting of common systematics)

Two combined analyses:

® [ow Energy Threshold Analysis (LETA) (Phys.Rev.C81:055504,2010).
— Combination of Phase | (D,0) and Phase Il (

7.0
energy threshold.
® Combined 3-Phase analysis (arXiV:1109.0763). _ . SNO measurement
~ Combination of all 3 Phases into a single dat: | bgp = [5.25 + 0.16“:%_%1113] x 108 cm—2s~1

6.0F

L 4
Improvements

Doyl x 100 s~
2
——i

o
w“

e Enhanced NC (8B) measurement.

— Joint fit with NCD phase data.
— Pulse Shape Analysis (PSA).

® |mproved neutrino oscillation analysis.

— Finer, Linear scan on oscillation parameters.
— Updated Solar and Earth Models.

— Improved analysis of other experiments. a0f Total uncer"rairrry . 3.6%
® New hep analysis. )

— Three times more statistics.

@5 AGS ' D.0
BS0S(OP)

Sat  NCD “—SNOLETA

“SNO 3 PHASE
SNO individual phases

N. Fiuza de Barros, NOW 2012




