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Solar neutrino data in the 90’s:
astrophysical solution excluded
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No astrophysical solution to reconcile
combined results (‘missing ’Be
neutrinos’):

MNon-standard neutrino properties
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90’s: The ‘missing 'Be problem’
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Smoking gun 2001
SNO + SK: neutrino flavor conversion
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0, (X 10°cm2 s

SNO NC-result (salt phase) 2005:

Flavor conversion induced by v-matter
interaction inside the sun
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KamLAND: mixing parameters
confirmed with vacuum oscillations
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Ve Survival probability

Pee:

LMA-MSW expectation:
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Matter effects observables:
* Upturn
* Day/night effect (8B-V’s)
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Models WhICh predlct non- upturn
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Borexino: ‘Be v’'s (0.862 MeV)

Borexino Detector
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=electron neutrino survival probability
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Borexino: pep-v’s
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»Three Fold Coincidence: *!C reduction
=Novel pulse shape discrimination:

e* from 1C decay form positronium
live time before annihilation in liquid: few ns delayed scintillation signal
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11C reduction and pep-CNO results
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Vv, survival probability

P..:

Impact of Be-7 and pep measurements
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pep v rate / (counts/(dayxl1l00ton))

pep vs CNO rates in Borexino
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Phases of Super-Kamiokande

Courtesy Nakahata
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SK 8B energy spectrum: reducing analysis threshold
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M sin2013 is fixed at 0.025

8B energy spectrum (SK combined)

B hep flux is constrained to 7.88 (1+/-0.16) [x103 /cm?/s]
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SNO 8B low-energy threshold analysis (3.5 MeV)
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Borexino: low-threshold (3 MeV) 2B analysis

Counts /2 MeV / 345.3 days
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Statistics (yet) too poor to refute null
hypothesis (ie. MSW-upturn);

New Borexino data under analysis
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8B Solar Neutrino Spectrum
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neutrino-electron scattering
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SK:

SK-VINIVIV Combine Day/Night Asymme1

Matter driven day/night asymmetries:

Day/MNight Asymmetry (%)

vvvvv

vvvvvvv

''''''''

bt e

Day flux — Night flux

Apn=

0.5 (Day flux + Night flux)

SK combined -2.8%1.1+0.5 %

Borexino (0.86 MeV)

(consistent with expectation, at 2.6 sigma

consistent with null hypothesis)

(61 % C.L. consistent with null hypothesis)

N-D

DN~

(N+D)/2

=0.001+0.012 (stat) =0.007(sys)

(No assymetrie expected at 0.86 MeV)
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V. survival probability

P..:

Current status of survival probabilities
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Solar global : 0,, - Am,,2

Courtesy Nakahata
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Solar & KamLAND : 6, - 0,4

Courtesy Nakahata
S | g
i Filled area:
@ j Solar global:
sin20,, = 0.305+0.021-0.016
sin20,; = 0.014+0.027-0.021
_ <0.059 (95% C.L.)
0.1 F
- K%mLAND only:
PDG average 2012
o+ :
oo A
0.0251+/-0.0034 | 5IYgp = B.585+0.825-0.
: | sin20,; = 0.030+0.017-0.015
_ < 0.058 (95% C.L.)
0.0 0.1 0.5
Sin*(©1,)

Consistent with 6,; Double Chooz, Daya Bay and Reno reactor experiments
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The solar abundance problem

Improved determination of CNO surface abundance:

Rcz/Rg Yours (Z]X)surs
SSM(GS98) 0.713 0.2423 0.0229
SSM(AGSS09) 0.724 0.2314 0.0178
Helioseismology 0.713 £ 0.001 0.2485 £+ 0.0035
0.015 T
[ 6598
- AGSS09 8)
0.010
JE 0.005}
I I N -
0.000 I U A low-Z (AGSSOg)
-0005 o o . 4 . . 020] | | | |
o’o 0.2 0.70 0.71 0.72 0.73 0.74
e Rez
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Solar neutrino predictions for high/low-Z models

Flux

[cm2s-1]
SSM-GS98

Flux
[cm2s-1]
SSM-AGSS09

Flux
[cm-2s-1]
SSM-GS98-2004

op 5.98(1£0.006)x1010  6.03(1+0.006)x10'0  5.94(1+0.01)x1010
pep 1.44(1£0.012)x108 1.47(120.012)x108  1.40(1+0.02)x108
"Be 5.00(1+0.07)x109 4.56(1£0.07)x10°  4.86(1+0.12)x10°
8B 5.58(1+0.13)x 106 4.59(1£0.13)x108  5.79(1+0.23)x108
13N 2.96(1+0.15)x108 2.17(1£0.15)x108  5.71(1+0.36)x108
150 2.23(120.16)x108 1.56(1£0.16)x108  5.03(1+0.41)x108
17F 5.52(1+0.18)x106 3.40(1£0.16)x106  5.91(120.44)x108
Total CNO: 5.24x108 3.76x108 10.8x108

CNO neutrinos key to solve solar abundance problem
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’Be vs 2B ratios: high and low metallicity solar models

+Fit to the available solar neutrino data O 9545%C.L.
including BX and leaving free O 99.73%C.L. Dat
fBe=(DBe/(DBe(SSM)ande=(DB/(DB(SSM) 0‘7 1111111111111111]a11a111111111111111111111111

l .2 1 LI L ) L LI ) AL LI LI I ) LI | L)
7Beﬂux \ ISH["II ISSM ll ' | | | | | | :
"Be (SSM high met.} ( 1o )
® HIGH-Met (GS08) 1
L1 @ LoW-Met (AGSS09) N
1.0F .
o) - ]
._‘2 i ]
09F .
- ~9% difference for "Be flux Lofv milied Jc‘g.(lns: ]
- ~20% difference for 8B 0.8F O es27%cCL. .

llllll

04 05 06 07 08 09 10 1.1 1.2
°B flux
f B /B (SSM high met.)

Need clean measurement of CNO neutrinos to discriminate
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Number of anti-neutrinos per MeV per parent

Geo-Vv: new Borexino results

Previous Borexino result: G. Bellini et al., (Borexino Coll.) Phys. Lett. B 687 (2010) 299

Kamland: T. Araki et al., (Kamland Coll.) Nature 436 (2005) 499;
A. Gando et al. (Kamland Coll.) Nature Geoscience 4 (2011) 574

new Bx result: http://arxiv.org/abs/1303.2571

Energy spectrum of geov neutrinos

+
V,+p—=n+e E.>1.8 MeV
10’ 238 - e v
: —-—-- U series
. ........... ngTh series " . ”
Vg I ——= " *“prompt signal
- A s e+: energy loss + annihilation
/,/ \\..._. *- ~-‘\\\I (2 Y 511 KeV eaCh) Scintillator
/ : : : '”delaVEd Slgna|" Prompt signal
- : i n capture after thermalization 2.2y ‘\:LL‘*«\ D=l
[ P T e signal
| i \\\ v n
l i
e i
. : - H TR PR S SR
102733 1 15 2 25 3 3.5
Anti-neutrino energy, E, (MeV)
Previous data Dec 2007-Dec2009 252.6 ton year

New data (2.4 X) Dec 2007-Aug2012 613.0 ton year
(3.69 £ 0.16) 103! proton year
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Geo-v results: evidence of the signal

TNU=1ev/ (y 1032 protons)

46 candidate events in 613126 ton year

Nreactor Nreactor Others Ngeo Nreactor Ngeo Nreactor
Expected Expected back. measured | measured | measured measured
with osc. no osc.
events Events events events events TNU TNU
33.3t2.4 |60.4+2.4 |0.704£0.18 | 14.3+4.4 |31.2 ,*7 | 38.8£12.0|84.5"193
9 9+4.1
. 34
Unbinned likelihood it Our previous result
nbinned likelihoo . . .
= 160 No geov signal: rejected with prob. 6 10®
;. “E  |geov 100F
S 1 '\10 expectation
- F reactor sol AN ]
c 105 [ ™ \ 1 68.3 C.L.
5 6 s F N < 1955CL
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Geo-v results: U and Th separation
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(anti-)v.’s from artificial sources

Decay Energy Mass Heat
EC

sicy Neutron irradiation of

S0Cr in reactor 40 o 0.746 0.011 0.19
Ve o2 5. 10 o2 5! Y 320 keV (10%)
144Ce-'44Pr Chemical extraction from
v e S a1l B- <2.9975 0.314 7.6
Borexino KamLAND

E, =427 keV 3 %
E, =432 keV 0.9 %

Ep = 747 keV 81.6 %
Ep =752 keV 8,5 %

Slcr

320 keV 10%

stable :
51 Vv

144Ce Re
<318keV ]44Pr

B-<2301keV
1%

B- < 2996 keV
97.9%

144Ce—144Pr

A:>1Cr (neutrino) 144Ce — 144Pr (anti-neutrino)
B/C 1#4Ce — 144Pr (anti-neutrino)

IPA symposium 2013 - S. Schénert (TUM)



Kamland / Borexino: sensitivities
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Summary & short outlook

e Solar neutrino precision measurements:
— Determination of oscillation parameters
— Matter interactions (MSW): ‘turnup’
— Search for non-standard nu-properties

— Solar physics: future CNO spectroscopy key to abundance
problem (SNO+ / Borexino)

* Beyond solar and LB-reactor oscillations:
— Geo-neutrino’s

— Future very-short-baseline oscillation measurements with
sources funded: search for sterile neutrinos (also measurement
of g,and g, )

* New large liquid scintillator projects under discussion:
LENA, Daya-Bay Il
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