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1. A little bit history1. A little bit history

2. The past and current solar neutrino 2. The past and current solar neutrino 
experiments: last results and future plansexperiments: last results and future plans

3. Future projects3. Future projects
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The The pppp chain chain reactionreaction The The CNO CNO cyclecycle

>99% of the energy is created 
in pp chain reaction

There are different steps in which energy (and neutrinos) are produced

Neutrino production in the Sun

<1% in CNO cycle

Neutrino Neutrino production production in in the the SunSun
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Neutrino Neutrino energy energy spectrumspectrum as as predicted predicted byby
the the Solar Solar Standard Standard Model Model (SSM)(SSM)

Neutrino production in the SunNeutrino Neutrino production production in in the the SunSun

John Norris Bahcall
(Dec. 30,1934 – Aug. 17, 2005)
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40 years of solar neutrino mystery40 years of solar neutrino mystery



Long standing discrepancy between measured and predicted fluxes:
SNP
Culminated with a crystal clear proof that neutrino oscillates
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SOLAR SOLAR +  +  KAMLAND (Reactor KAMLAND (Reactor νν’’s)s)

MSW MSW matter matter enhanced enhanced flavor flavor conversionconversion
LMA LMA solutionsolution



This work:
• SNO NCD results 
agree well with 
previous SNO phases. 
Minimal correlation with 
CC. Different 
systematics.
• New precision on θ

Future solar analysis:
• LETA (Low Energy 
Threshold Analysis)
• 3-neutrino analysis
• hep flux
• Day-night, other 
variations

• Muons, atmospheric ν

Solar + KamLAND fit 
results
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Neutrino flavour symmetry phenomenology: 
(Smirnov summary at Neutrino 2008)
Tri-Bi-Maximal Mixing: 35.2 deg
Quark-Lepton Complementarity: 32.2 deg
(θ12 + θCabbibo = 45 deg)

The accuracy on θ12 and φ8B will improve 
with new data analysis:  SNO LETA 

Art MacDonald@Neutel2009



[figure taken from the official Kamland site (2008)]

• Solar data (SNO dominated)

• KamLAND data  (at θ13 = 0)

when the two best-fits are compared 
in the usual plane (m2

12, tan2θ12)

Slight disagreement 
between



sin2θ13 = 0 sin2θ13 = 0.03

(figures prepared by A.M. Rotunno for this talk)

… thanks to the different dependence in SNO and KamLAND from (θ13 , θ12).

Disagreement reduced for θ13 > 0 …



SummarySummary
•• Low Energy Threshold Analysis nearly completeLow Energy Threshold Analysis nearly complete

•• Expect significant improvements in precisionExpect significant improvements in precision

•• Many other SNO analyses also finishing upMany other SNO analyses also finishing up



Acrylic vessel (AV) 
12 m diameter

1700 tonnes H2O 
inner shielding

1000 tonnes D2O
($300 million)

5300 tonnes H2O 
outer shielding

~9500 PMT’s

Creighton mine
Sudbury, CA 

The Sudbury Neutrino Observatory: SNO
6800 feet (~2km) underground 

The heavy water has been returned and development work is in progress
on SNO+ with liquid scintillator and 150Nd additive.

- Entire detector
Built as a Class 2000

Clean room
- Low Radioactivity
Detector materials

Art MacDonald@Neutel2009





Michael Smy, UC Irvine



Michael Smy, UC Irvine









Expected 
rate 
(cpd/100 t)

No oscillation 75 ± 4
BPS07(GS98) 
HighZ

48 ± 4

BPS07(AGS05) 
LowZ

44 ± 4

7Be: 49 ± 3stat ± 4sys cpd/100 tons

Under the assuptions of High-Z SSM the 
measurement corresponds to 

Pee = 0.56 ± 0.1 (1s) at E=862 keV

which is consistent with the number derived from 
the global fit to all solar and reactor experiments

Borexino resultsBorexino results
88B solar neutrino fluxB solar neutrino flux

 tons/100counts/day 0.02 0.04 0.26 sysstat )(8.2 ±±=> MeVRate

 tons/100counts/day )0.01 0.03 0.14( sysstat5 ±±=> MeVRate
Above 5 MeV in agreement with SNO and SuperK:

First  real-time measurement down to 2.8 MeV:



Miami 2008 – Fort Lauderdale – 16-21 Dec. 2008 D. D’Angelo – Borexino coll.

Vacuum regime Matter regime 

Low energy neutrinos: 
flavor change dominated
by vacuum oscillations; 

High energy neutrinos:
Resonant oscillations in matter 
(MSW effect):  
Effective electron neutrino mass
is increased due to the charge
current interactions
with electrons of the Sun

Transition region:
Decrease of the νe survival 

probability (Pee)

Solar neutrino survival probability Solar neutrino survival probability 
BEFORE BOREXINOBEFORE BOREXINO







Gallium solar neutrino experimentsGallium solar neutrino experiments
SAGE, GALLEX/GNOSAGE, GALLEX/GNO

7171Ga(Ga(vvee, e, e--))7171GeGe

The feature that distinguishes the Ga 
experiment from all other past or present 
solar neutrino detectors is its sensitivity to 
the pp fusion reaction, 

pp + + pp →→ dd + + ee++ + + ννe e ,
which generates most of the Sun’s energy.

Ga experiments have provided the only 
direct measurement of the current rate of 
this reaction.



Measurement of the solar neutrino capture rateMeasurement of the solar neutrino capture rate

with gallium metal:with gallium metal:
SAGE,    SAGE,    50 tons of metallic 71Ga

168 runs for the 18-year period (Jan 1990 – Dec 2007) give the result: 65.465.4+4.0+4.0
--4.14.1SNUSNU

((1 SNU = 1 SNU = 1 neutrino capture/sec in a target that contains1 neutrino capture/sec in a target that contains 101036 36 atoms  of the neutrino absorbing isotope).atoms  of the neutrino absorbing isotope).

with gallium chloride GaClwith gallium chloride GaCl33 acidic solutionacidic solution::
GALLEXGALLEX, 103 tons of GaCl3 acidic solution containing 30 tons of natural gallium          
65 runs for the 4.4-year period (May 1991 – Jan 1997) give the result:  7733..11++77.1.1

--77..3 3 SNUSNU
(Till Kirsten at TAUP2007, Sendai, September 11-15, 2007)

GNO,GNO, 103 tons of GaCl3 acidic solution containing 30 tons of natural gallium
58 runs for the 4.7-year period (May 1998 – Apr 1993) give the result: 6262..99++55..55

--55..3 3 SNUSNU

Ga experiments: 
7171Ga(Ga(vvee, e, e--))7171Ge, EGe, Eth th = 233 keV= 233 keV

The weighted average of the results of  all Ga experiments is now
6666..11±±33..1 SNU1 SNU



Comparison of gallium result Comparison of gallium result 
to predictions standard of solar modelto predictions standard of solar model

i - ( pp, 7Be, pep, 13N, 15O, 17F, 8B, and hep)

R R = = ΣΣi i φφ i i 〈〈PPeeee
ii〉〉 〈〈σσii〉〉

V.N. GavrinV.N. Gavrin
INR RASINR RAS

The physics of the Sun
and the solar neutrinos:

an update
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October 16-17, 2008
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(high metallicity) (low metallicity)

SAGE + GALLEX/GNO → 66.1  66.1  ±± 3.1 SNU3.1 SNU

Excellent agreementExcellent agreement

Capture rates RCapture rates Ri  i  for for Ga experimentGa experiment



THE THE pp pp NEUTRINO FLUXNEUTRINO FLUX
[pp|Ga] = 39.9 ± 5.2 SNU

the measured electron neutrino pp flux at Earth of :

(39.9 ± 5.2) / / cross. sect.  = cross. sect.  = (3.(3.4040 +0.+0.4444
--0.0.4646) ) ×× 101010 10 νe /(cm/(cm22 s)s)

- the pp flux produced in the Sun :

(3.40 +0.44
-0.46) × 1010/(〈 Pee

i 〉 = 0.560(1+0.030
-0.045)) = ((66..1 1 ±± 0.0.8484) ) ×× 101010 10 νe /(cm/(cm22 s)s)

the predicted pp flux from the two recent SSM: 
(5.97(5.97±±0.05) 0.05) ×× 101010 10 νe /(cm/(cm22 s) s) (GS98) (high metallicity)(GS98) (high metallicity)
(6.04(6.04±±0.05) 0.05) ×× 101010 10 νe /(cm/(cm22 s) s) (AGS05) (low metallicity)(AGS05) (low metallicity)

There is good numerical agreementThere is good numerical agreement

V.N. GavrinV.N. Gavrin
INR RASINR RAS
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Lab. Naz. del Gran Sasso

October 16-17, 2008

The physics of the SunThe physics of the Sun
and the solar neutrinos:and the solar neutrinos:

an updatean update
Lab. Naz. del Gran SassoLab. Naz. del Gran Sasso

October 16October 16--17, 200817, 2008



Day-Night Effect2sa lt  D OA 0 .0 3 7 0 .0 4 0+ = ±

SNO   SNO   The combined data set has a day live time of 128.5 days and aThe combined data set has a day live time of 128.5 days and a
night live time of 177.9 days.:night live time of 177.9 days.:

No evidence for asymmetries from matter effects in the earth

BOREXINO BOREXINO -- 422.12 days total live time.     Night 212.87 days. Day   209.25422.12 days total live time.     Night 212.87 days. Day   209.25 daysdays::
The Day Night asymmetry of the neutrino signal needs the result of the spectral fit and it is 
influenced by its statistical error

GNO + Gallex (123 SRs):GNO + Gallex (123 SRs): Winter (66 SR): 66.5+5.6
-5.4 SNU ,Summer (57 SR): 74.1+6.4

-6.2 SNU
W-S: -7.6 ± 9 SNU (expected from 1/d2: +2.5)

No excess in WNo excess in W--S, as expected for LMA !!S, as expected for LMA !!

Be
ADN

Be

7

7

2
1

Φ
≈ Φσ

σ υ statADN 04.002.0 ±=υ

Systematic errors under study

SS--K I     K I     low energy data set consisting of 1496 live days (Maylow energy data set consisting of 1496 live days (May
31, 1996 through July 15th, 2001):31, 1996 through July 15th, 2001): The observed dayThe observed day--night asymmetry is night asymmetry is 
ADN = ADN = (Day (Day −− Night )/(0.5*(Day + Night))Night )/(0.5*(Day + Night)) = = −−0.0210.021±±0.0200.020+0.013 +0.013 

−−0.0120.012
No indication of spectral distortion is observed.

SAGE  (168 runs):SAGE  (168 runs): the winter minus summer difference in SAGE capture rate is 
RW − RS = 5.8+6.2

−6.1 SNU
where the stated uncertainty is only statistical. For this calculation summer was defined as the 
±¼-year interval centered on 21 June and winter as the rest of the year.

RRWW--RRSS, is consistent with zero, indicating that there is no appreciab, is consistent with zero, indicating that there is no appreciable difference between the day le difference between the day 
and night capture rates in Ga, as is expected for the currently and night capture rates in Ga, as is expected for the currently determined values of the neutrino determined values of the neutrino 
oscillation parametersoscillation parameters



Gallium source experimentsGallium source experiments
The experimental procedures of the SAGE and Gallex experiments, including the 

chemical extraction, counting, and analysis techniques, have been checked by exposing 
the gallium target to reactor-produced neutrino sources.

Gallex has twice used 51Cr

SAGE has used 
51Cr and 37Ar

GALLEXGALLEX

r=200cm
r =25cm

h=
50

0c
m

SAGESAGE37Ar (35.4 days)

37Cl (stable)

813 keV ν (9.8%)
811 keV ν (90.2%) 

R=0.87R=0.87±±0.05        0.05        χχ22/dof=1.9/3,   GOF=59% /dof=1.9/3,   GOF=59% 

GALLEX SAGE 
m(Ga)=30 t m(Ga)=13 t

Source 51Cr -1 51Cr -2 51Cr 37Ar
Activity, MCi 1.714 1.868 0.517 0.409
R = (pmeas/ppred) 0.95±0.11 0.81±0.11 0.95±0.12 0.79±0.10

Rcomb 0.88 ± 0.08 0.86 ± 0.08

r = 5cm
r = 76cm

h 
= 

12
8c

m

   51V (stable)
320 keV γ

51Cr (27.7 days)

427 keV ν (9.0%)
432 keV ν (0.9%) 747 keV ν (81.6%)

752 keV ν  (8.5%) 



● The cross sections for neutrino capture to the two lowest excited states in 
71Ge have been overestimated (W. Haxton).

Maximum contribution of these excited states – 5%.
If the contribution of these states to the predicted rate were to be zero then R=0.92±0.06  
and the fit to the expected value of 1.0 becomes quite reasonable (χ2 /dof = 4.58/3, 
GOF = 21%).
The preparation of the measurements of (3He, t) reaction on Ga is carried out in RCNP,
Japan (H. Ejiri).

● Electron neutrinos disappear due to a real physical effect of unknown 
origin.
Some possibilities:

- transition to sterile neutrinos (VSBL, C.Guinti and M.Laveder, arXiv:0902.1992),
- quantum decoherence in neutrino oscillations (Y.Farzan, T.Schwetz, A.Yu.Smirnov,

arXiv:0805.2098)

To check this hypothesis we consider a new measurement that will use 2MCi 51Cr 
neutrino source in SAGE optimized target geometry.

(2)

•TAUP 2009, July 1-5, V.V. Gorbachev



BNO INR RASBNO INR RASMeeting at TAUP in Rome 
July 4, 2009

From Hiro Ejiri:

RCNP EXPERIMENT E327

Proposal for experiment at RCNP Jan.22, 2009.
High resolution study of the 71,69 Ga (3He,t) reactions at 
0.42 GeV and GT neutrino responses for 71,69 Ga

“…We hope that the beamtime will be scheduled in the period 
from the end of 2009 to the middle of 2010.”



Two-zone Ga source experiment

To get additional information in source experiment 
we separate the SAGE Ga target (50 tons) on 
two independent spherical zones.

It gives:
dependence on distance of source (test of νe
disappearance)
additional possibilities for statistical                   
analysis

For two zones of target with thickness 60 cm 
each, the total uncertainty for each zone will 
be 5-5.5%, and statistical error of combined 
result will be about 3%

•TAUP 2009, July 1-5, V.V. Gorbachev



Conclusion

•TAUP 2009, July 1-5, V.V. Gorbachev

New source experiment in SAGE will shed light on the New source experiment in SAGE will shed light on the 
problem of low result in the source experiments in problem of low result in the source experiments in 
gallium. For these it is necessary to make:gallium. For these it is necessary to make:

− 5151Cr  neutrino source with activity 2 MCi or higher,Cr  neutrino source with activity 2 MCi or higher,

− the optimized twothe optimized two--zone spherical target,zone spherical target,

− the measurement with accuracy 4 the measurement with accuracy 4 −− 4.5%4.5%

This is a part of future experimental program in SAGE.This is a part of future experimental program in SAGE.















A little bit history of neutrinoA little bit history of neutrino
• Since in 1930 Pauli has postulated (as “a desperate way out”) the existence 

of  neutrino, it remains one of the most intriguing particles in nuclear physics.
• Conception about neutrino in the theory of beta decay, which was

developed a year later by Fermi, turned out to be so fruitful that neutrino was 
included with confidence into  the family of particles well in advance it was 
discovered.

• In 1956, when Cowen and Reines with colleagues succeeded to detect 
neutrino the main  characteristics of this particle were obtained from indirect 
data of a large number of previous experiments with natural and artificial beta-
decay and k-capture isotopes, as well as from accelerators in meson-neutrino 
reactions.

• In spite of questions about existence of neutrino mass and its  nature (Dirak 
or Majorana) were open, conception about neutrino based on these previous 
investigations, was in good agreement with all experimental observations  up to 
the 1970th, that is up to the start of solar neutrino experiments.
• First solar neutrino experiment had originally a goal  to check the hypothesis 
of thermonuclear nature  of  the energy of the Sun and has led us to the first 
disagreement – to SNP.

1414--th Lomonosov conferenceth Lomonosov conference
on elementary particle physicson elementary particle physics

Moscow, August 19Moscow, August 19--25,200925,2009
BNO INR V.N. GavrinBNO INR V.N. Gavrin


	Disagreement reduced for 13 > 0 …
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