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How it all beganHow it all beganHow it all beganHow it all began…………

o 1914: Chadwick & Ellis1914: Chadwick & Ellis1914: Chadwick & Ellis1914: Chadwick & Ellis
Beta decay has a continues spectrum (+spin?)Beta decay has a continues spectrum (+spin?)Beta decay has a continues spectrum (+spin?)Beta decay has a continues spectrum (+spin?)

electron

nucleus

o 1930: Pauli: another particle?1930: Pauli: another particle?1930: Pauli: another particle?1930: Pauli: another particle? ?
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First observation of neutrinosFirst observation of neutrinosFirst observation of neutrinosFirst observation of neutrinos

ν
e

1956: Project Poltergeist
(26 years later!)

Nobelprice 1995



Simon JM Peeters, Simon JM Peeters, Simon JM Peeters, Simon JM Peeters, BaksanBaksanBaksanBaksan, April 2007, April 2007, April 2007, April 2007

““““PrePrePrePre----1998199819981998”””” Standard Model of Standard Model of Standard Model of Standard Model of 
Particle PhysicsParticle PhysicsParticle PhysicsParticle Physics

Neutrinos are Neutrinos are Neutrinos are Neutrinos are mmmmasslessasslessasslessassless, , , , 

weakly interacting weakly interacting weakly interacting weakly interacting 

particles and come particles and come particles and come particles and come 

in three families or flavours in three families or flavours in three families or flavours in three families or flavours 

νl llll

WWWW    ±±±±

νl

ZZZZ

Weak Interaction:Weak Interaction:Weak Interaction:Weak Interaction:
Charged Current  Neutral CurrentCharged Current  Neutral CurrentCharged Current  Neutral CurrentCharged Current  Neutral Current

±±±±

νl
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Neutrinos from solar fusionNeutrinos from solar fusionNeutrinos from solar fusionNeutrinos from solar fusion

(energy relevant equation)(energy relevant equation)(energy relevant equation)(energy relevant equation)

Using the Using the Using the Using the 
Solar irradiance:Solar irradiance:Solar irradiance:Solar irradiance:
S=8.5 x 10S=8.5 x 10S=8.5 x 10S=8.5 x 1011111111 MeVMeVMeVMeV cmcmcmcm----2222 ssss----1111

an estimate of the solar an estimate of the solar an estimate of the solar an estimate of the solar 
neutrino flux on earth is:neutrino flux on earth is:neutrino flux on earth is:neutrino flux on earth is:
~65,000,000,000 cm~65,000,000,000 cm~65,000,000,000 cm~65,000,000,000 cm----2 2 2 2 ssss----1111
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solar physics and fundamental particle physics

Solar neutrinosSolar neutrinosSolar neutrinosSolar neutrinos

SNO detects SNO detects SNO detects SNO detects 8888B (and B (and B (and B (and hephephephep) ) ) ) 

~ 1/10,000 of solar neutrino flux~ 1/10,000 of solar neutrino flux~ 1/10,000 of solar neutrino flux~ 1/10,000 of solar neutrino flux

Light Element Fusion Reactions

p + p →2H + e+ + ννννe p + e- + p → 2H + ννννe

2H + p →3He + γ

3He + 4He →7Be + γ

7Be + e- →7Li + γ +ννννe

7Li + p → α + α

3He + 3He →4He + 2p

99.75% 0.25%

85% ~15%

0.02%15.07%

~10-5%

7Be + p →8B + γ

8B → 8Be* + e+ + ννννe

3He + p →4He + e+ +ννννe

New Solar Opacities, Abundances, Helioseismology, a nd Neutrino Fluxes 
John N. Bahcall, Aldo Serenelli, and Sarbani Basu, ApJ, 621, L85 (2005)
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The Solar Neutrino ProblemThe Solar Neutrino ProblemThe Solar Neutrino ProblemThe Solar Neutrino Problem

νe + 37Cl = 37Ar + e−

HomestakeHomestakeHomestakeHomestake Gold Mine Gold Mine Gold Mine Gold Mine 
(South Dakota, US)(South Dakota, US)(South Dakota, US)(South Dakota, US)

The experiment ran from 1970The experiment ran from 1970The experiment ran from 1970The experiment ran from 1970----1995 (!)1995 (!)1995 (!)1995 (!)

Expected reaction rate from expectedExpected reaction rate from expectedExpected reaction rate from expectedExpected reaction rate from expected

solar neutrino flux: ~0.5 daysolar neutrino flux: ~0.5 daysolar neutrino flux: ~0.5 daysolar neutrino flux: ~0.5 day----1111

However, only:However, only:However, only:However, only:

0.33 0.33 0.33 0.33 ±±±± 0.03 0.03 0.03 0.03 ±±±± 0.05 0.05 0.05 0.05 
of the expected number of neutrinos hasof the expected number of neutrinos hasof the expected number of neutrinos hasof the expected number of neutrinos has

been observed. been observed. been observed. been observed. 

SOLAR NEUTRINOSOLAR NEUTRINOSOLAR NEUTRINOSOLAR NEUTRINO PROBLEMPROBLEMPROBLEMPROBLEM

Ray Davis shared the 

Nobel Price for Physics of 2003 

(just after SNO’s publication on neutrino 

flavour transformation)

Ray DavisRay DavisRay DavisRay Davis

ν
e
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Experimental confirmationExperimental confirmationExperimental confirmationExperimental confirmation
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Standard Solar ModelStandard Solar ModelStandard Solar ModelStandard Solar Model

HelioseismologyHelioseismologyHelioseismologyHelioseismology ruled out that the Solar Neutrino Problemruled out that the Solar Neutrino Problemruled out that the Solar Neutrino Problemruled out that the Solar Neutrino Problem

was due to the incorrect modelling of the interior of the sun.was due to the incorrect modelling of the interior of the sun.was due to the incorrect modelling of the interior of the sun.was due to the incorrect modelling of the interior of the sun.

((((Dis)agreementDis)agreementDis)agreementDis)agreement modelmodelmodelmodel
andandandand
observed oscillations:observed oscillations:observed oscillations:observed oscillations:

ƒ 3% error in 3% error in 3% error in 3% error in 8888BBBB
neutrino fluxneutrino fluxneutrino fluxneutrino flux

Solar Models: current epoch and time dependences, n eutrinos, and helioseismological properties 
Author(s):John N. Bahcall, M. H. Pinsonneault, and S arbani Basu
Journal:The Astrophysical Journal, 555, 990-1012 (20 01)
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Neutrino have mass and Neutrino have mass and Neutrino have mass and Neutrino have mass and ““““oscillateoscillateoscillateoscillate””””
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ν Consider θ = 45° then
ννννe = 1/√√√√2νννν1 + 1/√√√√2νννν2

ννννe(t) = 1/√√√√2(νννν1expiωωωω1t + νννν2 expiωωωω2t )

ωωωω1- ωωωω2 = ∆∆∆∆m2/2EEi
2 = p2 + mi

2 so   2E.∆∆∆∆E = ∆∆∆∆m2



Simon JM Peeters, Simon JM Peeters, Simon JM Peeters, Simon JM Peeters, BaksanBaksanBaksanBaksan, April 2007, April 2007, April 2007, April 2007

neutrino oscillationneutrino oscillationneutrino oscillationneutrino oscillation

MSW effectMSW effectMSW effectMSW effect
MMMMMMMMikhaevikhaevikhaevikhaevikhaevikhaevikhaevikhaev, , , , , , , , SSSSSSSSmirnov, mirnov, mirnov, mirnov, mirnov, mirnov, mirnov, mirnov, WWWWWWWWolfensteinolfensteinolfensteinolfensteinolfensteinolfensteinolfensteinolfenstein

νe

νµ,τµ,τµ,τµ,τ

Large Ne

P(νe →νe ) = ½ (1 + cos2θmcos2θ )

Sun: extended source, energy spectrum
P(νe →νe ) = ½ (1 + cos22θ ) > 0.5 

< 0 : P (νe →νe )< 0.5

P(P(P(P(ννννeeee →ν→ν→ν→ν eeee)=1)=1)=1)=1----sinsinsinsin2(2(2(2(2θθθθ) sin) sin) sin) sin2222((((∆∆∆∆mmmm2222 L / E) L / E) L / E) L / E) 

Ve = GF √ √ √ √2  Ne

-

νe eeee

WWWW    ±±±±

νeeeee

-

(See for example:
The MSW effect and 
solar neutrinos
A.Yu. Smirnov
hep-ph/0305106)
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Get a more complete picture!Get a more complete picture!Get a more complete picture!Get a more complete picture!

Herb Chen Herb Chen Herb Chen Herb Chen 
in 1985:in 1985:in 1985:in 1985:

Use deuteriumUse deuteriumUse deuteriumUse deuterium
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Neutrino reactions on DNeutrino reactions on DNeutrino reactions on DNeutrino reactions on D2222OOOO

o CC: sensitive to electron CC: sensitive to electron CC: sensitive to electron CC: sensitive to electron 
neutrino flavour only.neutrino flavour only.neutrino flavour only.neutrino flavour only.
Energy electron directly Energy electron directly Energy electron directly Energy electron directly 
correlated with correlated with correlated with correlated with νννν energy.energy.energy.energy.

o NC: sensitive to all NC: sensitive to all NC: sensitive to all NC: sensitive to all 
neutrino flavours.neutrino flavours.neutrino flavours.neutrino flavours.

o ES: mostly electron flavour, ES: mostly electron flavour, ES: mostly electron flavour, ES: mostly electron flavour, 
direction (solar direction (solar direction (solar direction (solar ννννeeee)))), , , , 
~ 1o times smaller interaction ~ 1o times smaller interaction ~ 1o times smaller interaction ~ 1o times smaller interaction 
cross sectioncross sectioncross sectioncross section

ΦΦΦΦ NC NC NC NC     ≡≡≡≡ ΦΦΦΦSSMSSMSSMSSM

ΦΦΦΦCCCCCCCC/ / / / ΦΦΦΦ NCNCNCNC ≡ ≡ ≡ ≡ P(P(P(P(ννννeeee→ν→ν→ν→νeeee))))
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Acrylic vessel (AV) 
12 m diameter

1700 tonnes H2O 
inner shielding

1000 tonnes D2O

5300 tonnes H2O 
outer shielding

~9500 PMTs,
54% coverage

Creighton mine
Sudbury, CA 

6800 feet (~2km) underground 

The Sudbury Neutrino ObservatoryThe Sudbury Neutrino ObservatoryThe Sudbury Neutrino ObservatoryThe Sudbury Neutrino Observatory

"The Sudbury Neutrino Observatory" , The SNO Collab oration 
Nuclear Instruments and Methods in Physics Research  A449 (2000) pp. 172-207
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The SNO programThe SNO programThe SNO programThe SNO program
1998 1999 2000 2001 2002 2003 2004 2005 2006

Comm.

D2O D
2

O

Salt
(NaCl)

3He 
Counters

γ
γ

γ

35Cl 36Cl

36Cl*

n

n captures on chlorine

σ = 44b

8.6 MeV multiple γs

n captures on 3He
prop. counter array

σ = 5330b

0.764 MeV

n + 3He → p + 3H

p
3H

5 
cm

n

3He

n captures on 
deuterium

σ = 0.0005b

6.25 MeV γ

γ

2H

3H*

n

3H
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Reconstructed event position (radius), Reconstructed event position (radius), Reconstructed event position (radius), Reconstructed event position (radius), 

direction, kinetic energy, isotropydirection, kinetic energy, isotropydirection, kinetic energy, isotropydirection, kinetic energy, isotropy

PMT positionsPMT positionsPMT positionsPMT positions
TimesTimesTimesTimes
ChargesChargesChargesCharges

νννν Interactions as seen by SNOInteractions as seen by SNOInteractions as seen by SNOInteractions as seen by SNO
(neutron captured produces gammas) (neutron captured produces gammas) (neutron captured produces gammas) (neutron captured produces gammas) 
(gammas Compton scatter) (gammas Compton scatter) (gammas Compton scatter) (gammas Compton scatter) 
relativistic electrons relativistic electrons relativistic electrons relativistic electrons 
produce Cherenkov lightproduce Cherenkov lightproduce Cherenkov lightproduce Cherenkov light
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Main backgroundMain backgroundMain backgroundMain background

Gamma > 2.2 Gamma > 2.2 Gamma > 2.2 Gamma > 2.2 MeVMeVMeVMeV pdpdpdpd’’’’s the deuteron:s the deuteron:s the deuteron:s the deuteron:

o Hence the water shielding fromHence the water shielding fromHence the water shielding fromHence the water shielding from
radioactivity in the rock, mine air, radioactivity in the rock, mine air, radioactivity in the rock, mine air, radioactivity in the rock, mine air, PMTsPMTsPMTsPMTs

o Hence the depth: shielding for cosmic rays Hence the depth: shielding for cosmic rays Hence the depth: shielding for cosmic rays Hence the depth: shielding for cosmic rays 
(only 3 (only 3 (only 3 (only 3 µµµµ’’’’s per hour)s per hour)s per hour)s per hour)

o Cleanliness of detector materials: Cleanliness of detector materials: Cleanliness of detector materials: Cleanliness of detector materials: 238238238238U, U, U, U, 232232232232ThThThTh

o DDDD2222O: less than one teaspoon of O: less than one teaspoon of O: less than one teaspoon of O: less than one teaspoon of minedustminedustminedustminedust
~ 1.5 n/day (~10% of NC flux)~ 1.5 n/day (~10% of NC flux)~ 1.5 n/day (~10% of NC flux)~ 1.5 n/day (~10% of NC flux)

n

p

 γ

“I will show you fear in a handful of dust.” -- T.S. Eliot
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232Th

228Ra

228Ac

228Th

220Rn

216Po

212Pb

212Bi

208Tl 212Po

208Pb

1.91 y

αααα 5.52

3.66 d

αααα 5.79

55.6 s

αααα 6.40

0.15 s

αααα 6.91
10.6 h

ββββ−−−− 0.57 γγγγ 239

64%

ββββ−−−− 2.25 γγγγ 727

60.6 m

36% α36% α36% α36% α 6.21

3.05 m

ββββ−−−− 4.99 γγγγ 583,860
100%

γγγγ 2614

0.30 µµµµs
αααα 8.95

6.13 h

ββββ−−−− 2.14 γγγγ 339,911,969

5.77 y

ββββ−−−− 0.046

1.4 x 104 y

αααα 4.08

238U

234Th

234Pa

234U

230Th

222Rn

218Po

214Bi

210Tl 214Po

2.45 x 105 y

αααα 5.52

8.0 x 104 y

αααα 5.79

1599 y

αααα 4.87

3.82 d

αααα 5.59

26.8 m

ββββ−−−− 1.02 γγγγ 352
>99%

ββββ−−−− 3.27 γγγγ 609 ~1% BR to γγγγ > 2200
19.7 m

0.021% α0.021% α0.021% α0.021% α 5.62
1.30 m

ββββ−−−− 5.49 γγγγ 800 ~1% BR to γγγγ > 2200

1.18 m

ββββ−−−− 2.21

24.10 d

ββββ−−−− 0.26, γ γ γ γ 63, 92

4.47 x 109 y

αααα 4. 27

3.05 m

αααα 6.11
214Pb

210Pb

164 µµµµs
αααα 7.83

210Bi

2.26 y

ββββ−−−− 0.06

210Po

5.01 d

ββββ−−−− 1.16

206Pb

138 d

αααα 5.30
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In-Situ

Rn

Photo-
disintegration 
Source

Ex-Situ:

MnOx and HTiO

Measurements of LEBMeasurements of LEBMeasurements of LEBMeasurements of LEB

224Ra

226Ra

βαβαβαβα coincidence
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InInInIn----situ measurementssitu measurementssitu measurementssitu measurements

Instrumental events: data taking rate ~ 20 HzInstrumental events: data taking rate ~ 20 HzInstrumental events: data taking rate ~ 20 HzInstrumental events: data taking rate ~ 20 Hz
Uncharacteristic spatial distributionsUncharacteristic spatial distributionsUncharacteristic spatial distributionsUncharacteristic spatial distributions
make them easy to separate from the data.make them easy to separate from the data.make them easy to separate from the data.make them easy to separate from the data.

energy (a.u.) isotropy

238238238238U, U, U, U, 232232232232Th:Th:Th:Th:
* Different * Different * Different * Different 
branching   branching   branching   branching   
fractions to fractions to fractions to fractions to 
γγγγ > 2.2 > 2.2 > 2.2 > 2.2 MeVMeVMeVMeV

* Observation is * Observation is * Observation is * Observation is 
different:different:different:different:
single single single single γγγγ
vsvsvsvs

γ γ γ γ + + + + ββββ: : : : 
!different isotropy!!different isotropy!!different isotropy!!different isotropy!
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Comparison inComparison inComparison inComparison in----situ/exsitu/exsitu/exsitu/ex----situsitusitusitu
(salt phase)(salt phase)(salt phase)(salt phase)
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CalibrationsCalibrationsCalibrationsCalibrations

energy (a.u.)
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Results DResults DResults DResults D2222O phaseO phaseO phaseO phase

"Direct Evidence for Neutrino Flavor Tranformation from Neutral-Current 

Interactions in the Sudbury Neutrino Observatory“, The SNO Collaboration 
Phys. Rev. Lett. volume 89, No. 1, 011301 (2002). 

o Total flux agrees with theTotal flux agrees with theTotal flux agrees with theTotal flux agrees with the
Standard Solar ModelStandard Solar ModelStandard Solar ModelStandard Solar Model
(Solar SM OK)(Solar SM OK)(Solar SM OK)(Solar SM OK)

o Neutrino change flavourNeutrino change flavourNeutrino change flavourNeutrino change flavour
in between their in between their in between their in between their 
production point production point production point production point 
and SNOand SNOand SNOand SNO
(Particle SM has (Particle SM has (Particle SM has (Particle SM has 
to be adjusted)to be adjusted)to be adjusted)to be adjusted)
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The Salt PhaseThe Salt PhaseThe Salt PhaseThe Salt Phase

36Cl

35Cl+n 

σ = 44 b

8.6 MeV

3H

2H+n 
6.25 MeV

σ = 0.0005 b

I.I.I.I. Higher capture cross sectionHigher capture cross sectionHigher capture cross sectionHigher capture cross section

II.II.II.II. Higher energy releaseHigher energy releaseHigher energy releaseHigher energy release

III.III.III.III. Multiple Multiple Multiple Multiple γγγγssss means greater isotropymeans greater isotropymeans greater isotropymeans greater isotropy

DDDD2222O phase: CC 1O phase: CC 1O phase: CC 1O phase: CC 1eeee , NC 1e (, NC 1e (, NC 1e (, NC 1e (γγγγ))))
Salt  phase: CC 1Salt  phase: CC 1Salt  phase: CC 1Salt  phase: CC 1eeee , NC ~2,3e, NC ~2,3e, NC ~2,3e, NC ~2,3essss((((γγγγs)s)s)s)

DifferenceDifferenceDifferenceDifference

Event Isotropy Event Isotropy Event Isotropy Event Isotropy 

NC NC NC NC vsvsvsvs CC:CC:CC:CC:
Extra handle on  statisticalExtra handle on  statisticalExtra handle on  statisticalExtra handle on  statistical

separation of NC and separation of NC and separation of NC and separation of NC and 
CC events.CC events.CC events.CC events.

Effect of adding 2 tonnes of NaCl

C
ap

tu
re
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ResultsResultsResultsResults
(1D projections from (1D projections from (1D projections from (1D projections from multidimmultidimmultidimmultidim. fit). fit). fit). fit)

Extracted Events:

391 days of salt data     4722 events

r<550cm                     Teff>5.5MeV

CC:  2176 ± 78

NC:  2010 ± 85

ES:  279 ± 26

External neutrons:  129 ± 42

Internal neutrons: 125 (fixed)
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Flux InterpretationFlux InterpretationFlux InterpretationFlux Interpretation

o Salt analysis 1Salt analysis 1Salt analysis 1Salt analysis 1

nucl-ex/0502021 (25 Feb 2005), submitted to Phys. Rev. C
Electron Energy Spectra, Fluxes, and Day-Night Asymmetries of 8B Solar Neutrinos from the 391-Day Salt Phase SNO 
Data Set 45 pages, 49 figures in 36 eps files

Agrees with DavisAgrees with DavisAgrees with DavisAgrees with Davis’’’’ measurementmeasurementmeasurementmeasurement

029.0
031.0)stat.(023.0340.0 +

−±=
NC

CC

φ
φ

Agrees with SSMAgrees with SSMAgrees with SSMAgrees with SSM
( ) 12538.0
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CC spectrumCC spectrumCC spectrumCC spectrum
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DayDayDayDay----night analysisnight analysisnight analysisnight analysis

A =
2(ΦN - ΦD)

(ΦN + ΦD)

� CC,ES asymmetry:
νe regeneration inside the Earth

�NC asymmetry:
Admixture of sterile neutrinos 
or unexpected matter 
interactions inside the Earth

LMA: 
small ACC , AES & ANC= 0

Combined with D2O phase and SK :

Ae = 0.035 ± 0.027*

(*NC=0, shape constr.)
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Oscillation interpretationOscillation interpretationOscillation interpretationOscillation interpretation
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Other SNO results thus farOther SNO results thus farOther SNO results thus farOther SNO results thus far

o "Electron antineutrino search at the Sudbury Neutrino Observatory" 
Phys. Rev. D 70, 093014 (2004)

Upper limit consistent with Upper limit consistent with Upper limit consistent with Upper limit consistent with KamLANDKamLANDKamLANDKamLAND, extended energy region, extended energy region, extended energy region, extended energy region

o “Search for periodicities in the 8B solar neutrino flux measured by the 
Sudbury Neutrino Observatory”
Phys. Rev. D 72 052010 (2005)

No significant (No significant (No significant (No significant ( ≥ ≥ ≥ ≥ 8% variation)8% variation)8% variation)8% variation) sinusoidal periodicities found with sinusoidal periodicities found with sinusoidal periodicities found with sinusoidal periodicities found with 
periods between 1 dayperiods between 1 dayperiods between 1 dayperiods between 1 day----10 years . 10 years . 10 years . 10 years . 

o “A search for Neutrinos from the Solar hep Reaction and the diffuse 
Supernova background with the Sudbury Neutrino Observatory”
ApJ 653 1545 (2006)

HEP:   14.3<EHEP:   14.3<EHEP:   14.3<EHEP:   14.3<E ((((MeVMeVMeVMeV)<20: upper limit of 2.3 )<20: upper limit of 2.3 )<20: upper limit of 2.3 )<20: upper limit of 2.3 ×××× 101010104444 cmcmcmcm−−−−2222ssss−−−−1111 (90%CL)(90%CL)(90%CL)(90%CL)
DSNB: 22.9<E (DSNB: 22.9<E (DSNB: 22.9<E (DSNB: 22.9<E (MeVMeVMeVMeV)<36.9: upper limit of 70 cm)<36.9: upper limit of 70 cm)<36.9: upper limit of 70 cm)<36.9: upper limit of 70 cm−−−−2222ssss−−−−1111(90%CL)(90%CL)(90%CL)(90%CL)
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The Neutral Current Detection arrayThe Neutral Current Detection arrayThe Neutral Current Detection arrayThe Neutral Current Detection array

n captures on 3He
prop. counter array

σ = 5330b

0.764 MeV

n + 3He → p + 3H

p
3H

5 
cm

n

3He

Geometry tradeGeometry tradeGeometry tradeGeometry trade----off:off:off:off:
~8% light loss in centre ~8% light loss in centre ~8% light loss in centre ~8% light loss in centre vsvsvsvs ~ 26% ~ 26% ~ 26% ~ 26% captcaptcaptcapt. . . . effeffeffeff. . . . 
Extremely low background (nickel!):Extremely low background (nickel!):Extremely low background (nickel!):Extremely low background (nickel!):
~4 alphas m~4 alphas m~4 alphas m~4 alphas m----2222 daydaydayday----1 1 1 1 (total ~22 day(total ~22 day(total ~22 day(total ~22 day----1111))))
No more spherical geometry: calibration!No more spherical geometry: calibration!No more spherical geometry: calibration!No more spherical geometry: calibration!
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The End of SNOThe End of SNOThe End of SNOThe End of SNO

November 2006: data taking stoppedNovember 2006: data taking stoppedNovember 2006: data taking stoppedNovember 2006: data taking stopped

DDDD2222O is carefully being removed O is carefully being removed O is carefully being removed O is carefully being removed 
(expected to take ~ 1 year)(expected to take ~ 1 year)(expected to take ~ 1 year)(expected to take ~ 1 year)

Analysis of NCD phase data is ongoing.Analysis of NCD phase data is ongoing.Analysis of NCD phase data is ongoing.Analysis of NCD phase data is ongoing.

Combined analysis of different phases.Combined analysis of different phases.Combined analysis of different phases.Combined analysis of different phases.


