
Neutrino Physics:
Aspects on Neutrino (Mass-) and Mixing

Caren Hagner, Universität Hamburg

• Introduction: neutrino mass and mixing
• Neutrino Oscillation (I): mu – tau mixing 

• atmospheric neutrinos
• present neutrino beam experiments:

• MINOS (NuMi beam: Fermilab – Soudan Mine)
• OPERA (CNGS beam: Cern – LNGS) 

• Neutrino Oscillation (II): e – mu mixing
• solar neutrino experiments

• short review on past experiments (SNO)
• neutrino oscillation in matter
• Borexino 
• reactor experiment: KamLand

• Neutrino Oscillation (III): Future prospects (theta13 and CPV)
• reactor experiments: Double Chooz and Daya Bay
• off-axis (super)beams: T2K and NovA
• (neutrinofactory and beta beams)

•Nature of neutrino mass: Majorana or Dirac?
• Double beta decay 
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Neutrino Oscillations (12)
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Solar neutrinos & Reactor neutrinos



“Neutrino light” from the Sun (Super-Kamiokande)

Solar Neutrinos

MeV7.2622He4 4 +++→ +
eep ν

Tcentral = 15E6 K

Solarkonstante 8.5E11 MeV/cm2s

6.5E10 ve/cm2s
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Energy production in stars

Hans Bethe 1939 (Nobel prize 1967)

H. Bethe
1906-2005
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Energy production in the sun: pp cycle

pp-1 pp-2 pp-3
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Solar Neutrino Spectrum 

       neutrino energy in MeV

Gallex
GNO
Sage

integral

Borexino

liquid scintillator

Super-K, SNO

info on v-direction
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Der CNO - Zyklus (subdominant in der Sonne)
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Neutrinos from the CNO-cycle



Caren Hagner, Universität Hamburg Astroteilchenschule 2009 9

Lecture 2

 
Calculation and Measurement of the flux of solar neutrinos 

Bahcall, Davis 1964

R. Davis & J. Bahcall
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Untergrundlabore weltweit



Solar Neutrinos: 
“pioneering experiment”

Raymond Davis Jr.,  
Homestake Experiment

Nobelprize 2002

Rexp = 0.34 × SSM

−+→+ ee
3737 ArClν

Eν > 814 keV

Since≈1970





Caren Hagner, Universität Hamburg Astroteilchenschule 2009 13

Lecture 2

3737 ClAr +→+ −
ee ν

Ar – Counting 

T1/2 = 35 Tage
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SSM

Homestake: Ergebnis



Davis & Bahcall (1964)

http://www.sns.ias.edu/~jnb/JohnphotosHtml/pages/John%20Bahcall%20and%20longtime%20friend%20Norman%20Lebovitz.html


Gran Sasso Untergrundlabor (Italien)
150 km von Rom

Rom

Autostrada

Teramo
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-7171 eGeGa +→+ev Ev > 233 keV

GALLEX (& GNO)
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Extraction of 71Ge (as GeCl4) in GALLEX
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e
7171 vGaGe +→+−e

T1/2 = 11.4 d

Ge - Counting
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Gallex / GNO results

Gallex/GNO:  69.3 ± 4.1 ± 3.6 SNU

SSM

Gallex,
GNO

SSM prediction: 129 +8/-6 SNU* (BP98)

*) 1 SNU (solar neutrino unit) = 1 v-capture / 1036 target atoms



Baksan Valley, 
Kabardino-Balkaria, Russia

SAGE (soviet american gallium experiment)
Heute: BNO (Baksan Neutrino Observatory)

Elbrus  5642m 

Total: GALLEX/GNO & SAGE: 68.1 ± 3.75 SNU
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The solar neutrino puzzle
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10

tan2θ

SMA

LMA

LOW

VAC

Status of solar neutrino oscillation 
spring 2000
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Creighton Mine (Nickel)
Sudbury, Canada

Depth 2070m

1000t  D2O

9500 PMTs

SNO:
Sudbury Neutrino Observatory
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Neutrino detection in SNO

xx vnpdv ++→+

−++→+ eppdve
−− +→+ evev ee

NC

CC

ES

γ



Neutrino - Electron Scattering Event



Caren Hagner, Universität Hamburg Astroteilchenschule 2009 27

Lecture 2

Neutron detction in SNO

Ergebnis der ersten Phase:
"Direct Evidence for Neutrino Flavor Transformation from Neutral-Current Interactions 
 in the Sudbury Neutrino Observatory“, 
The SNO Collaboration  Phys. Rev. Lett. volume 89, No. 1, 011301 (2002). 
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SNO results

xx vnpdv ++→+

−++→+ eppdve
−− +→+ evev ee

NC

CC

ES

„Independent Measurement of the Total Active 8B Solar Neutrino Flux Using an Array of 3He Proportional Counters at 
the Sudbury Neutrino Observatory“, SNO Collaboration, PRL 101, 111301 (2008):

 1/3 of solar neutrinos are detected as ve in SNO.

 2/3 of solar neutrinos are detected as vμ or vτ in SNO.

 measured total neutrino flux = SSM predicted flux 
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Lösung des solaren Neutrinorätsels: Es liegt an den Neutrinos
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Neutrino Oscillation Analysis (after SNO)

Global Analysis using data from 
SNO, SK, Cl, Ga, Borexino 

Best fit:

SNO coll., PRL 101, 111301 (2008)
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Solution of the solar neutrino puzzle

Results are compatible with:

≈ 60% of pp, 7Be neutrinos,

                      but

≈ 33% of 8B neutrinos arrive on earth as ve



Caren Hagner, Universität Hamburg Astroteilchenschule 2009 32

Lecture 2

Explanation of results of solar neutrino experiments:

 We assume:
Δm12

2 = 8∙10-5eV2, θ12 ≈ 33o

 The probability of vacuum oscillations is then given by: 
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 Therefore the survival probability for solar neutrinos (in vacuum) is: 

6.02sin1)( 12
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2
1

phasesover  averaging
≈−=→ θee vvP

This explains quite well the experimental results for pp-neutrinos

But this is independent of energy! 
→ Therefore we need another effect to explain why only 33% of 8B neutrinos arrive…

( ≈60% of pp-neutrinos and ≈33% of 8B neutrinos arrive on earth as ve)
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Neutrino propagation in matter –
MSW (Mikheyev, Smirnov, Wolfenstein) Effect

Origin:  ve and vμ,τ have different interaction with matter
νe,µ,τ

νe,µ,τ(ve can undergo CC and NC reaction,  vμ,τ only NC!)

Only elastic forward scattering of neutrinos is relevant
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≅ρeYcenter of Sun:

In matter there is an additional potential in the equation of motion for ve → ve scattering (Flavor base)

eFNGE 24+In matter:
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2  and θm, denote the “effective” masses and mixing angles in matter and:

ENGmm eFmm 222cos2cos 22 −∆=∆ θθ
θθ 2sin2sin 22 mm mm ∆=∆

Solving these equations gives:

( ) ( )22222 2sin222cos θθ mENGmm eFm ∆+−∆=∆

( ) ( ) 2222 2sin2cos

2sin
2sin

2 θθ

θθ
+−

=

∆m
ENG

m
eF



Caren Hagner, Universität Hamburg Astroteilchenschule 2009 35

Lecture 2

Neutrino propagation in matter: 3 regimes 

1. Quasi – vacuum: θ2cos22 2mENG eF ∆<< pp, 7Be Neutrinos 

θθ ≅∆≅∆ mm mm ,22

2. Resonance: θ2cos22 2mENG eF ∆=
(Mikheyev, Smirnov 1985)

θ2sin222 mmm ∆=∆
( )454

πθ =m

3. Matter dominated: θ2cos22 2mENG eF ∆>> 8B Neutrinos 

ENGm eFm 222 →∆

( )902
πθ →m
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Neutrino mixing in matter:
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For  8B neutrinos at the center of Sun:
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The probability that the created ve is in the state v2m is then given by sin2(73o) = 91%!

On its way through the Sun, the neutrino is with a constant probability of 91% in the state v2m. 
But the composition of v2m from ve and vμ changes with the varying density.

8B neutrinos at center of Sun: 
θm = 73o, 

with:
Δm12

2 = 8∙10-5eV2, 
θ12 ≈ 33o, 

Yρ ≈ 90g/cm3. 
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From Stephen Parke http://boudin.fnal.gov/AcLec/AcLecParke.html (part1)

http://boudin.fnal.gov/AcLec/AcLecParke.html
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The probabilty that a 8B neutrino is detected as ve is then given by:

θθ 2
2

2
1incoherent

sincos)( ffvvP ee +=→
where:

f1 = probability that a neutrino leaving the Sun is in the state v1 = cos2(73o) = 0.09. 

f2 = probability that a neutrino leaving the Sun is in the state v2 = sin2(73o) = 0.91. 

cos2θ = probability that v1 contains the state ve = cos2(33o) = 0.70. 

sin2θ = probability that v2 contains the state ve = sin2(33o) = 0.30. 

336.030.091.070.009.0)(
incoherent

=⋅+⋅=→ ee vvP

8B ve
≈ only v2 leave the Sun (91%)

the detector observes
the amount of ve in v2

This is exactly what we observe in SNO and Super-K for 8B neutrinos!

v2

v2

Explanation of 8B solar neutrino results with matter effect
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„Survival probability“ of a solar neutrino
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The new generation of solar neutrino experiments

energy of the neutrinos in MeV

7Be:  Ev = 860 keV, monoenergetic line

method:
ultra pure

liquid scintillator
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Detection of solar neutrinos in BOREXINO:

Elastic neutrino – electron scattering

νe,µ,τ νe,µ,τ

t

s

ve can interact via 
CC + NC

vμ and vτ can only interact
via NC!

(Kinematics like Compton effect)

−− +→+ evev xx (dominated by ve)
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BOREXINO

Expected (electron) energy distribution:

14C (backgr.)

pep

7Be

Edge at 665 keV

CNO

8B
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BOREXINO Detector  

Water:
γ and n shielding,
water Č detector
208 PMTs
2100 m3

Scintillator:
300 t PC+PPO
in a nylon sphere
(thickness 150μm)

Stainless steel sphere:
2212 PMTs
+light concentrators
1350 m3

Radon barrier:
Nylon membrane at 
5.50 m

Excellent shielding 
against external 
background

Increasing purity of 
materials from 
outside to center
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Untergrund in Borexino

   14C Gehalt des Flüssigszintillators:
 14C/12C   <   10-18

 Radioaktive Nuklide aus den natürlichen Zerfallsketten: 
Gehalt an U238 (< 10-16g/g) , Th232 (< 10-16g/g), K40 (< 10-14g/g) 
muss extrem gering sein, dann Beitrag jeweils nur 1cpd/100t. 
Besonders wichtig: Rn muss vermieden werden!

 Untergrund durch Kr85:
Spaltprodukt (Kernreaktoren), Edelgas, T1/2=10.756y, Q(β-)=687 keV
 (Beitrag ca. 22 cpd/100t)

 Kosmogener Untergrund:
Durch kosmische Myonen und sekundäre Schauerteilchen können aus 12C instabile 
Radionuklide gebildet werden. 
Deren Zerfall kann ein Neutrinoereignis simulieren.

Besonders wichtig: 
7Be (EC, T1/2=53d, in 10% Eγ =478keV)  (Beitrag ca. 0.3 cpd/100t)  
11C (β+, T1/2=20min, E=960keV)              (Beitrag ca. 7 cpd/100t)

Erwartetes Signal (mit Neutrinomischung):  ca. 50 cpd/100t
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Natürliche Zerfallsketten

7.04x108235U207Pb4n+3Actinium

4.47x109238U206Pb4n+2Uran

2.14x106237Np209Bi4n+1Neptunium

1.41x1010232Th208Pb4nThorium

T1/2 (Startk.)
in Jahren

Startkern
(langlebigster Kern)

EndkernTypName

ausgestorben
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Uran Zerfallsreihe
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Thorium Zerfallskette



Technical challenge for Borexino & KamLAND

extreme requirements on radiopurity of scintillator

14C / 12C   <   10-18

for 1 background event/ day/100t
       within (250 - 800 keV):

        U     <  2 ⋅ 10-17 g/g
        Th   <  6 ⋅ 10-16 g/g
        K     <  8 ⋅ 10-15 g/g



Mounting of Borexino photomultipliers with light concentrators





Installation of the 2 inner nylon spheres



Borexino during filling phase (scintillator in upper part, ultra pure water in lower part)



Scintillator filling completed May 15, 2007



Caren Hagner, Universität Hamburg Astroteilchenschule 2009 54

Lecture 2

14C dominates below 200 keV

210Po Alpha

photoelectrons

A
rb

it
ra

ry
 u

n
it

s

Borexino:  raw data, without cuts

≈ 1 MeV

7-Be ?
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14C

210Po

11C

85Kr+7Be-ν

muon cut

fiducial volume

fast conincidences

Borexino: Spectrum after cuts
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PRL 101:091302 (2008). 
arXiv:0805.3843

Borexino: result
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Borexino result: what does it mean?

49 ± 3stat ± 4sys cpd/100 tons

 49 ± 3stat ± 4sys cpd/100 t

Prediction of standard solar model:
No oscillation 75 ± 5   cpd/100 t

Oscillation (LMA):

„high metalicity“ 48 ± 4   cpd/100 t

„low metalicity“ 44 ± 4   cpd/100 t

„No-Oscillation“ is excluded from BOREXINO alone with 4 sigma.
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Testing the MSW hypothesis:



1000t
liquid

scintillator
(20%PC,80%Dodekan)

1800 PMTs

KAMLAND

Kamioka Liquid Scintillator Anti-Neutrino Detector
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nepe +→+ +ν

prompt signal
Ev – 0.8 MeV

delayed signal
MeV)2.2(γ+→+ dpn

How to detect reactor neutrinos
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 Average distance of reactors from Kamland: 180km        
 

Reactor distances & event rates
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KamLAND result (2008)

„Precision Measurement of Neutrino Oscillation Parameters with KamLAND“, Phys.Rev.Lett.100:221803,2008 

prompt event energy spectrum of anti-ve candidates

best fit:
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KamLAND result (2008)
„Precision Measurement of Neutrino Oscillation Parameters with KamLAND“, Phys.Rev.Lett.100:221803,2008 

L0 is the „effective“ baseline = flux-weighted average of distance = 180km
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KamLAND result (2008)
„Precision Measurement of Neutrino Oscillation Parameters with KamLAND“, Phys.Rev.Lett.100:221803,2008 

KamLAND + solar: 
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Design Study for a future detector for

Low Energy Neutrino Astronomy (LENA)

 proton decay (p → K+ anti-
v)

 SN neutrinos
 diffuse SN neutrino 

background
 solar neutrinos
 geo neutrinos
 depending on site:

reactor neutrinos
 possibility to use as

detector for neutrino beam
is studied

http://www.e15.physik.tu-muenchen.de/javasc

