
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)
• 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

• Neutrino Oscillation (IV): Problems?
• LSND / MiniBoone
• GSI anomaly
• NuTeV anomaly

• Nature of neutrino mass: Majorana or Dirac?
• Double beta decay



Super-Kamiokande
& K2K 

atmospheric neutrinos
accelerator neutrinos

JAPAN
KamLAND

reactor neutrinos

JAPANCANADA

solar neutrinos

SNO

ve→vμ,τ

Oscillation
Δm2 ≈ 8·10-5 eV2

vμ→vτ,(s)

Oscillation
Δm2 ≈ 2·10-3 eV2

Neutrino Oscillations have been observed
→ Add Neutrino Mass & Mixing to SM

+  BOREXINO @ 
LNGS (Italy)

+ MINOS (USA)
(+ OPERA, LNGS)

+Homestake (USA),
+Gallex/GNO (Italy), 
+SAGE (Russia)
+SK
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Neutrino Oscillations (23)
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vμ → vτ Oscillations

Atmospheric neutrinos & accelerator neutrinos

Last lecture: Super-Kamiokande (atm. Neutrinos) & MINOS 



Caren Hagner, Universität Hamburg SFB Lecture, 19.6.2009 4

Lecture 2

MINOS & SuperK: Allowed Regions

3.36E20 pot
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OPERA:

Oscillation Project with Emulsion tRacking Apparatus

Neutrino beam (vμ) from CERN to Gran Sasso Underground Lab (Italy)Neutrino beam (vμ) from CERN to Gran Sasso Underground Lab (Italy)

732 km

? τμ vv →

LNGS

search for vτ appearance search for vτ appearance 

first physics run: june-november 2008; run 2009: just started
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CNGS beam (“pure” vμ) 

%4/ =μμ vv

%87.0/)( =+ μvvv ee

GeV17=vE

400GeV p on graphite target

4.5·1019pot/yearTotal  exposure expected: 22.5E19 pot
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Profile of  neutrino beam @ LNGS
CNGS beam at 732km
(FLUKA 2005)
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OPERA:  vτ detection
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“Kink” within 1mm from vertex
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OPERA target: lead-emulsion-bricks 

lead-emulsion-brick
(total ≈ 150000)

10X0

8kg
100mm

target mass:
≈1.2 kton

57 emulsion / 56 lead
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OPERA - Detector

Supermodule 1 Supermodule 2
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OPERA - Detector
Supermodule 1

Target Region:
- Target Tracker (Scintillator)
- Lead/Emulsion Bricks (75.000 per Supermodule)



6 m

The OPERA Target (1 Supermodule)



Caren Hagner, Universität Hamburg SFB Lecture, 19.6.2009 13

Lecture 2

OPERA - Detector
Supermodule 1

Magnet-Region:
Iron &

RPC Planes

B B

Precision Tracker:
6 Planes of Drifttubes

Target

v μ

X
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Reconstruction (I): Myon-Spectrometer
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Rekonstruktion (II): Brick Finding



Caren Hagner, Universität Hamburg SFB Lecture, 19.6.2009 16

Lecture 2

OPERA – Brick Manipulating System

≈30 bricks/day are extracted
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OPERA – Changeable Sheet (CS) Method

After extraction:
1.) First X-ray exposure of brick with CS
2.) CS is detached and developed underground

brick is kept in shielding box (5cm iron)
3.) If track in CS is compatible with track reconstructed by electronic detectors:

Second X-ray exposure of brick,
brick brought to surface
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Emulsion Development @ LNGS
Bricks brought to “cosmic ray pit”
(@ surface), exposure 24h. 

Local alignment with cosmic myons
(afterwards precision of 1-2μm).

bricks are developed in 5 (6) automatic 
development lanes.

50 bricks/day can be developed (16h).

Cosmic-ray pit
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Scanning
≈40 automatic microscopes 

in scanning labs in Europe(ESS) and Japan(S-UTS)

2D image 
processing 3D reconstruction of

particle tracks

speed : 20cm²/hour/emulsion side

(1 emulsion sheet = 2 sides)  

2 emulsion
sides

(44  μm)

1 plastic base 
(200  μm)

16 tomographic 
images300µ

m
300µ

m

300µm300µm

Field Field ofof viewview



Scanning

44 μm emulsion sheet

Field of view:
2d image: 16 tomographic images

Vertex reconstruction & 
kinematical analysis

300μm
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Expected Signal

Most important background processes:
• Charm production and decay
• Hadron re-interactions in lead
• Large angle myon scattering in lead 

Reconstruction 
efficiency x BR %

Back-
ground

11.06 10.4 14.9 0.75Total

Maximal mixing, run time of 5 years @ 4.5x1019 pot / year

channel

for OPERA with 1.35kt (75% of proposal)

Overview expected events:
25000 v  interactions
120 vτ interactions
~10 identified vτ
<1 background
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Time Synchronisation

event selection using GPS timing information
event timing agrees with CNGS time structure  
background O(10-4)
accuracy 100nsec

Cosmic
background

50 ms
10.5 μs 10.5 μs

•104
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Direction of CNGS neutrino beam

3.5o
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Reconstruction of μ momentum (electronic detector)
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Example of real CC event:

‚kink‘-topology
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Example of real NC event:

‚kink‘-topology



Caren Hagner, Universität Hamburg SFB Lecture, 19.6.2009 27

Lecture 2

A Charm-Candidate

‚kink‘-topology



Caren Hagner, Universität Hamburg SFB Lecture, 19.6.2009 28

Lecture 2

OPERA summary: 
Detector (target) has been completed by July 2008

First OPERA beam period june - november 2008:
exposure: 1.8E19 pot, 1700 bricks with events extracted.
Brick analysis is ongoing (≈ 450 vertices found by march09).
First candidates for charm have been identified.

OPERA collaboration: arXiv:0903.2973v1, accepted for publication in JINST.
„The detection of neutrino interactions in the emulsion/lead target of the OPERA 
experiment“.

Beam period 2009 just started:
1.2E18 pot in first week.
outlook: 3.5E19 pot from CNGS -> 3500 events in bricks expected,
-> we may expect 2 vτ candidates in 2009…

OPERA is awaiting the first ντ- candidate
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Neutrino Oscillations (12)
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ve → vμτ Oscillations

Solar neutrinos & Reactor neutrinos



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

Solar NeutrinosSolar 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 starsEnergy 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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Calculation and Measurement of the flux of solar neutrinos Calculation and Measurement of the flux of solar neutrinos 

Bahcall, Davis 1964

R. Davis & J. Bahcall
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-7171 eGeGa +→+ev Ev > 233 keV

GALLEX (& GNO)
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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

Total: GALLEX/GNO & SAGE: 68.1 ± 3.75 SNU

Gallex,
GNO

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

*) 1 SNU (solar neutrino unit) = 1 v-capture / 1036 target atoms
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The solar neutrino puzzle
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Creighton Mine (Nickel)
Sudbury, Canada
Creighton Mine (Nickel)
Sudbury, Canada

Depth 2070m

1000t  D2O1000t  D2O

9500 PMTs9500 PMTs

SNO:
Sudbury Neutrino Observatory

SNO:
Sudbury Neutrino Observatory
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Neutrino detection in SNO

xx vnpdv ++→+

−++→+ eppdv e

−− +→+ evev ee

NC

CC

ES

γ



Neutrino - Electron Scattering Event



Since 2004:
Installation of 3He counters 
for neutron detection
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SNO results

xx vnpdv ++→+

−++→+ eppdv e

−− +→+ 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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Solution of the solar neutrino puzzle

SNO

Results are compatible with:
≈ 60% of pp, 7Be neutrinos and ≈ 33% of 8B neutrinos arrive on earth as ve
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Neutrino Oscillation Analysis (after SNO)

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

c) Global Analysis using data from
solar exp. & KamLand

Best fit:

SNO coll., PRL 101, 111301 (2008)
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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: 

4444 34444 21
δ
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The phase varies over a large range!
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Therefore the survival probability for solar neutrinos (in vacuum) is: 

6.02sin1)( 12
2

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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ρeY
center of Sun:

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

eF NGE 24+In matter:
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Neutrino propagation in matter: 3 regimes

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

θθ ≅Δ≅Δ mm mm ,22

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

θ2sin222 mmm Δ=Δ
( )o454

πθ =m

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

ENGm eFm 222 →Δ

( )o902
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)
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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



Caren Hagner, Universität Hamburg SFB Lecture, 19.6.2009 53

Lecture 2

„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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Lecture 2Detection 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



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
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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



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
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14C dominates below 200 keV

210Po Alpha

photoelectrons

A
rb

itr
ar

y 
un

its

Borexino:  raw data, without cuts

≈ 1 MeV

7-Be ?
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14C
210Po

11C

85Kr+7Be-ν

muon cutmuon cut

fiducial volumefiducial volume

fast conincidencesfast 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/100t
„low metalicity“ 44 ± 4   cpd/100 t

„No-Oscillation“ is excluded from BOREXINO alone with 4 sigma.
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non-oscillation excluded @ 4.2 σ,
but: statistics are still quite low

BS07(GS98)
no osc.

BS07(GS98)
MSW-LMA

8B>2.8MeV: 0.26 ± 0.04stat ± 0.02sys cpd/100t

Borexino: New results for 8B
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Testing the MSW hypothesis:
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Lecture 2

Global analysis: Hints of θ13 > 0
„Hints of θ13 > 0 from global neutrino data analysis“, Fogli, Lisi, Marrone, Palazzo, Rotunno, arxiv:0806.2649v2


