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Neutrino Physics
Caren Hagner, Universität Hamburg

Part 1:
• What are neutrinos?
• Neutrino interactions, sources and detectors
• Neutrino oscillations
• Oscillations of atmospheric neutrinos (SuperK)
• Neutrino beams
• Oscillation of accelerator neutrinos (MINOS, OPERA)

Part 2:
• Solar neutrinos
• Oscillation of solar neutrinos
Homestake, Gallex, SNO

• KamLAND reactor neutrino experiment
• Borexino



Astroparticle Physics:
- Solar Neutrinos
- Cosmic Radiation
- Supernovae
- Neutrino TelescopesApplications:

- Monitoring of 
Nuclear Reactors

- Geo physics
- New Technologies

Cosmology:
- early universe
- structure formation
- dark matter

Elementary Particle Physics:
- Mass?
- Matter – antimatter symmetry
- Physics beyond the Standard Model 

Neutrino Physics

Why are we doing Neutrino Physics?
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Wolfgang Pauli postulates the Neutrino (1930)
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Electron energy

One expected this

But this was observed!

eepn ν++→ −

Energy spectrum of electrons from β-decayEnergy spectrum of electrons from β-decay

neutrinopnelectron EcmcmE −−= 22

ν

Solution: 
The Neutrino



@CERN Geneva

1925 Kopenhagen

Wolfgang Pauli in Hamburg (1955)

1922 Assistant at Universität Hamburg
1924 Habilitation in Hamburg (Discovery of the Exclusion Principle)
1922 Assistant at Universität Hamburg
1924 Habilitation in Hamburg (Discovery of the Exclusion Principle)
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Q=-1/3

NeutronNeutron

d

ProtonProton

Transformation d-Quark → u-Quark:
Electroweak Interaction!
Transformation d-Quark → u-Quark:
Electroweak Interaction!

Decay of the Neutron - Birth of a Neutrino Decay of the Neutron - Birth of a Neutrino 

eepn ν++→ −

u

e-

ve
Q = +2/3

d

Q = -1/3

u
Q = +2/3 eeud ν++→ −
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First Detection of a Neutrino: 1956

Neutrino source: Nuclear reactor
Detection Method:
Detector: Scintillator, PMT’s

Cowan und Reines

F. Reines
1995

nepe +→+ +ν
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Neutrino History

1930:  neutrino postulated by Pauli
(massless, neutral)

1956:  neutrino ve detected by
Reines and Cowan (Nobel prize 1995) 

1962:  Discovery of vμ at AGS in Brookhaven by
Ledermann, Schwartz and Steinberger
(Nobel prize 1988)

1975:  neutrino vτ postulated after τ lepton was discovered
by M. Perl et al.

2000: First direct detection of vτ by the DONUT experiment 
(Fermilab)

~ 1995: LEP measurement of Z0 decay width:
→ 3 active neutrino flavors (mv < 80 GeV): 

Nv = 3.00±0.06 
ve, vμ, vτ
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Fundamental Particles

u

d

Quarks:Quarks:

e-

Leptons:Leptons:

vec

s μ-

vμt

b τ-

vτ

Photon GluonInteractions by exchange of bosons:Interactions by exchange of bosons: W,ZGraviton
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Neutrino Properties
Neutral

Fermions with Spin ½

In the Standard Model: 
massless, stable, always left handed!

BUT: Today we know that neutrinos have mass
0.05 meV < mv < 2 eV
Standard Model must be extended!

Are Neutrinos and Anti-Neutrinos identical?

many other properties are still unknown: 
sterile neutrinos?, CP-violation?, neutrino decay?, 
magnetic moment?...

pv

Spin

vL
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How Neutrinos interact
The weak interaction
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Charged Current

Exchange of a W Boson:
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0Zd
d

μv μv

Neutral Current

Exchange of a Z0 Boson:
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Sources of Neutrinos

Nuclear Reactors (Energy ~ MeV, Anti-ve)
β-decay of neutron rich fission fragments
Neutrino Beams (Energy ~ 1 – 100 GeV, vμ):
from decaying pions

Solar Neutrinos (Energy ~ MeV, ve):
from thermonuclear fusion reactions
Atmospheric Neutrinos (Energy ~ 1 – 100 GeV):
from decaying pions and muons (cosmic radiation)
Neutrinos from Supernovae (Energy 10-30 MeV):
emitted after gravitational collapse of a star

Cosmic Neutrino Background (Energy 10-4eV = 1.9K)
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Neutrino Detection

Problem: Weak(!) Interaction
cross sections are of order 10-40cm2

Huge detectors needed:
10 ton  scintillator (near nuclear reactors)
1000 ton scintillator (200 km from nuclear reactors) 
2 kton Pb/emulsion (for vτ detection)
50 kton water (for solar, atmospheric, supernova v’s)
1 Mton water (precision neutrino physics, CP-violation)
1 km3 water or ice (high energy neutrino astronomy)

Detectors must be shielded against cosmic radiation:
deep underground (1000 – 5000 mwe)
deep underwater (2000 – 4000m)



Gran Sasso Unterground Lab LNGSGran Sasso Unterground Lab LNGS

CRESST

Neutrino beam from           
CERN

Neutrino beam from           
CERN

Solar v’s



Super-Kamiokande

atmospheric neutrinos
accelerator neutrinos

JAPAN
KamLAND

reactor neutrinos

JAPANCANADA

solar neutrinos

SNO

Important experimental results in recent years

ve→vμ,τ

Oscillation
Δm2 ≈ 8·10-5 eV2

vμ→vτ,(s)

Oscillation
Δm2 ≈ 2·10-3 eV2

Neutrino Oscillations were observed
→ Neutrinos have mass!

+ NEW: 
BOREXINO @ 
LNGS (Italy)+ MINOS (USA)
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Neutrino Oscillations 
are a consequence of 

neutrino mass and mixing

Neutrino Oscillations 
are a consequence of 

neutrino mass and mixing
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Neutrino mass and mixing

Neutrino mixing!Neutrino mixing!
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Neutrino Mixing for 2 Flavors
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Today we know that θ23≈45o:

( )322
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The probability that vμ has mass m2 is cos2θ23

e.g. probability that vμ has mass m2:  50% 
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Parametrisation of Neutrino Mixing

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix:  
• 3 mixing angles: θ12, θ23, θ13
• 1 Dirac-phase (CP violating): δ

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) Matrix:  
• 3 mixing angles: θ12, θ23, θ13
• 1 Dirac-phase (CP violating): δ
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Leptons vs Quarks
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Neutrino OscillationsNeutrino Oscillations
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2 Flavor Neutrino Oscillations2 Flavor Neutrino Oscillations
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What do we know about neutrino masses?

Δm2
solar ≈ 8·10-5eV2,   Δm2

atm ≈ 2·10-3eV2

v3

v1

v2

≳ 0.05 eV

normal hierarchy

Δmsolar

Δmatm

v1

v2

v3

inverted hierarchy

Δmatm

Δmsolar

v3v1 v2
≲ 2 eV

quasi - degenerate

ve
vμ
vτ
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Neutrino Oscillations (23)
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Atmospheric neutrinos & accelerator neutrinos
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Oscillation of atmospheric neutrinos (1998)
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Super-Kamiokande

• solar neutrinos (8B  ve few MeV)

• atmospheric neutrinos (vμ, ve few GeV)

• K2K accelerator neutrinos (vμ 1 GeV)

• start ~2009:  T2K off-axis super neutrino beam





electron event

myon event

50kt H2O

12000 PMTs12000 PMTs

Super-Kamiokande
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SuperK – atmospheric neutrinos

e–like events μ–like events

without oscillation
oscillation (best fit)
data

νe

e

νμ

μ
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SuperKamiokande

L/E Analysis 
(PRL93 (2004) 101801),
Best Fit:
sin22θ = 1.02 
Δm2 = 2.4×10-3 eV2

Full SK-I data set, 90% CL 
(PRD71 (2005) 112005):

sin22θ > 0.92 
1.5·10-3 eV2<Δm2<3.4·10-3 eV2

Atmospheric Neutrino Results
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How to make Neutrino beams (Ev ≈ 1GeV-100GeV)

Proton
Beam

Target Focusing
Devices

Decay Pipe

Beam Dump

νμπ,K
μ

few 100 GeV

few GeV

Beam composition (typical example):

• dominantly vμ

• contamination from
vμ (≈6%), ve (≈0.7%), ve (≈0.2%)

• vτ ≲ 10-6
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Today: Two Long Baseline Experiments 

MINOS (running since 2005)
Neutrinobeam (NuMI) from Fermilab to Soudan Mine
L = 735 km, E = 3.5 GeV
Goal: reach better precision on ∆m23

2, θ23

OPERA (starting, first CNGS beam August 2006 )
Neutrinobeam (CNGS) from Cern to Gran Sasso Lab
L = 732 km, E = 17 GeV
Goal: direct detection of vT



( Jeff Nelson @ Neutrino2006 )



( Jeff Nelson @ Neutrino2006 )
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MINOS Detectors

Far DetectorNear Detector

5.4 ktons, 8×8×30m
484 steel/scintillator planes

1 kton, 4×5×15m 
282 steel, 
153 scintillator planes
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νμ CC Event NC Event νe CC Event
UZ

VZ

long μ track + 
hadronic activity

short event, 
typical EM shower 
profile

short event, 
often diffuse

3.5m 1.8m 2.3m

Monte Carlo

Event Topologies
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with oscill

no  oscill

energy resolution!statistics!

MINOS principle
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MINOS Results: Fit to Oscillation Hypothesis

(for 2.5·1020pot)

“Preliminary Results from MINOS on Muon Neutrino Disappearance” Fermilab-pub-07-413,
arXiv:0708.1495v2 [hep-ex]
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MINOS: Allowed Regions
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OPERA

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

vτ Appearance! vτ Appearance! 

First test beam in August 2006, Start just now! (June 2008)



CNGS Neutrino Beam

Neutrino beams worldwide:

•CNGS beam: starting
Ev = 17 GeV, P = 0.3 MW

•K2K beam (Japan): terminated
Ev = 1.3 GeV, P = 0.005 MW

•NuMI beam (USA): since 2005
Ev = 3.5 GeV, P = 0.4 MW

•T2K Superbeam (Japan): 2009
Ev = 0.7 GeV, P = 0.75-4 MW
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OPERA: CNGS beam

%4/ =μμ vv

%87.0/)( =+ μvvv ee

GeV17=vE

400GeV p on graphite target

4.5·1019pot/year
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Querschnitt des Neutrinostrahls
CNGS beam at 732km
(FLUKA 2005)
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OPERA: Detection of vτ

vτ

W

τ-

p,n hadrons

15%   )(

48%           )(

18%              

18%            

0

0
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ππππτ

ππτ
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e
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τ-decay:

Lead

Emulsions

ντ

τ−

1 mm

μ-

μv

τv

Hadrons

Typical topology of τ-decay:
“Kink” within 1mm from vertex
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OPERA Target: Lead/Emulsion Bricks

Lead/Emulsion Brick
(total ≈ 200000)

10X0

8kg



Scanning

44 μm emulsion sheet

Field of view:
2d image: 16 tomographic images

Vertex reconstruction & 
kinematical analysis

300μm
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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 (100.000 per Supermodule)
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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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OPERA – Brick Manipulating System

suction cup vehicle

Loading Station

Robot to insert/extract bricks
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OPERA Sensitivity

exposure: 5 years @ 4.5 x1019 pot / year

0.716.410.56.6vτ in OPERA

BKGDΔm2=3.0x103eV2Δm2=2.4x10-3eV2Δm2=1.9x10-3eV2

OPERA: 6200 νμ CC+NC /year
19 ντ CC/year (for Δm2=2•10-3 eV2)
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OPERA Event (vμ CC)
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Event 180718369
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Charm-Candidate

daughter momentum = 3.9+1.7
-0.9 GeV

kink angle = 0.204 rad
flight length = 3247 μm
PT = 796 MeV
PTMIN = 606 MeV (90% C.L.)

elektromagnetic
shower

‚kink‘-topology

Secondary Vertex:

Kink probably from
decaying D-Meson
(contains c-quark).
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Neutrino Physics Part 2
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Neutrino Oscillations (12)
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ve→vμ,τ Oscillations: θ12, ∆m2
12

Solar Neutrinos + Reactor Neutrinos



Solar Neutrinos (Ev ≈ MeV)Solar Neutrinos (Ev ≈ MeV)

MeV7.2622He4 4 +++→ +
eep ν

“Neutrino light” from the Sun (Super-Kamiokande)energy of the neutrinos in MeV



Caren Hagner, Universität HamburgDESY Summer School 2008

neutrino production in the sun
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Energy Production in StarsEnergy Production in Stars

pp chain

CNO cycle

pp chain

CNO cycle

Bethe 1939Bethe 1939
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Solar NeutrinosSolar Neutrinos
Bahcall, Davis 1964Bahcall, Davis 1964

R. Davis & J. Bahcall
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First generation of experiments 
SAGE
71Ga

Gallex
71Ga

Raymond Davis Jr.

Homestake
37Cl

Masatoshi KoshibaMasatoshi Koshiba

Kamiokande
+ SuperK

H2O Cerenkov

dissapearance of ve!
solar neutrino puzzle



Solar Neutrinos: 
“pioneering experiment”

Raymond Davis Jr.,  
Homestake Experiment

Nobelprize 2002Nobelprize 2002

Rexp = 0.34 × SSM

−+→+ ee ArCl 3737ν

Eν > 814 keV

Since≈1970



3737 ClAr +→+ −
ee ν

Ar – Counting: 

T1/2 = 35 Tage



SSM



Davis & Bahcall (1964)



-7171 eGeGa +→+ev Ev > 233 keV



Extraction of 71Ge (as GeCl4) in GALLEX



Conversin to GeH4
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expected without oscillation

GALLEX Results



SNO

• 8B solar neutrinos

• first measurement of
total flux: ve + vμ + vτ

• 8B solar neutrinos

• first measurement of
total flux: ve + vμ + vτ



Creighton Mine (Nickel)
Sudbury, Canada
Creighton Mine (Nickel)
Sudbury, Canada

Depth 2070m

1000t  D2O1000t  D2O

9500 PMTs9500 PMTs
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Neutrino detection in SNO

xx vnpdv ++→+

−++→+ eppdv e

−− +→+ evev ee

NC

CC

ES

γ



Neutron detction in SNO



Neutron detction in SNO





SNO Result (salt-phase)
(PRL 92, 181301, 2004)

1/3 of solar ve arrive as ve on Earth
2/3 of solar ve arrive as vμ or vτ .
Measured total flux = Predicted flux 

(Standard Solar Model)



KAMLAND
Reactor neutrino experiment

to confirm
solar neutrino oscillation



nepe +→+ +ν

prompt signal
Ev – 0.77MeV

delayed signal
MeV)2.2(γ+→+ dpn

reactor neutrinos = ve
-

1000t
liquid

scintillator
(20%PC,80%Dodekan)

1800 PMTs1800 PMTs

KAMLANDKAMLAND



Average distance 
of reactors from KamLAND:         

175km         
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]eV[m
MeV][48.2m][ 22Δ

⋅
= νELvac

osz

km125m
108

45.2
5-osz =

⋅
⋅

≈L
E (Reactor ν) ≈ 4MeV
Δm2 (solar v) = 8·10-5eV2

Average distance of japanese nuclear reactors 
from KamLAND detector:         

175km         

Test of solar Neutrino-Oscillations with Reactor Neutrinos

Test possible!
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KamLAND Ergebnis (hep-ex/0406035)

83.02sin

eV103.8
:FitBest 

12
2

252
12

=

×=Δ −

θ

m

„First evidence of deformation in energy spectrum for reactor neutrinos“
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Solar-v & KamLAND: ∆m2
12 and θ12

tan2θ12 = 0.40+0.10
-0.07 , Δm2

12 = 7.9+0.6
-0.5 ×10-5 eV2  (1σ)tan2θ12 = 0.40+0.10

-0.07 , Δm2
12 = 7.9+0.6

-0.5 ×10-5 eV2  (1σ)

(θ12 ≈ 33o ± 5o) θ12 + θC = 45o ?

solare v’s
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New Generation of Solar Neutrino Experiments

energy of the neutrinos in MeV

7Be:  Ev = 860 keV, monoenergetic line

New method:
ultrapure

liquid scintillator



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



Technical challenge for Borexino

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



CTF (Borexino)
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BOREXINO @ LNGS

18m

300t

2200

(14m)





Installation of the 2 inner nylon spheres



Scintillator filling completed May 15, 2007
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BOREXINO
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New BOREXINO Result (May 2008)

“New results on solar neutrino fluxes from 192 days of Borexino data”
(25.5.08)

arXiv:0805.3843v1: 

Expected (MSW-LMA): 
48±4 cpd/100 tons



Caren Hagner, Universität HamburgDESY Summer School 2008

Summary
Neutrino Oscillations have been observed with
solar, atmospheric, reactor and accelerator neutrinos.
Neutrinos have mass!
The absolute neutrino mass has not yet been measured, 
allowed range: 0.05 eV < mv < 2 eV
Neutrino mixing exists and is very different from quark 
mixing. Why?
The third mixing angle must be measured
Is there CP-violation for neutrinos?
Is the neutrino a Majorana particle?
Search for neutrinoless Double-Beta Decay (Evidence?)

Many interesting results expected in next years
Many questions still waiting to be solved by you!


