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Pauli´s hypothesis & Fermi´s theory
4. December 1930: Wolfgang Pauli postulates a new particle: the neutrino

explanation for the observed continuous energy spectrum of ß-decayexplanation for the observed continuous energy spectrum of ß decay
electrons to guarantee conservation of energy and angular momentum
ν parameters: massless, neutral, spin s = ½, weak interaction only

1934: Enrico Fermi formulates a theory of ß-decay
point-like current-current interaction with GF GF

golden rule:
transition rate Γ dE

dniMfG fiF ⋅⋅⋅=Γ
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a first glimpse of the elusive ´poltergeist´

gamma
quanta

incoming reactor
anti neutrino1956: first detection of neutrinos by

Fred Reines & Clyde Cowan at the
gamma
quanta
E=511 keV

quanta

neutron
+

neutron

Fred Reines & Clyde Cowan at the
Savannah River reactor

Hanford 1954: first

positron
annihilation

inverse
ß-decay

capturee+Hanford 1954: first
neutrino detector

´Herr Auge´
300 ℓ li id i till t annihilation liquid

scintillator
with Cadmium

300 ℓ liquid scintillator
with 90 PMTs!

S h Ri 1956 projectproject
PoltergeistPoltergeist

Savannah River 1956: 
A,B: 200 ℓ H2O-target
I,II,III: 4200 ℓ scintillator

Nobel

~900 h measurements! I

II

Fred Fred ReinesReines
19181918 19981998

Nobel
1995 III
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AGS experiment – the second neutrino νµ

1962: L.M. Lederman, M. Schwartz, J. Steinberger: proof that νµ ≠ νe
identity of neutrinos from pion decayidentity of neutrinos from pion decay

ππ++ →→ µµ++ + + νν ν = νµ or νe

p steel

µµν
concrete paraffine

p steel

ν

Nobel 1988

concrete p

experimental setexperimental set--upup at BNLat BNL 10 t Al 10 t Al sparkspark chamberchamberNobel 1988
experimental results
34 events:
29 (d h CC)

Leon M. 
L d

Melvin 
S h t

Jack 
St i b

29 muons (d.h. νµ-CC)
5 cosmic radiation

π+ → µ+ + ν
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DONUT experiment – the third neutrino ντ

2000 : first detection of ντ interactions in the DONUT experiment
(Direct Observation of NU Tau) at Fermilab (Chicago)(Direct Observation of NU Tau) at Fermilab (Chicago)

experiment: 800 GeV protons hit a tungsten target DS-mesons (cs)
decay ντ with Eν = 50 GeV CC-ντ-interactions in steel

_

decay ντ t ν 50 Ge CC ντ te act o s stee
summer/autumn 1997: 4-months run with 4 × 1017 p.o.t.

results: 4 events with the topology of ντ were identified: τ-kink

DONUT experiment at FermilabDONUT experiment at Fermilab

τ

τ-life time: τ = 3 × 10-13 s, range cτ = few mm 

DONUT experiment at FermilabDONUT experiment at Fermilab

DONUT

τ-

100 µm film emulsion + 1mm steel
KIT – die Kooperation von
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neutrino sources
astrophysical ν−sources to a) study ν-properties b) ν´s as messengers
ν-energies: from µeV to EeV (~24 decades)
flux-density: 1022 – 10-12 cm-2 s-1 MeV-1

detection: elastic ν-e scattering, inverse ß-decay, NC, CC
i ith E 21

ν

νµ
σν increases with Eν

eV
-1

]

sGee Fee ⋅⋅=→ − 21)( πννσ

νe
relic neutrinos

solar-2
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1
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cosmological background ν´s
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SN1987a
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neutrino sources – astrophysical origin

astrophysicalastrophysical νν−−sourcessources energiesenergies weak weak rreactionseactions
Big Bang (thermal, Tν =1.9 K) few µeV e+ + e- → νe,µ,τ + νe,µ,τ

sun (nuclear fusion, pp, 7Be, 8B) < 15 MeV 4p + 2e- → 4He+ 2 νe

supernova (thermal, proto-neutron star) < 50 MeV e+ + e- → νe,µ,τ + νe,µ,τ

atmosphere (cosmic radiation) < 104 GeV π± →νµ + µ±→ e± + νµ + νe

galactic accelerators (µ-quasars) < 105 GeV π± →µ± + νµ

extragalactic accelerators (AGN,…) > 105 GeV π± →µ± + νµ

solar ν´s                                     SN-ν´s                                          galactic µ-quasar-ν´s

νe νe νµ ντ νµ
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neutrino properties
experimental programme for the light SM neutrinos νe, νµ, ντ: 

intrinsicintrinsic neutrinoneutrino propertiespropertiesintrinsicintrinsic neutrinoneutrino propertiesproperties
CP properties: Majorana- or Dirac-ν (ΔL = 0,2) νM or νD

absolute masses, (inverted) hierarchy / quasi-degenerated m1, m2, m3, ( ) y q g 1, 2, 3

mixing angles of WMNS matrix θij

(complex) Majorana phases [only for 0νßß] α2, α3

(real) Dirac phase [for ν-oscillations] δ

life times τ1, τ2, τ3

decay modes (radiative, non-standard modes) Γi

magnetic dipole moment (static / transition moment) µν

electric dipole moment Delectric dipole moment D
mean square charge radius ‹ r2 ›
couplings to gauge bosons & Higgs (γ, W±, Z0, H) gjp g g g & gg (γ, , , ) gj

existence of light, sterile neutrinos? (νs from extra dimensions, …)
existence of heavy, RH neutrinos? (νH from see-saw, …)

KIT – die Kooperation von
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neutrino masses in particle physics 
Higgs mechanism: SM particles acquire mass via interaction with the scalar
Higgs boson, this coupling results in a change of handednessgg , p g g
(lefthanded ↔ righthanded νL,R ↔ νL,R ) 

why are neutrino masses much smaller than the masses of all other SM
particles?

fermions

bosons

massless mm((νν) < 2.3 eV (95% CL)) < 2.3 eV (95% CL)

KIT – die Kooperation von
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neutrino masses in particle physics 
Higgs mechanism: SM particles acquire mass via interaction with the scalar
Higgs boson, this coupling results in a change of handedness

Teilchenart Skala Masse [MeV] 

gg , p g g
(lefthanded ↔ righthanded νL,R ↔ νL,R ) particleparticle scalescale mm [MeV][MeV]

photon γ masselos 0

electron e light 0.511electron e light 0.511

muon  µ medium 105.6

top quark t heavy 1.71 · 105

Higgs:
light νR

SM neutrino νL massless 0

Dirac D very light 10-8 10-6

see-saw:
heavy νH

Dirac ν νD very light 10-8 – 10-6

Majorana ν νM very light 10-8 – 10-6
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Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)G. Drexlin | KIT-EKP | ISAPP

j y g



neutrinos in in cosmology
cosmic architects: what is the role of relic ν´s as hot dark matter?
large scale structures: free streaming of ν´s on Gpc scales (less small clusters)

cosmologycosmology mν = 0 eV mν = 1 eV

g g p ( )

structure of the Universe
(Millenium Simulation) m = 4 eVm = 7 eV
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motivation: ν´s in astroparticle physics 
HDM contribution: 2 orders (0.1% → 10%)
lower limit: ν-oscillations (this ISAPP lecture), 

li it t iti ß d ( t ISAPP l t )
Ων h2 = Σ mν / 92 eV

dark energyupper limit: tritium ß-decay (next ISAPP lecture)

tritium experiments
dark matter

cosmologcosmolog..
relevantrelevant

parametersparameters

baryons

parametersparameters

ν stars & gas
νe

νµ

structure of the Universe
(Millenium Simulation)
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motivation: ν´s in astroparticle physics 

w = P / ρc2w = P / ρc2global analysis of cosmological data (CMBR & LSS): 
correlation of ν−mass m(ν) & DE equation of state w

mmνν could fix dark energy equation of state w could fix dark energy equation of state w 
dark energy

correlation of ν mass m(ν) & DE equation of state w

a(
t) vacuum-

big
rip

dark matter

baryons

am
et

er
 a energy

ca
le

 p
ar

a

big
crunch

stars & gassc

structure of the universe
(Millenium Simulation) Ω

today time  t
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neutrino mass & dark energy

global analysis of cosmological data (CMBR & LSS): 
correlation of ν mass m(ν) & DE equation of state w w = Pw = P // ρρcc22w = Pw = P // ρρcc22correlation of ν−mass m(ν) & DE equation of state w
laboratory measurement of m(ν) > 0.2 eV 
could imply w < - 1 (quintessence)

w = Pw = P // ρρcc22w = Pw = P // ρρcc22

cou d p y (qu tesse ce)
S. Hannestad, arXiv: 0710.1952v1 [hep-ph]
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neutrino oscillations – ν´s are massive! 
first evidence for new physics beyond the standard model

New York TimesNew York Times
6 6 19986 6 19986.6.1998 6.6.1998 ––
frontpagefrontpage
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weak interaction – quark mixing
quarks:  mass eigenstates ≠ weak flavour eigenstates (caused by interaction

with Higgs-field) CKM matrix: 3 mixing angles & 1 CP phase gg ) g g p
definition: mixing only in d,s,b – Sektor
only left-handed quarks, leptons mass eigenstatesmass eigenstates
and right-handed anti-particles

u,c,t
no mixing

mixing of
weak states

neutron proton

CabibboCabibbo angle sinangle sin θθcc = 0.22= 0.22

d´,s´,b´

SU(2):
weak
isospin
dubletts

lambda proton

flavourflavour eigenstateseigenstates

dubletts
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neutrino oscillations – introduction

ii kk i ii i

neutrino oscillations are a quantummechanical interference phenomenon

≠2 fl i i mass eigenstatesmass eigenstates weak weak interactioninteraction statesstates≠
close analogy to the
CKM i i f th

2-flavour mixing:

CKM mixing of the
left-handed quarks

only only onlyonly                                        only only

Bruno Pontecorvo:
concept of ν−ν oscillations

_
time t
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neutrino oscillations – simplified formalism

i)0( θθ +

t = 0 - weak interaction initially generates a pure flavour eigenstate νµ :

21 cossin)0( νθνθνν μμ +−==

t > 0 : mass eigenstates ν1, ν2 are propagating through space:

mass eigenstates are out of phase by exactly 180°

2
)(

1
)( 21 cossin)( νθνθν μ

tiEtiE eet −− ⋅+⋅−= quantum mechanics: time evolution fixed
by energy Ei, two states evolve differently

energy Ei – momentum p relation of the relativistic mass eigenstates ν1, ν2

mE i
2

22 with units h c =1
p

mpmpE i
ii 2
22 +≅+= with units h,c =1

assumption: identical momenta p for ν1, ν2

time evolution of the propagating massive neutrino:
( ) )cossin()( 2/

21
2/ 22

1 νν νθνθν μ
EtmiEmpit eet Δ+− ⋅+−×=

time evolution of the propagating massive neutrino: 
with 
Δm2 = | m1

2 – m2
2 | | 1 2 |

difference of the 
squares of the masses

the sensitivity for Δm2 results from the interference of
ν1, ν2 in the coherent propagating wave packet
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neutrino oscillations – formalism

probability P for flavour oscillation of a νµ into νe after time t:

22/ |)1(sincos|)(
2

νθθνν μ
Etmi

e eP Δ−⋅⋅=→ with P = |<νe|νµ(t)>|2

)4/(sin2sin 222
ννθ ELmΔ⋅=

222 L in units of m [ km ])/27.1(sin2sin 222
ννθ ELm ⋅Δ⋅⋅=

periodic appearance of a

Lν in units of m          [ km ]
Eν in units of MeV    [ GeV ]source

periodic appearance of a
new neutrino flavour state
periodic decrease / increase ofperiodic decrease / increase of
original neutrino flavour fraction

distance x = ct

probability that νµ transforms to νe

probability that ν remains ν
KIT – die Kooperation von
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neutrino oscillations – basic concept 
neutrino oscillations are a pure QM propagation effect

νν−−sourcesource νν−−detectiondetectionνν−−oscillationsoscillations

flavour eigenstate flavour state

≈ ≈

flavour eigenstate flavour state

νµ propagation of the 
ν−mass eigenstates

_ ≈
νµ
_≈

L = 10 m … 10.000 km

g

source paramenters

ν−energies

to be determined: 

g
ν−fluxes

ν−flavours
ν−detection efficiency
ν−energy resolutionemission          detection
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neutrino oscillations – systematics

disappearancedisappearance channelchannel

ν-oscillation experiments can be grouped into: 

ν ν disappearancedisappearancedisappearance channelchannel

⎟⎟
⎞

⎜⎜
⎛

⋅Δ⋅⋅−=→ νθνν LmP 222 271sin2sin1)(

νµ → νµ disappearance

⎟⎟
⎠

⎜⎜
⎝

Δ=→
ν

θνν
E

mP µµ 27.1sin2sin1)(

statistics: large event ensemble (N > 104)
systematics: ν−flux & ν−energies? 
preferred for large mixing amplitudes example: NuMI beam - MINOS

⎞⎛ L

appearance Kanalappearance Kanal νµ → ντ appearance

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅Δ⋅⋅=→

ν

νθνν
E
LmP eµ

222 27.1sin2sin)(

statistics: small event ensembles (N < 10-50)
systematics: ν−flavour composition?
preferred for small mixing amplitudes example: CNGS beam OPERA

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
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neutrino oscillation diagrams
results (statistical analyses) of different oscillation experiments are
displayed and compared to each other in ´neutrino oscillation plots´

exclusionexclusion curvecurve

displayed and compared to each other in neutrino oscillation plots

no statistically significant oscillation signal
upper limit for probability P

exclusion of parameter space (sin2 2θ, Δm2)
specific confidence level: 90% (95%) CL.

statistically significant oscillation signal

inclusioninclusion curvecurve

statistically significant oscillation signal
central value for probability P

inclusion of parameter space (sin2 2θ, Δm2)p p ( , )
specific confidence level 95% (99%) CL.
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neutrino oscillations: L/E and Δm2

coverage of the entire Δm2-parameter region requires different experiments
goals: - determination of parameters Δmij

2 sin2 2θijgoals: determination of parameters Δmij , sin 2θij
- observation of Lν/Eν oscillation pattern
- identification of flavour channels sun earth

- matter effects, leptonic CP-violation?
sun                                             earth

cosmic 
raysrays

light path L / neutrino energy E

underground
detector
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solar neutrinos
standard solar model SSM – radiochemical & real time experiments

ν
SOHOSOHO SuperSuper--Kamiokande: solar Kamiokande: solar νν´́s      MSWs      MSW--effecteffect

νeexperimentexperiment undergroundunderground lablab detectordetector datadata
Chlorine-37 (Davis) Homestake, USA 615 t C2Cl4 1967 – 1998
G ll /GNO LNGS It l 30 t G 1991 2003Gallex/GNO LNGS, Italy 30 t Ga 1991 – 2003
SAGE Baksan, Russia 55 t Ga 1990 – … 
Super Kamiokande Kamioka Japan 50 000 t H 0 1996Super-Kamiokande Kamioka, Japan 50.000 t H20 1996 - …
SNO Sudbury, Canada 1.000 t D20 1999 - 2006
Borexino LNGS Italy 100 t CH2 2007 -

KIT – die Kooperation von
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solar pp fusion chain
fusion reactions in the solar core (T0 = 14.5 × 106 K)
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solar neutrinos – energy spectra

i t l li t l l flfl 6 66 6 10101010 // 22basic assumptions

detailed model calculations for solar ν−spectrum by J. Bahcall et al.

] pp

integral solar integral solar νν--fluxflux: : ΦΦνν = 6.6= 6.6 ×× 10101010 // cmcm22 ssbasic assumptions
- hydrodynamic equilibrium
- energy transport:

s-
1

M
eV

-1

pp

7Be
7Be

±1%
±10.5%

energy transport:
radiation & convection

- energy generation by fusion

x
[c

m
-2

s
8B

pep
Be

±2%
±16%

±10.5%
input parameters:
L , T , R , ρcentral, Tcentral,

ν−
flu

x 8B ±16%opacity κ, metallicity Z, …

comparisontohelioseismology

hep
±16%

neutrino energy [MeV]

pioneer of the current
standard solar models:
J h B h ll (1934 2005)

±16%
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solar neutrinos – 8B
water Cherenkov detectors: ´real-time´ detection of 8B-ν´s
measurements of : spectral shape, CC rate, NC rate, day-night effects,

th bit ff t i i t ? (S K i k d SNO)
_

pp

earth orbit effects, conversion into νe? (Super-Kamiokande, SNO) 

] pp

7Be
7Bes-

1
M

eV
-1

8B

pep
Be

x
[c

m
-2

s
8B

SuperSuper--KamiokandeKamiokande

SNOSNO

ν−
flu

x

hep

SNOSNO

neutrino energy [MeV]
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solar neutrinos – 7Be
radiochemical detectors: Cl-37 experiment solar ν−problem

ultra-clean scintillators: Borexino νe-scatteringDavis-Experiment

pp] pp

7Be
7Bes-

1
M

eV
-1

8B

pep
Be

x
[c

m
-2

s
8B

ν−
flu

x

hep

Borexino neutrino energy [MeV]
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solar neutrinos – pp
radiochemical detectors: Gallex & SAGE measure low-energy pp-ν´s

successful calibration with 51Cr-ν-source  

pp] pp

7Be
7Be

GALLEX

s-
1

M
eV

-1
8B

pep
Be

x
[c

m
-2

s
8B

ν−
flu

x

hep

SAGE neutrino energy [MeV]
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radiochemical experiments

experimental method: solar neutrino exposition (run) of a specific target
nucleus ZA (detector mass ~ 10-100 tonnes) in a well-shielded undergroundnucleus A (detector mass  10 100 tonnes) in a well shielded underground
laboratory (LNGS, Homestake, Baksan,…)

νν ++ ZZAA →→ Z+1Z+1A + eA + e--neutrino reactions in the target: inverse ß-decayννee + + A A →→ A + eA + eneutrino reactions in the target: inverse ß-decay

daughter nuclei Z+1A:  extraction by highly efficient radiochemical methods
f f ffrom the target volume, identification of the delayed electron capture process
by observation of Auger electrons (de-excitation process ZA* → ZA + e-) 

Z+1Z+1A + eA + e-- → → ννee + + ZZA* A* reverse reaction in counters: electron capture (EC)
keV Auger electrons

advantage: low threshold, detection of sub-MeV neutrinos (pp- and 7Be-ν´s)
disadvantage: missing spectroscopic and real time information

1 SNU = 1 1 SNU = 1 νν−−reactionreaction//secondsecond per 10per 103636 targettarget atomsatomsSolar Neutrino Unit:
typical targets ~1030 target atoms

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)G. Drexlin | KIT-EKP | ISAPP

typical targets 10 target atoms



Chlorine-37 – the solar ν-problem

νν ++ 3737ClCl 3737Ar + eAr + e-- 3737Ar + eAr + e-- νν ++ 3737Cl*Cl*

pionieering experiment of R. Davis in Homestake mine: 108 runs (1970-1995) 

ννee + + 3737Cl Cl →→ 3737Ar + eAr + e 3737Ar + eAr + e → → ννee + + 3737Cl*Cl*
t½ = 35 T

2.8 keV Auger electronsQ-value = 814 keV

RRexpexp = 2.56 = 2.56 ±± 0.16 (stat.) 0.16 (stat.) ±± 0.16 (syst.) SNU0.16 (syst.) SNU
= 0.48 37Ar-atoms/day

experimental rate (Davis):

RRtheotheo = 7.6 = 7.6 ±± 1.2 (syst.) SNU  (1.2 (syst.) SNU  (77Be + Be + 88B B νν´́s)s)
= SSM (standard solar model)

theoretical expectation (Bahcall):

Ray DavisRay Davis380380000 000 ℓℓ CC22ClCl44
2 22 2 ×× 10103030 ClCl 3737

 SSM (standard solar model)

solar neutrino problem
2.22.2 ×× 10103030 ClCl--3737
atomsatoms

Nobel

RRexpexp =  ⅓ =  ⅓ RRtheotheo

SSM?
2002

SSM?
neutrinos?
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GALLEX/GNO – hunting the pp-ν´s

ννee + + 7171Ga Ga →→ 7171Ge + eGe + e-- 7171Ge + eGe + e-- → → ννee + + 7171Ga*Ga*
t½ = 11.4 d

R 130 SNU

Gallium
Experiment

Gallium
Neutrino
Observatory

reaction-Q-value = 233 keV

RRexpexp = 69.3 = 69.3 ±± 4.1 (stat.) 4.1 (stat.) ±± 3.6 (syst.) SNU3.6 (syst.) SNU
Rtheo = 130 SNU y

300

200S
N

U
] GALLEX                             GNO

200

100r ν
-ra

te
 [S

0
so

la
r

1992      1994       1996      1998      2000      2002      2004

gas inletwindow
13 µm anode

GeCl4

30.3 t Gallium active
l mercury

µ
GeHGeH44
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Super-Kamiokande experiment
detection of solar ν´s in a 50 kt water Cherenkov detector 
elastic ν-e scattering kinematics: Čerenkov cone defines direction & energy e ast c ν e scatte g e at cs Če e o co e de es d ect o & e e gy

aim: detection of solar ν´s in real time with 
high statistics, rate ~ 10 - 20 solar ν´s /day

day/night- or seasonal effects?
modification of the energy spectrum?

f f ?
_

41
.4

 m solar ν:  Cherenkov ring
cos θ = 1/ß.n

transformation of νe into νe?

energy threshold:

_

4 cos θ = 1/ß.n

Ethres = 5 MeV

1111146 146 PMTsPMTs only sensitive 
for 8B neutrinos

39.3 m 
6 Cherenkov photons / MeV
KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)
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Super-Kamiokande-I: angular distribution 
kinematics of elastic neutrino-electron scattering:
high-energy electron is emitted into a forward conehigh energy electron is emitted into a forward cone
angular correlation to separate background, „ν-imaging“ of sun 

ti ki ti

s/
da

y EE==55 -- 20 MeV20 MeVSuperSuper--KamiokandeKamiokande

2
e

E
m1+

reaction kinematics:

ev
en

ts

θθsunsun

2

e
e

T
m

E
21

cos
+

= νθ

θθsunsun

1

eT

θe: angle to sun
Eν: neutrino energy

background                                            solare ν´s
222Rn, spallation reactions
cosmic muons, gammas from rocks,…

ν gy
Te: kinetic energy e-

angular resolution
Δθ 25° t 10 M V

-1                     -0.5                      0                      0.5                    1.0
scattering angle cos θ

0

, g ,
Δθ = 25° at 10 MeV
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Super-Kamiokande: 8B-flux

SuperSuper--Kamiokande Kamiokande –– I :I : numbernumber of of observedobserved 88BB--νν--eventsevents
SK I [ 22 204 226 ( t t ) 750 ( t) ] t E 5 M VSK-I [ 22 204 ± 226 (stat.) ± 750 (syst) ] ν – e events Ethres = 5 MeV

SSM theory [ 48 200 + 9600 – 7700] ν – e events Bahcall 2004
R = 0.465

1496 i d l 14 /d

SuperSuper--Kamiokande Kamiokande -- resultsresults forfor the the ffluxlux of of 88BB--νν´́ss

1496 active days : mean solar ν−rate 14.5 events/day

SK-I [ 2.35 ± 0.02 (stat.) ± 0.08 (syst) ] × 106 ν´s / cm2 s Ethres = 5 MeV

SK-II [ 2.38 ± 0.05 (stat.) ± 0.16 (syst) ] × 106 ν´s / cm2 s Ethres = 7 MeV
6 / 2 ( %)

consistent

theory 5.79 × 106 ν´s / cm2 s  (±16%)                                    [Bahcall 2004]

significant deficit of solar 8B neutrinos:
fi li lt f H t k GALLEX/GNO K i k dconfirms earlier results from Homestake, GALLEX/GNO, Kamiokande…

real time experiment SK allows additional analyses:
- energy spectrum (oscillation effects with E )- energy spectrum (oscillation effects with Eν) 
- seasonal variations (oscillation effects with Lν)
- day/night effects (oscillation effects from ν−interactions in matter)

KIT – die Kooperation von
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Super-Kamiokande results
- Analyse des Energiespektrums: keine Modifikation mit Eν beobachtet
- seasonal variation corresponds to expectation from excentricity of the  
- analysis of the energy spectrum: no modification with Eν is observed

p p y
earth orbit: no variation with Lν is observed

- no day/night differences in rate (theory: possible regeneration of νe rate in    

SKeV

the earth interior by matter effects): day/night ratio = (-1.8 ±1.6stat. ±1.2syst.)%

1
]

SK
SSM

kt
/0

.5
 M

e

06
cm

-2
s-

1

da
y/

22
.5

 

Fl
us

s 
 [1

0

ev
en

ts
/d F

recoil energy of electrons [MeV]

origin of origin of 
reduction?reduction?season
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survey of results of all solar–ν experiments 

SNO
alle ν´s

theory: experiments
relative error

KIT – die Kooperation von
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relative error
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SNO – Sudbury Neutrino Observatory
SNO: 1000 t heavy water (D2O)- Čerenkov-detector
in the 2 km deep Creighton mine in Sudbury/Ontariop g y
primary objective: NC rate of solar neutrinos
via ν−induced deuteron break-up (neutron detection)

2001 2001 –– NC & the NC & the solutionsolution of of 
the solar neutrino the solar neutrino problemproblem

PMTsPMTs

CreightonCreighton minemine (2km)(2km)

1000 t D2O10.000 PMT (8“)

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)

2( )
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SNO – experimental programme

h dh d tt (CC)(CC) t lt l tt (NC)(NC)

detection of solar ν´s by CC & NC-reactions (νeD & νee – Prozesse) 

l tl t tt itt i (ES)(ES)chargedcharged currentcurrent (CC)(CC) neutral neutral currentcurrent (NC)(NC) elast. elast. scatteringscattering (ES)(ES)

Elektron ElektronElektron                Elektron

Elektron

νe – spectrum
t

NC - rate
f ti

ES - rate
di tiνe – rate νµ,τ - fraction direction

NC- deuteron break-up
for E > 2 2 MeV
KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)

for Eν > 2.2 MeV 
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SNO – three phases for NC
SNO was measuring NC reactions in three experimental configurations :
different methods for neutron detection from NC processes

phasephase nn--capturecapture γγ--energyenergy capturecapture xsecxsec objectivesobjectives
I – pure D2O 2H(n γ) 6 25 MeV 0 0005 b CC spectrum & ν -rate

p

I pure D2O H(n,γ) 6.25 MeV 0.0005 b CC spectrum & νe-rate
II – NaCl (salt) 35Cl(n,γ) 36Cl 8.64 MeV 44 b NC spectrum & νµ/ντ-rate
III- NCD-counter 3He(n,p)3H - 5330 b separation CC-NC, θ12

III: 10/04 III: 10/04 -- 12/06 (38512/06 (385 T)T)
NCDNCD--counterscounters ((33He)He)

II: 7/01 II: 7/01 -- 9/01 (3919/01 (391 d)d)
DD220 with 2 t0 with 2 t NaClNaCl ((saltsalt))

I: 11/99 I: 11/99 -- 5/01 (3065/01 (306 d) d) 
pure Dpure D2200

( p) p 12

NCDNCD counterscounters (( He)He)DD220 with 2 t 0 with 2 t NaClNaCl ((saltsalt))pure Dpure D220 0 

n
γ

n

36Cl*35Cl 36Cl
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SNO – Resultate: Phase-II

SNO SNO resultsresults for Phasefor Phase--IIII
SNO results (salt phase)
391 run days : 4722 ν´s

Φ(νe) (1.68 ± 0.06stat ± 0.09syst) × 106 cm-2 s-1

Φ(νe,µ,τ) (4.94 ± 0.22stat ± 0.15syst) × 106 cm-2 s-1

Φ(SSM) (5 69 ± 0 91 ) 106 2 1

y
CC: (2176 ± 76) evts (νe)
NC: (2010 ± 85) evts (νe,µ,τ)

SNO DatenSKSKs-
1 ] 6

Φ(SSM) (5.69 ± 0.91theo) × 106 cm-2 s-1ES:  (279 ± 26) evts
clear evidence for flavour-
transformations via the

NCNC10
6

cm
-2

5

4

transformations νe → νµ,τ via the
detection of the νµ,τ component
by NC 

(ν
µ,

τ)
 [×

1 4

3

by C
Φ(νe)

Φ(ν )
= 0.340  ± 0.023stat ± 0.03syst

CC ESES

Φ 2

1

Φ(νe,µ,τ)

results of SNO Phase-III:

Φ(ν ) [×106 cm-2 s-1]

x no oscillations
0        0.5        1       1.5         2        2.5        3        3.5

(983±77) NC events in the NCDs
Φ(νe,µ,τ) = 5.5 × 106 cm-2 s-1

KIT – die Kooperation von
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und Universität Karlsruhe (TH)

Φ(νe) [×10 cm s ]
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survey of results of all solar–ν experiments 

SNO
alle ν´s

Theory: experiments
relative error

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)

relative error
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oscillations of solar neutrinos: MSW effect
vacuum vacuum oscillationsoscillations

l t i ill ti th di t th ´i ´

oscillation length: n · λosc~1.5 × 108 km, Δm2 ~ 10-10 eV2

solar neutrinos are oscillating over the distance sun-earth ´in vacuum´
matter matter oszillationenoszillationen oscillation length: λosc ~ 1 × 102 km, Δm2 ~ 10-4 eV2

interaction of νe in the solar interior causes resonance-like transformation

MSWMSW effecteffect

Mikheyev, Smirnov, 
Wolfenstein:

MSW MSW effecteffect

Wolfenstein: 
matter influences
propagation/oscillation

Lincoln
Wolfenstein

Alexej Y.
Smirnov

S.P. 
Mikheyev

KIT – die Kooperation von
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MSW effect: ν−oscillations in matter
- electron neutrinos νe: charged (CC) & neutral (NC) reactions
- muon & tau neutrinos νµ, ντ: neutral (NC) reactions only µ, τ ( ) y

additional potential V for νe (effective variable mass) 

F NGV ⋅⋅= 2 Ne: electron density

strong phase change

eF NGV 2 Ne: electron density

MSWMSW--´́enhancementenhancement´́ of of oscillationsoscillations

neutrinos acquire an effective mass- neutrinos acquire an effective mass,
in the core: νe heavy ↔ νµ light

- electron density N slowly decreases

Landau-Zener effect

electron density Ne slowly decreases
from solar core to surface

- critical density ρ(xc) is reached:y ρ( c)
resonance-like transformation of νe
in νµ , depends on Δm2, sin2 θvacuum, Ne

´level
crossing´

- strongly reduced νe flux
for parameters Δm2 = 10-9 … 10-4 eV2

also for small mixing angles θρ → ∞ ρ → 0
KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)

also for small mixing angles θvacuumρ → ∞ ρ → 0
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MSW Effekt – LMA & SMA LMA LMA –– Large Mixing Amplitude Large Mixing Amplitude 

MSW analysis of data from Homestake,
Super-Kamiokande and GALLEX/GNO:

LMA

2 MSW-parameter areas: SMA, LMA

LMA

SMA neutrino energy [MeV]

SMA SMA –– Small Mixing Amplitude Small Mixing Amplitude 

GALLEX/GNO
Super-Kamiokande
Chlor-37

GALLEX/GNO

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)

neutrino energy [MeV]
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Borexino experiment

7Be-solar-ν-experiment at LNGS, hall C
aim: real-time observation of the 7Be-line

astrophysics of the sun
i d k l d φ(7B ) 40% 5 10%100 t Szintillator100 t Szintillator improved knowledge φ(7Be) 40% → 5-10% 

improved precision φ(pp), φ(CNO)
challenge: extremly small impurities with

100 t Szintillator100 t Szintillator

challenge: extremly small impurities with
with primordial isotopes (background)

detector:   ultra-clean liquid scintillator surrounded
PMTs

by mineral oil buffer and water veto
principle: elastic ν-e-scattering

lt d ti f th 7B t (MSW LMA)results: reduction of the 7Be-rate (MSW-LMA)
isotopeisotope isotopeisotope puritypurity

238U 10 16 /

May 15, 2007 
B i fill d ith i till t

238U < 10-16 g/g
232Th < 10-16 g/g

40K < 10-14 g/g

background
requirements:

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)

Borexino filled with scintillator 40K < 10 14 g/g
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Borexino experiment - results

parameterparameter BorexinoBorexino rresultesult LMALMA
7Be-ν rate (per day per 100 tonnes) 49 ± 3 (stat ) ± 4 (syst ) 48 ± 4

data analysis:
16 5 07-12 4 08 Be-ν rate (per day per 100 tonnes) 49 ± 3 (stat.) ± 4 (syst.) 48 ± 4

7Be-ν flux ( × 109 cm-2 s-1) 5.18 ± 0.52 5.1
νe-survival probability Pee 0.56 ± 0.10 0.541 ± 0.017

16.5.07 12.4.08
192 days =
41.3 t years

fit
7Be-solar-ν´s
214Bi + CNO-ν´s00

 t) 104100 t
scintillator

mineral oil
buffer2200 Bi + CNO ν s

89Kr-background
11C-background (muons)
14C-backgroundV

 d
ay

 1
0

102

scintillator PMT

ts
/(1

0 
ke

V

1

νν--e e scatteringscattering
ev

en
t

10-2 10C

0.2      0.4     0.6      0.8      1.0     1.2      1.4      1.6    1.8       2.0

0 C
H2O buffer
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energy [MeV]
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solar neutrinos: actual oscillation parameters 
global analysis of all solar neutrino experiments (as well as of the 
KamLAND reactor oscillation experiment) gives

globalglobal

KamLAND reactor oscillation experiment) gives

LMA parameter space
f th MSW ff tglobalglobal

analysisanalysis of the MSW effect

sin2 2θ12 = 0.87
Δm2

12 = 7.6 ×10-5 eV2

strong, but no maximum mixing

maximum
mixing solarsolar fluxflux on earth:on earth:mixing solar solar νν--fluxflux on earth:on earth:

~ 1/3 ~ 1/3 ννee ~ 1/3 ~ 1/3 ννµµ ~ 1/3 ~ 1/3 ννττ

KIT – die Kooperation von
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atmospheric neutrinos
interactions of cosmic rays with 16O, 12N nuclei in the upper atmosphere
(h= 10 - 20 km) generate air showers: pion (π+, π0, π- ) & kaon production
decay chain of pions/kaons atmospheric ν´s in the GeV-range
energies: Φmax at Eν = 0.25 GeV, then power law Φν ~ E-2.7 at high energies
fl 1 2 1 t l l lti kt d t t ( 1 t/kt)flux: Φν ~ 1 cm-2 s-1 at sea level multi-kt-detectors (~ 1 event/kt)
atmosphericatmospheric
showershower

ντ

showershower

νµ

SuperSuper--KamiokandeKamiokandeundergroundunderground detectorsdetectors p

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)

SuperSuper--KamiokandeKamiokande
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atmospheric neutrinos – flavours
the atmospheric π+-µ+ decay chain results in a νµ : νe flavour ratio R = 2 : 1
for a wide range of ν-energies (E ~ 0.5 – 10 GeV)

the flavour ratio R is modified at low & high energies:
E < 1 GeV: π-absorption; E > 10 GeV: muon decay

for a wide range of ν energies (Eν  0.5 10 GeV)

Eν < 1 GeV: π-absorption; Eν > 10 GeV: muon decay
(τµ = γ × 2.2 µs) no high energy multi-GeV νe

νν :: νν == 22 : 1: 1
cosmic

ννµµ : : ννee == 2 2 : 1: 1radiation

µ/
e 

ra
tio

flavourflavour--

µ

flavourflavour
ratioratio

ννµµ :: ννee = 2= 2 :: 11hadronic
h

vertical
|cosθ| >0.5

shower

neutrino energy [GeV]
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νµSuper-Kamiokande: atmospheric ν´s  
detection of atmospheric neutrinos in water Cherenkov detectors:
νµ generate Muons via CC reactions, νe an electromagnetic showerµ g , e g

PMTs register Cherenkov light (ring structure)

imagingimaging CherenkovCherenkov techniquetechniqueCC- imagingimaging Cherenkov Cherenkov techniquetechnique

Cherenkov ring:
PMT charge signal

CC
reaction

4242°°

µµ - PMT charge signal
- PMT time signal

reconstruction of:
- ν-flight direction θν

fl (PID)- ν-flavour νe, νµ (PID)
- ν-energy Eν

KIT – die Kooperation von
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Super-Kamiokande: selecting ν-flavours
analysis of atmospheric ν´s: excellent flavour separation is essential

muon: sharp ringmuon: sharp ringν flavour from final state lepton ID muon: sharp ringmuon: sharp ringν-flavour from final-state lepton-ID

rs

data µ-like e-like

νµ

muon

kt
on

ye
ar

straight
track

s 
/ 2

2.
5 

k

νeev
en

ts µ-like e-like

electromagnet.
shower

PID t

electronelectron: : fuzzyfuzzy ringring
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atmospheric neutrinos – energies Eν

subdivision of νatm-reactions into 3 (energy-dependent) event classes
at Super Kamiokande: investigation of ν oscillations as f(E )at Super-Kamiokande: investigation of ν-oscillations as f(Eν) 

ts ´contained´ events

ev
en

t contained events
quasielastic scattering, 
νe + n e- + p, νµ + n µ- + p

contained events

e p, µ µ p

stopping
through-
going muons pp g

muons
going muons

stopping
muons

(up-going) 
through-going muons
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atmospheric neutrinos – pathlength Lν

atmospheric neutrinos are an ideal source for ν-oscillations:
detector is fully enclosed in a 4π geometry the zenith angle θ of the neutrino

azimuthazimuth angleangle θθ && pathlengthpathlength LL

detector is fully enclosed in a 4π geometry the zenith angle θ of the neutrino
defines the ν-pathlength Lν (20-12.000 km), variation over large factors

up/down symmetryup/down symmetryazimuthazimuth angle angle θθ & & pathlengthpathlength LLνν

´down-going´ (D)
L 20 25 k

up/down symmetryup/down symmetry

expectation: N(up) = N(down)

km

Lν = 20-25 km

MC-simulations
for up-down symmetry

–
12

 0
00

 p y y

L ν
~ 

20
 –

L

´up-going´ (U)
Lν = 12000 km neutrino energy [GeV]
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atmospheric neutrinos – zenith angle θ

zenith angles around cos θ = 0 (horizontal ν ) define scale Δm2

high-energy multi-GeV νatm: close correlation of the angle ν-lepton 

]

zenith angles around cos θ =  0 (horizontal νµ) define scale Δm2

zenith angles around cos θ = -1 (up-going νµ) define scale sin2 2θ

gt
h
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ar
s·

sr
]
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Super-Kamiokande: cosθ distributions
analysis of Super-Kamiokande-I azimuth angle distributions

6.6.1998: 6.6.1998: evidenceevidence for for oscillationsoscillations
of of atmosphericatmospheric neutrinosneutrinos! ! 
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Super-Kamiokande: Lν/Eν distributions

400first detection of the oscillatory
SuperSuper--KamiokandeKamiokande--I & I & --IIII

300

en
ts

nature of the parameter Lν/Eν

⎟⎟
⎞

⎜⎜
⎛

⋅Δ⋅⋅−=→ νθνν LmP 222 271sin2sin1)(

1. oscillation
minimum

200

100

ev
e⎟⎟
⎠

⎜⎜
⎝

⋅Δ⋅⋅−=→
ν

θνν
E

mP µµ 27.1sin2sin1)(

selection of a specific data set down-

up-
going

100

0
oscillation

selection of a specific data set
with very good resolution in Lν/Eν

1 6d t ith t ti

down
going

decoherence
decay

1.6
1.4
1.2

1ec
ta

tio
n- good agreement with expectation

for ν−oscillations
- exclusion of alternative scenarios 1

0.8
0.6
0.4da

ta
/e

xp
e- exclusion of alternative scenarios

(ν-decay, quantummechanical
decoherence of mass eigenstates)

L /E i [k /G V]
1             10           102 103 104

0.2
dg )

oscillationsoscillations = = νν--propagationpropagation effecteffect
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neutrino oscillations: laboratory experiments  
test of the oscillation of astrophysical ν´s under laboratory conditions:
reactor & accelerator experiments at long-baseline :p g
ν-oscillations: modification of ν-flux and of ν-energy spectrum

MeV: solar νe GeV: atmospheric νµ

νe−νµ,τ
oscillations:

e

νµ−ντ
oscillations:

µ

ΔΔmm22 = 7.6 = 7.6 ×× 1010--55 eVeV22

sinsin22 22θθ = 0.87= 0.87
ΔΔmm22 = 2.1 = 2.1 ×× 1010--33 eVeV22

sinsin22 22θθ = 1.02= 1.02

reactorreactor experimentsexperiments LBL experimentsLBL experimentspp

νe−
disappearance:

_
pp

νµ −
disappearance:

KamLAND
pp

K2K/T2K
MINOS
OPERA ( )

pp
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results from reactor−ν−experiments
ratio of observed to calculated reactor neutrino events as a function
of the distance from the reactor core (10 m – 100 km) & scaling( ) g

Δm2-sensitivity [eV2]
10-1  10-2   10-3   10-4   10-5    10-6
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νatmtm
as

s 1010
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distance from reactor
10m    100m   1km   10km   100km

distance from reactor [m]
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KamLAND detector
Kamioka Liquid Scintillator Anti-Neutrino Detector (Kamioka mine)

J US long baseline reactor experiment: test of the LMA parameter spaceeJ-US-long-baseline-reactor experiment: test of the LMA parameter spacee
disappearance oscillation of νe from all J nuclear reactors (Φν ~ 6 ×106 cm-2 s-1)
total power: 70 GW (~7 % of the world energy!)

_

total power: 70 GW ( 7 % of the world energy!) 
distance d = 130 – 220 km, ‹Eν › ~ 2-3 MeV 1200m³

nylon
ballballinverse ßinverse ß--decaydecay

ν + p → n + e+
_

Mt. Ikenomayo

3000m³
steel

sphere

νe + p → n + e

1 1 kt liquidkt liquid
scintillatorscintillator

2700 m.w.e.

33200m³200m³
WaterWater CherenkovCherenkov

KIT – die Kooperation von
Forschungszentrum Karlsruhe GmbH
und Universität Karlsruhe (TH)G. Drexlin | KIT-EKP | ISAPP



KamLAND – Ereignis & Signal

KamLAND

measurements: 3/2002 – 5/2007 (1491 days, 2881 ton-years)
very strong sensitivity of the spectrumKamLAND

detector - very strong sensitivity of the ν−spectrum
to the oscillation parameter Δm2

- ´complementary´ to solar ν´s (sin2 2θ12) 

MCMC--simulationsimulation10

p y ( 12)
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KamLAND – results

clear & unambiguous evidence for disappearance of reactor neutrinos
spectrum is fitted with components: reactor-ν´s geo-ν´s background

ΔΔmm22 = (7.58 = (7.58 ±± 0.140.14statstat ±± 0.150.15systsyst) ) ×× 1010--55 eVeV22

tantan22 θθ = 0 56= 0 56 ±± 0 100 10 ±± 0 100 10

spectrum is fitted with components: reactor ν s, geo ν s, background

KamLAND parameter

250

tantan θθ = 0.56 = 0.56 ±± 0.10 0.10 ±± 0.10  0.10  

KamLAND results
observed 1609

KamLAND data
no oscillations

5 
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250

200
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Background 276.1 ± 23.5
no oscillation 2179 ± 89

best-fit oscillation

ts
 / 
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KamLAND and solar ν´s:
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KamLAND and solar ν s:
same parameter space

solar ν´s: MSW effect (matter)

positron energy [MeV]
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0

13C
accidentals

solar ν s: MSW effect (matter)
reactor-ν´s: vacuum oscillations
CPT symmetry
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KamLAND results

⎞⎛

Lν/Eν – analysis from KamLAND: Lν not measurable, effective distance 180 km 
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atmospheric ν´s & accelerators
cross-checking the results of atmospheric ν´s with long-
baseline accelerator-ν-experiments p

atmospheric ν´s:

large Δm2 (Lν/Eν) space

CC eventsCC events

atmospheric ν´s
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long baseline oscillation experiments  
operating and planned long-baseline accelerator-based
ν-oscillation experiments in Japan US & Europe

longlong bbaselineaseline accelerator experiments:accelerator experiments: overviewoverview
LB-ν-beam place distance energy L/E start detector channel

ν oscillation experiments in Japan, US & Europe

LB ν beam place distance energy L/E start detector channel
K2K J 235 km 1.4 GeV ~150 1999 Super-Kamiokande νµ - x
NuMI US 735 km 1-30 GeV 50-350 2005 MINOS νµ - x
CNGS EU 732 km 30 GeV 50-350 2007 OPERA νµ - ντ

T2K J 295 km GeV 2009 Super-Kamiokande νµ - νe
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neutrino oscillations: 3-flavour mixing 
extension of the 2-flavour oscillations to 3-flavour mixing:
- three mixing angles: θ12, θ23, θ13g g 12, 23, 13
- two independent Δm2 scales with relation: 2
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leptonicleptonic PMNSPMNS mixing mixing matrixmatrix::
PPontecorvoontecorvo--MMakiaki--NNakagawaakagawa--SSakataakata
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U = unitarity 3 × 3 mixing matrix
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neutrino oscillations: 3-flavour mixing 
extension of the 2-flavour oscillations to 3-flavour mixing:
- three mixing angles: θ12, θ23, θ13g g 12, 23, 13
- two independent Δm2 scales with relation: 2
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leptonicleptonic PMNSPMNS mixing mixing matrixmatrix::
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neutrino oscillations: 3-flavour mixing 
3-flavour oscillations ´decouple´ into three separate mixing terms:

δ: CP-phase
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atmospheric ν´s solar / reactor neutrinos solar neutrinos
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neutrino oscillations: 3-flavour mixing 

⎞⎛⎞⎛⎞⎛ − 0ii0001 θθθθ δi

3-flavour oscillations ´decouple´ into three separate mixing terms:
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1. & 2. Generation2. & 3. 2. & 3. generationgeneration 1. & 3. 1. & 3. generationgeneration 1. & 2. 1. & 2. generationgeneration

δ: CP-Phase

Δm23
2 = 2.3 × 10-3 eV2 Δm13

2 = 2.3 × 10-3 eV2 Δm12
2 = 7.9 × 10-5 eV2

θ23 = (45 ± 4)° (maximum) θ13 < 15° (very small) θ23 = (33.7±1.3)° (large)
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neutrino masses in particle physics 
normal hierarchy with m1 < m2 < m3

ν−mass [eV]

´́quasiquasi--degenerateddegenerated´́
mass mass modelsmodels atmospheric

solarν3 solar    ν3

atmospheric
solar    

ν atmosphericν2
ν1

´́hierarchicalhierarchical´́
mass mass modelsmodels

νν massmass offsetoffset??

?                  ?

νν−−massmass offsetoffset??
absolute absolute scalescale mm11??
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neutrino masses in particle physics 
quasiquasi--degenerateddegenerated scenarioscenarionormal hierarchy with m1 < m2 < m3

´́quasiquasi--degenerateddegenerated´́
mass mass modelsmodels

hierarchicalhierarchical scenarioscenario

´́hierarchicalhierarchical´́
mass mass modelsmodels
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neutrino masses in particle physics 
normal hierarchy with m1 < m2 < m3

´́quasiquasi--degenerateddegenerated´́
mass mass modelsmodels

flavourflavour compositioncomposition
of mass eigenstates of mass eigenstates 

´́hierarchicalhierarchical´́
mass mass modelsmodels
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