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Neutrino Physics and Astrophysics
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Outline

● Introduction:
– The  decay problem or how the neutrino saved 

energy conservation
– Discovery of the neutrinos 
– The neutrino and the Standard Model
– Measured neutrino properties
– What if the neutrino was massive ? 
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Outline
● Neutrino oscillations

– The solar neutrino problem
– The atmospheric neutrino anomaly
– Reactor experiments
– Accelerator experiments

● The neutrino as a tool 
– Geophysics with neutrinos
– Astrophysics with neutrinos
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Matter as we know it today

● Ordinary matter is 
composed of 
– Quark u Q=2/3
– Quark d Q=-1/3
– Electron Q=-1
– .... and a 4th 

fundamental particle, 
the neutrino
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●

●

How the neutrino was born
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The  ray spectrum

● Observed as a 2-body decay, the e- was 
expected with a well defined energy, but...

● A spectrum is observed and energy 
conservation and causality are at stake
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Two and three-body kinematics
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I have done a terrible thing…

I have done a terrible thing. I have proposed a particle that 
cannot be detected. It is something no theorist should ever do.

In 1930, Pauli “invents” the neutrino to explain the -decay 
spectrum
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Liebe Radioaktive Damen und Herren
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 β-ray theory
Fermi (1934), Nuovo 
Cimento & Zeitschrift für 
Physik (previously rejected 
by Nature)

● Point interaction among 4 spin 1/2 particles. Theory is relativistic. Wave 
functions are spinors satisfying  Dirac equation. Particles are created at the 
instant of decay.

● Prediction of β  decay rates and electron energy spectra depends only of one 
constant, GF, determined experimentally. Energy spectrum depends of neutrino 
mass µ. Measurable distortions near end-point of spectrum if µ>0. 

● Not renormalizable, cross-sections diverge with s
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-decay today
● Today we know : at the quark level:
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How do we detect ν ?
●If ν are produced by β decay, they 
can be detected using the inverse 
reaction.

         ~ 4 light years !!!

 

-decay

Inverse -decay
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Experiments with reactor 
neutrinos
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First neutrino observation
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Experimental signature

Nobel prize 1995
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Cosmic Rays

●The Earth is continuously bombarded 
by high-energy particles from outer 
space. Mostly protons. 

●When a high energy proton hits a 
nuclei in the upper shells of the 
atmosphere it produces a shower of 
light hadrons ( K) which, on decay, 
result in µ,e,.
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Who ordered that?

nucl
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π decay is a two body process (muon 
has always the same energy when pion 
decays at rest). One undetected 
particle (kink in emulsion) signals the 
presence of a neutrino

µ decay is a three body process 
(observed electron has a 
continuous spectrum). One 
needs two neutrinos

Are all those neutrinos the 
same than the one emitted in β 
decay?

A second neutrino?
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How to build a νµ beam
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The discovery of νµ (1962)
Swartz, Lederman & Steinberger 
(Nobel 1989)
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Experimental signature
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● Muon decay
● If  e expect 

– e BR<10-8 ...was expected ~10-4 

–  pe+p ...not observed
● The non-observation of electron-like events in 

the same quantity as µ-like events in beams 
produced from   decay rules it out (1962) 

Is =e?
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The third electron
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Direct observation of ντ 
● DoNuT, 2000 : beam dump experiment
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Neutrinos and anti-neutrinos

● If neutrino = anti-neutrino then we should 
observe                         but

● In 1955 R. Davis at a reactor tries 
unsuccessfully

● The reaction                           would be used 
by his experiment at Homestake mine to 
detect solar neutrinos
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There are only three light neutrinos

Measured
Theory
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Chirality and Helicity

p

p

h=+1/2

h=-1/2

helicity

e- e-

Right-Handed Left-Handed

“overtaking” only possible
 for massive particles 
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Parity

● Mirror image
● Parity invariance :For any physical particle 

system, its mirror image is equally probable.  
Nature does not “know” the difference 
between right and left

● Lee and Yang (1956) 

To explain K0 decays, they 
assume parity is violated in 
weak interactions...

z z

x x

y y
P
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● In 1957 Wu et al. 
Measure the rate of 
down-going e- in 
polarized 60Co -decay.

● Parity maximally 
violated 

● Only left-handed  and 
right-handed 

Parity violation

H
60Co

e-

e

60Ni
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Pion Decay

● If parity was conserved : both should be 
observed with equal probabilities

● The µ+ should not be polarised but is only 
observed left-handed  Parity is violated
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Pion decay and CP

● Pion decay conserves CP but violates C and P

● Anti-neutrinos are right-handed
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Standard model

● SU(2)LU(1)Y

● 3 fermion families of type

                                        + anti-particles
● Weak interaction W±,Z0 (spin 1)
● Electromagnetic interaction (spin 1)
● Higgs boson (spin 0)

Massless in SM
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Discovery of neutral currents

● Neutral currents 
predicted in SM

● Discovered at 
CERN in 1973 
(Gargamelle)
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Neutrino scattering on electrons

● Where
● CL=1/2 (gV+gA)   CR=1/2 (gV-gA) in Standard Model

● Measuring the ratio of   cross-sections gives 
sin2W 

C
L

C
R  (cm2)

e e- 1/2+sin2
W

+sin2
W

0.952x10-43 (E/10MeV)

e e- +sin2
W

1/2+sin2
W

0.399x10-43 (E/10MeV)

 e- -1/2+sin2
W

+sin2
W

0.155x10-43 (E/10MeV)

 e
- +sin2

W
-1/2+sin2

W
0.134x10-43 (E/10MeV)

~10-4fb !!!
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CHARM II results

● Expressing in terms of gV, gA 

– s=Eme            y=Ee/E

– For muons :

sin2W=0.2324±0.0058±0.0059



17/10/07 Muriel.Vander.Donckt@cern.ch 36

Neutrino-nucleon scattering
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Neutrinos probe the structure of 
the nucleon
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What if neutrinos have mass ?

● There is a R state 

● Dirac spinor  R L

● R is the anti-particle of L.

●  L)c L

● Violates L 
● Mass terms transform as 

SU(2) triplets: not gauge 
invariant, not renormalisable

E. MajoranaP. Dirac
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Neutrino magnetic moment
● If neutrino have mass they can have a magnetic moment. 

● Dirac neutrinos: 

Too small to be measured, but some models predict larger magnetic moments

● Majorana neutrinos: CPT invariance requires µ=0

● Measured via the differential cross-section for e scattering. 

Effect of a magnetic moment on
recoil electron kinetic energy 
distribution for -e scattering
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MUNU experiment
● Bugey reactor 1.5<E<8MeV

●                                                      @90% CL

190keV e-
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Handles on the neutrino mass 
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Electron neutrino mass 
Direct measurement

Spectrum of electrons emitted in β 
decay for massless neutrinos

Kurie Plot
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Kurie Plot for a massive neutrino
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mν = 0eV

mν = 1eV

Only 10-10 of all 
decays here
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Tritium  decay

Mainz :mν < 2.2eV (95%CL)
Sets threshold near 
the endpoint
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mν < 0.2eV (90%CL)

mν  =  0.35eV (5σ)

    mν  =  0.3eV (3σ)

sensitivity

discovery potential

expectation:

after 3 full run years 
	σsyst ~ σstat

Future: Katrin
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Pion and tau decay
● +µ+ µ                                    m2

=m2
+m2

-2m2
|p|

Measured at PSI : 

|p|= 29.79200± 0.00011 MeV

m<0.17 MeV

● -  -    and -  -   

Measured in ALEPH:  m<18.2 MeV
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SuperNovae
● Type II supernova : Gravitational collapse of the Fe 

core of a M≥8M
⊙ 

star to form a neutron star or a 
black hole

● Nuclear binding energy released : ~1053 erg carried 
by neutrinos with <E>=10-20MeV

● If neutrinos are massive t between detection of 
neutrinos with different E gives a limit on the mass

unknown
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SN1987A

● Focused on proton decay, 
precise timing was not an 
issue for those detectors

● me<30eV



17/10/07 Muriel.Vander.Donckt@cern.ch 49

Cosmological Neutrinos
● Nowadays relic neutrinos are non relativistic:

● WMAP, CBI, ACBAR: h2< 0.0076 (95%CL)

●                                                         (g=2 dof)

To be taken with caution

e+e- decoupling (0.511MeV)
reheats the photon CB
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–Naturally available neutrino sources
–
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Solar neutrinos

SuperK, SNO(CC)

ChlorineGallium
SNO(NC)
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The chlorine experiment

Cl37 →25% of all natural 
chlorine

Inverse beta decay (0.86 Mev 
threshold)

Cl37+ν →Ar37+e-

Ar is chemically very different 
from Chlorine. An inert gas 
that can be eventually removed 
from chlorine. It is radioactive 
and reverts to Cl37 emitting an 
Auger electron
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R. Davis in the Homestake mine

Concept: Count the atoms of Ar37 
produced by neutrinos

380 000 liters of C2Cl4 (a cleaning 
fluid) deep inside Homestake mine to 
shield from natural radiation (a 
Olympic swimming pool)

Let Argon-37 accumulate from 1 to 3 
months. Flush with He gas to remove Ar 
from fluid. Let the Ar condensate in a 
77 K charcoal trap. Collect and purify 
Ar. 

Count the number of Auger electrons 
from Ar37

Only a few atoms of 
Ar37 per run!
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Chlorine in numbers

8.2 SNU ±1.8

37Cl(νe,e)37Ar  (Ethr = 813 keV)
  Kshell EC        τ  = 50.5 d

                37Cl + 2.82 keV (Auger e-, X)

2.56 SNU ±0.23
Observed

Expected:

SuperK, SNO(CC)

ChlorineGallium
SNO(NC)

1SNU=10-36  capture s-1 atom-1
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The solar neutrino problem

•Also called “paradox”, “dilemma”, “puzzle” and other nice 
words that showed that every body (secretly) believed that:

•Davis (Chlorine experiment) was wrong

•Bahcall (The solar model) was wrong

                                 
Or, more likely that:

                                Both were wrong!
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71Ga(νe,e)71Ge  (Ethr = 233 keV)
K,L shell EC          τ  = 16.5 d

                71Ga + 10 keV, 1 keV 
    (Auger e-, X)

Gallium experiments

SuperK, SNO(CC)

ChlorineGallium
SNO(NC)
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Expected 129 +9
-8SNU
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Super 
Kamiokande
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What does a neutrino do in water?



17/10/07 Muriel.Vander.Donckt@cern.ch 60

Water detectors: Concept
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Water detectors: Concept
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The eyes of Super-Kamiokande

Electron ring (fuzzy)Muon ring 
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A neutrino picture of the sun

Super-K observation

Neutrinos come from 
the sun indeed!
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Super-Kamiokande solar results
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Solar Neutrino Problem summary

Experiment Reaction
Homestake νe+37Cl→37Ar+e
SAGE νe+71Ga→71Ge+e
Gallex + GNO νe+71Ga→71Ge+e
Kamiokande +
SuperKamiokande νx+e→νx+e

€ 

GALLEX :       φGa (νe )
φSSM (νe )

= 0.58 ± 0.05

SAGE :           φGa (νe )
φSSM (νe )

= 0.60 ± 0.05 

Homestake :   φCl (νe )
φSSM (νe )

= 0.34 ± 0.03

Super K :       φSK (νx )
φSSM (νe )

= 0.451−0.015
+0.017

R. Davis was NOT wrong !!!
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Atmospheric neutrinos
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Atmospheric flux prediction

Ingredients:

•Primary proton flux

•Hadronic production 
models

•Hadron propagation 
(geomagnetic 
effects)
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Zenith angle measures ν path 
length

Three decades of path 
length from O(104) to 
O(10) km.
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Super-K sees also atmospheric 
neutrinos
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The atmospheric neutrino problem
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Energy dependence

Effect depends no 
only on the path 
length but also on the 
energy

electrons muons
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Solar & Atmospheric neutrino 
problems

●The combination of all solar neutrino experiments  implied that 
solar neutrinos were disappearing between production (in the sun 
core) and detection in the earth.

●The zenith dependence observed by Super-Kamiokande 
experiment showed that νµ (but not νe) produced in the 
atmosphere were also disappearing. The effect depends on the 
zenith angle, that is on the neutrino path length, between 
production and detection and on the energy
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That's it for today
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Neutrino mixing
● EW CC:

where lL, lL,qL are left-handed neutrino, lepton 
and quark fields and 

● In analogy to quark mixing in the lepton 
sector:                        where U is unitary, k is 
the  field with mass mk.

● Since Q=0 neutrinos can be Dirac or 
Majorana particles...
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Dirac mass term

● Diagonalisation M=VmU+ in terms of mass 
eigenstates : 
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Majorana mass term

● Using lL and (lL)c=ClL
T (Charge conjugation 

matrix)
●

● M is symmetric M=(U+)TmU+

Field with majorana mass mk
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General term
● Dirac +Majorana mass terms with L&R-handed 

fields

● Diagonalising M we get :

Majorana type 
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● l l' flavour transitions are possible 

● Active to sterile neutrinos are also possible ! 

More on the general mass term

1st 3 rows Last 3 rows
Right handed neutrinos (sterile)



17/10/07 Muriel.Vander.Donckt@cern.ch 79

For one family 

● M=Om'OT    (no CP violation)

● M eigenvalues : 



17/10/07 Muriel.Vander.Donckt@cern.ch 80

Seesaw Mechanism
●Limiting case mL≈0, mR>>mD

m1≈mR, m2≈mD
2/mR

≈mD/mR

L≈-2L                  (R)c≈L 

If mD≈ml,q  then   m≈mq
2

 /mR or ml
2

 /mR 

mR is assumed GUT scale ~1014GeV 

The heavy right-handed Majorana mass generates 
the small active neutrino mass
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Oscillations in vacuum

|l>=kU*
lk|k> |k(t)>=e-iEkt|k(0)>

|l(t)>=l' kUl'ke-iEktU*
lk |l'>

Transition amplitude: All' (t)=<l'|l(t)>=kUl'kU*
lke-iEkt

 

P(ll')=|All' (t)|2=kjU*
lkUl'kUljU*

l'je-i(Ek-Ej)t

relativistic : m<<E : Ek-Ej≈∆mkj
2/2E

P(ll')=|All' (t)|2=kjU*
lkUl'kUljU*

l'je-i(∆m2
kj L/2E)
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Oscillations  cont'd

● Measuring oscillations will give us information 
on the mass differences

● Measurement of symmetry conservation:
– CP violated : P(   P   

– T violated :P(   P   )

– CPT conserved :P(   P   )
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Mixing in two families

e


= cos sin

−sin cos12=U1

2


● Assume instead that weak and 
mass states are connected by a 
simple two-dimensional rotation 
(assume, for simplicity two 
families)

● Then mass and weak states are 
connected by means of an unitary 
transformation, the PMNS mixing 
matrix, which depends of a single 
parameter, the mixing angle θ
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propagation 

L

The weak interaction 
produces neutrinos 
of a given flavour

The mass eigenstates 
Propagate at different 
velocities

Detection again via
weak interaction

Neutrino oscillations
source detection 

νe
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Oscillation Probability
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SNO
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SNO detector
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Signals in SNO
ES

CC

Strong directional sensitivity

Good measurement of e spectrum

Weak directional sensitivity

e only

Measure total 8B flux from the sun

Equal cross section for all types

NC
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SNO observations

CC

ES

NC
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The solar neutrino problem

So the sun is shining the expected number of 
neutrinos but many of them are νµ and/or ντ! Not 
only Davis, but also Bahcall was right!
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Atmospheric ν oscillations

νe νµ νµ



17/10/07 Muriel.Vander.Donckt@cern.ch 92

propagation 

L

source detection 

νe

Fine-tuning oscillations ?
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Neutrino oscillations in Matter

●Oscillation probability change in matter. There can be a resonant 
enhancement of the oscillation probability. The Mikheyev-Smirnov-
Wolfenstein (MSW) effect.

● Posc
matter can be large (≈1) even if mixing angle in vacuum is small. 

●In practice this implies that (if MSW is at work) νe can oscillate to νµ, ντ 
BEFORE exiting the sun

νe,νµ, ντ interact with e, p 
and n of matter via  NC 
interactions (Z). Only νe 
interact via (CC) with the 
electrons of the medium

Only e All



17/10/07 Muriel.Vander.Donckt@cern.ch 94

Oscillation Probability in matter

The probability of oscillation in matter has the same form as in vacuum 
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MSW resonance condition

Thus the probability of neutrino transition in matter can be large even if 
the mixing angle is small

For constant matter density there is an energy such that mixing in matter 
is maximal independently from the vacuum value. 
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Adiabatic approximation
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Solar oscillations

Neutrinos produced at the 
sun (νe) oscillate to other 
neutrinos via matter-
enhanced MSW.

∆m2 =8 x 10-5 eV2

≈300
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Solar neutrino oscillations
Matter effect on Matter effect on νν ee from Sun to Earth from Sun to Earth

The LMA solar solution 
+

 matter effects 

explain beautifully 
all solar neutrino experiments
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Normal Inverted

0.0 ä

Oscillations revisited
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The neutrino mixing matrix
Unless the other two angles θ13 is small 
(experimental upper limit θ13 <100)

If δ ≠0,π,2π…then weak interactions violate CP 
symmetry in the lepton sector (as in the quark 
sector)


e



=U

1

2

3


Links atmospheric & solar sectors

CP violation phase
solar

atmospheric

U=
1 0 0
0 c23 s23
0 −s23 c23

⋅
c13 0 s13e

i

0 1 0
−s13e

i 0 c13
⋅

c12 s12 0
−s12 c12 0
0 0 1


