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Neutrino Physics and Astrophysics
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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=ClL
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)
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For one family 

● M=Om'OT    (no CP violation)

● M eigenvalues : 
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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(ll')=|All' (t)|2=kjU*
lkUl'kUljU*

l'je-i(Ek-Ej)t

relativistic : m<<E : Ek-Ej≈∆mkj
2/2E

P(ll')=|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 cos12=U1

2


● 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

PMNS: Pontecorvo-Maki-Nakagawa-. Sakata
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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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Sensitivity to oscillations

● Disappearance experiments measure survival 
probability

● Appearance look for a different flavour
● No signal for 

● Averaged out if
sin22

Gaussian E spectrum

single energy
value
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Do oscillations solve the solar 
neutrino problem ? 
● So far experiments did not 

measure NC
● If SSM is right NC will reproduce 

SSM fluxes

● Pontecorvo proposed neutrino oscillations in 
1969 

● With the sun excentricity one should observe 
seasonal variation n neutrino fluxes 
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Seasonal variations ?

● The observed variations are compatible with 
the modulation due to the distance variation

● No extra variation that could be attributed to 
oscillations 
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And the E spectrum distortion?
● No distortion of the  8B spectrum is 

observed in the recoil electron energy in 
SK...
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What about neutral currents ?
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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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propagation 

L

source detection 

νe

Fine-tuning oscillations ?



17/10/07 Muriel.Vander.Donckt@cern.ch 24

Neutrino oscillations in Matter

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

● Neutrinos are subject to a potential linked 
due to their interaction with the medium

● Ve=VCC+VNC

● Vµ=V=VNC
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Hamiltonian in matter

To diagonalize Hm one needs m such that

Max
im

al 
fo

r  m
=

/4
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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

Oscillation length in matter:

Only for m2>0
and neutrinos or
m2<0 and anti-
neutrinos !! 
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Adiabatic condition
Fulfilled if the density layer 
corresponding to the resonance 
is thicker than an oscillation length
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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



17/10/07 Muriel.Vander.Donckt@cern.ch 30

Neutrino regeneration in the Earth ?

● SK sees no significant 
day-night effect
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Atmospheric ν oscillations

νe νµ νµ
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Reactor experiments
● SBL 10-100m from the 

reactor : exclusion regions
● LBL ~1 km CHOOZ, 

sensitive to Atmospheric 
neutrino parameter space

● VLBL 100km KamLAND 
evidence for 
disappearance
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LBL experiments

● Liquid scintillator +Gd
● Coincidence from e+ 

capture and n-capture 
(8MeV gamma)
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Chooz and Palo Verde

● No disappearance 
observed

● Excludes the 
region allowed by 
SK atmospheric 
neutrino anomaly
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KamLAND
● Measuring e from several reactors in Japan

● 1200m3 of scintillator
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Kamland location & flux
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KamLAND results

●  Disappearance of e 
observed

● Designed to check the 
Large Mixing Angle 
solar neutrino solution

● R=0.658±0.044±0.047

L/E dependance !! 
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KamLAND confirms solar 
oscillations

● LMA solution confirmed ! 
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Accelerator experiments

● Neutrinos produced by the decay of pions, kaons and muons from a proton 
beam onto a target

–  Pion decay in flight: mostly muon neutrinos (OR anti-neutrinos) with 
energies ~ GeV or more; e.g. SBL: CHORUS, NOMAD, CHARM, LSND; 
LBL: MINOS, OPERA, ICARUS, T2K 

–  Muon decay at rest: muon anti-neutrinos of low energy from 
muondecay, with energy ~ tens MeV; e.g. KARMEN, LSND

– Beam dump: protons of very high energy are completely stopped by a 
target; muon and electron neutrinos with energy ~ 100 GeV
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e SBL

● Only LSND claims a 
signal in             and 
weaker in

● L=30m E~30MeV
● Not confirmed by 

other experiments 
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MiniBoone
● Concept of sterile 

neutrino:
–  non-interacting light 

particle
– Singlet in the SU(2)xU(1) 

group
– mixed with active 

neutrinos
● L=500m  E=500MeV
● Now running anti-nu mode
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Minos & K2K:  
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K2K/Minos: confirm atmospheric 
oscillation with a controled beam

EK2K ~1GeV=> L~250 Km

ENumi ~3GeV => L~750 Km
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   Cross sections and energy reconstruction

Oscillation maximum@750 km

Numi/MINOS K2K

Beam E~120GeV



17/10/07 Muriel.Vander.Donckt@cern.ch 45

Two different 
technologies: 
Water & Iron

Detectors
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νµ + n →µ + p
νµ

µ-

(Eµ , pµ)θ

p

ν-interaction (QE)

Neutrinos in 
water & iron 
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ATMOSPHERIC 
OSCILLATION 
CONFIRMED!  

x allowed region

Minos/K2K results
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Normal Inverted

Oscillations revisited
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The neutrino mixing matrix

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


