
  1

Neutrino masses and mixing

Marco Zito
IRFU-SPP

•Intro
•Nu mixing formalism
•Nu oscillation +QM
•Nu oscillations in matter and MSW
•Solar neutrinos
____________Next lecture___________
•Atmospheric neutrinos
• The global picture of neutrino 
oscillation 
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Are the neutrinos massive ?

Direct measurement of 
neutrino mass

Search for neutrino 
oscillation

Decades of measurements

Intriguing puzzles in 
solar and atmospheric 
neutrino 
measurements

Discovery of neutrino 
masses and mixing

Ongoing effort
(4th lecture)

• Neutrino masses are < eV
• Typical neutrino energies are 
MeV (solar)-GeV(atmospheric)
• How can a “HEP” experiment be 
sensitive to kinematic effects 
o(m/p)2~10-12 to 10-18  ?
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Principle of neutrino oscillations

π+

μ+

νμ

e-

νe

Detector

We would like to investigate if this reaction, a neutrino flavor 
transformation during the propagation, is possible, both theoretically and 
experimentally.

L



EIPS Lyon 2014  Marco Zito 4

Neutrino oscillations: well established !
E. Lisi Large NI 2014
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Flavor and the Standard Model
The Standard Model is based on the gauge group SU(3)CxSU(2)LxU(1)Y, with 
two interaction terms for fermions : 

Interaction qL-W (charged current)

Interactions q-Higgs, mass terms 

If we consider the mass eigenstates, the charged current is not diagonal in the flavor 
space

With Mu∝vG, Md∝vF and V=VuLVdL
†  

The unitary matrix V (CKM for quarks, PMNS for leptons) depends on 3 angles et one 
(or more) phase

masse

saveur

CKM

NB: u->ν ; d->l
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Principle of neutrino oscillations
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Notice that the flavor eigenstates differ from the mass eigenstates. 
Therefore the source produces a linear superposition of the mass 
eigenstates
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Principle of neutrino oscillations
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At t=0 a flavor eigenstate

At time t it has evolved

Assume our ν are relativistic M<<p

Using U+U=1, we write the mass eigenstate in 
terms of the flavor eigenstates

Now all the neutrino flavors are present !
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Neutrino oscillation is neutrino interferometry

Detector
ν1 : phase (–ip1 x)

ν2 : phase (–ip2 x)

Phase shift (p1-p2)x~Δm2 L/4p=> Interference

νμνe

e μ

n
p

L

Two-slits (masses) quantum interference experiments !

Source

“Neutrino oscillation” is due to the phase shift between the lighter states (in 
advance with respect to phase) versus the heavier. Out of phase linear 
superposition means the other flavor eigenstates (not present at t=0) 
appear during the propagation.



EIPS Lyon 2014  Marco Zito 9

Two neutrinos oscillation

[ ]

2

2
22

2
22

2
222

2
2222

22

2
2

1
2

2
2

4
sin2sin1)(1)(

4
sin2sin

4
sinsincos4

2
cossincos2sincos2)(

cossinsincos)(

sincos)(

cossin

sincos

2
2

1
2

2
2

1
2

m

p
L

p

Lm
PP

p

Lm

p

Lm

p

Lm
P

eeA

eeL

U

osc

eee

e

L
p

m
iL

p

m
i

e

L
p

m
iL

p

m
i

∆
=

∆−=→−=→








∆=






∆=








∆−=→

+−=→

+=







−

=

−−

−−

π

θνννν

θθθ

θθθθνν

θθθθνν

νθνθν

ϑϑ
ϑϑ

µ

µ

µ

2sin ucos u=sin 2u
1−cos 2u=2 sin2u



EIPS Lyon 2014  Marco Zito 10

sin22θ
∆m2

Disappearance
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Typical Lengths-Δm2

Source Energy Distance Δm2

Reactor 4 MeV 100m 0.1 eV2

Accelerator 1 GeV 1 km 2.5 eV2

Atmospheric 400 MeV 10 km 0.1 eV2

10 000 km 10-4 eV2

Sun 1 MeV 500s 10-11 eV2

1 GeV 1000 km 2.5 10-3 eV2

1 MeV 25 km 8 10-5 eV2

L_osc ~ 2.5 km E (GeV)/ Δm2 (eV2)
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∣ν (L )〉=∑
β
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Principle of neutrino oscillations
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Principle of neutrino oscillations

• If all the masses are equal, Prob=I
• Oscillation are sensitive only to difference of mass squared (NOT 
absolute mass)
• Total flux is conserved 
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CP violation

),()()( *UUPPP →→=→=→ βααββα νννννν
CPT

Changes sign 
for 
antineutrinos

If U is complex, CP violation effect can be observed in oscillation

For the N=3, case, Im(J) is proportional to the Jarlskog invariant (area of 
the unitarity triangle, cf CKM matrix for the quark mixing)

We want to study if P(α->β) is equal to P(α->β) 
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The PMNS matrix
















−

















−















−
=
















=

−

100

0

0

0

010

0

0

0

001

1212

1212

1313

1313

2323

2323

321

321

321

cs

sc

ces

esc

cs

sc

UUU

UUU

UUU

U
i

i
eee

δ

δ

τττ

µµµ

“Solar”“Atmospheric”

NxN unitary matrix, N(N-1)/2 angles, N(N+1)/2 phases
(2N**2 real parameters, Unitarity: N conditions on the 
diagonal+
½N(N-1) Im(V1k V2k*=0) + ½N(N-1) Re(V1k V2k*=0) =>N**2 
real parameters)
N phases can be rotated away by redefining the charged lepton 
fields
N-1 phases can be rotated away by redefining the neutrino 
fields
However this is not possible if Majorana (not invariant under 
U(1))

How many physical phases? 
(N-1)(N-2)/2 phases in general
(N-1) additional phases if Majorana
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Quantum effects-1

π+

μ+

νμ

e-

νe?

Detector

What happens if we measure VERY precisely the momenta of π and μ so 
that we are selecting (by energy momentum conservation) the neutrino 
mass eigenstate that is propagating to the detector ? Then oscillation 
should be destroyed but why and how ?   

ν2
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Quantum effects-1

 This is because precise momentum measurement implies that 
the information about position is lost according to the 
uncertainty principle
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The uncertainty on the position of the source is much larger the 
oscillation length, this uncertainty smears out the oscillations
NB in practice for p=100 MeV, to distinguish Δm2=1 eV2, we need 
σ(p)/p=10-16!

Where E and p comes from measurement of pi and mu

To select one mass eigenstate
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Oscillation in matter

 Up to know we have derived oscillations in vacuum
 Matter effect are relevant for solar neutrino, 

atmospheric neutrino and also long baseline 
experiments

 To do this we need to:
 1 Write the Hamiltonian in the flavor basis
 2 Find the interaction potential
 3 Solve the equation: eigenvalues, effective 

mixing angle 
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1 Hamiltonian in the flavor base
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2 Oscillation in matter (diagrams and 
potential)

For ν_e, V=sqrt(2) GF Ne +C
The term C is the same for all neutrino flavors
We are interested in phase differences =>we can 
neglect C
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Oscillation in matter
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Oscillation in matter
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ϑ If a=b, resonance for θ_m: MSW resonant effect
(Mikheyev-Smirnov-Wolfenstein)

Far away from the resonance, (a-b)**2>>4x**2 the eigenvalues 
correspond to the unmixed case, a and b.
However, for non-zero mixing, the quantity under the square root never 
goes to 0, the energy level never cross!

a(r) because in the sun the density N_e is a 
function of the radius r
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Case of constant density

0.75 10-5
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•At the center of the Sun, for 8MeV ν, Ne 
term dominates, the electron neutrino is 
the heavier eigenstate. 
•For an adiabatic oscillation, this state 
follows the ν_2 trajectory, it exits the sun 
as the « wrong » eigenstate.
•What comes out of the Sun (for this 
energy) has a probability sinθ of interacting 
as a νe

•There is a deficit of solar neutrinos

Why solar neutrino disappear
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Survival probability for νe
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What we have learned

 Neutrino oscillations need several ingredients: 
 A non trivial mixing matrix
 Neutrino masses
 Neutrino mass differences

 Neutrino oscillations are marvellous quantum 
mechanical effect on macroscopic distances

 Neutrino oscillation experiments can measure mixing 
angles and neutrino mass differences (not absolute 
mass scales!)

 We can also measure CP violating effects
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Neutrino oscillation experiments

Several sources have been used:
 The sun
 Atmospheric neutrinos
 Nuclear reactors (neutrino discovery!)
 Accelerators (several options)
 Supernova neutrinos
 Ultra high energy neutrinos
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The solar neutrinos

 The sun is a very bright source of neutrinos. We are 
confident we understand the basic reaction (nuclear 
fusion) in its “engine”

 And we have precisely measured the power (giving 
the total neutrino luminosity) from the energy flux

                 K_sun=8.53 10*11 MeV cm-2 s-1
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<< 0.420 MeV 0.420 MeV
e
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Hydrogen burning: Proton-Proton Chains
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The spectrum of solar neutrinos
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Experimental methods

 Chlorine  ν_e + 37Cl -> 37Ar +e- Threshold 0.814 
MeV

 Gallium: ν_e + 37Cl -> 37Ar +e-. Threshold 0.233 
MeV

 Water Cherenkov ν +e-> ν +e- E~6MeV 
 Heavy water να  + d -> n + p + να (all flavor are contributing)
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Fact 1 : the solar neutrino deficit

• Sun is the a very bright source of neutrinos
• Normalize the flux by the measured solar power (solar 
constant)
• Long and difficult experiments
• Is it neutrino physics or solar model ?

Measured

Predicted

Homestake (Cl)
SAGE (Ga)
Gallex (Ga)
Kamiokande (H2O)
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Homestake Chlorine experiment
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SuperKamiokande 
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Evidence for solar oscillation: SNO

CC

NC

•Charged current reactions measure νe flux
•Neutral current reactions measure (νe + νμ + ντ) 

•ΦCC/ ΦNC = Φ( νe) / Φ(νe + νμ + ντ) < 1 => neutrino flavor 
•transformation!

nucl-ex/0502021

sin2θ



EIPS Lyon 2014  Marco Zito 40

Confirmation of MSW effect in the sun

1-1/2sin22θ
sin2θ
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Evidence for “solar” 
oscillations : KamLAND

•1 kton liq. Scint. Detector1 kton liq. Scint. Detector
•~1300 17” fast PMTs~1300 17” fast PMTs
•~700 20” large area PMTs~700 20” large area PMTs
•30% photocathode coverage30% photocathode coverage

Phys.Rev.Lett. 90 (2003) 021802 

KAMLAND 2008
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What we have learned 

 Neutrino masses imply the existence of physics 
beyond the SM (either right handed neutrinos, or 
super-heavy neutrinos …..)

 We can test neutrino masses using neutrino 
oscillations (=neutrino interferometry)

 Different phenomena for oscillation in vacuum or in 
matter

 Solar neutrino experiments show a neutrino deficit in 
agreement with MSW adiabatic conversion 

 This has been confirmed on earth by long distance 
experiment with reactor neutrinos (Kamland)
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