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Les neutrinos sont des fermions à part

- beaucoup plus légers que les quarks et leptons chargés

- grand mélange leptonique versus petits angles de mélange quarks (CKM)

- produits comme superposition cohérente d’états propres de masse
dans les désintégrations faibles ⇒ oscillations de saveur

générations 1-2

générations 2-3

générations 1-3

mν ! 1 eV me = 511 keV

|Ue2|2 = 0.308+0.018
−0.017

|Uµ3|2 = 0.51+0.06
−0.07

|Ue3|2 = 0.013+0.007
−0.005

|Vus| = 0.2253± 0.0007

|Vcb| = 0.0410+0.0011
−0.0007

|Vub| = 0.00347+0.00016
−0.00012

fit global PDG (2010) Schwetz, Tortola, Valle, 1108.1376 (HN)

να =
∑i=3

i=1 Uαi νi νβ

[α = e, µ, τ ]lα
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Les neutrinos sont des fermions à part (suite)

- pas de charge électrique
     ⇒ peuvent être leur propre antiparticule

                           Dirac                    nombre leptonique conservé

                           Majorana               nombre leptonique violé

     ⇒ peuvent se mélanger (osciller) avec des fermions sans interactions
         (neutrinos stériles)

- interagissent faiblement et difficiles à détecter

⇒ malgré les progrès expérimentaux, leurs propriétés sont moins bien 
testées que celles des quarks et des leptons chargés

ν != ν
ν = ν

νe,µ,τ ! νs
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Les neutrinos, fenêtre sur la nouvelle physique

...  à très haute échelle

Théorie effective :

                              suggère

proche de l’échelle d’unification des couplages de jauge

➞ théorie de Grande Unification?

e.g. SO(10) – contient des neutrinos droits superlourds
qui engendrent l’opérateur LLHH
(mécanisme de seesaw)

Seul signal observable (sauf scénario particulier): désintégration du proton

                    (échange de bosons de jauge / triplets de couleur superlourds)

                              ⇒

v = 246GeV
1

Λ
LLHH −→ mν =

v2

Λ

mν ∼ 0.05 eV Λ ∼ 1015 GeV

p → π0e+ , p → K+ν̄ , · · ·
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Type I+II seesaw mechanism:

Right-handed neutrino mass matrix: 

     vR ≡〈!R〉 scale of B-L breaking

    !R = SU(2)R triplet with couplings fRij to right-handed neutrinos

vL is small since it is an induced vev: 

In a broad class of theories with underlying left-right symmetry (such as    
SO(10) with a        ), one has             and             

!!!!!!!!!!!! left-right symmetric seesaw mechanism

!L = SU(2)L triplet with
couplings fLij to lepton doublets

vL ≡ 〈∆L〉 ∼ v2vR/M2
∆L

MR = fRvR

Mν = fLvL −

v2

vR

Y T f−1

R
Y ≡ M II

ν + M I
ν

The left-right symmetric seesaw mechanism

Y = Y
T

126H fL = fR ≡ f

Λ ∼ MR

1

Λ2
qqql
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...  à très haute échelle (suite)

Les neutrinos droits superlourds peuvent aussi
engendrer l’asymétrie baryonique de l’Univers
via le mécanisme de la leptogenèse

... à basse énergie

Neutrinos stériles?

Interactions non standard?

... possibilité de tester

La symétrie CPT

L’invariance de Lorentz:    mesure de la vitesse des neutrinos
➞ même si le résultat d’OPERA n’est pas confirmé, l’invariance de Lorentz restera 
moins bien testée dans le secteur des neutrinos que dans celui des leptons chargés

GF εαβ q̄q ν̄ανβ

Interestingly, this mechanism contains all required ingredient for 
baryogenesis: out-of-equilibrium decays of the heavy Majorana neutrinos 
can generate a lepton asymmetry (L violation replaces B violation and is 
due to the Majorana masses) if their couplings to SM leptons violate CP

CP violation: being Majorana, the heavy neutrinos are CP-conjugated and 
can decay both into l! and into l"

The decay rates into l! and into l" differ due to quantum corrections

                    ! Γ(Ni → LH) "= Γ(Ni → L̄H
!)ν4 ?

ν1,2,3
νe,µ,τ + νs ?

ν̄ανβ

q q̄

∆m2 = ∆m2 ? θ = θ̄ ?
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Oscillations de neutrinos

oscillations à 2 saveurs (dans le vide)

effets de matière
les diffusions élastiques vers l’avant créent un potentiel différent pour les
                    et pour les neutrinos vs les antineutrinos
⇒ oscillations modifiées dans la matière, résonances possibles...

P (να → νβ) = sin2 2θ sin2
(
∆m2L

4E

)

(
να
νβ

)
=

(
cos θ sin θ
− sin θ cos θ

)(
ν1
ν2

)
∆m2 ≡ m2

2 −m2
1

νe, νµ,τ (νs)

sin2 2θ

Losc.(km) = 2.48E(GeV)/∆m2(eV)
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oscillations à 3 saveurs (dans le vide)

2          indépendants:            (« atmosphérique ») et           (« solaire »)

U contient 3 angles de mélange                    et une phase     [+2 si Majorana]

              ⇒ violation de CP dans les oscillations:

lα [α = e, µ, τ ]

να =
∑i=3

i=1 Uαi νi

θ12, θ23, θ13 δ

∆m2 ∆m2
32 ∆m2

21

δ != 0,π P (να → νβ) "= P (ν̄α → ν̄β)

états propres de saveur

matrice de mélange leptonique (PMNS)

états propres de masse

Pνα→νβ(ν̄α→ν̄β) = − 4
∑

i<j

Re
(
UαiU

#
βiU

#
αjUβj

)
sin2

(
∆m2

jiL

4E

)
± 2J εαβγ

∑

i<j

εijk sin

(
∆m2

jiL

4E

)

1 Introduction

The atmospheric [1, 2] plus solar [3] neutrino data point to neutrino oscillations [4, 5]
and can be easily accommodated in a three-family mixing scenario.

Let U , with (νe, νµ, ντ )T = U · (ν1, ν2, ν3)T , be the leptonic Cabibbo-Kobayashi-
Maskawa (CKM) matrix in its most conventional parametrization [6]:

U ≡ U23U13U12 ≡







1 0 0
0 c23 s23

0 −s23 c23













c13 0 s13eiδ

0 1 0
−s13e−iδ 0 c13













c12 s12 0
−s12 c12 0

0 0 1





 (1)

with s12 ≡ sin θ12, and similarly for the other sines and cosines. Oscillation experiments
are sensitive to the neutrino mass differences and the four parameters in the mixing
matrix of Eq. (1): three angles and the Dirac CP-odd phase.

The SuperKamiokande [1] data on atmospheric neutrinos are interpreted as oscil-
lations of muon neutrinos into neutrinos that are not νe’s, with a mass gap that we
denote1 by ∆m2

23. Roughly speaking, the measured mixing angle θ23 is close to maxi-
mal and |∆m2

23| is in the range 10−3–10−2 eV2. The solar neutrino deficit is interpreted
either as MSW (matter enhanced) oscillations [5] or as vacuum oscillations (VO) [4]
that deplete the original νe’s, presumably in favour of νµ’s or alternatively into ster-
ile neutrinos. The corresponding squared mass differences –O(10−5-10−4) eV2 for the
large mixing angle MSW solution (LMA-MSW), O(10−6) eV2 for the small mixing
angle MSW solution (SMA-MSW), or O(10−10) eV2 for VO– are significantly below
the range deduced from atmospheric observations. We identify this mass difference
with ∆m2

12 in this parametrization. Its sign is constrained by solar data: while the
SMA-MSW solution exists only for positive ∆m2

12, in the LMA-MSW range there is
also a small window at negative values [7].

These oscillation signals will be confirmed and further constrained in ongoing and
planned atmospheric, solar and long baseline reactor experiments [8], as well as in
future long baseline accelerator neutrino experiments [9]. In a few years they will
answer the question of sterile neutrinos contributing or not to present data. The MSW
effect is expected to play a major role in explaining the solar deficit and both solar and
reactor experiments will also clarify whether Nature has chosen the LMA-MSW rather
than SMA-MSW or VO solutions.

The atmospheric neutrino parameters will be known with better precision as well.
Experimental information relevant for a more precise knowledge of the atmospheric
neutrino fluxes will be available [10, 11]. Also, projected long baseline accelerator
experiments will improve the precision of |∆m2

23| and θ23. For instance, |∆m2
23| is

expected to be measured at MINOS with an accuracy below 10% if |∆m2
23| > 3× 10−3

eV2 [12].
1 ∆m2

ij ≡ m2
j − m2

i throughout the paper.

1

J =
1

8
cos θ13 sin 2θ23 sin 2θ13 sin 2θ12 sin δ ∆m2

ji ≡ m2
j −m2

i

8



Une période récente riche en succès expérimentaux...

Observations d’oscillations de saveur avec des sources (neutrinos solaires, 
atmosphériques, d’accélérateurs, de réacteurs) et des techniques (détecteurs 
Cerenkov, scintillateurs liquides...) indépendantes

        Disparition de      (KamLAND)                  Disparition de      (T2K)

Expériences d’apparition en cours:

OPERA (                                  )
T2K (                                  )
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FIG. 2: Allowed region for neutrino oscillation parameters from

KamLAND and solar neutrino experiments. The side-panels show

the ∆χ2-profiles for KamLAND (dashed) and solar experiments

(dotted) individually, as well as the combination of the two (solid).

rameters using the KamLAND and solar data. There is a

strong anti-correlation between the U and Th-decay chain

geo-neutrinos and an unconstrained fit of the individual con-

tributions does not give meaningful results. Fixing the Th/U

mass ratio to 3.9 from planetary data [18], we obtain a

combined U+Th best-fit value of (4.4± 1.6)×106 cm−2s−1

(73± 27 events), in agreement with the reference model.

The KamLAND data, together with the solar ν data, set an

upper limit of 6.2 TW (90% C.L.) for a νe reactor source at

the Earth’s center [19], assuming that the reactor produces a

spectrum identical to that of a slow neutron artificial reactor.

The ratio of the background-subtractedνe candidate events,

including the subtraction of geo-neutrinos, to no-oscillation

expectation is plotted in Fig. 3 as a function of L0/E. The

spectrum indicates almost two cycles of the periodic feature

expected from neutrino oscillation.

In conclusion, KamLAND confirms neutrino oscillation,

providing the most precise value of ∆m2
21 to date and im-

proving the precision of tan2 θ12 in combination with solar ν
data. The indication of an excess of low-energy anti-neutrinos

consistent with an interpretation as geo-neutrinos persists.

The KamLAND experiment is supported by the Japanese

Ministry of Education, Culture, Sports, Science and Technol-

ogy, and under the United States Department of Energy Office

grant DEFG03-00ER41138 and other DOE grants to individ-

ual institutions. The reactor data are provided by courtesy of

the following electric associations in Japan: Hokkaido, To-

hoku, Tokyo, Hokuriku, Chubu, Kansai, Chugoku, Shikoku

and Kyushu Electric Power Companies, Japan Atomic Power

Co. and Japan Nuclear Cycle Development Institute. The

Kamioka Mining and Smelting Company has provided ser-

vice for activities in the mine.
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FIG. 3: Ratio of the background and geo-neutrino-subtracted νe

spectrum to the expectation for no-oscillation as a function of

L0/E. L0 is the effective baseline taken as a flux-weighted aver-

age (L0 = 180 km). The energy bins are equal probability bins of the

best-fit including all backgrounds (see Fig. 1). The histogram and

curve show the expectation accounting for the distances to the indi-

vidual reactors, time-dependent flux variations and efficiencies. The

error bars are statistical only and do not include, for example, corre-

lated systematic uncertainties in the energy scale.
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Une période récente riche en succès expérimentaux... (suite)

Mesure de deux angles de mélange (      et      ) et des deux différences de 
masses au carré            et

Confirmation des oscillations comme source principale des transitions
de saveur observées: autres effets (stériles, interactions non standard, 
moments magnétiques...) sous-dominants

Sensibilité aux effets d’oscillations à 3 saveurs:

θ12 θ23
∆m2

32 ∆m2
21

θ13 != 0

δ
νµ → νe

• effet de              dans les oscillations de 
neutrinos solaires et atmosphériques,

• effet de       dans les expériences de 
disparition à grande distance 
(KamLAND, MINOS, T2K);

• effet de    dans les expériences 
d’apparition                 (T2K, MINOS)

θ13

CPδ

π-

/2π-

0

/2π

π

 > 023
2 mΔ

    
68% CL
90% CL

13θ22sin
0 0.1 0.2 0.3 0.4 0.5 0.6

CPδ

π-

/2π-

0

/2π

π

 < 023
2 mΔ

T2K
 p.o.t.2010×1.43 

Best fit to T2K data

FIG. 6. The 68% and 90% C.L. regions for sin2 2θ13 for each value of δCP, consistent with

the observed number of events in the three-flavor oscillation case for normal (top) and inverted

(bottom) mass hierarchy. The other oscillation parameters are fixed (see text). The best fit values

are shown with solid lines.

∗ also at J-PARC Center
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Une période récente riche en succès expérimentaux... (suite)

Premières indications que              en juin 2011 (T2K, MINOS)
Confirmation des indications par Double Chooz en décembre 2011
Mesure de              à 5σ par Daya Bay en mars 2012

       grand ⇒ important pour détermination de la hiérarchie de masse et 
pour la recherche de la violation de CP

θ13 != 0

θ13 != 0

Daya Bay !13 Results 

13
!22sin

0 0.05 0.1 0.15 0.2 0.25 0.3

Daya Bay

Double Chooz

MINOS

T2K

Solar + KamLAND

Original Flux

Reevaluated Flux

Normal Hierarchy

Inverted Hierarchy

sin22!13

Observe electron-antineutrino disappearance
six 2.9 GWth reactors
six 20-ton detectors: 3 near (~500m), 3 far (~1650m)
55 days of running

antineutrino detectors

near far

sin2 2θ13 = 0.092± 0.016 (stat.)± 0.005 (syst.)

θ13

[arXiv:1203.1669]

Phys. Rev. Lett. 108 (2012) 131801

arXiv:1203.1669

Phys. Rev. Lett. 107 (2011) 041801

Phys. Rev. Lett. 107 (2011) 181802

Phys. Rev. D83 (2011) 052002
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... mais encore de nombreuses questions ouvertes

1) Le mélange leptonique reflète-t-il une symétrie sous-jacente?

    e.g. l’angle        est-il maximal? (                     )

➞ mesures de précision (expériences long baseline)

2) Quelle est la hiérarchie de masse? 

                                               versus

➞ distinguées par effets de matière (expériences long baseline)

3) Quelle est l’échelle absolue de masse des neutrinos?

➞ désintégration bêta tritium, cosmologie, (double désintégration bêta)
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Fig. 15. Mass schemes for 3ν oscillations

• Mixing effects because of the additional angle θ13

• Difference between Normal and Inverted schemes,
• Coupled oscillations with two different oscillation lengths,
• CP violating effects.

The strength of these effects is controlled by the values of the ratio of mass
differences, the mixing angle θ13 and the CP phase δCP.

In this respect, as we have seen in the previous sections, the parameter space
of solutions for solar and atmospheric oscillations in Figs. 13 and 12 satisfy

∆m2
21 = ∆m2

! ! ∆m2
atm = |∆m2

31| " |∆m2
32|. (93)

This hierarchy implies that even though in general the transition probabil-
ities present an oscillatory behavior with two oscillation lengths, in present
experiments, such interference effects are not very visible.

In this notation, the survival probability of reactor antineutrinos at CHOOZ
takes the form:

PCHOOZ
ee = 1 − cos4 θ13 sin2 2θ12 sin2

(

∆m2
21L

4E

)

− sin2 2θ13

[

cos2 θ12 sin2

(

∆m2
31L

4E

)

+ sin2 θ12 sin2

(

∆m2
32L

4E

)]

" 1 − sin2 2θ13 sin2

(

∆m2
31L

4E

)

,

(94)

where we have used that for the relevant values of energy and distance, one can
safely neglect Earth matter effects. The second equality holds under the ap-
proximation ∆m2

21 ! E/L which can be safely made for ∆m2
21 ≤ 3×10−4 eV2

Thus effectively the analysis of the CHOOZ reactor data involves two os-
cillation parameters the mass difference which drives the dominant atmo-
spheric and K2K oscillations, ∆m2

31, and the angle θ13 which is severely con-
strained [119].
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In this respect, as we have seen in the previous sections, the parameter space
of solutions for solar and atmospheric oscillations in Figs. 13 and 12 satisfy

∆m2
21 = ∆m2

! ! ∆m2
atm = |∆m2

31| " |∆m2
32|. (93)

This hierarchy implies that even though in general the transition probabil-
ities present an oscillatory behavior with two oscillation lengths, in present
experiments, such interference effects are not very visible.

In this notation, the survival probability of reactor antineutrinos at CHOOZ
takes the form:

PCHOOZ
ee = 1 − cos4 θ13 sin2 2θ12 sin2

(
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[
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where we have used that for the relevant values of energy and distance, one can
safely neglect Earth matter effects. The second equality holds under the ap-
proximation ∆m2

21 ! E/L which can be safely made for ∆m2
21 ≤ 3×10−4 eV2

Thus effectively the analysis of the CHOOZ reactor data involves two os-
cillation parameters the mass difference which drives the dominant atmo-
spheric and K2K oscillations, ∆m2

31, and the angle θ13 which is severely con-
strained [119].

49

M

s
o

la
r

s
o

la
r

a
tm

o
s

m       m       1 3

!
 

2

!
 m

2

m       
3

m       
2

!
 m

m       
1

m       
2

NORMAL INVERTED

2
Fig. 15. Mass schemes for 3ν oscillations

• Mixing effects because of the additional angle θ13

• Difference between Normal and Inverted schemes,
• Coupled oscillations with two different oscillation lengths,
• CP violating effects.

The strength of these effects is controlled by the values of the ratio of mass
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32|. (93)

This hierarchy implies that even though in general the transition probabil-
ities present an oscillatory behavior with two oscillation lengths, in present
experiments, such interference effects are not very visible.

In this notation, the survival probability of reactor antineutrinos at CHOOZ
takes the form:

PCHOOZ
ee = 1 − cos4 θ13 sin2 2θ12 sin2

(

∆m2
21L

4E

)

− sin2 2θ13

[

cos2 θ12 sin2

(

∆m2
31L

4E

)

+ sin2 θ12 sin2

(

∆m2
32L

4E

)]

" 1 − sin2 2θ13 sin2

(

∆m2
31L

4E

)

,

(94)

where we have used that for the relevant values of energy and distance, one can
safely neglect Earth matter effects. The second equality holds under the ap-
proximation ∆m2

21 ! E/L which can be safely made for ∆m2
21 ≤ 3×10−4 eV2

Thus effectively the analysis of the CHOOZ reactor data involves two os-
cillation parameters the mass difference which drives the dominant atmo-
spheric and K2K oscillations, ∆m2

31, and the angle θ13 which is severely con-
strained [119].
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4) La symétrie CP est-elle violée dans le secteur des leptons?

    i.e. a-t-on                                             dans le vide?

   condition nécessaire pour la leptogenèse

➞ expériences long baseline car CP due à termes d’oscillation sous-dominant

5) Les neutrinos sont-ils des fermions de Dirac ou de Majorana?

Majorana: double désintégration               Aussi information sur la hiérarchie
bêta sans emission de neutrino                et l’échelle absolue de masse

Majorana ⇒ violation du nombre leptonique

              ⇒ importantes conséquences théoriques (leptogenèse, GUT...)

P (να → νβ) "= P (ν̄α → ν̄β)

106 Chapter 8. Non-oscillation experiments
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Figure 8.5: 99% CL expected ranges as function of the lightest neutrino mass for the parameters:
mcosmo = m1 + m2 + m3 probed by cosmology (fig. 8.5a), mνe ≡ (m · m†)1/2ee probed by β-decay
(fig. 8.5b), |mee| probed by 0ν2β (fig. 8.5c). ∆m2

23 > 0 corresponds to normal hierarchy (mlightest =
m1) and ∆m2

23 < 0 corresponds to inverted hierarchy (mlightest = m3), see fig. 2.4. The darker
regions show how the ranges would shrink if the present best-fit values of oscillation parameters
were confirmed with negligible error.

Many other experiments and proposals are based on (various combinations of) these concepts
and other important considerations (background control, isotopic enrichment, double tag, etc.).
The so called “pulse shape discrimination” is a good example of how the background can be
reduced in 76Ge detectors; in the terminology above, it might be classified as a rough “electron
tracking”. In 0ν2β events the energy is deposited by two electrons in a single point. Background
from γ radiation deposits monochromatic energy in the crystal, producing a line in the energy
spectrum, at energies that can be dangerously close to the 0ν2β line. However, γ tend to manifest
as multi-site events, making a few Compton scatterings, until their energy is so low that γ get
photoelectrically absorbed. The electric pulse from charge collection of multi-site events has on
average a different time structure from single-site events: the HM collaboration [17] tried to
exploit this difference to suppress the background by a factor O(2) (IGEX also employs the same
technique).

If a signal is seen, measuring the energy and/or angular distributions of the events (as say
in NEMO3) and/or related modes of decay such as electron capture or double positron emission
(say with a setup as in COBRA) would allow to test if 0ν2β is due to neutrino masses or to some
other speculative source, such as new gauge interactions among right-handed fermions.

Feruglio, Strum
ia,V

issani
(hep-ph/0201291)
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6) Existe-t-il plus de 3 neutrinos?

Certaines données expérimentales ne peuvent s’expliquer avec 3 neutrinos 
(LSND, anomalie des réacteurs...) ⇒ suggèrent neutrino(s) stérile(s) de masse 
de l’ordre d’ 1eV

             compatible avec nucléosynthèse

7) Le proton est-il stable?

Test de l’hypothèse d’unification – une sensibilité de        années sur certains 
modes (                           ) permettrait de tester les modèles SU(5) non 
minimaux, ainsi que d’autres groupes d’unification comme SO(10)

Nν = 4

1035

p → π0e+, K+ν̄
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Programme de recherche proposé par la communauté française

• exploration des anomalies / recherche de neutrinos stériles

• mesures de précision, détermination de la hiérarchie de masse, recherche  
de la violation de CP dans le secteur leptonique, désintégration du proton

• nature des neutrinos / recherche de la double désintégration bêta sans 
émission de neutrino

➞ Guillaume Mention

➞ Alessandra Tonazzo

➞ Laurent Simard
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