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Les neutrinos sont différents des autres fermions

- 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

m⌫ . 1 eV me = 511 keV

|Vus| = 0.2253± 0.0007

|Vcb| = 0.0410+0.0011
�0.0007

|Vub| = 0.00347+0.00016
�0.00012

fit global PDG (2010) Gonzalez-Garcia et al., WIN 2013
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|Ue2|(3�) = 0.515÷ 0.581

|Uµ3|(3�) = 0.598÷ 0.805

|Ue3|(3�) = 0.129÷ 0.173



- 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

⇒ les neutrinos sont d’excellentes sondes astrophysiques (sources 
lointaines, phénomènes violents comme les explosions de supernovae...)

⌫ = ⌫
⌫ 6= ⌫

⌫e,µ,⌧ ↵ ⌫s



Les neutrinos, fenêtre sur la nouvelle physique

...  à très haute échelle

Théorie effective :

                              suggère

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

➞ Grande Unification?

SO(10) contient des neutrinos de Majorana
superlourds qui engendrent l’opérateur
LLHH (mécanisme de seesaw)

Ces mêmes neutrinos de Majorana lourds
peuvent engendrer l’asymétrie baryonique
de l’Univers par le mécanisme de la leptogenèse                            

v = 246GeV
1

⇤
LLHH �! m⌫ =

v2

⇤

m⌫ ⇠ 0.05 eV ⇤ ⇠ 1015 GeV
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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

⇤ ⇠ MR

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
!)



... à basse énergie

Neutrinos stériles?

Interactions non standard?

Contribution non-standard à la double bêta?

... en cosmologie

keV neutrino comme matière noire?

Neutrinos reliques du Big Bang? (pas encore détectés)

                                        (par saveur)

GF ✏↵� q̄q ⌫̄↵⌫�

⌫4 ?

⌫1,2,3
⌫e,µ,⌧ + ⌫s ?

⌫̄↵⌫�

q q̄

d u

d u

e2

χ0

e1

ν = ν

Figure 11: The Feynman diagrams at quark level leading to majoron emission in the

0νββ-decay instead of the more well known mass term. Here χ0 stands for the majoron,
not to be confused with the neutralino, which we will encounter later in connection with

supersymmetry.

5.3. Another neutrino mass independent mechanism (majoron emission)

It is well known that in some theories lepton number is associated with a global, not a

local, symmetry. When such theories are broken spontaneously, one encounters physical

Nambu-Goldstone bosons, called majorons. These bosons only couple to the neutrinos.
So in any model which gives rise to mass term for the light neutrino (mass insertion

in the neutrino propagator), one may naturally have a competing majoron-neutrino-

antineutrino coupling. Such a mechanism is shown at the quark level in Fig. 11.

The majoron, which couples to the left handed neutrinos, comes from the neutral

member of the isotriplet. Such a multiplet, however, cannot easily be be accommodated

theoretically. So this type of majoron is not present in the usual models. On the other
hand there is a majoron χ0, the imaginary part of an isosinglet scalar, which couples

to the right handed neutrino with a coupling g0ij. This gives rise to the mechanism

shown in Fig. 12 at the nucleon level. The right handed neutrino, however, has a small

component of light neutrinos (see Eq. (27)).

Lννχ0 =
∑

i<j

gij [ν̄iLγ5νjL]χ
0, (77)

with

gij =
∑

i<j

U (21)
αi U (21)

βj g0αβξi, (78)

with g0αβ the coupling of the majoron to the corresponding neutrino flavors. The
expression for the half-life takes the form

[T 0ν
1/2]

−1 = Gχ
01|〈g〉M0ν

ν |2, (79)

with 〈g〉 = ∑

i<j U
(21)
ei U (21)

ej gij. Notice that, even if gij takes natural values, the coupling

gij is very small due to the smallness of the mixing matrix U (21). Thus the effective

coupling〈g〉 is very small. So, even though we do not suffer in this case from the
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Oscillations des neutrinos

L’étude des neutrinos solaires et atmosphériques a montré que les neutrinos 
changent de saveur au cours de leur propagation (Prix Nobel 2015)

Neutrinos atmosphériques (Super-Kamiokande 1998)

12!

than ten times larger than its predecessor Kamiokande in the Mozumi zinc mine. Super-
Kamiokande launched its operations in April 1996 and could, after less than two years of 
data-taking, report the first striking results: a deficit in the number of up-going high energy 
muon-neutrinos, strongly varying with the zenith angle (i.e. the angle between the neutrino 
direction and vertical).  

Atmospheric neutrinos are produced high in the atmosphere and the flux at the surface of the 
Earth is expected to be isotropic, independent of the zenith angle. This implies that the 
observed fluxes of up-going and down-going neutrinos in an underground detector like SK 
should be equal.  A water Cherenkov detector is able to distinguish the electrons and muons 
produced in the final state of νe and νµ charged current (CC) reactions but cannot distinguish 
neutrinos from anti-neutrinos. By determining the directions of the final electrons and muons, 
the directions of the incident neutrinos can be inferred.  

Figure 5: Zenith angle distributions of e-like and µ-like events in Super-Kamiokande with 
momenta above and below 1.33 GeV [52]. The boxes show the expectation assuming no 
oscillations, whereas the full drawn lines show the results of the best fit. 

Figure 5 clearly shows that whereas the flux of electron-neutrinos has almost no zenith angle 
dependence, the flux of down-going (cosθ  = 1) muon-neutrinos significantly exceeds the flux 
of up-going νµ. This can be simply interpreted in terms of oscillations: neutrinos moving 
upward through the detector are created in the atmosphere at the opposite side of the Earth 

ofand travel thousands  kilometUHV before interacting. Apparently, muon-neutrinos disappear 
on the way whereas electron-neutrinos do not. Down-going muon-neutrinos, produced in the 
atmosphere directly above the detector, only travel a few dozen kilometres and are detected at 
the level expected. Since there is no indication of an increased electron-neutrino flux, the 
missing muon-neutrinos must have oscillated into tau-neutrinos. 
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Fig. 2. Angular distributions for e-like (left) and µ-like (right) events, for sub-GeV (top) and multi-
GeV (bottom) samples. The bars show the MC no-oscillation prediction with statistical errors,
and the line shows the oscillation prediction for the best-fit parameters, sin2 2θ = 1.0 and ∆m2 =
3.5 × 10−3 eV2.
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Fig. 3. Angular distributions for e-like (left) and µ-like (right) multi-GeV events (FC+PC), divided
into 10 angular bins.

interprétation :

déficit de neutrinos
muoniques montants

⌫µ ! ⌫⌧oscillations



Neutrinos solaires (SNO 2001-2002)

Déficit de      par rapport aux prédictions des modèles solaires observé    
par Homestake (dès la fin des années 1960), GALLEX/SAGE, Kamiokande

Mesures séparées du flux de neutrino électroniques        via le courant 
chargé et du flux total                   via le courant neutre

(�e)
(�e + �µ⌧ )

10!

solar model prediction. Continued data-taking refined these results. Data-taking was 
concluded in 2006 and the final results were published in 2013 [35]. The 8B neutrino flux 
from the final fit to all reactions is 

!!!!

€

φ =φ(ν e )+φ(ν µ )+φ(ντ )=5.25±0.16(stat)−0.13+0.11 (sys)×106 cm−2s−1

in very good agreement with the theoretically expected 5.94 (1 ± 0.11) [SSM BPS08] or 5.58 
(1 ± 0.14) [SSM SHP11] (see [36] and references therein). 
 
The flux of muon- and tau-neutrinos deduced from the results shown in figure 4 is 

!!

€

φ(ν µ )+φ(ντ )=(3.26±0.25−0.35
+0.40 )×106 cm−2s−1

deviating significantly from zero. A comparison with the total 8B flux clearly demonstrates 
that about two thirds of the solar electron-neutrinos changed flavour, arriving at Earth as 
muon-neutrinos or tau-neutrinos. SNO’s ES results are consistent with the results from Super-
Kamiokande and with the SNO results above, however by themselves insufficient as evidence 
for flavour change (figure 4). 

Figure 4: Fluxes of 8B solar neutrinos from SNO and Super-Kamiokande. The SSM BS05 
[38] prediction is shown as a range between the dashed lines. C.L. stands for confidence level.
From [36] and references therein.

The SNO evidence for neutrino flavour conversion was confirmed a year later by the 
KamLAND reactor experiment. KamLAND (Kamioka Liquid scintillator AntiNeutrino 
Detector) [39] was proposed in 1994, funded in 1997 and started data-taking in January 2002. 
The first KamLAND results were published in January 2003 [40] and show clear evidence for 
disappearance of electron anti-neutrinos, consistent with the expectation from the solar 

⌫e

interprétation :

oscillations ⌫e ! ⌫µ, ⌫⌧

(en réalité conversion adiabatique
de saveur dans la matière)



Le mécanisme des oscillations (dans le vide)

Origine des oscillations = mélange de saveur leptonique, dû au fait que les 
états propres de l’interaction faible                 ne coïncident pas avec les 
états propres de masse                 (analogue au secteur des quarks)

U = matrice de mélange leptonique = matrice PMNS (Pontecorvo-Maki-Nakagawa-Sakata)

➞ le neutrino qui se couple à un lepton chargé de saveur donnée (e, µ ou τ) 
n’est pas un état propre de masse, mais une superposition cohérente d’états 
propres de masse

⌫e, ⌫µ, ⌫⌧
⌫1, ⌫2, ⌫3
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3 étapes dans le processus d’oscillation

1) production d’un état pur de saveur à t = 0   (e.g. un      de                    )

2) propagation: chaque état propre de masse évolue avec son propre facteur 
de phase            ⇒ modifie la superposition cohérente, qui n’est plus un état 
propre de saveur

3) détection via le courant chargé (saveur du neutrino = saveur du lepton 
chargé détecté)

➞ probabilité d’oscillation                 à une distance L de la source (L = ct)

|⌫(t = 0)i = |⌫↵i =
P

i U
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oscillations à 2 saveurs

Amplitude des oscillations:

Longueur d’oscillation: 

✓
⌫↵
⌫�
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=

✓
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◆✓
⌫1
⌫2
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L
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oscillations à 3 saveurs

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

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

[ les 2 phases « de Majorana » ne jouent de rôle que dans les processus qui violent le nombre 
leptonique, comme la double bêta sans émission de neutrino, et n’affectent pas les oscillations ]

➞ probabilité d’oscillation = somme de termes oscillants de « fréquences »
                             et d’amplitudes différentes

Pour les antineutrinos,  U → U* (δ → - δ) et le dernier terme change de 
signe ⇒                                               (si              ) ➞ violation de CP

�m2 �m2
32 �m2

21

✓12, ✓23, ✓13

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
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Dans de nombreuses situations physiques, on peut se ramener en bonne 
approximation à des oscillations à deux saveurs:

Avec la précision croissante des expériences, une description à 3 saveurs est 
souvent nécessaire, par exemple dans les oscillations à grande distance :

 - neutrinos solaires

 - neutrinos atmosphériques

 - antineutrinos de réacteurs

�m2
32, ✓23

(oscillations à courte distance: Daya Bay, D-CHOOZ...)
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Violation de CP dans les oscillations

                                                             à l’ordre dominant en           :

invariant de Jarlskog

→ conditions pour la violation de CP : 

→ pour l’observer, il est nécessaire que les oscillations sous-dominantes 
gouvernées par           puissent se développer ⇒ expériences d’oscillations    
à grande distance (> 100 km)

�P↵� = ±8 J

✓
�m2

21L

2E

◆
sin2

✓
�m2

31L

4E

◆
, J ⌘ Im

⇥
Ue1U

⇤
µ1U

⇤
e2Uµ2

⇤

�P↵� ⌘ P (⌫↵ ! ⌫�)� P (⌫̄↵ ! ⌫̄�) �m2
21

J =

1

8

cos ✓13 sin 2✓12 sin 2✓13 sin 2✓23 sin �

�m2
21 6= 0 , �m2

31 6= 0 , ✓ij 6= 0 , � 6= 0,⇡

�m2
21



La propagation des neutrinos dans la matière est affectée par leurs 
interactions (diffusions cohérentes vers l’avant) avec les e-, p et n du milieu

⇒ potentiel pour les neutrinos dans la matière, qui dépend de la saveur

⇒ les états propres de la propagation ne sont plus les états propres de masse 
(= etats propres du Hamiltonien dans le vide), mais les états propres du 
Hamiltonien dans la matière Hm, d’énergie 
Ces derniers sont reliés aux états propres de saveur par un angle de mélange 
dans la matière θm (cas à 2 saveurs):

Propagation des neutrinos dans la matière

CC – seulement pour NC – identique pour           ⌫e,µ,⌧⌫e
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i

✓
⌫↵
⌫�

◆
=

✓
cos ✓m sin ✓m
� sin ✓m cos ✓m

◆✓
⌫m1
⌫m2

◆
 Em

1

 Em
2



si la densité du milieu est constante

Les oscillations                                     sont décrites par la même formule

que dans le vide, avec

L’angle θm dépend de la densité d’électrons dans le milieu :

Pour les antineutrinos, la condition de résonance est                  et ne peut 
être satisfaite que si

⇒ quand les oscillations des neutrinos sont amplifiées, celles des 
antineutrinos sont atténués, et réciproquement

() Em
i , ✓m = const.)

⌫e ! ⌫� (⌫� = ⌫µ, ⌫⌧ )

✓ ! ✓m , �m2

4E ! E2
m�E1

m
2

Different regimes for oscillations in matter :

- low density (                ) :                             ⇒ vacuum oscillations

- resonance (               ) :

- high density (                ) :                                   ⇒ oscillations are
  suppressed by matter effects
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Application: determination de la hiérarchie de masse

Deux types de spectres compatibles avec les données expérimentales:

Dans le vide :

Pour L > 100 km, les effets de matières ne peuvent être négligés

Si nres est proche de la densité de la croûte terrestre, les oscillations des 
neutrinos (antineutrinos) sont amplifiées pour la hiérarchie normale 
(inverse), tandis que celles des antineutrinos (neutrinos) sont atténuées

[en pratique, les effets de la violation de CP et de la matière peuvent être intriqués]
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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? (                     ) Sinon quel octant?

➞ mesures de précision (expériences long baseline)

2) Quelle est la hiérarchie de masse? 

                                               versus

➞ distinguées par effets de matière (expériences long baseline, nu atmosph.)

3) Quelle est l’échelle absolue de masse des neutrinos?
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• 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
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! ! ∆m2
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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:
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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].
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⇢
nres > 0 hiérarchie normale

nres < 0 hiérarchie inverse
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aja, W
hisnant]

une figure obsolète
mais illustrative



si la densité du milieu est variable (soleil, supernovae...)

Nouveau phénomène : conversion adiabatique de saveur (effet MSW)      

Cas des neutrinos solaires de haute énergie : au centre du soleil,
                            (« croisement de niveaux ») ⇒ les neutrinos sont
produits dans un état propre du Hamiltonien: 

Sur le trajet du neutrino, la densité électronique décroît, mais le neutrino 
reste dans le même état propre de Hm (l’évolution est adiabatique), dont la 
composition en états propres de saveur varie

Le neutrino quitte le soleil dans un état
propre de masse, et parvient sur terre dans
ce même état ⇒ probabilité de survie :

ne(r = 0) � nres

|⌫ei ' |⌫m2 (r = 0)i

r = 0 : |⌫ei ' |⌫m2 (r = 0)i

�! |⌫m2 (r = RSun)i ' |⌫2i
|⌫2i = sin ✓ |⌫ei+ cos ✓ |⌫�i (� = µ, ⌧)

Pee = |h⌫e|⌫2i|2 = sin2 ✓



Bilan des résultats expérimentaux

L’ensemble des données (à quelques
anomalies près) est parfaitement
décrit dans le cadre des oscillations
à 3 saveurs, et la détermination des
paramètres d’oscillations est de plus
en plus précise
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... mais de nombreuses questions restent ouvertes

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

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

➞ mesures de précision (expériences long baseline)

2) Quelle est la hiérarchie de masse? 

                                               versus

➞ effets de matière (expériences long baseline, neutrinos atmosphériques) 
ou étude de précision des oscillations des antineutrinos de réacteurs
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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
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+ 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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• Coupled oscillations with two different oscillation lengths,
• CP violating effects.
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proximation ∆m2
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3) Quelle est l’échelle absolue des masses des neutrinos ?

seules les différences des carrés des masses sont connues
➞ désintégration bêta, cosmologie

Limites actuelles:                                                           (Troitsk/Mainz)

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 [pas obligatoirement dans oscillations]

➞ expériences long baseline

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

Majorana ⇒ violation du nombre leptonique

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

➞ double désintégration bêta sans emission de neutrino

P (⌫↵ ! ⌫�) 6= P (⌫̄↵ ! ⌫̄�)

m⌫e < 2.2 eV (95% C.L.)

Planck Collaboration: Cosmological parameters
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Fig. 26. Marginalized posterior distributions for
P

m⌫
in flat models from CMB data. We show results for
Planck+WP+highL without (solid black) and with (red)
marginalization over AL, showing how the posterior is signifi-
cantly broadened by removing the lensing information from the
temperature anisotropy power spectrum. The e↵ect of replacing
the low-` temperature and (WMAP) polarization data with a
⌧ prior is shown in solid blue (Planck�lowL+highL+⌧prior)
and of further removing the high-` data in dot-dashed blue
(Planck�lowL+⌧prior). We also show the result of including
the lensing likelihood with Planck+WP+highL (dashed black)
and Planck�lowL+highL+⌧prior (dashed blue).

mation by marginalizing over AL
32. We see that the posterior

broadens considerably (see the red curve in Fig. 26) to give
X

m⌫ < 1.08 eV [95%; Planck+WP+highL (AL)], (70)

taking us back close to the value of 1.3 eV (for AL = 1) from
the nine-year WMAP data (Hinshaw et al. 2012), corresponding
to the limit above which neutrinos become non-relativistic be-
fore recombination. (The resolution of WMAP gives very little
sensitivity to lensing e↵ects.)

As discussed in Sect. 5.1, the Planck+WP+highL data com-
bination has a preference for high AL. Since massive neutrinos
suppress the lensing power (like a low AL) there is a concern
that the same tensions which drive AL high may give artificially
tight constraints on

P
m⌫. We can investigate this issue by re-

placing the low-` data with a prior on the optical depth (as in
Sect. 5.1) and removing the high-` data. Posterior distributions
with the ⌧ prior, and additionally without the high-` data, are
shown in Fig. 26 by the solid blue and dot-dashed blue curves,
respectively. The constraint on

P
m⌫ does not degrade much by

replacing the low-` data with the ⌧ prior only, but the degra-
dation is more severe when the high-` data are also removed:P

m⌫ < 1.31 eV (95% CL).
Including the lensing likelihood (see Sect. 5.1) has a signif-

icant, but surprising, e↵ect on our results. Adding the lensing

32The power spectrum of the temperature anisotropies is predomi-
nantly sensitive to changes in only one mode of the lensing potential
power spectrum (Smith et al. 2006). It follows that marginalizing over
the single parameter AL is nearly equivalent to marginalizing over the
full amplitude and shape information in the lensing power spectrum as
regards constraints from the temperature power spectrum.

likelihood to the Planck+WP+highL data combination weakens
the limit on

P
m⌫,

X
m⌫ < 0.85 eV (95%; Planck+lensing+WP+highL), (71)

as shown by the dashed black curve in Fig. 26. This is representa-
tive of a general trend that the Planck lensing likelihood favours
larger

P
m⌫ than the temperature power spectrum. Indeed, if we

use the data combination Planck�lowL+highL+⌧prior, which
gives a weaker constraint from the temperature power spectrum,
adding lensing gives a best-fit away from zero (

P
m⌫ = 0.66 eV;

dashed blue curve in Fig. 26). However, the total �2 at the
best-fit is only 0.3 lower than in the best-fitting base model
(
P

m⌫ = 0.06 eV). The fit to the lensing data is rather better
(��2 = �3.2) while the fit to the Planck temperature spec-
trum (excluding low-`) and high-` is worse (��2 = 0.4 and 2.6,
respectively). There are rather large shifts in other cosmolog-
ical parameters between these best-fit solutions corresponding
to shifts along the acoustic-scale degeneracy direction for the
temperature power spectrum. Note that, as well as the change
in H0 (which falls to compensate the increase in

P
m⌫ at fixed

acoustic scale), ns, !b and !c change significantly keeping the
lensed temperature spectrum almost constant. These latter shifts
are similar to those discussed for AL in Sect. 5.1, with non-zeroP

m⌫ acting like AL < 1. The lensing power spectrum C��` is
lower by 9.1% for the higher-mass best fit at ` = 400 and larger
by 2.1% at ` = 40, which is a similar trend to the residuals from
the best-fit minimal-mass model shown in the bottom panel of
Fig. 12. Planck Collaboration XVII (2013) explores the robust-
ness of the C��` estimates to various data cuts and foreground-
cleaning methods. The first (` = 40–85) bandpower is the least
stable to these choices, although the variations are not statis-
tically significant. We have checked that excluding this band-
power does not change the posterior for

P
m⌫ significantly, as

expected since most of the constraining power on
P

m⌫ comes
from the bandpowers on smaller scales. At this stage, it is un-
clear what to make of this mild preference for high masses from
the 4-point function compared to the 2-point function. As noted
in Planck Collaboration XVII (2013), the lensing measurements
from ACT (Das et al. 2013) and SPT (van Engelen et al. 2012)
show similar trends to those from Planck where they overlap
in scale. With further Planck data (including polarization), and
forthcoming measurements from the full 2500 deg2 SPT temper-
ature survey, we can expect more definitive results on this issue
in the near future.

Apart from its impact on the early-ISW e↵ect and lensing
potential, the total neutrino mass a↵ects the angular-diameter
distance to last scattering, and can be constrained through the
angular scale of the first acoustic peak. However, this e↵ect is
degenerate with ⌦⇤ (and so the derived H0) in flat models and
with other late-time parameters such as ⌦K and w in more gen-
eral models (Howlett et al. 2012). Late-time geometric measure-
ments help in reducing this “geometric” degeneracy. Increasing
the neutrino masses at fixed ✓⇤ increases the angular-diameter
distance for 0  z  z⇤ and reduces the expansion rate at low red-
shift (z <⇠ 1) but increases it at higher redshift. The spherically-
averaged BAO distance DV(z) therefore increases with increas-
ing neutrino mass at fixed ✓⇤, and the Hubble constant falls; see
Fig. 8 of Hou et al. (2012). With the BAO data of Sect. 5.2, we
find a significantly lower bound on the neutrino mass:
X

m⌫ < 0.23 eV (95%; Planck+WP+highL+BAO). (72)

The ⇤CDM model with minimal neutrino masses was shown in
Sect. 5.3 to be in tension with recent direct measurements of H0
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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

7) la saveur leptonique est-elle violée de manière importante dans le secteur 
des leptons chargés ?

oscillations = violation de la saveur leptonique dans le secteur des neutrinos 
⇒ existence de processus tels que 
pas observés à ce jour

9) quelle est l’origine des masses des neutrinos?

certains mécanismes sont testables aux collisionneurs (seesaw à basse 
énergie, modèles radiatifs...)

. . . . . . . . 

µ ! e�, µ ! 3e, ⌧ ! 3µ · · ·



Sterile neutrinos

Several experimental anomalies suggest the existence of sterile neutrinos

LSND (1993-1998):                   oscillations

Excess of      events over background at 3.8 σ
Not observed by KARMEN

MiniBooNE (2002-2012):

               data: no excess in the 475-1250 MeV range,
but unexplained 3σ excess at low energy

               data:      excess in the E > 475 MeV
region consistent with LSND-like oscillations,
but not very significant (2.8 σ)

A low-energy excess is also seen

➞ unconclusive

⌫̄µ ! ⌫̄e
⌫̄e

⌫̄µ ! ⌫̄e ⌫̄e

⌫µ ! ⌫e

[MiniBooNE 2-neutrino fit using the full
200-1250 MeV data, arXiv:1303.2588]
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FIG. 3: MiniBooNE allowed regions in antineutrino mode
(top) and neutrino mode (bottom) for events with E

QE
⌫ > 200

MeV within a two-neutrino oscillation model. Also shown are
the ICARUS [28] and KARMEN [24] appearance limits for
neutrinos and antineutrinos, respectively. The shaded areas
show the 90% and 99% C.L. LSND ⌫̄µ ! ⌫̄e allowed regions.
The black stars show the MiniBooNE best fit points, while
the circles show the example values used in Fig. 2.

lous background processes. The neutrino mode running
also shows an excess of 162.0±47.8 events (3.4�), but the
energy distribution of the excess is marginally compatible
with a simple two neutrino oscillation formalism. While
this incompatibility might be explained by unexpected
systematic uncertainties and backgrounds, expanded os-
cillation models with several sterile neutrinos can reduce
the discrepancy by allowing for CP violating e↵ects. On
the other hand, global fits [12] with these expanded mod-
els show some incompatibility with the current upper lim-
its on electron and muon neutrino disappearance that will
need new data and studies to resolve.

We acknowledge the support of Fermilab, the Depart-
ment of Energy, and the National Science Foundation,
and we acknowledge Los Alamos National Laboratory for
LDRD funding.
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IceCube (2016):
excludes most of the LSND + MiniBooNE allowed region through      
disappearance

⌫µ

[IceC
ube C

ollaboration, arX
iv:1605.01990]

7

stability. The Wilks confidence intervals [64] were vali-
dated using Feldman-Cousins ensembles along the con-
tour [39] and found to be accurate frequentist confidence
intervals.

An independent search was conducted using the 59-
string IceCube data [65, 66], introduced previously, that
also finds no evidence of sterile neutrinos. The IC59
analysis, described in detail in [17], used di↵erent treat-
ments for the systematic uncertainties, for the fitting
methods and employed independent Monte Carlo sam-
ples that were compared to data using unique weighting
methods. In particular, the event selection used for this
data set had higher e�ciency for low-energy neutrinos,
using a threshold at 320 GeV, extending the sensitivity
of the analysis to smaller �m2. However, detailed a pos-

teriori inspections revealed that a background contam-
ination from cosmic ray induced muons, on the level of
0.3% of the full sample, is largest in this region and could
lead to an artificially strong exclusion limit. Further-
more, the energy reconstruction algorithm used in both
analyses, which measures the level of bremsstrahlung and
other stochastic light emission along the muon track, is
vulnerable to subtle detector modeling issues and suf-
fers degraded energy resolution in the low-energy region
where most muons are minimum-ionizing tracks and a
large fraction either start or stop within the detector. It
was therefore decided to exclude these events to avoid bi-
asing the resulting exclusion regions. As a result of this
a posteriori change, the IC59 analysis retains a compara-
ble range of sensitivity in �m2 but the reach in sin2✓

24

is
strongly reduced (see Fig. 4). However, we still present
this result as it independently confirms the result pre-
sented here.

DISCUSSION AND CONCLUSION

Resonant oscillations due to matter e↵ects would pro-
duce distinctive signatures of sterile neutrinos in the large
set of high energy atmospheric neutrino data recorded by
the IceCube Neutrino Observatory. The IceCube collab-
oration has performed searches for sterile neutrinos with
�m2 between 0.1 and 10 eV2. We have assumed a mini-
mal set of flavor mixing parameters in which only ✓

24

is
non-zero.

A nonzero value for ✓
34

would change the shape of the
MSW resonance while increasing the total size of the dis-
appearance signal [25]. As discussed in [27], among the
allowed values of ✓

34

[8], the model with ✓
34

=0 presented
here leads to the most conservative exclusion in ✓

24

. The
angle ✓

14

is tightly constrained by electron neutrino dis-
appearance measurements [12], and nonzero values of ✓

14

within the allowed range do not strongly a↵ect our result.
Figure 5 shows the current IceCube results at 90% and

99% confidence levels, with predicted sensitivities, com-
pared with 90% confidence level exclusions from previ-

FIG. 4. Results from IceCube sterile neutrino searches (re-
gions to the right of the contours are excluded). The dot-
dashed blue line shows the result of the original analysis based
on shape alone, while the solid red line shows the final result
with a normalization prior included to prevent degeneracies
between the no-steriles hypothesis and sterile neutrinos with
masses outside the range of sensitivity. The dashed black line
is the exclusion range derived from an independent analysis
of data from the 59-string IceCube configuration.

ous disappearance searches [7–10]. Our exclusion con-
tour is essentially contained within the expected +/- 95%
range around the projected sensitivity derived from sim-
ulated experiments, assuming a no-steriles hypothesis. In
any single realization of the experiment, deviations from
the mean sensitivity are expected due to statistical fluc-
tuations in the data and, to a considerably lesser ex-
tent, in the Monte Carlo data sets. Also shown is the
99% allowed region from a fit to the short baseline ap-
pearance experiments, including LSND and MiniBooNE,
from [12, 13, 25], projected with |Ue4|2 fixed to its world
best fit value according to global fit analyses [12, 13, 67].
This region is excluded at approximately the 99% con-
fidence level, further increasing tension with the short
baseline anomalies, and removing much of the remaining
parameter space of the 3+1 model. We note that the
methods developed for the IC59 and IC86 analyses are
being applied to additional data sets, including several
years of data already recorded by IceCube, from which
we anticipate improvements in IceCubes sterile neutrino
sensitivity.

We acknowledge the support from the following
agencies: U.S. National Science Foundation-O�ce of
Polar Programs, U.S. National Science Foundation-
Physics Division, University of Wisconsin Alumni Re-



Reactor antineutrino anomaly (2011): 

New computation of the reactor antineutrino spectra
[Th. Mueller et al., 2011 - P. Huber, 2011]
⇒ increase of the flux by about 3%
⇒ deficit of antineutrinos in SBL reactor experiments

Mean observed to predicted rate 0.943 ± 0.023 [G. Mention et al., arXiv:1101.2755]

                                     

[D
. Lhuillier, talk at IPA

 2016]

Reactor	AnNneutrino	Anomaly	

05/09/2016	 D.	Lhuillier	-	IAP	2016	 7	

3	ν	scenario		

3	acNve+1	sterile	ν	
	

J.	Kopp,	JHEP	1305	(2013)	050	

Could be explained by an oscillation of  the νe flux toward a sterile 
neutrino in the eV Δm2 scale 



Gallex-SAGE calibration experiments: 

Calibration of the Gallex and SAGE experiments with radioactive sources
⇒ observed deficit of       with respect to predictions
    R = 0.86 ± 0.05

All these anomalies suggest oscillations with a new 

However, no coherent picture of all data with an additional (or even 2) sterile 
neutrinos: tension between appearance (LSND/MiniBooNE antineutrino data) 
and disappearance experiments (reactors +     disappearence experiments, 
including IceCube) + tension between LSND and MiniBooNE neutrino data

Also, cosmology leaves little room for a sterile neutrino:

                                                                  [Planck 2015 + BAO]

➞ need experimental clarification

Remark: from a theoretical point of view, no constraint on the mass of a 
sterile neutrino ⇒ could be in the keV range (and possible dark matter 
candidate), in the GeV-TeV range or above

⌫e

�m2 & 1 eV2

⌫µ

Ne↵ = 3.15± 0.23 (68%C.L.)



Standard case (3 flavours):

Add a sterile neutrino:

  U = 4x4 unitary matrix

Only                   couple to electroweak gauge boson, but all four mass 
eigenstate are produced in a beta decay: 

Active-sterile neutrino mixing

⌫↵ =
P4

i=1 U↵i ⌫i
flavour eigenstate
mass eigenstate (m4)

⌫s
⌫4

[↵ = e, µ, ⌧ ]

⌫e, ⌫µ, ⌫⌧

⌫e =
P4

i=1 Uei ⌫i

e�



We are interested in short baseline oscillations with

➞ approximate

where

where

�m2
41L

4E
. 1 =) sin2

✓
�m2

41L

4E

◆
� sin2

✓
�m2

31L

4E

◆
, sin2

✓
�m2

21L

4E

◆

P⌫↵!⌫↵ ' 1� 4
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Tension between appearance (LSND + MiniBooNE antineutrino data) and 
disappearance experiments (reactors,       disappearence experiments)

Reactors:

require relatively small

CDHS, IceCube:

require relatively small

Appearance experiments (LSND + MiniBooNE antineutrino data):

require relatively large

⌫µ

P⌫̄e!⌫̄e ' 1� sin2 2✓ee sin
2

✓
�m2

41L

4E

◆

sin2 2✓ee ⌘ 4 (1� |Ue4|2)|Ue4|2 ' 4 |Ue4|2

(using info from solar neutrino data)

P⌫µ!⌫µ ' 1� sin2 2✓µµ sin
2

✓
�m2

41L

4E

◆

sin2 2✓µµ ⌘ 4 (1� |Uµ4|2)|Uµ4|2 ' 4 |Uµ4|2

(using info from atm. neutrino data)

P⌫̄µ!⌫̄e ' sin2 2✓eµ sin
2

✓
�m2

41L

4E

◆

sin2 2✓eµ ⌘ 4 |Ue4Uµ4|2 ' 1

4
sin2 2✓ee sin2 2✓µµ



Dirac mass term

The simplest way to describe a massive neutrino is to add a       to the SM 
and to write a Dirac mass term, as for the other fermions:

The massive neutrino       is a Dirac fermion (2 independent chiralities)

not invariant under                         but can be generated from a Yukawa 
coupling to the SM Higgs doublet (which has weak isospin 1/2)

caveat :  possible to write  a Majorana mass term for       ⇒ end up with two 
Majorana neutrinos rather than one Dirac neutrino (see later)

Massive neutrinos – Dirac versus Majorana

⌫R

⌫D
νR

X

mD

νL

�L = 0 �T 3 =
1

2

SU(2)L ⇥ U(1)Y

LYuk. = �yD L̄ i�2H⇤⌫R + h.c. �! mD = yD
vp
2

m⌫ . 1 eV ) yD . 10�11

⌫R

LDirac
mass = �mD (⌫̄L⌫R + ⌫̄R⌫L) ⌘ �mD ⌫̄D⌫D ⌫D ⌘ ⌫L + ⌫R



Majorana mass term

Instead of introducing      , form a RH spinor from 

                                CP conjugate of        (describes the RH antineutrino)

C = charge conjugation matrix

Can write a Majorana mass term :

The massive neutrino                        satisfies the Majorana condition
                 → Majorana fermion

                              

A Majorana mass term violates lepton number (signature of a Majorana 
neutrino) and cannot be generated from a coupling to the SM Higgs doublet 
⇒ neutrino masses require an extension of the SM

⌫R ⌫L
⌫cR ⌘ C ⌫TL ⇠ ⌫L

⌫M = ⌫L + ⌫cR
⌫M = ⌫cM

ν
c
R

X

mM

νL

⇔

νL

X

mM

νL

,
ν
c
R

X

mM

νL

⇔

νL

X

mM

νL

�L = 2 �T 3 = 1

LMaj.
mass = �1

2
mM (⌫̄L⌫

c
R + ⌫̄cR⌫L) ⌘ �1

2
mM ⌫̄M⌫M ⌫M ⌘ ⌫L + ⌫cR

 (x) !  

c(x) ⌘ C ̄

T (x)



Dirac versus Majorana neutrino

A Dirac neutrino is different from its antiparticle (            )
⇒ describes 4 degrees of freedom: 

Described by a 4-component spinor                      with independent LH and 
RH components 

A Majorana neutrino satisfies the condition
⇒ describes only 2 degrees of freedom: 

Can be described by a 4-component spinor                      ,  but the LH and

RH components are not independent as                 :

⌫ " , ⌫ # , ⌫̄ " , ⌫̄ #
⌫ 6= ⌫c

⌫D =

✓
⌫L
⌫R

◆

⌫ = ⌫c = C⌫̄T

⌫ # , ⌫̄ "

⌫M =

✓
⌫L
⌫R

◆

⌫M = ⌫cM ⌫R = C⌫̄TL



How to distinguish Majorana from Dirac neutrinos?

Dirac and Majorana neutrinos have the same gauge interactions, since weak 
interactions only involve       and its antiparticle                (      , if it exists,    
is a gauge singlet and does not interact at all)

For the same reason, oscillations probabilities are the same for Dirac and 
Majorana neutrinos (production and detection are weak interaction 
processes)

The only practical difference between Dirac and Majorana neutrinos lies in 
their mass term, which violates lepton number by 2 units in the Majorana case

→ the Majorana nature of neutrinos can be established in               processes 
such as neutrinoless double beta decay

⌫L ⌫cR ⇠ ⌫̄R ⌫R

�L = 2

(A,Z) ! (A,Z + 2) + e� + e�



How to account for neutrino masses?

Simplest possibility: add a RH neutrino to the SM

In addition to the Dirac mass term                              , must write a 
Majorana mass term for the RH neutrino, which is allowed by all (non-
accidental) symmetries of the SM (or justify its absence):

[only lepton number, if imposed, can forbid this term]

Mass eigenstates : write the mass terms in a matrix form and diagonalize

          where 

�mD ⌫̄LNR + h.c.

�1

2
M N̄ c

LNR + h.c. = �1

2
M NT

RCNR + h.c. �L = 2 �T 3 = 0

Lmass = �1

2

�
⌫̄L N̄ c

L

�✓ 0 mD

mD M

◆✓
⌫cR
NR

◆
+ h.c.

= �1

2

�
⌫̄L1 ⌫̄L2

�✓m1 0
0 m2

◆✓
⌫cR1
⌫cR2

◆
+ h.c.

⌫L1 = cos ✓ ⌫L � sin ✓ ⌫cL
⌫L2 = sin ✓ ⌫L + cos ✓ ⌫cL

{



Defining                               (such that                   ), one can see that the 
mass eigenstates are 2 Majorana neutrinos with masses m1 and m2 :

‟Seesaw” limit : 
(       = gauge singlet ⇒ M unconstrained by electroweak symmetry breaking)

→ the light Majorana neutrino is essentially the SM neutrino

→ natural explanation of the smallness of neutrino masses

 New physics interpretation :  M = characteristic scale of the new physics 
responsible for lepton number violation – might be related to Grand 
Unification: the fermion content of SO(10) includes a RH neutrino in addition 
to the SM fermions, which gets its mass from the spontaneous breaking of the 
SO(10) gauge symmetry
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Alternative mechanisms of neutrino (Majorana) mass generation :

- other versions of the seesaw mechanism with heavy SU(2) triplets (scalar  
or fermionic)

- radiative models: neutrino masses generated at the one-loop (Zee) or two 
loop level (Babu-Zee)

- more exotic: supersymmetric models with R-parity violation (in which 
lepton number is violated), extra spatial dimensions...


