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Outline

• Experimental data: present status, perspectives

• Theoretical framework: neutrino mass origin, flavour structure

• Connections with baryogenesis, dark matter, Higgs



A model of leptons

• Standard Model symmetries:

✴ U(1)e x U(1)μ x U(1)τ = U(1)L x orthogonal combinations

✴ CP invariance 

• Yet, neutrino flavour eigenstates oscillate into one another

✴ a striking effect, but induced by tiny masses:                            
due to new physics very weakly mixed with the SM !

✴ U(1)L and CP resist, for the nonce

Weinberg ‘67

Llep =
X

↵=e,µ,⌧

⇥
lL↵i�

µDµlL↵ + eR↵i�
µDµeR↵ � (y↵lL↵HeR↵ + h.c.)

⇤

Super-Kamiokande ‘98



Lepton mixing

Pontecorvo ’57
Maki-Nakagawa-Sakata ’62

U relates the neutrino mass eigenstates ν1,2,3 to 
the charged lepton mass eigenstates e,μ,τ 

Oscillation probabilities are sensitive to                                           
mi2-mj2 (frequencies), θij (amplitudes), and δ (odd under CP)

* in the case of Majorana neutrinos νR ≡(νL)c

*



Neutrino 
oscillation data

Mass squared differences known precisely, 
up to one sign: m3 > m1,2 (Normal Ordering) 
or m3 < m1,2 (Inverted Ordering)

θ13 measured (in 2012, from reactor ν’s) 
almost as precisely as θ12 (solar ν’s),
θ23 (atmospheric ν’s) is not precisely 
determined yet (slight preference for non-
maximal value, from accelerator ν’s)

Leptonic CP-violation is around the corner ? 
Some values of δ already disfavoured at 2σ ! 

Gonzalez-Garcia,Maltoni,Schwetz ‘14

See also analog fits by
Forero,Tortola,Valle  ’14

Capozzi,Fogli,Lisi,Marrone,Montanino,Palazzo ’13

!
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Figure 4. Six leptonic unitarity triangles. After scaling and rotating each triangle so that two of
its vertices always coincide with (0, 0) and (1, 0) (see text for details) we plot the 1�, 90%, 2�, 99%,
3� CL (2 dof) allowed regions of the third vertex. Note that in the construction of the triangles
the unitarity of the U matrix is always explicitly imposed.

and then we have plot the 1�, 90%, 2�, 99%, 3� CL (2 dof) allowed regions of the third

vertex of the triangle as the real and imaginary parts of z. For convenience in each panel

we have chosen the normalization side (the one which lies on the horizontal (0, 0) ! (0, 1)

segment) as the best determined of the two longer sides of each triangle. In this way all the

triangles have more or less the same size, and the uncertainty in the position of the third

vertex is not too much a↵ected by the uncertainty of the normalization side. Note that the

most common unitarity triangle in the quark sector is the one based on the d-quark and

b-quark columns [7], which corresponds to the 1st and 3rd column in the leptonic matrix,

i.e., to the triangle in the middle-right panel in Fig. 4.

In this kind of diagrams the absence of CP violation implies a flat triangle, i.e., Im(z) =

0. As can be seen, in all the panels the horizontal axis marginally crosses the 1� allowed

region, which for 2 dof corresponds to ��

2 ' 2.3. This is consistent with the present

– 9 –



Next experimental challenges

• Precision oscillation experiments needed

‣ to tell the mass ordering:                  
normal or inverted

‣ to explore CP violating values of δ       
(away from δ = 0 or π) 

‣ to pinpoint 0.38 < sin2 θ23 < 0.64 (3σ)

• What is the absolute value of the ν mass ?        
The lightest ν mass lies in the range                            
0 ≤ mlight < 0.1 eV (conservative 95% C.L. 
upper bound from cosmology, Planck 2014). 
The kinematic measurement by KATRIN 
will be sensitive to 0.2 eV.
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FIG. 12: The left (right) panel shows the median sensitivity in number of sigmas for rejecting the IO

(NO) if the NO (IO) is true for di↵erent facilities as a function of the date. The width of the bands

correspond to di↵erent true values of the CP phase � for NO⌫A and LBNE, di↵erent true values

of ✓23 between 40� and 50� for INO and PINGU, and energy resolution between 3%
p

1 MeV/E

and 3.5%
p

1 MeV/E for JUNO. For the long baseline experiments, the bands with solid (dashed)

contours correspond to a true value for ✓23 of 40� (50�). In all cases, octant degeneracies are fully

searched for.

plots in some detail.
In order to keep the number of MC simulations down to a feasible level, we use the

Gaussian approximation whenever it is reasonably justified. As we have shown in Sec. 4,
this is indeed the case for PINGU, INO, and JUNO. With respect to the LBL experiments,
even though we have seen that the agreement with the Gaussian case is actually quite good
(see Fig. 11), there are still some deviations, in particular in the case of NO⌫A. Consequently,
in this case we have decided to use the results from the full MC simulation whenever possible.
The results for the NO⌫A experiment are always obtained using MC simulations, while in the
case of LBNE-10 kt the results from a full MC are used whenever the number of simulations
does not have to exceed 4⇥105 (per value of �). As was mentioned in the caption of Fig. 11,
this means that, in order to reach sensitivities above ⇠ 4� (for the median experiment),
results from the full MC cannot be used. In these cases, we will compute our results using
the Gaussian approximation instead. As mentioned in App. A, the approximation is expected
to be quite accurate precisely for large values of T0. Finally, for LBNE-34 kt, all the results
have to be computed using the Gaussian approximation, since the median sensitivity for this
experiment reaches the 4� bound already for one year of exposure only, even for the most
unfavorable values of �.

For each experiment, we have determined the parameter that has the largest impact on
the results, and we draw a band according to it to show the range of sensitivities that should
be expected in each case. Therefore, we want to stress that the meaning of each band may
be di↵erent, depending on the particular experiment that is considered. In the case of long
baseline experiments (NO⌫A, LBNE-10 kt and LBNE-34 kt), the results mainly depend on
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E↵orts are currently done to find ways to reduce the systematic errors (and demonstrate

that “optimistic” case of Table 2 in [31] is reachable) using a high performance near

detector and the possibility to measure the relevant electron neutrino cross–sections using

this near detector and ⌫e and ⌫̄e (contamination) contained in the ESS⌫SB neutrino beam

(see Table 2). These cross-sections could also be measured by ⌫STORM [40].
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Figure 11. The significance in terms of number of standard deviations � with which CP violation
can be discovered as function of the fraction of the full �CP range for di↵erent proposed experiments.
For ESS⌫SB the two baselines of 360 km and 540 km and two proton energies (2.0 GeV on left and
3.0 GeV on right) are shown. “2020” considers 3+3 years of NOvA, and 5 years only for neutrinos
in T2K (at its nominal luminosity, 0.75 MW); “2025” considers 5+5 years of NOvA, and 5+5 years
for T2K. The detector simulation details for T2K follow [41], while for NOvA see [42, 43].

Table 4. Conditions under which Fig. 11 has been prepared.

detector dist. power proton driver years

vol. (kt)/type (km) (MW) energy (GeV) ⌫/⌫̄

ESS⌫SB-360 500/WC 360 5 2.0/3.0 2/8

ESS⌫SB-540 500/WC 560 5 2.0/3.0 2/8

Hyper-K [31, 44, 45] 560/WC 295 0.75 30 3/7

LBNE-10 [46–48] 10/LAr 1290 0.72 120 5/5

LBNE-PX 34/LAr 1290 2.2 120 5/5

LBNO-EoI [49] 20/LAr 2300 0.7 400 5/5

IDS-NF [50, 51] 100/MIND 2000 4 10⇤ 10⇤⇤

NuMAX [52, 53] 10/LAr (magnetized) 1300 1 5⇤ 5/5
⇤Muon beam energy, relevant for IDS–NF (Low Energy Neutrino Factory) and NuMax.
⇤⇤IDS-NF is supposed to use at the same time muons and anti–muons.
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Effective neutrino mass 
The SM is an effective theory valid up to scale Λ

Weinberg ’79

The D=5 operator breaks all global symmetries: lepton flavour numbers,           
CP (if cαβ are complex), as well as the lepton number U(1)L

Such description is appropriate as long as new degrees of freedom are 
heavier than the electroweak scale

GUT scale states for c ∼ 1
TeV scale states for c ∼ ye2 ∼ 10-12 



Neutrino-less double-β decay
• If U(1)L is broken, several heavy nuclei can undergo double-β 

decay with no neutrino emission: the only accessible observable 
to probe the Majorana nature of neutrinos

• Rate is proportional to |(mν)ee|2. Depending on nuclear matrix 
elements,  0 < |(mν)ee| < 0.2 - 0.5 eV (90% C.L.  mostly Xe / Ge)

Bilenky,
Giunti ’14

lepton 
number 
violation 
frontier



New particles in the lepton sector?

• Extra degrees of freedom coupled to the SM leptons: several 
possibilities to induce mν (fermions/scalars, tree-level / n-loop level, ...)

• Below the electroweak scale, a few particles may have escaped 
detection if sufficiently weakly coupled (Goldstone scalars as the 
Majoron, light sterile neutrinos, a B-L vector boson with a tiny gauge 
coupling, ...)

• Above the electroweak scale, well-motivated theories often include                 
a vast collection of new states

• We focus on sterile neutrinos only: a surprisingly rich phenomenology



One sterile neutrino

• U(1)L broken but CP preserved and                                          
two active neutrinos remain massless

• For MN ∼ eV, active-sterile mixing relevant to explain 
various oscillations anomalies: viable explanation in some 
cases, but not compelling at present                                                                                                                                                                                

• For MN ∼ 10 keV, the sterile neutrino N produced via 
active-sterile mixing is a good dark matter candidate 
(next slide)

• For MN ∼ 100 GeV, the Yukawa couplings must be tiny,                                      
yνα < 10-6 : no detection possible

Giunti et al. ’13
Kopp et al. ’13

Dodelson-Widrow ’93



Sterile 
neutrino

dark 
matter

Non-minimal production mechanism for N is needed: resonant oscillations, freeze-in, ...

adapted from Canetti-Drewes-Frossard-Shaposhnikov ‘12

DM too warm
(Lyα forest data, 

assuming Fermi-Dirac 
distribution of momenta)

N1 ! ⌫↵�

Along the green line ΩN = ΩDM

Observed X-ray line ?

Unidentified X-ray line at 3.5 keV from some galaxy clusters plus Andromeda
(the signal significance was questioned, and no signal was observed
from other clusters/galaxies, in several recent papers)

Bulbul et al. ’14
Boyarsky et al. ’14



Two sterile neutrinos

• All oscillation data can be successfully accommodated: only one 
active neutrino remains massless

• CP can be violated by 3 physical complex phases:                                  
a matter-antimatter asymmetry arises from out-of-equilibrium 
interactions of the sterile neutrinos;                                                   
successful baryogenesis via leptogenesis is possible                               
in a huge energy window, GeV < MN1 < 1015 GeV (next slides)

• mν = θ12 MN1 + θ22 MN2 : if one accepts fine-tuning the mixing 
angles can be much larger than (mν / MN)1/2 and N-detection may 
become possible at colliders; large mixing is more natural in 
extended models such as the inverse seesaw. 

talk by Cedric 
Weiland,
poster by 
Valentina De 
Romeri



Leptogenesis from decays
S. Davidson et al. / Physics Reports 466 (2008) 105–177 121

Fig. 5.1. The diagrams contributing to the CP asymmetry ✏↵↵ . The flavour of the internal lepton `� is summed. The internal `� and Higgs � are on-shell.
The X represents a Majorana mass insertion. Line direction is ‘‘left-handedness’’, assigning to scalars the handedness of their SUSY partners. The first two
loop diagrams are lepton flavour and lepton number violating. The last diagram is lepton flavour changing but ‘‘lepton number conserving’’, in the sense
that it makes no contribution to the total CP asymmetry ✏. It is suppressed by an additional factorM1/M2,3 [see Eq. (5.13)].

For instance, in the tree level decay of Fig. 5.1,

c0 = �⇤
↵1 A0(N ! �Ñ`↵) = ū`↵PRuN . (5.3)

The matrix element for the CP conjugate process is

M = c⇤
0A0 + c⇤

1A1, (5.4)

where13 |Ai|2 = |Ai|2. Thus the CP asymmetry can be written

✏↵↵ =
R |c0A0 + c1A1|2 �̃d⇧`,� � R ��c⇤

0A0 + c⇤
1A1

��2 �̃d⇧`,�

2
P
�

R |c0A0|2 �̃d⇧`�

= Im{c0c⇤
1 }P

↵

|c0|2
2

R
Im{A0A

⇤
1}�̃d⇧`,�R |A0|2�̃d⇧`,�

, (5.5)

where

�̃ = (2⇡)4�4(Pi � Pf ), d⇧`,� = d⇧`d⇧� = d3p�

2E�(2⇡)3
d3p`

2E`(2⇡)3
, (5.6)

and Pi, Pf are, respectively, the incoming four-momentum (in this case PN ) and the outgoing four-momentum (in this case
p� + p`). The loop amplitude has an imaginary part when there are branch cuts corresponding to intermediate on-shell
particles (see Cutkosky Rules in [161], or Eq. (5.19)), which can arise in the loops of Fig. 5.1 when the � and `� are on-shell:

2Im{A0A
⇤
1} = A0(N ! �`↵)

X

�

Z
A⇤

0(N ! ¯̀ 0
��̄0)�̃0d⇧`0

� ,�0A⇤
0(

¯̀ 0
��̄0 ! �`↵). (5.7)

Here �0 and `0
� are the (assumed massless) intermediate on-shell particles, and d⇧`0

� ,�0 is the integration over their phase
space.

5.2. ✏↵↵ and the lower bound on M1

In the limitM2,M3 � M1, the effects of N2,N3 can be represented by an effective dimension-5 operator. In the diagrams
of Fig. 5.1, this corresponds to shrinking the heavy propagator to a point. For calculating ✏↵↵ , the Feynman rule for the
dimension-5 operator can be taken / [m]/v2

u . (There is a contribution to [m] from N1 exchange, which is not present in the
dimension-5 operator that is obtained by integrating out N2 and N3. But the N1-mediated part of [m] makes no contribution
to the imaginary part for ✏↵↵ .) Then, we obtain for the relevant coupling constants

c0 = �⇤
↵1 c1 = 3

X

�

��1[m⇤]�↵/v2.

The factor of three comes from careful book-keeping of weak SU(2)L indices; The dimension-5 operator is

[m]↵�

2v2
u

(⌫↵
L �0 � e↵

L �
+)(⌫

�
L �0 � e�

L �+) + h.c. (5.8)

This leads to a Feynman rule 2(�↵
⇢ ��

� + ��
⇢ �↵

� )[m]↵�/(2v2
u) for the vertex ⌫

⇢
L �0⌫

�
L �0 or e⇢

L �
+e�

L �+, but to a Feynman rule
�[m]⇢� /v2

u for ⌫
⇢
L �0e�

L �+ or ⌫�
L �0e

⇢
L �

+. Summing over all possible lepton/Higgs combinations in the loop gives the factor
of three. It can also be seen in the theorywith propagatingN2,3: The charged and the neutral components of the intermediate

13 In the CP conjugate amplitude, A, the u` spinors are replaced by v` spinors. Since, however, ū`u` = p/ = v̄`v` , the |magnitude|2 is the same.

Decays of N1 at temperatures just below its mass:

Davidson, Nardi, Nir ’08

Fukugita-Yanagida ‘86

A sufficient CP asymmetry requires MN1 > 109 GeV (because mν is tiny); one can go down 
to the TeV scale if MN1 is very close to MN2 (resonant enhancement of the asymmetry). 

A few recent developments:

• flavour effects: ye,μ,τ go to equilibrium at very different temperatures
(e.g. mν can be as raised from 0.2 eV to ∼ 1 eV)

• quantum corrections due to non-equilibrium dynamics, not accounted 
for by Boltzmann equations (e.g. resonant enhancement is reduced)

• the lepton / antilepton asymmetry may be related to a dark matter /
dark antimatter asymmetry (asymmetric dark matter scenarios)

e.g.  Abada et al. ’06
Nardi et al. ’06

e.g.  Anisimov et al.  ’09 
Garny et al. ’09

e.g.  Blennow et al.  ’10 
Falkowski et al. ’11



Leptogenesis from oscillations

too small mν

cancellation needed
to reproduce mν

too fast N
1,2 decays

direct se
arches for act

ive-sterile mixing

adapted from Canetti-Drewes-
Frossard-Shaposhnikov ‘12

• At T >> MN flavour eigenstates Nα are produced coherently and oscillate (α = e,μ,τ)

• Flavour asymmetries Δα appear between Nα of opposite helicities

• ΣαΔα=0, but a net lepton asymmetry can be transferred to baryons,                                  
if only some flavour α goes into equilibrium before TEW ( yνα > 10-7 )

Akhmedov-Rubakov-Smirnov ‘98
Asaka-Shaposhnikov ‘05

• To reduce washout            
MN < 100 GeV

• To preserve coherence       
yνα < 10-5

• To preserve BBN            
MN > 0.1 GeV

• With N1,2 only, a strong 
tuning needed to enhance 
the asymmetry; not the 
case in extended models



Three sterile neutrinos
• No neutrino is left massless: quasi-degenerate spectrum possible

• Strong theoretical motivations: 

✴ U(1)B-L can be gauged and left-right symmetry becomes possible 
(spontaneous P breaking)

✴ SO(10) grand unification: tailor-suited theory for neutrino masses

• Extensions of the SM gauge group make the flavour sector 
predictive: (i) interconnected Yukawa matrices;                                       
(ii) correlations between low energy parameters and high            
energy physics (e.g. leptogenesis, flavour violation)

• Extra, generic contribution to mν from a weak triplet scalar T : 
this is the truly Minimal Flavour Violation for the lepton sector 
(when all other new physics is flavour blind) 

talk by Luiz 
Henrique Vale 
Silva

e.g. 
Hosteins,Lavignac,Savoy ’06

Bertolini,Malinsky,Schwetz ’06
Abada,Hosteins,

Josse-Michaux, Lavignac ’08
Fong,Meloni,Meroni,Nardi ’14

Joaquim,Rossi ’06

c↵�lL↵lL�T ) (m⌫)↵� = c↵�vT ⇠ c↵�
v2

MT



Flavour violation other than in mν

• Flavour violation processes involving charged leptons are induced by the 
D=5 operator, but with a tiny rated suppressed by (mν/mW)4

• ΛD=6 can be naturally much smaller than the scale ΛL where lepton 
number is broken (this is the only hope to observe new physics!) 

• Indeed TeV scale new physics addressing the hierarchy problem 
generically violates flavour at variance with data.                                                    
Even when one imposes flavour blindness at some scale, sizable flavour 
violations are induced radiatively by SM and neutrino Yukawa couplings.   

• Flavour-violating charged lepton processes are potentially sensitive to 
new states much heavier than the LHC reach

Rates and correlations of various channels 
strongly depend on the new physics model... talk by Cedric Weiland,

poster by Valentina De Romeri

for the case of sterile neutrinos see
de Gouvêa ’07,Dihn,Ibarra,Molinaro,Petcov ’12 
Abada,De Romeri,Teixeira, Vicente,Weiland, ’12-’14



Charged lepton flavour violation
dipole >> 4 fermions dipole << 4 fermions

de Gouvêa, Vogel ’13

lepton flavour 
violation frontier

MEG data  2009-2011, PRL 2013
upgrade to approach the
ultimate sensitivity ∼ 10-14

BR(µ+ ! e+�) < 5.7⇥ 10�13 (90%C.L.)

SINDRUM II, EJPC 2006
improvement by a factor 104 to 106

(for various nuclei: Al, Ti, ...) 
expected with COMET (J-PARC)

and Mu2e (Fermilab)



Muon anomalous magnetic moment

• 3σ discrepancy: aμexp - aμSM ≃ (25±8) 10-10

• Intense activity to improve on the SM theoretical 
uncertainty, but the estimated size of the corrections is 
much smaller than the discrepancy

• One experiment only dominates the measurements;     
two new projects aim to reduce by 4 the         
experimental uncertainty

• The discrepancy can be explained by (flavour-conserving) 
new physics at scale 8 TeV ∼ Λg-2 = εeμ Λeμ  ⇒  εeμ < 10-2

• Such new physics typically within the LHC reach, with 
exceptions, e.g. a multi-TeV leptoquark

• A chance for new physics also in ae (with exp. progress)

yµ
⇤2

lLµH�µ⌫Fµ⌫µR

reviewed e.g. by Knecht ’14

Passera,Marciano,Sirlin ’08-’10

E821 (Brookhaven) ’06
E989 (Fermilab proposal) ’10

g-2 (J-PARC proposal)  ’10

Chakraverty,Choudhury,Datta ’01
Biggio,Bordone ’14

Giudice,Paradisi,Passera ’12



Flavour violating Higgs couplings
• Bounds on τ flavour-violating decays are weaker w.r.t. μ  

(branchings ∼ 10-8): Higgs couplings yτμ , yτe ∼ 10-1 still allowed

• The Higgs is very narrow (relatively e.g. to the Z boson), 
therefore on-shell Higgs decays may constrain small coupling 
better than low-energy Higgs-mediated processes

Blankenburg,Ellis,Isidori ’12
Harnik,Kopp,Zupan ’12

Davidson,Verdier ’12

CMS searched for 
Higgs into μτ with τ 
decaying to hadrons 
or to eνν
(CMS-PAG-HIG-14-005)

1

⇤2
(H†H)(lLµH)⌧R



Quest for flavour dynamics

• Search for a theory of fermion masses and mixing

• In the lepton sector the Yukawa couplings break the flavour 
symmetry U(3)lL x U(3)eR to nothing (when mνlightest ≠ 0)

• Is (part of) the flavour group a fundamental symmetry broken 
dynamically? A variety of continuous/discrete subgroups

• Do data point to a hierarchical symmetry breaking sequence?           
How to identify the order parameters?                                              
What is the energy scale of symmetry breaking?



Structure of the mass matrices
The flavour dynamics determines the Yukawa couplings: 
symmetries should be looked for in the matrix structures, NOT    
in the value of the observables (masses, mixing angles, CP phases)

The structures are basis-dependent, but less ambiguity than for quarks

M⌫ =

0

@
mee meµ me⌧

meµ mµµ mµ⌧

me⌧ mµ⌧ m⌧⌧

1

A
assuming

three
Majorana 
neutrinos

Me =

0

@
me 0 0
0 mµ 0
0 0 m⌧

1

AUeR

Mν strongly depend on the neutrino mass eigenvalues, that are largely 
undetermined at present: absolute value, ordering, relative phases

Even if mixing angles do 
not take extreme values 

(zero or π/4),                  
the matrix structures 

can carry the clear 
footprint of a symmetry

global  3ν fit at 1σ

minimal (predictive)          
flavour models with a 
discrete symmetry



Directions in modeling flavour

• A few recent, promising approaches to the lepton 
flavour problem:

✴ Residual symmetries of Me and Mν separately can 
be used to build systematically possible flavour 
groups: model-independent correlations emerge 
among mixing angles

✴ Models which combine the breaking of the flavour 
group and of the CP symmetry, making predictions 
for the CP phases

✴ The same flavour symmetry that accounts for the 
structure of lepton mass matrices can address/
alleviate the flavour problem of ‘natural’ TeV scale 
theories (supersymmetry / compositeness)
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Summary

the talk was already a summary summary


