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Neutrinos have mass and mix. Open problems:

This information is complementary with the one 
from flavour physics experiments and from colliders.

1. Origin of masses 2. Problem of flavour

Open window on Physics beyond the SM

Why are neutrinos so much lighter ?�
Neutral vs charged hierarchy ?�

mf$~ λ#

Why neutrinos have mass? 
and why are they so much 
lighter?
and why their hierarchy is at 
most mild?

Why leptonic mixing 
is so different from 
quark mixing?
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Summary of neutrino mass terms

Dirac masses

LmD = �m⌫(⌫̄R⌫L + h.c.)

This term conserves lepton number.

Majorana masses

LmM / �MM ⌫̄cL⌫L + h.c. = MM⌫TLC
�1⌫L

Lepton number is broken -> Majorana neutrinos.

Dirac + Majorana masses

LmD+M = �m⌫ ⌫̄R⌫L � 1

2
⌫TLMM,LC

�1⌫L � 1

2
⌫TRMM,RC

�1⌫R + h.c.

This term breaks lepton number.
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Neutrino Masses in the SM and beyond

In the SM, neutrinos do not acquire mass and mixing.

- Introduce a Dirac mass like for all other fermions:

but tiny couplings are needed.

- Introduce a Dimension 5 operator for Majorana masses

L = �y⌫L̄ · H̃⌫R + h.c.

Lepton number
violation!

This can emerge as the  low energy realisation of 
a higher energy theory (new mass scale!).
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m⌫ ' m2
D

M
⇠ 1GeV2

1010 GeV
⇠ 0.1 eV

H

H

H

H

H
H

Fermion
singlet Scalar

triplet

Fermion
triplet

See-saw Type I See-saw Type II See-saw Type III

m⌫ ⇠ y�v�

The simplest case is the see-saw type I models

Extended-type of see-saw models allow for large couplings 
and “low” masses: extended, inverse, linear see-saw. 
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GUT theories and the see-saw mechanism

7

6 15. Grand Unified Theories

Figure 15.1: Gauge coupling unification in non-SUSY GUTs on the left vs. SUSY
GUTs on the right using the LEP data as of 1991. Note, the difference in the
running for SUSY is the inclusion of supersymmetric partners of standard model
particles at scales of order a TeV (Fig. taken from Ref. 24). Given the present
accurate measurements of the three low energy couplings, in particular αs(MZ),
GUT scale threshold corrections are now needed to precisely fit the low energy data.
The dark blob in the plot on the right represents these model dependent corrections.

when is the SUSY breaking scale too high. A conservative bound would suggest that the
third generation quarks and leptons must be lighter than about 1 TeV, in order that the
one loop corrections to the Higgs mass from Yukawa interactions remains of order the
Higgs mass bound itself.

At present gauge coupling unification within SUSY GUTs works extremely well. Exact
unification at MG, with two loop renormalization group running from MG to MZ , and
one loop threshold corrections at the weak scale, fits to within 3 σ of the present precise
low energy data. A small threshold correction at MG (ε3 ∼ - 3% to - 4%) is sufficient
to fit the low energy data precisely [25,26,27]. 2 This may be compared to non-SUSY
GUTs where the fit misses by ∼ 12 σ and a precise fit requires new weak scale states in

2 This result implicitly assumes universal GUT boundary conditions for soft SUSY
breaking parameters at MG. In the simplest case we have a universal gaugino mass M1/2,
a universal mass for squarks and sleptons m16 and a universal Higgs mass m10, as motivated
by SO(10). In some cases, threshold corrections to gauge coupling unification can be
exchanged for threshold corrections to soft SUSY parameters. See for example, Ref. 28
and references therein.

June 18, 2012 16:19

S. Rabi, PDG

The SM has a very complex gauge structure (3 gauge 
couplings) and charge assignments for the fields. GUT aim 
at providing a unified picture.

Due to the renormalisation of the couplings, they “run” and 
unify at a very high energy scale, typically        GeV.
Ingredients: gauge group (only one group and one coupling), 
fermion representations, Higgs sector, symmetry breaking.

1016
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See-saw mechanisms and 
GUTS
 Introduce a right handed 
neutrino N (sterile 
neutrino) with a very 
heavy mass scale
 Couple it to the Higgs 
and left handed neutrinos

The new mass scale turns out to be naturally large and 
suggests the embedding of the model in GUT theories.

M =
m2

D

m⌫
⇠

(100GeV)2

10�10GeV ⇠ 1014 GeV
1GeV2

10�10GeV ⇠ 1010 GeV
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Let’s make a parallel with the SM.

1. Gauge group: SU(2)L x U(1)Y

2. Choose representations of the group and assign the 
fermions to it.

SU(2) singlet:  e.g.

SU(2) doublet:  e.g.

3. Introduce a scalar Higgs sector. This breaks the 
symmetry to a subgroup. To break SU(2)L, the scalar 
needs to be a doublet and to preserve U(1)em it needs 
to have a neutral component.

eR, uR, dR
✓

⌫L
eL

◆

Saturday, 10 August 13



10

4. H0 gets a vev and the symmetry is broken

5. Invariance w.r.t. the gauge group dictates the type of 
terms in the Lagrangian: both the gauge interactions and 
the Yukawa ones.
E.g.  

6. Masses for the gauge bosons, the Higgs field and the 
fermions result from it and depend on vH.

SU(2)LxU(1)Y

U(1)em

L⌫H = �y⌫(⌫̄L, ¯̀L) ·
✓

H0⇤

�H�

◆
⌫R + h.c.
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⌫R
eR

◆
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Left-right models

This is a very simple model in which the see-saw can be 
naturally embedded.

1. Gauge group:                SU(2)L x SU(2)R x U(1)B-L

2. Fermion assignment:

and so on for the quarks.

✓
⌫L
eL

◆
Doublet,   singlet,    -1

Singlet,    doublet,    -1
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3. Introduce a scalar Higgs sector. 
As we want to break the symmetry from SU(2)L x SU(2)R 
x U(1)B-L to SU(2)L x U(1)Y,  the Higgs needs to be a singlet 
of SU(2)L and transform non-trivially w.r.t. SU(2)R.

We take a triplet of SU(2)R.

4. The symmetry is broken

The EW breaking is a achieved by a Higgs boson, 
doublet of SU(2)L and SU(2)R.

✓
⇠+/

p
2 ⇠++

⇠0 ⇠ + /
p
2

◆

SU(2)LxSU(2)RxU(1)B-L

SU(2)LxU(1)Y
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5. Invariance of the Yukawa couplings

6. Masses for neutrinos

Remembering that vxi >> vH, the usual see-saw structure 
has emerged and neutrino mass will be given by

@Silvia Pascoli13

Usual Dirac mass term

L / y1vH ⌫̄R⌫L + . . . + y⇠v⇠ ⌫̄
c
R⌫R + h.c.

Majorana mass term 
for N

L / y1L̄RHLL + . . . + y⇠L̄
c
Ri�2⇠LR + h.c.

m⌫ ' (y1vH)2

2y⇠v⇠
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SO(10) GUT models

SO(10) contains SU(2)L x SU(2)R x U(1)B-L and therefore a 
right-handed neutrino and can easily implement the see-saw 
mechanism.

The leptons and quarks belong to the same representation,
their masses come from the same source and will be related.

The scale of breaking (and consequently the mass for the 
right-handed neutrino) is at a very high energy scale:
see-saw naturally implemented.

1. Gauge group:                SO(10) 

only one gauge coupling g!!!
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f(16)L =

✓✓
⌫L
eL

◆
,

✓
uL

dL

◆
,

✓
⌫cR
ecR

◆
,

✓
uc
R

dcR

◆◆
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2. Fermion assignment:

Quarks and leptons belong to the same representation! 
Their behaviour is related.
The right-handed neutrino is present and belongs also to 
this representation.

3. Introduce a scalar Higgs sector. 
We want to break the symmetry from SO(10) to SU(2)L 
x SU(2)R x U(1)B-L.  . This is achieved using a Higgs in the 
45-representation.
There are also other useful scalar representations: H(10), 
H(120), H(126)... Some of their components can also get 
vevs.
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L / g10f(16)f(16)H(10) + g126f(16)f(16)H(126)

@Silvia Pascoli16

4. The symmetry is broken.

SU(2)LxSU(2)RxU(1)B-L

SU(2)LxU(1)Y

SO(10)

5. Invariance of the Yukawa couplings
Neutrino masses require two fermions (so 2 f(16)).

f(16)⌦ f(16) = f(10) + f(120) + f(126)
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6. Masses for neutrinos

Once the H(10) gets a vev, Dirac masses emerge for 
the quarks and leptons. They are related

This relation is in conflict with data. So we need to 
introduce also H(126) to give a large mass to the right-
handed neutrino: 

The usual see-saw structure is present and neutrino 
mass will be given by

This relation can be relaxed via H(10)+H(126), a direct 
Majorana mass and/or a specific structure for MN.

m⌫ ⇠ g210v
2
H

g126v126
/ m2

q ) m⌫e : m⌫µ : m⌫⌧ = m2
u : m2

c : m2
t

@Silvia Pascoli17

Usual Dirac mass term

Majorana mass term 
for N

Mu(GUT ) = Md(GUT ) = Ml(GUT ) = M⌫(GUT )

MN = g126v126
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The see-saw can emerge naturally in GUTheories: e.g. 
SO(10). They provide the necessary elements: N, large M 
and L violation. 

They typically lead to proton decay and to relations 
between quark and lepton masses. Understanding the origin 
of neutrino masses might shed light on energy scales which 
could not be tested directly in any experiments.

SO(10)

SU(4)PSxSU(2)LxSU(2)R

SU(3)CxSU(2)LxU(1)Y

SU(3)CxSU(2)LxSU(2)RxU(1)B-L

SU(5)
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

The new Standard Model will contain 
● new particles at a new physics scale 
● new interactions.

19

GUT see-saw I

TeV see-saw I (small couplings)

see-saw II
see-saw III
extended-type seesaws

See-saw I (tiny couplings)

Here I focus on see-saw models, but similar considerations 
apply also for other models of neutrino masses.
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

Signatures

Neutrino 
masses

Charged lepton 
flavour violation

Leptogenesis

Indirect signals 
(proton decay)

20

It is necessary to combine information from 
different experimental strategies. 

Direct signals in 
colliders

Peak searches

Neutrinoless double 
beta decay

Kinks in beta 
decay

Nu oscillations
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Br(µ ! e�) ⇠ 3↵
32⇡ (

P
i=2,3 U

⇤
µiUei

�2mi1

m2
W

)2 ⇠ 10�53

Establishing the origin of neutrino masses requires to have 
as much information as possible about the masses and to 
combine it with other signatures of the models (proton 
decay, LHC searches, LFV, sterile neutrinos, ...). 

CLFV plays a special role. Neutrino masses induce LFV 
processes but they are very suppressed.

21

e
⌫i

W

µ

�
Br(µ ! e�) ⇠ 3↵

32⇡ (
P

i=2,3 U
⇤
µiUei

�2mi1

m2
W

)2 ⇠ 10�53

Charged lepton flavour violation

Any observation of LFV would indicate new 
physics BSM and provide clues about the 
origin of neutrino masses.
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Br(µ ! e�) ⇠ 3↵
8⇡ (

P
j U

⇤
µjUejg(

M2
N

m2
W
))2

Many models of neutrino masses give raise to sizable LFV:
models at the TeV scale with large mixing 
Radiative neutrino mass models
SUSY GUT see-saw models (LFV is communicated to the 
SUSY TeV sector which mediates the process)
Extra D, extra Higgs etc.

As an example, 
extension of the 
SM with singlet 
neutrinos N

22

N
e

W

µ

�

LFV at GUT scale

LFV in neutrino masses

LFV at intermediate scale

Suppressed
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Fig. 5.5: Upper limit on C32 and C21 for the experimental sensitivities displayed [34].

seesaw interactions could significantly violate flavour- and potentially also CP, in particular in view of

the mechanism of leptogenesis. Remarkably, for sparticle masses not exceeding the TeV, the seesaw and

colored-triplet induced radiative contributions to the LFV decays and lepton EDM might be close to or

even exceed the present or planned experimental limits. Clearly, these processes constitute an important

constraint on seesaw and/or GUT models.

For instance, in a type I seesaw model in the low-energy basis where charged leptons are diagonal,

the ij element of the left-handed slepton mass matrix provides the dominant contribution in the decay
!i → !jγ. Assuming, for the sake of simplicity, an mSUGRA spectrum atΛ = MPl, one obtains at the

leading log [172]:

δLL
ij =

(
m2

ij

)

LL

m2
L

= −
1

8π2

3m2
0 + A2

0

m2
L

Cij , Cij ≡
∑

k

Yν
∗
ki Yνkj ln

MPl

Mk
, (5.28)

where m0 and A0 are respectively the universal scalar masses and trilinear couplings at MPl, m2
L is

an average left-handed slepton mass and Mk the mass of the right-handed neutrino with k=1,2,3. An

experimental limit on B(!i → !jγ) corresponds to an upper bound on |Cij| [34, 223]. For µ → eγ and
τ → µγ this bound is shown in Fig. 1.5 as a function of the right-handed selectron mass.

The seesaw model dependence resides in Cij . Notice that in the fundamental theory at high en-

ergy, the size of Cij is determined both by the Yukawa eigenvalues and the largeness of the mixing

angles of VR, VL, the unitary matrices which diagonalize Yν (in the basis where MR and Ye are diago-

nal): VRYνVL = Y (diag)
ν . The left-handed misalignment between neutrino and charged-lepton Yukawa’s

is given by VL and, due to the mild effect of the logarithm inCij , in first approximation VL itself diago-

nalizes Cij . If we consider hierarchical Yν eigenvalues, Y3 > Y2 > Y1, the contributions from k = 1, 2
in Eq. (1.28) can in first approximation be neglected with respect to the contribution from the heaviest

eigenvalue (k = 3):
|Cij | ≈ |VLi3VLj3| Y 2

3 log(MPl/M3) (5.29)

Taking supersymmetric particle masses around the TeV scale, it has been shown that many seesaw models

predict |Cµe| and/or |Cτµ| close to the experimentally accessible range. Let us consider the predictions
for the seesaw-RGE induced contribution to τ → µγ and µ → eγ in the flavour models discussed
previously.

76

[SL, Masina, Savoy]

C�⇥ �
�

k

Y ⇤
k�Yk⇥ ln(MU/Mk)

BR (l� � l⇥�) ⇥ |C�⇥ |2

Br ⇠ 10�5 m4
W

M4
SUSY

|
m̃2

eµ

m2
`

|2 tan2 �

�̃

⌫̃µ ⌫̃e
/ |

X

N

Y ⇤
NµYNe ln(m0/mN )|2

23

Example 1: SUSY see-saw 
with R-parity : misalignment 

between lepton and 
slepton mass matrices

eµ

�

The same parameters 
enter in LFV, neutrino 

masses and leptogenesis.

Borzumati, Masiero

HH

Scalar
triplet

µ e

Example 1I: See-
saw type II. A 

direct connection 
is present with 

neutrino masses, 
inducing 

correlations 
between different 

observables.Lavignac, Masina, Savoy
Rossi

Saturday, 10 August 13



3 µ to e conversion rates

3.1 Calculation of the rates

In the type-I seesaw framework, violation of charged lepton number arises at the one loop level.
µ to e conversion is induced by a series of gauge boson mediated diagrams given in Fig. 1.
The various contributions to the process can be divided in those in which the momentum is
transferred by the photon, by the Z boson or via two W bosons. The first two proceed via
penguin diagrams, whereas the latter processes corresponds to a box diagram. Alike to the
quark case, the internal fermions in the loop must have non-degenerate masses and non trivial
mixings, in order to avoid a GIM cancellation.

For a rigorous calculation of the rate it is necessary to separate the local contributions from
the "extended" ones. This stems from the fact that extended contributions, unlike local ones,
are sensitive to atomic electric field effects. The W and Z mediated diagrams are obviously all
local. The � mediated diagrams contribute to both classes of transitions, extended and local.
The µ ! e� matrix element can be written as

iM =

ieg2
W

2(4⇡)2M2
W

✏µ
�

(q)u
e

(p0)
h

Fµe

�

(q2�
µ

� 6qq
µ

)P
L

� i�
µ⌫

q⌫Gµe

�

(m
e

P
L

+m
µ

P
R

)

i

u
µ

(p) , (3.1)

where q denotes the photon momentum, q = p � p0. The second term in this equation -
mediated by the photon-lepton "dipole" Gµe

�

coupling- is the only one contributing for an
on-shell photon and is non local, whereas the "monopole" term Fµe

�

is "local" (i.e. it only
accounts for off-shell photon exchange and it involves 2 powers of the photon momentum in
the numerator which compensate the long range 1/q2 propagator of the photon between the
lepton and nuclei lines [25]). One can therefore divide the effective Lagrangian relevant for

�

W� W�

ni

µ e

u, d u, d

(a) Photon Penguin Diagram

Z

W� W�

ni

µ e

u, d u, d

(b) Z Penguin Diagram

Z

ni nj

W�

µ e

u, d u, d

(c) Z Penguin Diagram

ni

u u

µ e

dj

W W

(d) Box Diagram

ni

d d

µ e

uj

W W

(e) Box Diagram

Figure 1. The five classes of diagrams contributing to µ to e conversion in the type-I seesaw model.
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Figure 2. Rµ!e
µ!e� = Rµ!e/Br(µ ! e�) (left panel) and Rµ!e

µ!eee = Rµ!e/Br(µ ! eee) (right panel)
as a function of the right-handed neutrino mass scale mN , for µ ! e conversion in various nuclei.

signs, as an outcome of their different charge and weak isospin. The precise value where the
µ ! e conversion rate vanishes is nuclei-dependent and given by

m2
N

�

�

�

0
= M2

W

exp

0

@

9
8V

(n)
+

⇣

9
8 +

37s2W
12

⌘

V (p) � s

2
W
16eD

3
8V

(n)
+

⇣

4s2W
3 � 3

8

⌘

V (p)

1

A , (4.8)

which shows that small variations on the nuclear form factors may result in sizeable variations
on the value of m2

N

�

�

�

0
, which is thus sensitive to the nuclear physics uncertainties. The uncer-

tainty in the ratio V (p)/V (n) translates, for instance for 5-10% variations, into O(TeV) shifts
on the value of the right-handed neutrino mass at which the conversion rate vanishes. With
the form factor values given in Table 1, the rate vanishes for mass values typically in the 2-7
TeV range, respectively 6.4, 4.7, 2.5 and 2.4 TeV for Al, Ti, Au and Pb, as Fig. 2 shows 8.

For degenerate right-handed neutrinos and light nuclei, ↵Z ⌧ 1, Eq. (3.8) is a good
approximation which allows to rephrase the vanishing condition as

F
u

F
d

= �(2A� Z)

(A+ Z)

. (4.9)

Due to the logarithmic behaviour of F
u

/F
d

, a small variation of (2A� Z)/(A+ Z) results
in a sizeable variation of the value of m

N

for which R
µ!e

vanishes. The atomic ratio on
the right-hand side of Eq. (4.9) takes the value �1.05 for Ti , �1.02 for Al, and �1.15 for
Au and Pb. For illustrative purposes, Fig. 3 shows the value of F

u

/F
d

as a function of m
N

,
together with the value of (2A � Z)/(A + Z) for each nucleus. Furthermore, performing in

8Note that a plot of the same ratio is displayed in Ref. [19], with quite different results, in particular
vanishing rates for much lower mN values, see footnote 6 above.
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Other processes can also 
take place: 
             conversion

LFV        decay
Their relative Br depend 
on the underlying new 
physics BSM and flavour 
structure.
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A. de Gouvea

Alonso, Dhen, Gavela, Hambye

Alonso, Dhen, 
Gavela, 
Hambye, 
1209.2679
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Br(µ ! 3e) < 1⇥ 10�12

Br(µ ! e�) < 5.7⇥ 10�13

papa et al.: new results on the µ
+
→ e

+
γ decay from the meg experiment

3. The experimental set-up

A schematic layout of the MEG detector is shown in Fig. 2. The world’s most
intense continuous muon beam (available muon intensity Iµ = 3×108µ/s) is stopped
in a thin polyethilene target (thickness tCH2

= 205µm). The energy, the time
and the angle of the gamma are measured by means of the high-energy and time-
resolution liquid xenon (LXe) calorimeter; the momentum and the direction of
the positron are determined by a very precise spectometer; the positron time is
obtained by using the most rapid plastic scintillator detector (the timing counter
detector). The detector signals are selected with high efficiency by a trigger system
and digitized with high frequency by a data acquisition system (DAQ) based on
the DRS chip. All detectors are carefully and frequently calibrated and monitored.

Fig. 2. The MEG experiment layout.

3.1. The muon beam

The muons for MEG are the so-called surface-muons [8]. Protons (current 2.2
mA) are accelerated to an energy of 590 MeV by the PSI cyclotron machine and
hit a thick graphite target (thickness tC = 4 or 6 mm) where pions are produced.
Muons from pions decay at rest emerge from this target. The kinetic energy and
the momentum of these surface-muons are ≈ 3.6 MeV and 29 MeV/c respectively.
Their range in graphite is ≈ 1 mm; the surface-muons are therefore produced only
by π+-pion decaying close to the target surface.

A pure muon beam at low momentum reaches the thin MEG target for a small
straggling and a good identification of the muon decay region. The positron contam-
ination is completly removed by means of the Wien filter and the beam is coupled
to the high magnetic field region, where the spectrometer is placed, by the beam
transport solenoid (BTS). The last elements of the beam line are shown in Fig. 3.

FIZIKA B (Zagreb) 20 (2011) 1, 75–92 77

MEG at PSI

Searches for mu->e gamma and 
other rare decays

Br(⌧ ! µ�) < 4.4⇥ 10�8

Br(⌧ ! e�) < 3.3⇥ 10�8

MEG has recently 
provided the best 
limit on this LFV 
decay channel.

Super-B factories can improve 
on rare tau decays.

MEG has recently provided the best limit 
on this LFV decay channel. PRL107 2011

Best limit from SINDRUM 1988

New proposal at PSI: mu3e.
25
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µ� 32S ! e� 32S < 7⇥ 10�11

µ� T i ! e� T i < 4.3⇥ 10�12

µ� T i ! e+ Ca < 3.6⇥ 10�11

µ� Pb ! e� Pb < 4.6⇥ 10�11

µ� Au ! e� Au < 7⇥ 10�13

11 July 2012: Approval of CD-1 by Office of Science Director
Expected sensitivity Br< 10^-17

10 3

10 4
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-2
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-1

1 10 10
2

κ

Λ
 (T

eV
)

EXCLUDED (90% CL)

B(µ → eγ)=10-13

B(µ → eγ)=10-14

B(µ → e conv in 27Al)=10-16

B(µ → e conv in 27Al)=10-17

FIGURE 1. Physics reach of muon lepton flavor violation searches. The shaded region on the left is
excluded by MEG [5], and on the right by SINDRUM II [7]

FIGURE 2. Mu2e setup. Cosmic ray veto system and some other parts of the apparatus are not shown.

bunch and duty factor of 1/3. The Mu2e experimental setup is shown in Fig. 2. Pions
and muons produced inside the production solenoid are collected to the S-shaped muon
beamline. Most pions decay inside the 13 m long beamline. About 40% of muons exiting
the beamline will be stopped in the aluminum target. The expected rate is about 0.0016
stopped muons per proton. The Mu2e tracker will use straw tubes in vacuum. Only
tracks with transverse momentum above 53 MeV/c will produce any hits. The intrinsic
momentum resolution of the tracker is well represented by a core Gaussian with sigma
115 keV/c and a tail of 2% with sigma 176 keV/c, predicted using a G4 simulation of
the detector. Because of energy loss and straggling in materials upstream of the tracker

Searches for mu-e conversion

Mu2e:
http://mu2e.fnal.gov/

COherent Muon to 
Electron Transition 
(COMET) and PRISM
Expected sensitivity 
Br< 10^-16 and 10^-18

Limits from SINDRUM-II. 
See PDG.
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@Silvia Pascoli27

Leptogenesis

There is evidence of the baryon asymmetry: 

 
• Observation of the acoustic peaks in CMB and at BBN: 

How can we explain the baryon asymmetry?

Sakharov conditions necessary for the dynamical 
creation of a B-asymmetry in the Early Universe:
• baryon (lepton) number violation 

• C and CP violation
• deviation from thermal equilibrium (expansion of the 
EU)

2 – THE FACTS: the baryon asymmetry

2 – THE FACTS: the baryon asymmetry

There is evidence of the baryon asymmetry:
ηB ! ηB − ηB̄ = nB/nγ

• Observation of the acoustic peaks in CMB:
ηCMB

B =
(
6.1+0.3

−0.2

)
× 10−10

at TCMB ∼ 1 eV which corresponds to tCMB ∼ 1013 s.

• From the abundances of light elements in BBN:
ηBBN

B = (2.6 − 6.2) × 10−10

at TBBN ∼ 1 MeV which is tBBN ∼ 10 s.
Remarkable agreement!
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Remarkable agreement!
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@Silvia Pascoli28

The excess of quarks can be explained by Leptogenesis 
(Fukugita, Yanagida): the heavy N responsible for neutrino 
masses generate a lepton asymmetry.

In the Early Universe, there is a thermal plasma of 
particles. Its temperature T drops as the Universe 
expands.

•  The Majorana right-handed neutrino Ni are in 
equilibrium in the Early Universe as far as the 
processes which produce and destroy them are 
efficient (N ↔ lH).

• When T < M1, N1 drops out of equilibrium as they 
cannot be produced efficiently anymore.
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@Silvia Pascoli29

• This lepton asymmetry is then converted into a baryon 
asymmetry by sphaleron processes.

In the Early
Universe

As the temperature drops, 
only quarks are left:

If the decay rate in 
to two channels (L 
violation) is different 
(CP-violation), a 
lepton asymmetry is 
generated.
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✏1 ⌘ �(N1 ! lH)� �(N1 ! l̄Hc)

�(N1 ! lH) + �(N1 ! l̄Hc)

YB =
k

g⇤
cs✏1 ⇠ 10�3 � 10�4✏1

@Silvia Pascoli30

In order to compute the baryon asymmetry: 

1. evaluate the CP-asymmetry:

2. solve the Boltzmann equation to take into account 
the wash-out of the asymmetry with a k washout factor:

3. convert the lepton asymmetry into baryon 
asymmetry.

[Fukugita, Yanagida; Covi, Roulet, Vissani; Buchmuller, Plumacher]

YL = k✏1
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✏1 /
X

j

Im(y⌫y
†
⌫)

2
1j
Mj

M1

@Silvia Pascoli31

The one-flavour approximation
For high T > 1012 GeV, charged leptons Yukawa 
interactions are out-of-equilibrium and flavours are 
indistinguishable.
Only the total decay asymmetry is relevant. 

      depends on the CPV phases in the Yukawa couplings:✏1

Flavour effects
At T < 1012 GeV, the τ charged lepton is a distinguishable 
mass eigenstate. The asymmetries in the τ and μ + e 
flavours need to be considered separately. [Abada et al.; Nardi et al.]

7 – THE THEORY: Leptogenesis

Taking flavour into account

At T < 1012 GeV, the τ charged lepton is a distinguishable mass
eigenstate. The asymmetries in the τ and µ + e flavours need to be
considered separately. [Abada et al.; Nardi et al.]

We take hierarchical right handed (M1 ! M2 ! M3) neutrinos with
109 < M1 < 1012 GeV.

The flavour CP-asymmetry:

εl ∝ 1
(λλ†)11

∑
j Im

(
λ1l(λλ†)1jλ∗

jl

)
M1

Mj

Washout effects are flavour dependent and controlled by:
m̃l ≡ |λ1l|2 v2

M1

The baryon asymmetry is finally given by:

YB $ − 12
37g∗

(
ετη

(
390
589 m̃τ

)
− ε2η

(
417
589 m̃2

))
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@Silvia Pascoli

Can we determine test directly leptogenesis in 
experiments? Parameter counting.

At high energy there are 6 extra real parameters and 3 
phases. So in a model independent way there is no 
direct connection.

7 – THE THEORY: Leptogenesis

In understanding the origin of the flavour structure, the see-saw models have
a reduced number of parameters, with no independent R.

In some cases, it is possible to predict

the baryon asymmetry from the Dirac and/or Majorana phases.

ν

FLAVOUR P.
Leptogenesis

masses
mixing (U)

models
See saw

However, in specific 
models of neutr ino 
masses and flavour 
structure, the number of 
parameters w i l l be 
reduced and a direct 
connection can be there.

MR 3 0
y⌫ 9 6

dm 3 0
U 3 3

High energy parameters Low energy parameters

Saturday, 10 August 13



@Silvia Pascoli33

From observing leptonic CP-violation at low 
energy, can we infer that a baryon asymmetry
(which can be as high as observed) is 
generated?

8 – Observing low-energy CPV implies leptogenesis?

We use the orthogonal parametrization: λ = 1/v
√

M R
√

mU † [Casas,

Ibarra] with R1iR1j real. [Abada et al.; Nardi et al.; SP, Petcov, Riotto; Antusch et al.; Blanchet et
al.; Branco et al.]

one-flavour ε1 = −
3M1

16πv2

Im
(∑

ρ m2
ρR

2
1ρ

)

∑
β mβ |R1β|2

= 0

with flavour εl = −
3M1

16πv2

Im
(∑

βρ m1/2
β m3/2

ρ U∗
lβUlρR1βR1ρ

)

∑
β mβ |R1β|2

εl depends on the mixing matrix U directly (NEW!).

U⇤d1/2m d1/2m U † ' �yT⌫ d
�1/2
M d�1/2

M y⌫v
2
H

U⇤d1/2m RTRd1/2m U † ' �yT⌫ d
�1/2
M d�1/2

M y⌫v
2
H

y⌫ ' 1

vH
d1/2M Rd1/2m U †It is useful to use

For example, Dirac CPV generates a baryon asymmetry

YB ⇠ 6⇥ 10�10| sin �| sin ✓13
0.15

M1

1011 GeV
for typical values of R.

with not CPV in R
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@Silvia Pascoli34

Observing L violation and CPV 
would constitute a strong hint in 
favour of leptogenesis as the 

origin of the baryon asymmetry, 
although not a proof.
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

Signatures
Neutrino 
masses

Leptogenesis

Charged 
lepton flavour 
violation, for SUSY 

models

35

Proton decay
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

Signatures

Neutrino 
masses

Charged lepton 
flavour violation

Leptogenesis with 
enhancements of effects

Direct signals in 
colliders

36
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@Silvia Pascoli37

The characteristic signature is LNV which 
shows up as a same-sign dilepton signal with 
no missing energy.

 LNV effects due to active neutrinos will depend on m1, 
m2, m3. Completely negligible in colliders.

 But can be relevant if sterile neutrinos are present. They 
are produced and decay into SM particles, due to mixing.

Signatures of TeV scale see-saw
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@Silvia Pascoli38

As the mass 
increases, more 
channels become 
kinematically 
available.

Even for very small mixing, the decay length is very small.

If the decay length ~ few m, one could search for displaced 
vertices. 

Atre et al., 0901.3589
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@Silvia Pascoli39

In colliders, the dominant mechanism due to mixing is

where N goes on resonance and the cross section 
for the process can be approximated as  

Searches will be controlled by production which 
depends on the mixing. 
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@Silvia Pascoli40

Luminosity: ATLAS 34 pb
                 CMS    35 pb
Searches have resulted in no 
positive signal so far. LHCb 
has searched for di-muon 
decays of B, improving 
bounds by 30-40, PRL 108 and PRD.85.

-1               
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Figure 6. Distributions of dilepton invariant mass (left) and missing transverse momentum
(right) with at least one jet in ee (top), µµ (center) and eµ (bottom) channels. Shown are data
(points) and backgrounds (solid stacked histograms). The combined statistical and systematic
uncertainty is shown as a dashed blue line. Overflow events are included in the final bin. In the ee

channel, the Z reflection has been suppressed by excluding 80 < m`` < 95 GeV. For the dilepton
invariant mass distribution, expected contribution from Majorana neutrinos with mN = 200 GeV
is shown; for missing transverse momentum, expected contribution is shown from lepton cascades
with mq̃ = 300 GeV,m�̃+

1
= 150 GeV,m�̃0

1
= 50 GeV.
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ATLAS, 1108.0366
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Figure 7. Limits at 95% CL on two di↵erent production models of Majorana neutrinos. Left:
for a model of Majorana neutrinos which uses an e↵ective vector operator, observed and expected
cross-section limits [pb] as a function of Majorana neutrino mass produced, assuming a natural
coupling and an energy scale of new phenomena ⇤ = 1 TeV. Right: for the LRS model, contours of
observed cross-section upper limits [pb] as a function of Majorana neutrino and WR masses in LRS
theories are shown. The space is sampled in a rough grid (sample points indicated by a ?) and the
limits are interpolated. The exclusion region is shaded.

Figure 8. Feynman diagram of cascade topology denoted in supersymmetric nomenclature. The
analysis is done with WW,ZZ and WZ combinations of weak vector bosons; WZ is shown in the
diagram. This topology may also be found in other models such as UED.

– 22 –

17

Table 2: Observed and estimated background yields for all analyses. The rows labeled “pre-
dicted BG” refer to the sum of the data-driven estimates of the fake lepton contributions, and
the residual contributions predicted by the simulation. The rows labeled “MC” refer to the
background as predicted from the simulation alone. Rows labeled “observed” show the actual
number of events seen in data. The last column (95% CL UL Yield) represents observed upper
limits on event yields from new physics.

Search Region ee µµ eµ total 95% CL UL Yield
Lepton Trigger
Emiss

T > 80 GeV
MC 0.05 0.07 0.23 0.35

predicted BG 0.23+0.35
�0.23 0.23+0.26

�0.23 0.74 ± 0.55 1.2 ± 0.8
observed 0 0 0 0 3.1

HT > 200 GeV
MC 0.04 0.10 0.17 0.32

predicted BG 0.71 ± 0.58 0.01+0.24
�0.01 0.25+0.27

�0.25 0.97 ± 0.74
observed 0 0 1 1 4.3

HT Trigger
Low-pT

MC 0.05 0.16 0.21 0.41
predicted BG 0.10 ± 0.07 0.30 ± 0.13 0.40 ± 0.18 0.80 ± 0.31

observed 1 0 0 1 4.4
eth µth thth total 95% CL UL Yield

th enriched
MC 0.36 0.47 0.08 0.91

predicted BG 0.10 ± 0.10 0.17 ± 0.14 0.02 ± 0.01 0.29 ± 0.17
observed 0 0 0 0 3.4

simulation samples described in Section 4 are represented. Figure 8 summarizes the signal re-
gion yields and background composition in all four search regions presented in Table 2. The
lepton plus jets background where the second lepton candidate is a fake lepton from a jet clearly
dominates all search regions. The low-pT-lepton analysis has a small, but non-negligible, back-
ground contribution from events with two fake leptons. Estimates for backgrounds due to
events with one or two fake leptons were obtained directly from data in appropriately chosen
control regions, as described in detail in Sections 5.1, 5.2, and 5.3. In the ee and eµ final states,
small additional background constributions are present due to the electron charge mismeasure-
ment, as discussed in Section 5.5. The remaining irreducible background from two prompt iso-
lated same-sign leptons (WZ, ZZ, ttW, etc.) amounts to at most 10% of the total and is estimated
based on theoretical cross section predictions and simulation. Uncertainties on the background
prediction include statistical and systematic uncertainties added in quadrature. Contributions
estimated with simulation are assigned a 50% systematic uncertainty. Data-driven estimates
are assigned a systematic uncertainty between 30% and 50% across the various signal regions
and channels. The ee, eµ, and µµ channels have partially or fully correlated systematic uncer-
tainties, as described in detail in Section 5.

We see no evidence of an event yield in excess of the background prediction and set 95% CL
upper limits (UL) on the number of observed events using a Bayesian method [34] with a flat
prior on the signal strength and log-normal priors for efficiency and background uncertainties.
These include uncertainties on the signal efficiency of 12% , 15%, and 30% for the lepton trig-

CMS, 1104.3168

-1               

LHC at
E=7 TeV
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@Silvia Pascoli41

In general we expect mixing 
to be very small:
 Without cancellations, there 
is a contribution to neutrino 
masses: 

 Production is 
extremely suppressed

In see-saw type I, all LNV effects are 
suppressed at colliders. Other production 
mechanisms need to be considered.

Kersten, Smirnov; Ibarra, Molinaro, Petcov
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@Silvia Pascoli42

Sufficient N production can be achieved if Ns have 
additional interactions and the relation between LNV 
at collider and in neutrino masses is broken.

Gauge B-L:  pp → Z' → N N

See-saw type II: Scalar Triplets

Triplet see-saw. Triplet N produced in gauge interactions

Left-Right models via WR

Inverse or extended see-saw models

R-parity violating SUSY

•

•

•

•

•

•
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What is the new physics scale?

MeV GeV TeV GUT scalekeVeVsub-eV

Signatures

Neutrino 
masses

Peak searches

Neutrinoless double 
beta decay

Kinks in beta 
decay

Dark Matter, 
WDM, HDM

Nu oscillations

43
Saturday, 10 August 13



Below the electroweak scale

Low energy see-saw: sterile neutrinos m<< GeV
Very small Yukawa couplings are required or specific 
cancellations in the masses (inverse or extended see-saw).

If neutrino masses emerge via loops, in models in which 
Dirac masses are forbidden, the 
scale can be lower than in the 
see-saw models, even at the MeV.

Atre et al., 0901.3589
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Figure 4. Left: possible values of the Yukawa couplings and Majorana masses of the sterile neutrinos in
seesaw models. Right: the table shows whether the corresponding choice of the mass for Majorana fermions
may explain neutrino masses and oscillations, accommodate eV neutrino anomalies, lead to baryogenesis,
provide the dark matter candidate, ensure the stability of the Higgs mass against radiative corrections, and
be directly searched at some experiments.

where Lold is the standard model Lagrangian in the absence of gauge singlet fermions, y↵i are
the neutrino Yukawa couplings, and M are the right-handed neutrino Majorana mass parameters.
Eq. (29) is expressed in the weak basis where the Majorana mass matrix for the right-handed
neutrinos is diagonal.

The seesaw formula allows the mass of singlet neutrinos to be a free parameter: Multiplying mD
by any number x and MR by x2 does not change the right-hand side of the formula. Therefore,
the choice of MR is a matter of theoretical prejudice that cannot be fixed by active-neutrino ex-
periments alone. A possible approach is to choose these parameters so that they explain certain
phenomena and aspects beyond-the-standard model, for example, provide a dark matter candidate
or a mechanism of baryogenesis. The most often considered standard approach takes Yukawa cou-
plings y↵I ⇠ 1 and the Majorana masses in the range MN ⇠ 1010 � 1015 GeV. Models with this
choice of parameters give rise to baryogenesis through leptogenesis [6]. For a review of the GUT-
scale seesaw and the thermal leptogenesis scenario associated with it see e.g. [7]. Here we would
like to focus on variants at lower energy scales.

Figure 4 summarizes various choices of combination of mass/Yukawa couplings of sterile neu-
trinos in seesaw models. The right panel summarizes properties of resulting seesaw models, their
ability to solve various beyond-the-SM problems and anomalies, and their testability.

The main generic prediction of Eq. (29) is the existence of 3 + nR Majorana neutrinos, most of
them massive. All of these “contain” the three active neutrino flavors and hence can, in principle,
be observed experimentally. One exception is the case MR = 0. In this case, the massive Majorana
neutrinos “pair up” into at most three massive Dirac fermions.7 The neutrino data can determine
all physically observable values of yv = mD – the neutrino masses and the elements of the neutrino
mixing matrix, three angles and one CP-odd Dirac phase. Qualitatively, the neutrino data require
mD ⇠ 10�3 eV to ⇠ 10�1 eV. The case M ⌧ mD, as far as observations are concerned, is similar

7In the case nR = 2, there are two massive Dirac neutrinos and one massless neutrino. In the case nR > 3, there are
three massive Dirac neutrinos and nR � 3 massless gauge singlet, bona fide sterile, neutrinos that do not mix with any
of the active states and are completely unobservable.

17

Light sterile neutrinos: a 
White Paper, 1204.5379

44

More on 
Monday.
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@Silvia Pascoli45

Neutrino masses can arise at the electroweak scale at 
loop level and consequently are naturally 
suppressed. 

A symmetry (e.g. Z2) prevents mixing 
and protects a stable DM candidate.

Gauge invariance requires new particles at the 
electroweak scale, e.g. fermions, scalars.

Radiative neutrino masses
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@Silvia Pascoli

Let’s study the leptonic structure:

L1 

L2

Therefore, neutrino masses must depend on all 
terms which break the various lepton numbers (as in 
the inverse, extended see-saw...):

3

mφ1 and mφ2 . The various equations obtained for real φ are
modified but the overall picture remains the same. In particu-
lar, Eq. 2 becomes

mνL =
g2

32 π2
mN

[

m2φ1
(m2N −m2φ1)

ln(m2N/m2φ1)

−
m2φ2

(m2N−m2φ2)
ln(m2N/m2φ2)

]

, (9)

and Eq. 4 becomes

mνL =

√

〈σvr〉
128 π3

(

m2φ1 ln
m2N
m2φ1

−m2φ2 ln
m2N
m2φ2

)

, (10)

where we have neglected the terms suppressed by m2φ1,2/m
2
N .

Note that the cut-off dependence drops out in Eq. 9. In Eq. 10,
the neutrino mass is determined by the quantity m2φ1 −m2φ2
while, in Eq. 4, it was determined by m2N . Hence, instead of
Eq. 7, we now obtain:

(1MeV)2 ! |m2φ1 −m2φ2 | ! (20MeV)2. (11)

For definiteness, we have assumed that the ratio mN/mφ1 was
ranging from 10 to 105. In Eq. 10, the mass mN is a free
parameter which can be much larger than the mass of the Z
boson. Hence, in the complex case (unlike the real case), the
particle N can have electroweak couplings.
If, for example,mφ2 <mφ1 one expects that the unstable parti-
cle, φ1, decays into φ2 plus a pair of neutrino and antineutrino.
The φ2 particle, being stable, would be our dark matter can-
didate. Note also that if the mass splitting between mφ1 and
mφ2 is small, one has to take into account the coannihilations
between φ1 and φ2 for the calculation of the dark matter relic
density. This may slightly change Eqs. 10 and 11.
In summary, if φ is a real field, the natural scale for the dark
matter mass is the MeV range or below. As discussed in Sec-
tion III, a dark matter mass much smaller than a few MeV
poses some conflict with observations. Thus a dark matter
mass in the MeV range is the preferred solution in the real
case. If φ is a complex field, a suitable scale is also the MeV
range although Eq. 11 does not uniquely predict that the dark
matter mass must lie in the low energy range.
Obtaining theMeV scale is quite an amazing finding since this
corresponds to the dark matter mass range which is required
to explain the 511 keV emission line from the center of our
galaxy [14, 15, 16].
Note that if N is mixed with light neutrinos and has a mass
mN ! 1 MeV, it might be responsible for the LSND sig-
nal [12].

III. CONSTRAINTS

The scenario that we discussed in the present letter satisfies
the constraints from direct and indirect dark matter detection
experiments. It also satisfies cosmological constraints. Large
scale structure arguments force the SLIM particle to have a

mass greater than a few keV, which is consistent with the
present scenario. SLIM particles are also consistent with the
constraints obtained in Refs. [23, 24].
In supernovae, the strong interactions between the SLIM
particles and neutrinos would maintain them in equilibrium.
However, owing to the weakness of the interactions (if any)
between the SLIMs and the rest of the Standard Model parti-
cles, neutrinos are emitted at approximately the same temper-
ature as in the standard scenario without SLIM interactions.
Thus, considering the present observational, as well as theo-
retical uncertainties, no bound can be obtained. However, in
the case of future supernova neutrino observations, one may
be able to test this scenario by studying the neutrino energy
spectra.
SLIM particles should not affect primordial nucleosynthesis.
For masses above ∼ MeV, no new light degrees of freedom
(dof) are present at big bang nucleosynthesis epoch. For
masses below ∼ MeV, each scalar would contribute 4/7 dof
and each fermion 1 dof. Analysis of cosmological data, for
instance the combination of the CMB determination of the
baryon-to-photon ratio with primordial light-element abun-
dances observations or with large scale structure data, lead
to an upper bound on the number of extra dof of ∼ 1.5 (at
95% CL) [25, 26, 27].
As far as laboratory constraints are concerned, light scalar
emission has not been observed in pion and kaon decays. For
kinematically allowed decays a very conservative bound can
be obtained, which constrains the coupling in Eq.(1) to be
g ! 10−2 [28, 29, 30]. Improving the present experimental
bounds seems nevertheless feasible. For real φ, the upper
bound on mN and the relatively large value of the coupling
(see Eq. 8) promise observable effects in Kaon and pion de-
cay experiments. This would make this scenario even more
appealing as it could be tested soon. Many other constraints
were discussed in Ref. [14] with the conclusions that this sce-
nario is perfectly viable.
There are certainly many ways to obtain the effective low en-
ergy (SU(2)L×U(1) breaking) term of Eq.(1) from an under-
lying theory. If the particle N is a SU(2)L singlet, this inter-
action term is necessarily effective. It can be obtained, in par-
ticular, from the exchange of an additional scalar doublet[33],
an extra vector like fermion singlet, or an extra vector-like
fermion doublet. The extra particles then have to be well
above the MeV scale. If N is not a SU(2)L singlet, there
are various possibilities to obtain the same interaction term
as in Eq.(1). This “fundamental” Lagrangian was in fact
first proposed in [14], with N a mirror fermion (doublet of
SU(2)L×U(1)). In Ref. [14], N was not a Majorana parti-
cle, so it could not lead to the mechanism described in this
letter. However, one can consider a more sophisticated model
where N is still a mirror particle (it would belong, together
with a charged lepton ER, to a right-handed SU(2)L doublet)
but with an “effective” mass that is induced from SU(2)L sym-
metry breaking. This Majorana mass can be obtained easily
from a “mirror” seesaw mechanism between N and an extra
left-handed SU(2)L singlet NL fermion (to be added to the
lagrangian of Ref. [14]). If the mass of the NL is not far
above the electroweak scale, and if the allowed ‘N−NL−H’

A detailed computation gives
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At one-loop the Zee model and the Ma (and others) 
models provide neutrino masses.  In the Ma (et al.) 
model we introduce a scalar doublet h without a vev!

Let’s study the leptonic structure:

L1 

L2
So neutrino masses will be

Interesting connections can be found with dark matter 
(as the scalar does not get a vev, there is a conserved 
Z2 which guarantees the stability of the lightest new 
particle, the DM candidate) and LFV. 

@Silvia Pascoli

one loop

L / fL̄L⌘
†NR +

1

2
MNT

RCNR + . . . + �(�†�)(⌘†⌘) + �0(�†⌘)(⌘†�) + �00(�†⌘)2 + h.c.

m⌫ ⇠ �00f2 v2H
16⇡2Mi

O(1)

⌫L NR ⌘
+1 +1 0 ) broken by M
+1 0 +1 ) broken by �00
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m⌫ =
8µ

(16⇡2)2m2
h

f2gmlO(1)

@Silvia Pascoli

At too-loops  complete (SU(2) conserving) is the Zee-
Babu model.

We introduce two scalar singlets h+ and k++

Lepton number is broken by f, g and mu. So neutrino 
masses will be

and will be suppressed by the couplings, loop factor 
and the lepton mass.

Zee-Babu-Model and 
Extension 

10

Summary:

n nll
k

h h

radiative neutrino mass 
at 2-loop level testable

Dark Matter mass and 
stability linked with 
neutrino mass by SSB

global symmetry avoids 
constraints from Z‘ searches

M.Lindner,DS,T.Schwetz;Phys.Lett.B705,324

L = fabL
T
LaCi�2LLbh

+ + gab ¯ecRaeRbk
++ � µh+h+k�� + h.c.

two loops

Saturday, 10 August 13



@Silvia Pascoli49

In SUSY models, each particle has a super-partner with 
the same quantum numbers but different spin. For ex., 
the lepton will have a slepton, the Higgses the 
higgsinos etc. 
R-parity is a symmetry of the Lagrangian defined as

In the MSSM, there are no neutrino masses.
But it is possible to introduce terms which violate R 
and therefore violate lepton number.

The bilinear term will induce mixing between 
neutrinos and higgsino and therefore neutrino masses, 
the trilinear term induces masses at the loop-level.

R-parity violating SUSY and neutrino masses

R ⌘ (�1)3B+L+2j

V = . . . � µH1H2 + ✏iL̃iH2 + �0
ijkL̃iL̃jẼk + ...
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Summary and outlook

Today we have looked at
1. Embedding of the see-saw mechanism in GUT theories

2. Tests of neutrino mass models in order to identify the 
new physics scale: LFV processes, Leptogenesis, TeV scale: 
collider searches, below TeV scale (more tomorrow)

3. Other mechanisms of neutrino masses
Radiative masses (general comments and one-loop and 
two-loop models)
SUSY with R-parity violation (briefly)

On Monday we will focus on the connection between the 
mass matrix and the mixing structure. Various approaches 
can be adopted: mass textures, flavour symmetries; 
anarchy... And then we will consider models beyond 3-
neutrino mixing (mainly sterile neutrinos and their models).50
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