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Lepton flavour violation (LFV)

We know that flavour is violated in the lepton sector, since neutrinos 
oscillate (               violates both Le and Lμ)

Since the PMNS matrix U appears in charged lepton current, would naively 
expect strong flavour violating effects in the charged lepton sector too    
(i.e. processes such as µ → e γ and µ → 3e should be observed).

This is not the case due to a GIM mechanism: LFV is strongly suppressed 
(and in practice unobservable) in the Standard Model

But we have good reasons to believe that there is new physics beyond the 
SM (neutrino masses, dark matter...) ⇒ generally new sources of LFV

νµ ↔ νe



Indeed, many well-motivated new physics scenarios predict large flavour 
violations in the charged lepton sector:

→ the absence of sizeable SM contributions makes LFV a unique probe of 
new physics

Further motivation: connection with neutrino physics

The smallness of neutrino masses suggests a specific mechanism of mass 
generation ⇒ new particles with flavour violating couplings to leptons

→ LFV could tell us something about the origin of neutrino masses

• supersymmetry
• extra dimensions
• little Higgs models
• ...



Status of lepton flavour violation

So far lepton flavour violation has been observed only in the neutrino 
sector (oscillations). Experimental upper bounds on LFV processes 
involving charged leptons:

Table 1.1: Present limits on rare µ decays.

mode limit (90% C.L.) year Exp./Lab.

µ+ → e+γ 1.2 × 10−11 2002 MEGA / LAMPF

µ+ → e+e+e− 1.0 × 10−12 1988 SINDRUM I / PSI

µ+e− ↔ µ−e+ 8.3 × 10−11 1999 PSI

µ− Ti→ e−Ti 6.1 × 10−13 1998 SINDRUM II / PSI

µ− Ti→ e+Ca∗ 3.6 × 10−11 1998 SINDRUM II / PSI

µ− Pb→ e−Pb 4.6 × 10−11 1996 SINDRUM II / PSI

µ− Au→ e−Au 7 × 10−13 2006 SINDRUM II / PSI

Table 1.2: 90% C.L. upper limits on selected LFV tau decays by Babar and BELLE.

Babar BELLE

Channel L BUL L BUL

( fb−1) (10−8) ( fb−1) (10−8)
τ± → e±γ 232 11 535 12

τ± → µ±γ 232 6.8 535 4.5

τ± → #±#∓#± 92 11 - 33 535 2 - 4

τ± → e±π0 339 13 401 8.0

τ± → µ±π0 339 11 401 12

τ± → e±η 339 16 401 9.2

τ± → µ±η 339 15 401 6.5

τ± → e±η′ 339 24 401 16

τ± → µ±η′ 339 14 401 13
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update from MEG (2011):
2.4× 10−12



Also strong constraints on LFV rare decays of mesons:

Table 1.1: Present limits on rare µ decays.

mode limit (90% C.L.) year Exp./Lab.

µ+ → e+γ 1.2 × 10−11 2002 MEGA / LAMPF

µ+ → e+e+e− 1.0 × 10−12 1988 SINDRUM I / PSI

µ+e− ↔ µ−e+ 8.3 × 10−11 1999 PSI

µ− Ti→ e−Ti 6.1 × 10−13 1998 SINDRUM II / PSI

µ− Ti→ e+Ca∗ 3.6 × 10−11 1998 SINDRUM II / PSI

µ− Pb→ e−Pb 4.6 × 10−11 1996 SINDRUM II / PSI

µ− Au→ e−Au 7 × 10−13 2006 SINDRUM II / PSI

Table 1.2: 90% C.L. upper limits on selected LFV tau decays by Babar and BELLE.

Babar BELLE

Channel L BUL L BUL

( fb−1) (10−8) ( fb−1) (10−8)
τ± → e±γ 232 11 535 12

τ± → µ±γ 232 6.8 535 4.5

τ± → #±#∓#± 92 11 - 33 535 2 - 4

τ± → e±π0 339 13 401 8.0

τ± → µ±π0 339 11 401 12

τ± → e±η 339 16 401 9.2

τ± → µ±η 339 15 401 6.5

τ± → e±η′ 339 24 401 16

τ± → µ±η′ 339 14 401 13

5

[W
G

3 report]

BR (K0
L → µe) < 4.7× 10−12

BR (B0
d → µe) < 1.7× 10−7 [Belle]

BR (B0
s → µe) < 6.1× 10−6 [CDF]



This is consistent with the Standard Model,
in which LFV processes involving charged
leptons are suppressed by the tiny neutrino
masses

e.g. µ → e γ :

Using known oscillations parameters (U = PMNS lepton mixing matrix) and  
|Ue3| < 0.2, this gives                                       : inaccessible to experiment!

This makes LFV a unique probe of new physics: the observation of e.g.         
µ → e γ would be an unambiguous signal of new physics (no SM background)

➞ very different from the hadronic sector

Conversely, the present upper bounds on LFV processes already put strong 
constraints on new physics (same as hadronic sector)

BR (µ→ eγ) =
3α

32π

∣∣∣∣∣
∑

i

U∗
µiUei

m2
νi

M2
W

∣∣∣∣∣

2

BR (µ→ eγ) ! 10−54



μ → e γ :

- the experiment MEG at PSI has started taking data in sept. 2008
- 2011: reached a limit of 
- expects to reach a sensitivity of a few           (factor of 10 improvement)   
in the next years

μ → e conversion :

- the project mu2e is under study at FNAL - aims at 
- the project PRISM/PRIME at J-PARC aims at 

τ decays :

- LHC experiments limited to                  – comparable to existing B fact.
- superB factories will probe the                       level 

Prospects for LFV experiments

10−13

τ → µµµ
10−9 − 10−10

O(10−16)
O(10−18)

2.4× 10−12



Many new physics scenarios predict “large” LFV rates: supersymmetry,    
extra dimensions, little Higgs models, ...

In (R-parity conserving) supersymmetric extensions of the Standard Model, 
LFV is induced by a misalignment between the lepton and slepton mass 
matrices, parametrized by the mass insertion parameters (α ≠ β):

(can be viewed as supersymmetric lepton mixing angles)

⇒ typical µ → e γ rate:

where                               

Theoretical expectations/predictions

δLL
αβ ≡

(m2
L̃
)αβ

m2
L

, δRR
αβ ≡ (m2

ẽ)αβ

m2
R

, δRL
αβ ≡

Ae
αβvd

mRmL

B(µ→ eγ) ∼ 10−5 M4
W

M4
SUSY

|δLL
12 |2 tan2β

tanβ ≡ 〈H0
u〉/〈H0

d〉
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Fig. 5.3: Upper limits on δ12’s in mSUGRA. HereM1 andmR are the bino and right-slepton masses, respectively.
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Fig. 5.4: Upper limits on δ23’s in mSUGRA. HereM1 andmR are the bino and right-slepton masses, respectively.

have to be quite small, and this constitutes the so-called supersymmetric CP problem. For the bounds on

the sources of CPV also associated to FV, like e.g. Im(δLL
ij δRR

ji )ee and so on, we refer to the plots in
Ref. [158].

5.2.2 Lepton flavour violation from RGE effects in SUSY seesaw model

5.2.2.1 Predictions from flavour models

Consider first the possibility that flavour and CP are exact symmetries of the soft supersymmetry breaking

sector defined at the appropriate cutoff scaleΛ (to be identified with the Planck scale for supergravity, the
messenger mass for gauge mediation, etc). If below this scale there are flavour and CP-violating Yukawa

interactions, it is well-known that in the running down to mSUSY they will induce a small amount of

flavour and CP-violation in sparticle masses.

The Yukawa interactions associated to the fermion masses and mixing of the SM clearly violate

any flavour and CP symmetries. However, with the exception of the third generation Yukawa couplings,

all the entries in the Yukawa matrices are very small and the radiatively induced misalignment in the

sfermion mass matrices turns out to be negligible. The Yukawa interactions of heavy states beyond the

SM coupling to the SM fermions induce misalignments proportional to a proper combination of their

Yukawa couplings times ln mF /Λ, where mF represents the heavy state mass scale. This is the case

for the seesaw interactions of the right-handed neutrinos [139, 140] and/or the GUT interactions of the

heavy colored triplets [670,671] (those eventually exchanged in diagrams inducing proton decay). Notice

that the observation of large mixing in light neutrino masses, may suggest the possibility that also the

75
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Important difference with the quark sector: even if slepton mass matrices  
are flavour diagonal at some high scale, radiative corrections may induce 
large LFV [quark sector: controlled by CKM, pass most flavour constraints]

Such large corrections are due to heavy states with FV couplings to SM 
leptons, whose presence is suggested by mν << ml

Well-known example: (type I) seesaw mechanism

                                     ⇒
Assuming universal slepton masses at MU, one obtains at low energy:

where                                              encapsulates all the dependence on the 
seesaw parameters

Lseesaw = −
1

2
MiN̄iNi −

(

N̄iYiαLαH + h.c.
)

(Mν)αβ = −
∑

i

YiαYiβ

Mi
v
2 (v = 〈H〉)

(m2
L̃
)αβ ! − 3m2

0 + A2
0

8π2
Cαβ , (m2

ẽ)αβ ! 0 , Ae
αβ ! − 3

8π2
A0yeα Cαβ

Cαβ ≡
∑

k Y #
kαYkβ ln(MU/Mk)

BR (lα → lβγ) ∝ |Cαβ |2

[Borzumati, Masiero]
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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.
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Cαβ ≡
∑

k

Y #
kαYkβ ln(MU/Mk)

BR (lα → lβγ) ∝ |Cαβ |2



Thus, in the supersymmetric seesaw mechanism, LFV processes probe 
the seesaw parameters

In general, however, cannot disentangle LFV induced by supersymmetry 
breaking from seesaw-induced LFV

Even in mSUGRA, there is no straightforward correlation between the 
measured neutrino parameters and the LFV rates, due to the degeneracy    
of seesaw parameters

It is therefore fair to say that there is no definite prediction of the 
supersymmetric (type I) seesaw scenario for LFV processes, even in the 
mSUGRA case. This explains why different models give different predictions, 
although large rates are generic.



One can embed the supersymmetric seesaw in a Grand Unified Theory       
in order to reduce the arbitrariness in the seesaw parameters

Example [Masiero, Vempati, Vives]: SO(10)-motivated ansätze for the seesaw 
parameters

“minimal case”: CKM-like mixing in the Dirac couplings Yij

“maximal case”: PMNS-like mixing in the Dirac couplings Yij – µ → e γ scales 
as       for  
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More predictive version of the seesaw mechanism:

Type II seesaw [heavy scalar SU(2)L triplet exchange]

                ⇒

The radiative corrections to soft slepton masses are now controlled by

⇒ predictive (up to an overalll scale) and leads to correlations between   
LFV observables (correlations controlled by the neutrino parameters)

1√
2
Y ij

T LiTLj + 1√
2
λ HuT̄Hu + MT T T̄

M ij
ν = λ Y ij

T

v2
u

MT

(Y †
T YT )αβ ln(MU/MT ) ∝

∑
i m2

νi
UiαU∗

iβ

[A. Rossi]

LFV  in SUSY T-Seesaw

The relevant LFV structure is Minimal :

Relative LFV size predicted in a model-independent way - i.e. no dependence

on either the seesaw parameters,  , or the SUSY ones, 

but only dependence on the low-energy neutrino parameters !"#"$%&&%

Notice: no dependence on the lightest ν mass m1  and on the Majorana phases

Anna Rossi – “LFV in neutrino Seesaw scenarios” CERN, March 27, 2007 17

Similarly for other LFV-decays



Example of a radiative model: Zee-Babu model 

introduce 2 charged SU(2) singlet scalars,
     and       , with couplings to leptons:

Lepton number is violated by scalar couplings:

Neutrino mass matrix:

In addition to new exotic scalars, this mechanism predicts flavour-violating 
processes involving charged leptons, such as              :

LFV in non-supersymmetric mechanisms 
of neutrino mass generation

3

Fig. 1 Feynman diagram for the 2-loop Majorana neutrino masses in the model of [3,4].

such realizations usually lead to testable predictions in either high-energy or high-intensity

experiments. In what follows we will discuss two main cases, the Babu-Zee model and

supersymmetric bilinear R-parity violating models, paying special attention to some of their

phenomenological implications.

3 Two loop realization: the Babu-Zee model

In this model the standard model scalar sector is extended by the addition of two new scalars,

h+ and k++, both singlets under SU(2). Their couplings to standard model leptons is given
by

L = f!" (L
Ti
!LCL

j

"L
)#i jh

++h′!" (e
T
!RCe"R)k

+++h.c. (2)

Here, LL are the standard model (left-handed) lepton doublets, eR the charged lepton singlets,

! ," are generation indices and #i j is the completely antisymmetric tensor. Note that f is
antisymmetric, while h′ is symmetric. Assigning L = 2 to h− and k++, eq. (2) conserves

lepton number. Lepton number violation in the model resides only in the following term in

the scalar potential

L =−µh+h+k−−+h.c. (3)

Here, µ is a parameter with dimension of mass.

The setup of eq. (2) and eq. (3) generates Majorana neutrino masses via the two-loop

diagram shown in fig. (1). The resulting neutrino mass matrix can be expressed as

M $
!" =

8µ

(16%2)2m2h
f!x&xy fy"I (

m2k

m2h
), (4)

with summation over x,y implied. The parameters &xy are defined as &xy = mxhxymy, with

mx the mass of the charged lepton lx. Following [17] we have rewritten h!! = h′!! and

h!" = 2h′!" . I (r) finally is a dimensionless two-loop integral given by

I (r) =−
∫ 1

0
dx

∫ 1−x

0
dy

1

x+(r−1)y+ y2
log

y(1− y)

x+ ry
. (5)

For non-zero values of r,I (r) can be solved only numerically. We note that for the range of
interest, say 10−2 ≤ r≤ 102,I (r) varies quite smoothly between (roughly) 3≤I (r)≤ 0.2.

h+ k++

fαβ LT
αCiσ2Lβh+ + h′

αβe
T
RαCeRβk++ + h.c.

µh+h+k−− + h.c.

(Mν)αβ ∼ 8µ

(16π2)2m2
h

fαγmeγhγδmeδfδβ

µ → e γ 
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Fig. 2 Conservative lower limit on the branching ratio Br(µ → e!) as a function of the charged scalar mass
mh for normal hierarchy (left plot) and inverted hierarachy (right plot). The three lines are for the current

solar angle sin2 "12 best fit value (full line) and 3 # lower (dashed line) and upper (dot-dashed line) bounds.
Other parameters fixed at sin2 "23 = 0.5, sin

2 "13 = 0.040 and $m2Atm = 2.0 ·10−3 eV2.

3.1 Flavour violating charged lepton decays

Phenomenological tests of this model have been studied in [17,18,19]. Among all of them

those involving µ → e! can be regarded as the most stringent ones. In ref. [18] it has been

shown that the corresponding decay branching ratio for this process can be written as

Br(µ → e!) # 4.5 ·10−10
( %2

h2µµI (r)2

)( m&

0.05 eV

)2(100 GeV

mh

)2

, (6)

with % = fe'/ fµ' and mh the mass of the singly charged scalar. Figure 2 shows the resulting

lower limit on Br(µ → e!) as a function of mh for the case of normal and inverted hierar-

chies. Note that the horizontal solid line indicates the upper limit set by the MEGA experi-

ment [20] and not the new one placed by the MEG experiment, Br(µ → e!) < 2.4×10−12

at 90% C.L. [21]. Using the updated limits the constraints on the singly charged scalar mass

would be even more stringent that the ones quoted here.

In summary, in this model Br(µ → e!)≥ 10−13 is guaranteed for singly charged scalar
masses smaller than 590 GeV (5.04 TeV) for normal (inverse) hierarchical neutrino masses,

and larger or even much larger branching ratios are expected in general. Thus, a non-

observation of this process in the next few years, at least for the case of inverse hierarchy,

would certainly remove most of the motivation to study this model.

4 Bilinear R-parity violating supersymmetry

Bilinear R-parity violation (BRpV) provides an intrinsically supersymmetric framework for

Majorana neutrino masses (for a review see [22]). In these models the superpotential in-

cludes, in addition to the MSSM terms, also the term

WBRpV = %iL̂iĤu . (7)

This term breaks not only R-parity but also lepton number in all three generations. In order

to have a consistent model a soft SUSY breaking term has to be added to the scalar potential,

ε ≡ feτ/fµτ

J (r) = loop function
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3.1 Flavour violating charged lepton decays

Phenomenological tests of this model have been studied in [17,18,19]. Among all of them

those involving µ → e! can be regarded as the most stringent ones. In ref. [18] it has been

shown that the corresponding decay branching ratio for this process can be written as

Br(µ → e!) # 4.5 ·10−10
( %2

h2µµI (r)2

)( m&

0.05 eV

)2(100 GeV

mh

)2

, (6)

with % = fe'/ fµ' and mh the mass of the singly charged scalar. Figure 2 shows the resulting

lower limit on Br(µ → e!) as a function of mh for the case of normal and inverted hierar-

chies. Note that the horizontal solid line indicates the upper limit set by the MEGA experi-

ment [20] and not the new one placed by the MEG experiment, Br(µ → e!) < 2.4×10−12

at 90% C.L. [21]. Using the updated limits the constraints on the singly charged scalar mass

would be even more stringent that the ones quoted here.

In summary, in this model Br(µ → e!)≥ 10−13 is guaranteed for singly charged scalar
masses smaller than 590 GeV (5.04 TeV) for normal (inverse) hierarchical neutrino masses,

and larger or even much larger branching ratios are expected in general. Thus, a non-

observation of this process in the next few years, at least for the case of inverse hierarchy,

would certainly remove most of the motivation to study this model.

4 Bilinear R-parity violating supersymmetry

Bilinear R-parity violation (BRpV) provides an intrinsically supersymmetric framework for

Majorana neutrino masses (for a review see [22]). In these models the superpotential in-

cludes, in addition to the MSSM terms, also the term

WBRpV = %iL̂iĤu . (7)

This term breaks not only R-parity but also lepton number in all three generations. In order

to have a consistent model a soft SUSY breaking term has to be added to the scalar potential,

D. Aristizabal Sierra, M. Hirsch



Example of a low-scale seesaw model: inverse seesaw

Conventional type I seesaw: loop contribution of the heavy Majorana 
neutrinos to              are suppressed by the large Majorana masses and/or 
by the small Dirac couplings 

Inverse
seesaw:

µ → e γ 

Lepton Flavour Violating processes           (L conserving)

                        expected small in seesaw models: dim-6 operator effect:

µ → eγ, τ → µγ, τ → eγ, µ → eee, τ → lll, µ → e atomic conversion, ...

mν ∼ YN
1

MN
Y T
N v2

if YN ∼ 1, mν = 0.1 eV

e.g. requiresMN ∼ 1014 GeV e.g. requiresYN ∼ 10−6

if MN ∼ 1 TeV, mν = 0.1 eV

                        but not necessarily: inverse seesaw models

Γ(µ → eγ) ∝ Y 4
N

m5
µ

M4
N

very suppressed!!

Γ(µ → eγ) ∝ Y 4
N

m5
µ

M4
N

Ld=6 = Y †
N

1
M2

N

YN (L̄H) /∂(HL)

                        LFV conserve L
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Lepton Flavour Violating processes           (L conserving)

                        expected small in seesaw models: dim-6 operator effect:

µ → eγ, τ → µγ, τ → eγ, µ → eee, τ → lll, µ → e atomic conversion, ...

mν ∼ YN
1

MN
Y T
N v2

if YN ∼ 1, mν = 0.1 eV

e.g. requiresMN ∼ 1014 GeV e.g. requiresYN ∼ 10−6

if MN ∼ 1 TeV, mν = 0.1 eV

                        but not necessarily: inverse seesaw models

Γ(µ → eγ) ∝ Y 4
N
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very suppressed!!

Γ(µ → eγ) ∝ Y 4
N
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N
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N
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                        violate Lmν

Approximately L conserving type-I seesaw model
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1 2 LN1 = +1 , LN2 = −1

no L violationmν = 0

Br(µ → eγ) ∼ 10−11 ∼ experimental upper limit

    “inverse seesaw” as in
Mohapatra, Valle ’86    

        Gonzalez-Garcia, Valle ‘89 

                   Branco, Grimus, Lavoura ’89
            Kersten, Smirnov ’07

            Abada, Biggio, Bonnet, 
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Approximately L conserving type-I seesaw model

example with n N  and n N  : 

if       is large,        not too high:                       YN MN
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soft L breaking

    “inverse seesaw” as in
Mohapatra, Valle ’86    

        Gonzalez-Garcia, Valle ‘89 

                   Branco, Grimus, Lavoura ’89
            Kersten, Smirnov ’07

            Abada, Biggio, Bonnet, 
  Gavela, T.H. ‘07

mν = −Y T
N

µ

M2
N

YN v2 ∼ 0.1 eV



Source of flavour violation = couplings
of light fermions to Kaluza-Klein
excitations

Milder flavour violation in warped
(Randal-Sundrum) models in which
the fermion mass hierarchies are
accounted for by different fermion
localizations in extra dimensions (small overlap with KK wavefunction)

Agashe, Blechman, Petriello: RS model with Higgs propagating in the bulk     
(li → lj γ UV sensitive if Higgs localized on the IR brane)

Present bounds on LFV processes compatible with O(1 TeV) KK masses, 
with however some tension between loop-induced li → lj γ and tree-level    
µ → e conversion [can be improved with different lepton reps (2009)]

LFV in extra-dimensional scenarios
Warped models may overcome both difficulties

Gherghetta & Pomarol;

                Huber & Shafi (00)

♦ 0-modes configuration looks similar to flat case. 

Higgs and KK states are localized on the IR. 

Π
2

Π
Φ

f!Φ"
Higgs

heavylight

Warped 5D

1st KK

Light fields have highly suppressed coupling to KK modes!

UV IR



FIG. 4: Scan of the µ → 3e and µ − e conversion predictions for MKK = 3, 5, 10 TeV. The solid

and dashed lines are the PDG and SINDRUM II limits, respectively.

set of processes.

B. Scan for the bulk Higgs field scenario

We now present the results of our scan over the bulk Higgs parameter space. For the scan
we set ν = 0, which mimics the composite (or A5) Higgs model of [16]; we present separately
the ν dependence of the most important constraints.

We again begin by considering muon initiated processes. The constraints from µ → 3e
and µ − e conversion are highly correlated, as we saw in the previous subsection. Since
the bounds from µ − e conversion are stronger, we focus on this and µ → eγ. We show in
Fig. 6 scatter plots of the predictions for BR(µ → eγ) and Bconv coming from our scan of
the RS parameter space, for the KK scales MKK = 3, 5, 10 TeV. For µ → eγ we include
both the current constraint from the Particle Data Group [24] and the projected sensitivity
of MEG [18]. The current bounds from µ → eγ are quite strong; from the MKK = 3 TeV
plot in Fig. 6, we see that only one parameter choice satisfies the BR(µ → eγ) bound.
This point does not satisfy the µ − e conversion constraint. We can estimate that it would
satisfy both bounds for MKK > 3.1 TeV. In our scan over 1000 sets of model parameters
the absolute lowest scale allowed is thus slightly larger than 3 TeV. Also, a large portion of
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[Agashe, Blechman, Petriello]

brane Higgs field
scenario



FIG. 6: Scan of the µ → eγ and µ−e conversion predictions for MKK = 3, 5, 10 TeV and ν = 0. The

solid line denotes the PDG bound on BR(µ → eγ), while the dashed lines indicate the SINDRUM
II limit on µ − e conversion and the projected MEG sensitivity to BR(µ → eγ).

TeV are permitted with completely natural parameters. Super-B factory searches for rare
τ decays will not significantly constrain scales MKK ≥ 5 TeV. The LHC search reach for
the new states predicted by the anarchic RS scenario is expected to be around 5-6 TeV. It
is therefore difficult to definitively test the RS geometric origin of flavor using data from
B-factories and the LHC.

Searches for µ− e conversion and µ → eγ are already starting to require slight tunings of
the model parameters. The limit on BR(µ → eγ) is projected to improve from 1.2 × 10−11

to 10−13 after MEG, while the constraint on µ − e conversion is projected to improve to
10−18 after PRIME. The bounds on MKK that these constraints lead to are shown in Fig. 9.
We have plotted the projected bounds as a function of the overall scale of the mixing angles;
we have set UL,R

12 = κ
√

me/mµ, UL,R
13 = κ

√

me/mτ , etc., and have varied κ in the range
[0.01,1]. This tests how far from the natural parameters these experiments will probe. We
observe that MEG will probe MKK ≤ 5 TeV down to mixing angles 1/10 times their natural
sizes. PRIME will test MKK ≤ 20 TeV down to mixing angles 1/10 times their natural sizes,
and will probe MKK ≤ 10 TeV down to mixing angles 1/100 times their canonical values.
Together, these experiments will definitively test the anarchic RS explanation of the flavor
sector.
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[Agashe, Blechman, Petriello]

bulk Higgs field
scenario



Littlest Higgs model with T-parity (LHT) = model with a Higgs boson as a 
pseudo-Goldstone boson of a spontaneously broken global symmetry

The origin of LFV is the FV couplings of the mirror leptons to the SM 
leptons (via the heavy gauge bosons) = new flavour mixing matrices VHν    
and VHl, related by the PMNS matrix

Generally find large rate ⇒ constraints on the mirror lepton parameters

After imposing these constraints, find correlations between LFV processses 
that differ from the MSSM expectations 

LFV in the littlest Higgs model with T-parity



Lepton Flavour Violation Comparison with Supersymmetry

Ratios of LFV Branching Ratios

BBDRT, 0903.xxxx

LHT MSSM

Br(µ−

→e−e+e−)
Br(µ→eγ) 0.02. . . 1 ∼ 6 · 10−3

Br(τ−

→e−e+e−)
Br(τ→eγ) 0.04. . . 0.4 ∼ 1 · 10−2

Br(τ−

→µ−µ+µ−)
Br(τ→µγ) 0.04. . . 0.4 ∼ 2 · 10−3 !

Br(τ−

→e−µ+µ−)
Br(τ→eγ) 0.04. . . 0.3 ∼ 2 · 10−3 !

Br(τ−

→µ−e+e−)
Br(τ→µγ) 0.04. . . 0.3 ∼ 1 · 10−2

! can be significantly enhanced by Higgs contributions
Paradisi, hep-ph/0508054, hep-ph/0601100

20/21 M. Blanke Flavour in the Littlest Higgs with T-Parity

Blanke, Buras, Duling, Recksiegel, Tarantino



Leptogenesis

• the baryon asymmetry of the Universe

• conditions for baryogenesis

• electroweak baryogenesis in the Standard Model

• leptogenesis



The baryon asymmetry of the Universe

The matter-antimatter asymmetry of the Universe is measured by the 
baryon-to-photon ratio:

Since the photon density is not preserved in the early Universe, one also 
considers:

s = entropy density = 7.04 nγ today

2 independent determinations of YB:

    (i) light element abundances

   (ii) anisotropies of the cosmic microwave background (CMB)

η ≡ nB

nγ
" nB − nB̄

nγ

YB ≡ nB − nB̄

s



Big Bang nucleosynthesis predicts the abundances of the light elements       
(D, ³He, ⁴He and ⁷Li) as a function of η:

3He 4He

 D   T  p

  n

3He n → 4He γ

p n → D γ D n → T γ
D D → T n

3He D → 4He p

    The abundances of D and
    ³He are very sensitive to η,
    since a larger η accelerates
    the synthesis of D and ³He,
    which are themselves needed
    for the synthesis of ⁴He,
    resulting in final lower
    abundances for D and ³He



 

3He/H p

4He
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The fact that there is
a range of values for η 
consistent with all observed 
abundances (“concordance”)
is a major success of
Big Bang cosmology

η = (4.7− 6.5)× 10−10

- bands = 95% C.L.
- smaller boxes = ±2σ statistics
- larger boxes = ±2σ statistics
                     and systematics



Information on the cosmological parameters can be extracted from the 
temperature anisotropies

In particular, the anisotropies are affected by the oscillations of the baryon-
photon plasma before recombination, which depend on η (or Ωbh²)

                   ⇒                                                           (WMAP 5y)
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η = (6.23± 0.17)× 10−10

A
. Strum

ia,  hep-ph/0608347



⇒ remarkable agreement between the CMB and BBN determinations of the 
baryon asymmetry: another success of standard Big Bang cosmology

                                                                           (BBN)

                                                                           (WMAP 5y)   

Although this number might seem small, it is actually very large:

in a baryon-antibaryon symmetric Universe, annihilations would leave a relic 
abundance

η = (6.23± 0.17)× 10−10

η = (4.7− 6.5)× 10−10

nB/nγ = nB̄/nγ ≈ 5× 10−19



The necessity of a dynamical generation

In a baryon-antibaryon symmetric Universe, annihilations would leave a relic 
abundance

Since at high temperatures                           , one would need to fine-tune 
the initial conditions in order to obtain the observed baryon asymmetry as    
a result of a small primordial excess of quarks over antiquarks:

Furthermore, our Universe most probably underwent a phase of inflation, 
which would have exponentially diluted the initial conditions

⇒ need a mechanism to dynamically generate the baryon asymmetry

                                     Baryogenesis!

nB/nγ = nB̄/nγ ≈ 5× 10−19

nq ∼ nq̄ ∼ nγ

nq − nq̄

nq
≈ 3× 10−8



Conditions for baryogenesis

Sakharov’s conditions [1967]:

  (i) is obvious

  (ii) C and CP violation

If C were conserved, any processes creating n baryons would occur at the 
same rate as the C-conjugated process creating n antibaryons, resulting in a 
vanishing net baryon asymmetry

C violation is not enough. If CP were conserved, even with C violated, 
processes creating baryons and antibaryons would balance each other once 
integrated over phase space

(i) baryon number (B) violation
(ii) C and CP violation
(iii) departure from thermal equilibrium



(iii) departure from thermal equilibrium

At thermal equilibrium, any process creating baryons occurs at the same rate 
than the inverse process which destroys baryons, resulting in a vanishing net 
baryon asymmetry

   

Quite remarkably, the Standard Model (SM) of particle physics satisfies all 
three Sakharov’s conditions:

(i) B is violated by non-perturbative processes known as sphalerons

(ii) C and CP are violated by SM interactions
    (CP violation due to the CKM phase)

(iii) departure from thermal equilibrium can occur during the electroweak 
phase transition

→ ingredients of electroweak baryogenesis



Baryon number violation in the Standard Model

The baryon (B) and lepton (L) numbers are accidental global symmetries of 
the SM Lagrangian ⇒ all perturbative processes preserve B and L

However, B+L is violated at the quantum level (anomaly)
⇒ non-perturbative transitions between vacua of the electroweak theory 
characterized by different values of B+L [but B-L is conserved]

At T=0, transitions by tunneling:

⇒ extremely suppressed: no baryogenesis?

!2 !1 0 1 2 3

"

NCS

"sph

∆B = ∆L = 3∆NCS

Γ(T = 0) ∼ e−16π2/g2
∼ 10−150 [‘t Hooft]



However, this is different at finite temperature

- above the electroweak phase transition [                                    ],
  i.e. in the unbroken phase [             ], (B+L) violation is unsuppressed:

- below the electroweak transition [                                      ]: 

where Esph (T) is the energy of the gauge field configuration (“sphaleron”) 
that interpolates between two vacua

⇒ electroweak baryogenesis [=baryogenesis at the electroweak phase 
transition] becomes possible

[Kuzmin, Rubakov, Shaposhnikov]

T > TEW ∼ 100 GeV
〈φ〉 = 0

0 < T < TEW , 〈φ〉 #= 0

Γ(T < TEW ) ∝ e−Esph(T )/T

[Klinkhamer, Manton]

[Arnold, McLerran - Khlebnikov, Shaposhnikov]

Γ(T > TEW ) ∼ α5
W T 4 αW ≡ g2/4π



Baryogenesis in the Standard Model:
rise and fall of electroweak baryogenesis

The order parameter of the electroweak phase transition is the Higgs vev:

-                                        unbroken phase

-                                        broken phase

If the phase transition is first order, the two phases coexist at T = Tc and the 
phase transition proceeds via bubble nucleation

Sphalerons are in equilibrium outside the bubbles, and out of equilibrium 
inside the bubbles (rate exponentially suppressed by Esph(T) / T)

CP-violating interactions in the wall together with unsuppressed sphalerons 
outside the bubble generate a B asymmetry which diffuses into the bubble

T > TEW , 〈φ〉 = 0

T < TEW , 〈φ〉 #= 0

[Cohen, Kaplan, Nelson]



For the mechanism to work, it is crucial that sphalerons are suppressed inside 
the bubbles (otherwise will erase the generated B+L asymmetry)

                                                        with               

The out-of-equilibrium condition is 

⇒ strongly first order phase transition required!

To determine whether this is indeed the case, need to study the 1-loop 
effective potential at finite temperature

Γ(T < TEW ) ∝ e−Esph(T )/T Esph(T ) ≈ (8π/g) 〈φ(T )〉

〈φ(Tc)〉
Tc

! 1

V

H

T>Tc

T=Tc

T<Tc

V

H

T>Tc

T<Tc

T=Tc



To determine whether this is indeed the case, need to study the 1-loop 
effective potential at finite temperature. The out-of-equilibrium condition 
Φ(Tc)/Tc > 1 then translates into:

                                       condition for a strong first order transition

⇒ (standard) electroweak baryogenesis excluded by LEP

It is also generally admitted that CP-violating effects are too small in the SM for 
successfull electroweak baryogenesis (small Jarlskog invariant)

⇒ standard electroweak baryogenesis fails: the observed baryon asymmetry 
requires new physics beyond the Standard Model

mH ! 40 GeV

[Gavela, Hernandez, Orloff, Pène]



The observed baryon asymmetry requires new physics beyond the SM

⇒ 2 approaches:

1) modify the dynamics of the electroweak phase transition [+ new source of 
CP violation needed]

 - MSSM with a light top squark (+ CP violation from the chargino sector)

 - NMSSM, 2 Higgs doublet model...

 - model-independent approach [Grojean, Servant, Wells]: add a Φ⁶ term in the 
Higgs potential

2) generate a B-L asymmetry at T > TEW, which is then converted into a 
baryon asymmetry by sphaleron processes

- GUT baryogenesis: out-of-equilibrium decays of heavy gauge bosons 
(however conflict with inflation)

- leptogenesis: generation of a lepton asymmetry in out-of-equilibrium decays 
of heavy states

- other mechanisms, e.g. Affleck-Dine



A link with neutrino masses:
Baryogenesis via leptogenesis

The observation of neutrino oscillations from different sources (solar, 
atmospheric and accelerator/reactor neutrinos) has led to a well-established 
picture in which neutrinos have tiny masses and there is  flavour mixing in the 
lepton sector (as in the quark sector)

The tiny neutrino masses can be interpreted in terms of a high scale:

Several mechanisms can realize this mass suppression. The most popular one 
(type I seesaw mechanism) involves heavy Majorana neutrinos:

                                                  ⇒ mν ∼ y2v2

MR

Minkowski - Gell-Mann, Ramond, Slansky 
Yanagida - Glashow - Mohapatra, Senjanovic

mν =
v2

EW

M
M ∼ 1014 GeV



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
!)



                                                    results in an asymmetry between leptons 
and antileptons, which is partially washed out by L-violating processes and 
converted into a baryon asymmetry by the sphalerons

Γ(Ni → LH) "= Γ(Ni → L̄H
!)



                                                    results in an asymmetry between leptons 
and antileptons, which is partially washed out by L-violating processes and 
converted into a baryon asymmetry by the sphalerons

The final baryon asymmetry can be expressed as:

   C  = conversion factor by sphaleron (28/79 in the SM)

   g∗ = total number of relativistic d.o.f. (g∗ = 106.75 in the SM)

   εN1 = CP asymmetry in N1 decays
   η  = efficiency factor that takes into account the dilution of the lepton 
asymmetry by L-violating processes (                                            )

                      → baryogenesis via leptogenesis

Γ(Ni → LH) "= Γ(Ni → L̄H
!)

YB = −0.42C
η εN1

g!

= −1.4 × 10−3 η εN1
(SM)

LH → N1, LH ! L̄H!
· · ·

<YB >T = C <YB−L >T C =
8Nf + 4NH

22Nf + 13NH
=

28

79
(SM)



 

Can leptogenesis explain the observed baryon asymmetry?

⇒ must compare YB computed from leptogenesis with observed value

    - η essentially depends on M1 and on                                     , which 
controls the out-of-equ. decay condition / strength of washout processes:

    - εN1 depends on the Ni masses and couplings, but is bounded by a simple 
function of M1, m1, m3 and       [case                        ]:

m̃1 ≡ (Y Y †)11v
2/M1

ΓN1
< H(T = M1) ⇐⇒ m̃1 < m̃

!

1 = 2.2 × 10−3 eV

m̃1 M1 ! M2, M3

|εN1
| ≤

3

16π

M1(m3 − m1)

v2
f

(

m1

m̃1

)

0 ≤ f

(

m1

m̃1

)

≤ 1 Davidson, Ibarra
Hambye et al.



The requirement that leptogenesis generates the observed baryon asymmetry 
puts constraints on the seesaw parameters:

      Case

⇒                                             depending on the initial conditions

Case                 : if                           , the self-energy part of εN1 has a 
resonant behaviour, and                          is compatible with successful 
leptogenesis (“resonant leptogenesis”)
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Figure 9: Allowed range of m̃1 and mN1
for leptogenesis in the SM and MSSM assuming

m3 = max(m̃1, matm) and ξ = m3/m̃1. Successful leptogenesis is possible in the area inside
the curves (more likely around the border).

In fact, even if N1 initially has a thermal abundancy ρN1
/ρR ∼ gN1

/g∗ " 1, its contribution
to the total density of the universe becomes no longer negligible, ρN1

/ρR ∼ (gN1
mN1

)/(g!T ),
if it decays strongly out of equilibrium at T " mN1

. For the reasons explained above, this
effect gives a suppression of η (rather than an enhancement), and for very small m̃1 the
case (1) and (∞) give the same result.

The lower panel of fig. 8 contains our result for the efficiency |η| of thermal leptogenesis
computed in cases (0), (1) and (∞) as function of both m̃1 and mN1

. At mN1
>∼ 1014 GeV

non-resonant ∆L = 2 scatterings enter in thermal equilibrium strongly suppressing η.
Details depend on unknown flavour factors.

Our results in fig. 8 can be summarized with simple analytical fits

1

η
≈

3.3 × 10−3 eV

m̃1

+

(

m̃1

0.55 × 10−3 eV

)1.16

in case (0) (40)

valid for mN1
" 1014 GeV. This enables the reader to study leptogenesis in neutrino mass

models without setting up and solving the complicated Boltzmann equations.

Implications

Experiments have not yet determined the mass m3 of the heaviest mainly left-handed
neutrino. We assume m3 = max(m̃1, matm). Slightly different plausible assumptions are
possible when m̃1 ≈ matm, and very different fine-tuned assumptions are always possible.
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M1 ! M2, M3

[Giudice et al., hep-ph/0310123]

M1 ≥ (0.5 − 2.5) × 109 GeV

M1 ≈M2 |M1 − M2| ∼ Γ2

M1 ! 10
9
GeV

[Covi, Roulet, Vissani - Pilaftsis]

[Davidson, Ibarra]





However, if lepton flavour effects play an important role, the high-energy and low-
energy phases both contribute to the CP asymmetry and cannot be disentangled. 
Leptogenesis possible even if all high-energy phases (R) vanish

Asymmetry in the flavour lα:

εα = − 3M1

16πv2

Im
(∑

βρ m1/2
β m3/2

ρ U∗
αβUαρR1βR1ρ

)

∑
β mβ |R1β |2

!11.5 !11 !10.5 !10 !9.5 !9
Log

10
YB

!0.04

!0.02

0

0.02

0.04

J
C
P

FIG. 1. The invariant JCP versus the baryon asymmetry
varying (in blue) δ = [0, 2π] in the case of hierarchical RH
neutrinos and NH light neutrino mass spectrum for s13 = 0.2,
α32 = 0, R12 = 0.86, R13 = 0.5 and M1 = 5×1011 GeV . The
red region denotes the 2σ range for the baryon asymmetry.

4

[Pascoli, Petcov, Riotto]
leptogenesis from

PMNS phase δ





A theoretically more motivated possibility [Calibbi, Frigerio, SL, Romanino]:    
SO(10) models with non-standard embedding of SM matter (16 and 10) 

Neutrino masses and leptogenesis from a type II seesaw mechanism (heavy scalar 
SU(2)L triplet)
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Conclusion: in general, leptogenesis depends both on high-energy and low-
energy (i.e. PMNS) phases, thanks to lepton flavour effects.

Low-energy CP violation in the lepton sector is not a necessary condition   
for leptogenesis

Still leptogenesis would gain support from:

- observation of neutrinoless double beta decay: (A,Z) → (A,Z+2) e⁻ e⁻ 
[proof of the Majorana nature of neutrinos - necessary condition]

- observation of CP violation in the lepton sector, e.g. in neutrino oscillations 
[not necessary though]

- experimental exclusion of new physics electroweak baryogenesis scenarios 
[e.g. MSSM without a light stop and/or small CP violation in the chargino 
sector]



Back-up slides



In the context of Grand Unification, other heavy states may induce flavour 
violation in the slepton (and in the squark) sector

e.g. minimal SU(5) with type I seesaw: coloured Higgs triplets couple to RH 
quarks and leptons with the same Yukawa couplings as the Higgs doublets 

⇒ potentially large radiative corrections to the soft terms of the singlet 
squarks and sleptons (absent in the MSSM at leading order); in particular, 
comtributions to             controlled by the top Yukawa:

and contributions to            controlled by the RHN couplings ⇒ correlation 
between leptonic and hadronic flavour violations

Similar effects (although of different origin) in SO(10) models with type II 
seesaw [Calibbi, Frigerio, SL, Romanino, in progress]

[Barbieri, Hall, Strumia]
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Since radiative corrections to slepton soft terms are large, interfere with 
possible non-universal contributions from supersymmetry breaking (different 
from quark sector)

⇒ difficult to disentangle them, unless correlations characteristic of a given 
scenario are observed

An interesting scenario: type II seesaw with the triplet [extended to a      
(15, 15*) of SU(5)] mediating supersymmetry breaking

⇒ gauge and Yukawa-mediated supersymmetry breaking (controlled by  
gauge couplings and Y15 = YT)

⇒ soft terms determined by M15, B15 [the FX / X of gauge mediation],  Y15 
and λ : predictive scenario (can trade Y15 for the neutrino mass matrix)

[Joaquim, Rossi]

W(15,15) =
1√
2
(Y15 5̄ 15 5̄ + λ 5H 15 5H) + ξ X 15 15

〈X〉 = 〈SX〉+ 〈FX〉θ2 ⇒ ξ〈X〉 = M15 −B15M15θ
2
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Fig. 5.28: Branching ratios of several LFV processes as a function of λ. The left (right) vertical line indicates the

lower bound on λ imposed by requiring perturbativity of the Yukawa couplings YT,S,Z when m1 = 0 (0.3) eV

[normal-hierarchical (quasi-degenerate) neutrino mass spectrum]. The regions in green (grey) are excluded by the

m!̃1
> 100 GeV constraint (perturbativity requirement whenm1 = 0).

5.3.3 LFV from a generic SO(10) framework

The spinorial representation of the SO(10), given by a 16-dimensional spinor, can accommodate all the
SM model particles as well as the right handed neutrino. As discussed in Section ??, the product of

two 16 matter representations can only couple to 10, 120 or 126 representations, which can be formed

by either a single Higgs field or a non-renormalizable product of representations of several Higgs fields.

In either case, the Yukawa matrices resulting from the couplings to 10 and 126 are complex-symmetric,

whereas they are antisymmetric when the couplings are to the 120. Thus, the most general SO(10)
superpotential relevant to fermion masses can be written as

WSO(10) = Y 10
ij 16i 16j 10 + Y 126

ij 16i 16j 126 + Y 120
ij 16i 16j 120, (5.67)

where i, j refer to the generation indices. In terms of the SM fields, the Yukawa couplings relevant for

fermion masses are given by [742, 743]:

16 16 10 ⊃ 5 (uuc + ννc) + 5̄ (ddc + eec), (5.68)

16 16 126 ⊃ 1 νcνc + 15 νν + 5 (uuc − 3 ννc) + 4̄5 (ddc − 3 eec),

104

[Joaquim
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ossi]



Right-handed neutrinos are suggestive of SO(10) unification:

However,   successful leptogenesis is not so easy to achieve in SO(10) 
models with a type I seesaw mechanism:

MD ∝ Mu ⇒ very hierarchical right-handed neutrino masses
              ⇒ M₁ << 10⁸ GeV , below the Davidson-Ibarra bound

Ways out:

 

Leptogenesis and Unification

(i) 
(ii) B-L is a generator of SO(10) ⇒ the mass scale of the NR is associated with 
the breaking of the gauge group ⇒ MR >> Mweak natural

16 = (Q, ū, d̄, L, ē) ⊕ N̄

• flavour-dependent N2 leptogenesis [Vives]: N2 decays generate an asymmetry in 
a lepton flavour that is only mildly washed out by N1

• large corrections to MD = Mu

• other versions of the seesaw mechanism: type II (heavy scalar SU(2)L triplet 
exchange), type I + II (left-right symmetric seesaw mechanism)



Type I+II seesaw mechanism:

     vR = scale of B-L breaking          (NR mass matrix:                       )

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

In explicit SO(10) models, Y is related to charged fermion Yukawa couplings          
⇒ predictive framework

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

MR = fRvR

SO(10) models with a left-right symmetric seesaw

Y = Y
T

126H fL = fR ≡ f

Mν =
λv2

M∆
fL −

v2

vR
Y T f−1

R Y

Mν = vL f − v2

vR
Y f−1Y



The SU(2)L triplet also contributes to leptogenesis. If M1 << MΔ, it mainly affects 
leptogenesis by contributing to the CP asymmetry in N1 decays:

In a theory that predicts the Yij, can reconstruct the fij (which determine both the 
triplet couplings and the NR mass matrix) as a function of vL, vR and of the light 
neutrino parameters (in principe accessible to experiment) ⇒ 8 solutions

Detailed analysis of leptogenesis in Susy SO(10) models with a LR symmetric 
seesaw mechanism [Abada, Hosteins, Josse-Michaux, SL]:

• flavour-dependent Boltzmann equations (independent evolution of the lepton asymmetry in the e, 
µ and τ flavours)

• contribution of N2

• corrections to Md = Me from non-renormalizable operators

• flavour-dependent “N2 leptogenesis” in the solutions with a light N1:   N2 decays generate an 
asymmetry in a flavour that is only mildly  washed out by N1 inverse decays

Hambye, Senjanovic –  Antusch, King

+
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Figure 3: Final baryon asymmetry (left panels) and masses of N1 and N2 (right panels) as a function of vR in
the four reference solutions with a non-trivial Um and a non-vanishing Majorana or high-energy phase. The solid
green, dashed blue, dotted purple and dash-dotted red lines corresponds to the sets 1, 2, 3 and 4 described in the
Appendix, respectively. The other input parameters are as in Fig. 2.
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Figure 10: Regions of the (vR, Tin) parameter space where |YB | > Y WMAP
B for solutions (+, +, +), (+,−, +) and

(+, +,−), and where |YB | > 0.1 Y WMAP
B for solution (−,−,−). These regions are delimited by the thick black

contour in the (+, +, +) case, the dashed red contour for (+,−, +), the long-dashed blue contour for (+, +,−),
and the thin black contour for (−,−,−). Inputs: set 1 of the Appendix for Um and the high-energy phases; other
input parameters as in Fig. 2.

5.3 Dependence on the reheating temperature

The numerical results presented so far were obtained starting the evolution of the Boltzmann equations
at Tin = 1011 GeV, in the approximation where the dynamics of reheating is neglected. In this ap-
proach, Tin can be identified with the reheating temperature. In order to estimate how severe the tension
between successful leptogenesis and the gravitino problem is, we therefore proceed to study the depen-
dence of the final baryon asymmetry on Tin. Fig. 10 shows the regions of the (vR, Tin) parameter space
where |YB | > Y WMAP

B for solutions (+,+,+), (+,−,+) and (+,+,−), and where |YB| > 0.1Y WMAP
B

for solution (−,−,−). The choice for Um and the high-energy phases corresponds to the set 1 of the
Appendix, the other input parameters being fixed as in Fig. 2. One can see that solution (+,−,+)
succeeds in generating the observed baryon asymmetry for values of Tin as low as 5×109 GeV, whereas
solutions (+,+,+) and (+,+,−) require Tin ! 7 × 109 GeV and Tin ! 3 × 1010 GeV, respectively.
While these numbers have been obtained for a particular choice of the input parameters, they unam-
biguously show that successful leptogenesis can be achieved with a reheating temperature below 1010

GeV in solutions (+,+,+) and (+,−,+). As for solution (+,+,−), Tin > 1010 GeV was found to be
a necessary condition for successful leptogenesis for all sets of input parameters we considered. This
allows us to conclude that, for generic input parameters, the solution (+,+,−) fails to generate the
observed baryon asymmetry if the reheating temperature is lower than 1010 GeV.

As discussed at the end of Section 3, there are strong constraints on the reheating temperature from
gravitino cosmology, and this potentially conflicts with successful thermal leptogenesis. Nevertheless,
some supersymmetric scenarios can accommodate a reheating temperature in the (109−1010) GeV range,
as required for solutions (+,+,+) and (+,−,+) to generate the correct amount of baryon asymmetry.
One possibility is that the gravitino is the LSP; the constraint that its relic density does not exceed
the dark matter abundance reads TRH " (109 − 1010) GeV for m3/2 ∼ 100 GeV [39]. This scenario
is further constrained by the requirement that the NLSP decays do not alter the success of Big Bang
nucleosynthesis (BBN), which can be satisfied e.g. by a sneutrino NLSP [72] or by assuming some
amount of R-parity violation [73]. Another way of avoiding the strong constraints on the reheating
temperature is to assume an extremely light gravitino [74], m3/2 ≤ 16 eV [75] (where the upper bound
comes from WMAP and Lyman-α forest data), or a very heavy gravitino [76], m3/2 ! 50 TeV. In
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If impose                            , only 4 solutions survive (generically)

No successful realization of “N2 leptogenesis” 

TRH < 1010 GeV
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Figure 9: The final baryon asymmetry as a function of vR for different values of y2, from y2/yc(MGUT ) = 0.1
(yellow/light grey) to y2/yc(MGUT ) = 10 (blue/dark grey). The reference case y2 = yc is plotted in black. Left
panel: solution (−,−,−), set 1 for Um and the high-energy phases; right panel: solution (+,−, +), set 4 for Um

and the high-energy phases. The other input parameters are as in Fig. 2.

5.2 Impact of corrections to the mass relation MD = Mu

In the preceding subsections, we studied the dependence of the final baryon asymmetry on the values
of the yet unmeasured light neutrino parameters. Let us now turn to the influence of the high-energy
Dirac couplings. So far we assumed that the mass relation MD = Mu holds at the GUT scale, while
Md = Me receives corrections from non-renormalizable operators. In this subsection, we study the effect
of a departure from MD = Mu. More specifically, we assume that MD and Mu are still diagonal in the
same basis16 but that their eigenvalues differ (yi "= yui). This has a direct impact on the right-handed
neutrino mass spectrum, since the Mi associated with some x−

j is to a good approximation proportional

to y2
j in the regime vR # 2σuv4

u/M∆|zj |2, while the Mi associated with some x+
j is independent of yj

(see the Appendix B of Ref. [29]). In particular, one has M1 ∝ y2
2 in solution (+,−,+) and M2 ∝ y2

2

in solution (−,−,−). One thus expects that raising y2 will enhance the final baryon asymmetry by
increasing the ε1α’s in the former case, and the ε2α’s in the latter case.

This is shown in Fig. 9, in which (y2/yc)(MGUT ) is varied between 0.1 and 10 in solutions (+,−,+)
(right panel) and (−,−,−) (left panel). We can see that the final baryon asymmetry increases with
growing y2 in both solutions. In particular, successful leptogenesis becomes possible in the (−,−,−)
case for large enough y2 (for y2 = 10 yc, however, N2 becomes too heavy to be thermally produced
above vR ∼ 1014 GeV, which results in the Boltzmann suppression of YB). This conclusion is however
dependent on the input Tin = 1011 GeV: it does not hold for the more realistic choice Tin = 1010

GeV (see the discussion in the next subsection about the gravitino problem). In the (+,−,+) case,
successful leptogenesis is possible for values of vR as large as a few 1016 GeV, and this conclusion also
holds for Tin = 1010 GeV. This is an interesting result, since gauge coupling unification favours a one-
step breaking of the SO(10) symmetry, with a B − L breaking scale close to the GUT scale (a lower
B − L breaking scale is however not excluded [71]). Fig. 9 also shows that y2 > yc allows solution
(+,−,+) to be successful with a Um containing only small mixing angles (set 4), thus alleviating the
constraints on the superpartner spectrum coming from the non-observation of lepton flavour violating
processes such as µ → eγ.

16This is a natural assumption if the CKM matrix mainly comes from the down quark sector. In this case, and in
the absence of cancellations between the different contributions to MD and Mu, both matrices have a strong hierarchical
structure with mixing angles smaller than the CKM angles. The relative rotation between the bases in which MD and Mu

are diagonal can then be neglected in the reconstruction procedure.
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Impact of corrections to MD = Mu

(if impose                          , solution (-,-,-) fails)TRH < 1010 GeV


