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Abstract: We study the implications of the global U(1)R symmetry present in minimal

lepton flavor violating implementations of the seesaw mechanism for neutrino masses. In

the context of minimal type I seesaw scenarios with a slightly broken U(1)R, we show that,

depending on the R-charge assignments, two classes of generic models can be identified.

Models where the right-handed neutrino masses and the lepton number breaking scale

are decoupled, and models where the parameters that slightly break the U(1)R induce

a suppression in the light neutrino mass matrix. We show that within the first class of

models, contributions of right-handed neutrinos to charged lepton flavor violating processes

are severely suppressed. Within the second class of models we study the charged lepton

flavor violating phenomenology in detail, focusing on µ→ eγ, µ→ 3e and µ− e conversion

in nuclei. We show that sizable contributions to these processes are naturally obtained for

right-handed neutrino masses at the TeV scale. We then discuss the interplay with the

effects of the right-handed neutrino interactions on primordial B−L asymmetries, finding

that sizable right-handed neutrino contributions to charged lepton flavor violating processes

are incompatible with the requirement of generating (or even preserving preexisting) B−L
asymmetries consistent with the observed baryon asymmetry of the Universe.
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1 Introduction

The observation of neutrino flavor oscillations constitutes an experimental proof of lepton

flavor violation [1, 2]. In principle, other manifestations of such effects could be expected

to show up in the charged lepton sector as well. However, the lack of a definitive model

for neutrino mass generation implies that conclusive predictions for lepton flavor violating

processes can not be made, and even assuming a concrete model realization for neutrino

masses, predictions for such effects can only be done if the flavor structure of the corre-

sponding realization is specified.

A problem that one faces when dealing with charged lepton flavor violating phe-

nomenology is related with the arbitrariness of the free parameters that define these ob-

servables. In this regards the minimal lepton flavor violation (MLFV) hypothesis [6–9]

is a very useful guide for constructing predictive models in which lepton violating signals

are entirely determined by low-energy neutrino data. The relationship between the free

parameters and neutrino observables can arise via either a restrictive MLFV hypothesis

or in some cases due to the intrinsic structure of the corresponding model (whenever the

number of free parameters is comparable to the number of neutrino observables).

In the canonical seesaw (type-I) the kinetic sector of the model is invariant under a

global large flavor symmetry group GF = SU(3)e × SU(3)` × SU(3)N , where `, e and N

denote triplets in flavor space constructed from the electroweak lepton doublets and singlets

and RH neutrinos. In addition there is an invariance under an extra global U(1)R [5, 9]. In

principle the charges associated with this global transformation (hereafter denoted by R)

are arbitrary, and thus different R-charge assignments define different models with their
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own consequences for lepton flavor violating phenomenology. In particular, models for

which the R charges allow for large Yukawa couplings and TeV RH neutrino masses should

lead to sizable charged lepton flavor violating processes.

Consistent models of O(TeV) RH states and large Yukawa couplings are achievable

if cancellations among different pieces of the light neutrino mass matrix are allowed, and

the RH neutrino mass spectrum is not strongly hierarchical [10–12].1 The class of TeV

scale seesaw models arising from the presence of the U(1)R symmetry are expected to be

in that sense different: no cancellations are needed because the suppression in the effective

light neutrino mass matrix is no longer constrained to be related with the heaviness of the

RH neutrinos.

In this paper we study the implications of a slightly broken U(1)R symmetry in minimal

type-I seesaw models (with two RH neutrinos).2, 3 We show that the intrinsic structure of

the relevant models leads to a flavor pattern completely determined by low-energy neutrino

observables, thus realizing in that way the MLFV hypothesis. This feature in addition to

a slightly broken U(1)R leads to sizable µ → eγ, µ → 3e and µ − e processes. This is in

contrast to models where U(1)L is slightly broken so that lepton number and lepton flavor

violation occur at the same scale.

In models with slightly broken lepton number it has been shown that leptogenesis is

reconcilable with large charged lepton flavor violating rates, as the washouts induced by the

RH neutrino states are controlled by the amount of lepton number violation [16]. We show

however, that in the class of models considered here this statement does not hold, and

that indeed leptogenesis and sizable charged lepton flavor violating effects are mutually

exclusive. However, since both phenomena cover non-overlapped regions of parameter

space their analyses are complementary. We therefore also explore the constraints on these

models derived from the requirement of not erasing — via the RH neutrino dynamics

— a preexisting B − L asymmetry below the value consistent with the observed baryon

asymmetry of the Universe.

The rest of this paper is organized as follows: in section 2 we discuss in detail the

scenarios arising from the different R-charge assignments. In section 3 we discuss the

phenomenology of charged lepton flavor violating decays in the representative models. In

section 4 we analyze the implications of such constructions for scenarios of high scale

baryogenesis by quantifying — via the Boltzmann equations — the effects of the RH neu-

trino dynamics on preexisting B−L asymmetries. In section 5 we present our conclusions

and final remarks. Explicit formulas used in the calculation of the different lepton flavor

violating processes under study are given in appendix A.

1In the case of a large hierarchy among the different RH neutrino masses the one-loop finite corrections

to the light neutrino mass matrix can exceed the corresponding tree-level contributions. Neglecting such

corrections can in this case lead to a model inconsistent with neutrino data [13].
2Models with an arbitrary number of RH neutrinos were considered for the first time in [14].
3For related discussion within Type III and mixed Type I+III seesaw scenarios c.f. [15].
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2 The setups

The kinetic and gauge interaction Lagrangian of the standard model extended with two

RH neutrinos exhibits a global G = U(3)e × U(3)` × U(2)N symmetry. Factorizing three

U(1) factors from G, the global symmetry can be rewritten as U(1)Y ×U(1)L×U(1)R×GF
where U(1)Y,L can be identified with global hypercharge and lepton number whereas the

U(1)R is a “new” global symmetry [5, 9]. The remaining direct product group GF =

SU(3)e × SU(3)` × SU(2)N determines the flavor symmetry which is explicitly broken in

the Yukawa sector.

In minimal lepton flavor violating seesaw models the Yukawa (mass) matrices are

treated as spurion fields transforming under GF in such a way that the corresponding

Yukawa (mass) terms in the leptonic Lagrangian remain invariant under the global flavor

symmetry. The usual procedure is then based on an effective theory approach in which

a set of non-renormalizable effective operators are constructed from the spurions.4 With

the operators at hand and under certain restrictions on GF the lepton flavor violating

effects can be estimated by means of low-energy neutrino data [6, 9]. Here, instead, we

explicitly consider the seesaw Lagrangian with a slightly broken U(1)R and classify the

possible realizations according to the R-charge assignments. Under this consideration, in

the models featuring sizable lepton flavor violating effects, the flavor structure is determined

by low-energy observables as well (up to a global normalization factor), not as a consequence

of a restricted MLFV hypothesis but by the intrinsic structure of the resulting models.

Depending on the R-charge assignments two classes of generic models can be identified.

Let us discuss this in more detail. Requiring U(1)R invariance of the charged lepton Yukawa

terms determines R(e) in terms of R(`,H). After fixing R(H) = 0, to avoid charging the

quark sector, the remaining charges can be fixed by starting with R(N1,2). In order to

have sizable lepton flavor violating effects both the N1,2 Majorana mass terms should be

suppressed by R-breaking parameters (generically denoted by ε), so R(N1,2) 6= 0. Thus

one has only three possibilities: (A) R(N1) = R(N2), (B) R(N1) = −R(N2) and (C)

|R(N1)| 6= |R(N2)|. The phenomenology of case (C), however, is expected to be similar

to the one arising from models with R-charge assignments of type (A). The reason being

that in that case the N1 − N2 mixing is always U(1)R suppressed, which in turn implies

suppressed charged lepton flavor violating processes (equivalently, the effective neutrino

mass matrix will not be ε suppressed, forcing tiny Yukawas or heavy N1,2 states). This

is to be compared with models based on R-charge assignments of type (B), where the

N1 −N2 turns out to be maximal and a set of unsuppressed `−N Yukawa couplings can

be always obtained by properly chosing R(`) (in these models the effective neutrino mass

matrix involves extra ε suppression factors).

In summary depending on the R-charge assignments two classes of generic models can

be identified: models in which the mechanism that suppresses the light neutrino masses

propagates to lepton flavor violating observables, thus rendering their values far below

planned experimental sensitivities; and models in which the mechanism decouples in such

a way that lepton flavor violating effects become sizable. In what follows, in order to

illustrate this is actually the case, we will discuss two examples of models of type A and B.

4An exception are the explicit MLFV models discussed in ref. [8].
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Type A models [9]: R(Na) = +1 and R(`i, ei, H) = 0 (H being the Higgs electroweak

doublet). In this case, in the basis in which the charged lepton Yukawa couplings and the

Majorana RH neutrino mass matrix are diagonal, the Lagrangian reads

L = −¯̀ŶêYêYe eH − ε ¯̀λλλ∗NH̃ − 1

2
ε2 µNT C ŶN̂YN̂YN N + h.c. . (2.1)

Here H̃ = iσ2H
∗, C is the charge conjugation operator and ŶêYêYe, λλλ

∗ and ŶN̂YN̂YN = diag(YN1 , YN2)

are the Yukawa coupling matrices (we denote matrices in bold-face). The dimensionless

parameter ε � 1 slightly breaks U(1)R whereas, due to the assignment L(N) = 1, the

lepton number U(1)L factor is broken by µ. With this setup the 5×5 neutral fermion mass

matrix can be written as

MNMNMN =

(
000 ε vλλλ

ε vλλλT ε2 µŶN̂YN̂YN

)
, (2.2)

where 〈H〉 = v ' 174 GeV. In the seesaw limit, which in this case reads vλλλ � εµŶN̂YN̂YN the

effective light neutrino mass matrix is given by

meff
νm
eff
νm
eff
ν = −v

2

µ

∑

a=1,2

λaλaλa ⊗ λaλaλa
YNa

, (2.3)

with λaλaλa = (λea, λµa, λτa). The corresponding light neutrino masses are obtained from the

leptonic mixing matrix UUU = VVV P̂̂P̂P (with VVV having a CKM form and P̂̂P̂P = diag(eiφ, eiφ, 1)

containing the Majorana CP phase) after diagonalization:

UUUT meff
νm
eff
νm
eff
ν UUU = m̂eff

νm̂
eff
νm̂
eff
ν . (2.4)

In the 2 RH neutrino mass model the constrained parameter space enforces one of the light

neutrinos to be massless. Thus, in the normal hierarchical mass spectrum case mν1 = 0

and mν2 < mν3 whereas in the inverted case mν3 = 0 and mν1 < mν2 .

Since the dimension five effective operator is U(1)R invariant the neutrino mass matrix

does not depend on ε; the suppression ensuring light neutrino masses is solely provided

by the lepton number breaking parameter µ. On the other hand, the RH neutrino mass

spectrum is determined by

M̂NM̂NM̂N = ε2 µŶN̂YN̂YN . (2.5)

From this expression it can be seen that as long as the U(1)R global symmetry is an

approximate symmetry of the Lagrangian (ε� 1) the RH neutrino mass scale is decoupled

from the lepton number violating scale. Thus, the RH neutrino masses do not lie at the

same scale at which lepton number breaking takes place.

Assuming ŶN̂YN̂YN ,λλλ . O(1) an estimation of the lepton number breaking parameter µ ∼
1015 GeV can be obtained using

√
∆m2

31 ∼ 0.05 eV [17] as a measure of the largest light

neutrino mass in these scenarios. From this estimation and eq. (2.5) it can be seen that

values of ε of the order of ∼ 10−6 allow to lower the lightest RH neutrino mass below 1 TeV.

Formal invariance of the Lagrangian under GF is guaranteed if the Yukawa matrices,

promoted to spurion fields, transform according to

YeYeYe ∼ (3̄̄3̄3e,333`,111N ) , λλλ∗ ∼ (111e,333`, 2̄̄2̄2N ) , YNYNYN ∼ (111e,111`, 3̄̄3̄3N ) . (2.6)
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The constraints imposed by GF imply

λλλ = λ`λ`λ` ⊗ λNλNλN , (2.7)

where λ`λ`λ` is a SU(3)` triplet and λNλNλN a SU(2)N doublet in flavor space. Accordingly, in

these kind of models a unequivocal determination of the flavor structure via the MLFV

hypothesis is possible by means of a restrictive flavor symmetry G′F ⊂ GF . Though several

possibilities may be envisaged we do not discuss further details since, as we show below,

in this type of models contributions to lepton flavor violating processes of charged leptons

are always negligible.

Type B models: R(N1, `i, ei) = +1, R(N2) = −1, R(H) = 0. Changing R charges

to L charges, this case resembles models where lepton number is slightly broken (see for

example [8, 18–23]). The Lagrangian is given by

L = −¯̀ŶêYêYe eH− ¯̀λ1λ1λ1
∗N1H̃− ελ ¯̀λ2λ2λ2

∗N2H̃−
1

2
NT

1 CM N2−
1

2
εNN

T
a CMaaNa+h.c. . (2.8)

The ελ,N parameters determine the amount of U(1)R breaking and are thus tiny. The

diagonalization of the Majorana RH neutrino mass matrix leads to two quasi-degenerate

states with masses given by

MN1,2 = M ∓ M11 +M22

2
εN . (2.9)

In the basis in which the RH neutrino mass matrix is diagonal the Yukawa couplings become

λka → −
(i)a√

2
[λk1 + (−1)aελλk2] , (k = e, µ, τ and a = 1, 2) , (2.10)

and the 5× 5 neutral fermion mass matrix is similar as in type A models. However, due to

the structure of the Yukawa couplings the effective light neutrino matrix, up to O(εN ε
2
λ),

has the following form

meff
νm
eff
νm
eff
ν = −v

2ελ
M
|λ1λ1λ1||ΛΛΛ|

(
λ̂1λ̂1λ̂1
∗ ⊗ Λ̂̂Λ̂Λ∗ + Λ̂̂Λ̂Λ∗ ⊗ λ̂1λ̂1λ̂1

∗
)
, (2.11)

with

Λ̂̂Λ̂Λ∗ = λ̂2λ̂2λ̂2
∗ − M11 +M22

4M

ελ
εN
λ̂1λ̂1λ̂1
∗ . (2.12)

Here with the purpose of relating the flavor structure of these models with low energy

observables, and following ref. [8], we expressed the parameter space vectors λ1λ1λ1,ΛΛΛ in the

light neutrino mass matrix in terms of their moduli |λ1λ1λ1|, |ΛΛΛ| and unitary vectors λ̂1λ̂1λ̂1, Λ̂̂Λ̂Λ.

Note that in these models lepton number is broken even when U(1)R is an exact

symmetry of the Lagrangian. However due to the Yukawa structure and degeneracy of

the RH neutrino mass spectrum at this stage meff
νm
eff
νm
eff
ν = 0. Although a non-zero Majorana

neutrino mass matrix arises only once the R breaking terms are present this does not imply

that in the absence of lepton number violating interactions a Majorana mass matrix can

be built. In that case — as can seen from eq. (2.8)—only Dirac masses can be generated,

as it must be.
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Since ελ � 1 small neutrino masses do not require heavy RH neutrinos or small Yukawa

couplings, thus potentially implying large lepton flavor violating effects. In that sense, as

already stressed, these models resemble those in which lepton number is slightly broken

but with lepton number as well as lepton flavor violation taking place at the same scale M .

In contrast to models of type A, in this case due to the structure of the light Majorana

neutrino mass matrix the vectors λ1λ1λ1 and ΛΛΛ can be entirely determined by means of the solar

and atmospheric mass scales and mixing angles, up to the factors |λ1λ1λ1| and |ΛΛΛ|, without

invoking a restrictive MLFV hypothesis. The relations are different for normal and inverted

light neutrino mass spectra [8]:

• Normal hierarchical mass spectrum

λ1λ1λ1 = |λ1λ1λ1| λ̂1λ̂1λ̂1 =
|λ1λ1λ1|√

2

(√
1 + ρU3U3U3

∗ +
√

1− ρU2U2U2
∗
)
, (2.13)

ΛΛΛ = |ΛΛΛ| Λ̂̂Λ̂Λ =
|ΛΛΛ|√

2

(√
1 + ρU3U3U3

∗ −
√

1− ρU2U2U2
∗
)
, (2.14)

where UiUiUi denote the columns of the leptonic mixing matrix and

ρ =

√
1 + r −

√
r√

1 + r +
√
r
, r =

m2
ν2

m2
ν3 −m2

ν2

. (2.15)

• Inverted hierarchical mass spectrum

λ1λ1λ1 = |λ1λ1λ1| λ̂1λ̂1λ̂1 =
|λ1λ1λ1|√

2

(√
1 + ρU2U2U2

∗ +
√

1− ρU1U1U1
∗
)
, (2.16)

ΛΛΛ = |ΛΛΛ| Λ̂̂Λ̂Λ =
|ΛΛΛ|√

2

(√
1 + ρU2U2U2

∗ −
√

1− ρU1U1U1
∗
)
, (2.17)

with

ρ =

√
1 + r − 1√
1 + r + 1

, r =
m2
ν2 −m

2
ν1

m2
ν1

. (2.18)

With these results at hand we are now in a position to calculate the most relevant lepton

flavor violating processes, which we discuss in turn.

3 Lepton flavor violating processes

In type A models the RH neutrino masses can be readily at the TeV scale for ε ∼ 10−6.

Since the Yukawa couplings scale with ε as well, type A models are — in that sense — on

the same footing as the canonical type-I seesaw model i.e. TeV RH neutrino masses imply

tiny Yukawa couplings and thus negligible charged lepton flavor violating decay branching

ratios. The main difference is that in the canonical case, sizable charged lepton flavor

violation can still be induced via fine-tuned cancelations in the effective neutrino mass

matrix, while no such effects are possible in the minimal type A models, since the relevant

couplings are completely determined by light neutrino mass and mixing parameters.

– 6 –



J
H
E
P
0
7
(
2
0
1
2
)
1
3
5

Type B models, in contrast, may exhibit naturally large Yukawa couplings even for

TeV scale RH neutrino masses (or even lighter masses, depending on the value of the U(1)R
breaking parameter ελ). Accordingly, several charged lepton flavor violating transition rates

— induced by the RH neutrinos at the 1-loop level — can in principle reach observable

levels. In what follows we study the allowed mass and Yukawa normalization factor ranges

by considering the following lepton flavor violating processes: li → ljγ, li → 3lj and µ− e
conversion in nuclei.

3.1 li → ljγ processes

Among these lepton flavor violating processes, presently the µ → eγ transition is most

severely constrained. The MEG collaboration recently established an upper bound of

2.4× 10−12 at the 90% C.L. [24]. For τ → eγ and τ → µγ on the other hand, the bounds

are 3.3 × 10−8 and 4.4 × 10−8 at 90% C.L. [26], respectively. In the limit mlj � mli the

partial decay width for li → ljγ processes reads [27]

Γ(li → ljγ) =
αα2

W

256π2

m5
i

M4
W

∣∣∣Gliljγ

∣∣∣
2

=
α

1024π4

m5
i

M4
W

∣∣∣∣
(
λλλGγGγGγ λλλ

†
)
ij

∣∣∣∣
2

, (3.1)

where MW is the W± mass, αW = g2/4π and the elements of the diagonal matrix GγGγGγ are

given in eq. (A.1) in the appendix. This function is such that in the limit MNa � MW ,

(Gγ)aa →M2
W /2M

2
Na

. The corresponding decay branching ratios are determined from the

partial decay width after normalizing to ΓliTot = ~ τli , with τli the li charged lepton mean

lifetime. In the limit ra � 1, using eq. (2.5) and taking into account the Yukawa rescaling

λλλ→ ελλλ the decay branching ratio in type A models can be written as

BR(li → ljγ) ' α

4096π4

m5
i

µ4ε4
1

ΓliTot

∣∣∣∣
(
λλλYNYNYN

−2λλλ†
)
ij

∣∣∣∣
2

. (3.2)

Thus, assuming O(λλλ,YNYNYN ) ∼ 1, for which µ ∼ 1015 GeV and taking ε = 10−6, the value

required for O(TeV) RH neutrino masses, we get BR(µ → eγ) ' 10−30. This behavior,

being extensible to other lepton flavor violating processes, shows that in type A models

lepton flavor violating effects are negligibly small.

In type B models in contrast such lepton flavor violating effects may be sizable. Using

expression (2.10) for the Yukawa couplings, neglecting the piece proportional to ελ and

taking the limit MNa � MW the decay branching ratios can be expressed in terms of the

parameters λ1λ1λ1:

BR(li → ljγ) ' α

1024π4

m5
i

M4

|λ1λ1λ1|4

ΓliTot

∣∣∣λ̂i1 λ̂∗j1
∣∣∣
2
. (3.3)

Since the components of the unitary vector λ̂1λ̂1λ̂1 are entirely determined by low-energy ob-

servables (see eqs. (2.13) and (2.16)) the size of these branching ratios — and all the others

discussed below — are controlled only by the parameters M and |λ1λ1λ1|, thus implying that

for sufficiently light RH neutrino masses and large |λ1λ1λ1| these processes may be measurable.

In order to quantify the size of these lepton flavor violating effects we randomly gener-

ate neutrino masses, mixing angles and Dirac and Majorana CP violating phases in their 2σ

– 7 –
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Figure 1. Decay branching ratio BR(µ → eγ) normalized to |λ1λ1λ1|4 for normal light neutrino mass

spectrum as a function of the common RH neutrino mass (left hand side plot). The upper horizontal

dashed line indicates the current limit on BR(µ → eγ) from the MEG experiment [24], whereas

the lower dotted one marks prospective future experimental sensitivities [25]. The corresponding

bounds on |λ1λ1λ1| from the present [24] (upper gray band) and prospective future [25] (lower brown

band) experimental searches are shown in the right hand side plot. The widths of the bands are due

to the uncertainties in the neutrino mass matrix parameters. The results for the inverted neutrino

spectrum are very similar and are thus not shown separately.

ranges for both normal and inverted hierarchical light neutrino mass spectra [1, 2]. We also

randomly generate the parameters |λ1λ1λ1| and M in the ranges [10−5, 1] and [102, 106] GeV

allowing RH neutrino mass splittings in the range [10−8, 10−6] GeV. With the numeri-

cal output we calculate the different lepton flavor violating decay branching ratios from

eq. (3.1), using the full loop function given in the appendix, eq. (A.1).

We find that radiative τ decay rates are always below their current bounds and barely

reach values of 10−9 for RH neutrino masses around 100-200 GeV (values exceeding the cur-

rent bounds are not consistent with the seesaw condition, that for concreteness we take as

mDmDmDMNMNMN
−1 < 10−1), we thus focus on the µ→ eγ process. The results for the normal mass

spectrum case are displayed in figure 1 as a function of the common RH neutrino mass,

MN = M . We observe that BR(µ→ eγ) can reach the current experimental limit reported

by the MEG experiment [24] for RH neutrino masses MN < 0.1 TeV, 1 TeV, 10 TeV pro-

vided |λ1λ1λ1| & 2×10−2, 10−1, 1, respectively. The results for the inverted light neutrino mass

hierarchy are very similar and consistent with these values. Finally we note that the widths

of the bands in figure 1 (and similarly for all the other considered processes below) are solely

due to the uncertainties in the light neutrino mass matrix parameters (mainly θ13 and the

CP violating phases) and can thus be improved with more precise light neutrino data.

3.2 l−i → l−j l
−
j l

+
j processes

The decay branching ratios for these processes have been calculated in [27]. The most

constrained process in this case is µ− → e+e−e− for which the SINDRUM experiment has

placed a bound on the decay branching ratio of 10−12 at 90% C.L. [28]. For τ− → e+e−e−

and τ− → µ+µ−µ− the current bounds are 2.7 × 10−8 and 2.1 × 10−8, respectively [29].

– 8 –
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The decay branching ratios for these lepton flavor violating reactions are given by [27]

BR(l−i → l+j l
−
j l

+
j ) =

α4
W

24576π3

m5
i

M4
W

1

ΓliTotal{
2

∣∣∣∣
1

2
F
li3lj
Box + F

lilj
Z − 2s2

W

(
F
lilj
Z − F liljγ

)∣∣∣∣
2

+4s4
W

∣∣∣F liljZ − F liljγ

∣∣∣
2

+ 16s2
WRe

[(
F
lilj
Z +

1

2
F
li3lj
Box

)
G
lilj∗
γ

]

−48s4
WRe

[(
F
lilj
Z − F liljγ

)
G
lilj∗
γ

]
+ 32s4

W

∣∣∣Gliljγ

∣∣∣
2
(

ln
m2
i

m2
j

− 11

4

)}
.

(3.4)

Here sW = sin θW , where θW is the weak mixing angle, and the functions F
lilj
γ , F

lilj
Z and

F
li3lj
Box are form factors that involve the Yukawa couplings and loop functions arising from

the γ, Z penguins and box diagrams that determine the the full process (see appendix A

for a compilation of these expressions and ref. [27] for their derivation).

Following the same numerical procedure as in the li → ljγ case and using the form

factors given in the appendix we evaluate the µ+ → e+e−e−, τ+ → e+e−e− and τ+ →
µ+µ−µ− decay branching ratios for both, the normal and inverted light neutrino mass

spectra. We find that τ+ → e+e−e− and τ+ → µ+µ−µ− processes are always below ∼ 10−9

(due to the constraint enforced by the seesaw condition when |λ1λ1λ1| > 10−1), so in figure 2 we

only display the results for µ+ → e+e−e−. We observe that the branching ratio can saturate

the current experimental bound for RH neutrino masses MN < 0.1 TeV, 1 TeV, 10 TeV

provided |λ1λ1λ1| & 2 × 10−2, 10−1, 1, respectively, very similar to the µ → eγ case. The

results for the inverted light neutrino mass hierarchy are again very similar and consistent

with these values. As can be seen by comparing figures 1 and 2, with the sensitivities of

the planned future experiments5 this process has the potential to probe considerably larger

values of the RH neutrino masses (compared with µ → eγ), reaching RH neutrino mass

scales in excess of O(105 GeV) for |λ1λ1λ1| ∼ 1. Finally we note that due to the strong |λ1λ1λ1|
dependence, values of |λ1λ1λ1| below 10−3 are not expected to yield observable rates at near

future experimental facilities even for RH neutrino masses of the order 100 GeV.

3.3 µ− e conversion in nuclei

Competitive lepton flavor violation constraints can also be obtained from searches for

µ − e conversion in nuclei. Currently the strongest bounds on BRµe ≡ Γconversion/Γcapture

were set by the SINDRUM collaboration from experiments on titanium with BR
(Ti)
µe <

4.3×10−12 [31] and gold target setting BR
(Au)
µe < 7×10−13 [32], both at 90%CL. The µ−e

conversion bounds are expected to be further improved in the future by several orders of

magnitude. According to proposals [33] and [34, 35], one can expect a sensitivity of 10−16

or even 10−18 by the PRISM/PRIME experiment.

5The proposed Mu3e experiment at PSI aims for a sensitivity of 10−15 in its first phase and 10−16 in its

second phase [30].
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Figure 2. Decay branching ratio BR(µ− → e−e+e−) normalized to |λ1λ1λ1|4 for normal light neutrino

mass spectrum as a function of common RH neutrino mass (left hand side plot). The upper hori-

zontal dashed line indicates the current bound on the µ− → e+e−e− rate placed by the SINDRUM

experiment [28], whereas the lower dotted one illustrates prospective future experimental sensitiv-

ities of the Mu3e experiment [30]. The corresponding bounds on |λ1λ1λ1| from the present [28] (upper

gray band) and prospective future [30] (lower brown band) experimental searches are shown in the

right hand side plot. The widths of the bands are due to the uncertainties in the neutrino mass

matrix parameters. The results for the inverted neutrino spectrum are very similar and are thus

not shown separately.

To get the constraint in the µ−e channel from these experiments, one needs to compute

the relevant transition matrix elements in different nuclei. A detailed numerical calculation

has been carried out by [36] and we use their formula in eq. (14) to calculate the desired

conversion rates. They receive one-loop contributions from photonic penguins contributing

to both effective dipole (AR) and vector (g
(u,d)
LV ) couplings, as well as Z penguins and W

box diagrams (these only contribute to g
(u,d)
LV ). Using the notation of [36] we thus have

Γconversion = 2G2
F

∣∣∣A∗RD + (2g
(u)
LV + g

(d)
LV )V (p) + (g

(u)
LV + 2g

(d)
LV )V (n)

∣∣∣
2
, (3.5)

where GF is the standard model Fermi coupling constant and AR, g
(u,d)
LV are found to be

(Qu,d = 2/3,−1/3):

A∗R =

√
2

8GFM2
W

αW
8π

Gµeγ , (3.6)

g
(u)
LV =

√
2α2

W

8GFM2
W

[(
FµeZ + 4F

µ3e(1)
Box

)
− 4Qus

2
W

(
FµeZ − F

µe
γ

)]
, (3.7)

g
(d)
LV = −

√
2α2

W

8GFM2
W

[(
FµeZ + F

µ3e(1)
Box

)
+ 4Qds

2
W

(
FµeZ − F

µe
γ

)]
. (3.8)

Following the same numerical procedure as in sections 3.1 and 3.2 we evaluate the

resulting µ−e conversion branching ratios. Since both Ti and Au processes feature the same

flavor structure, the differences between them are entirely determined by the numerical

factors quoted in table 1. The Ti parameters entering in the conversion rate are on average

a factor ∼ 2.5 smaller than the ones for Au, whereas the capture rates differ by a factor

– 10 –



J
H
E
P
0
7
(
2
0
1
2
)
1
3
5

Nucleus D[m
5/2
µ ] V (p)[m

5/2
µ ] V (n)[m

5/2
µ ] Γcapture[106s−1]

Ti48
22 0.0864 0.0396 0.0468 2.59

Au197
79 0.189 0.0974 0.146 13.07

Table 1. Data taken from tables I and VIII of [36]
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Figure 3. Branching ratio BR(µ−Au197
79 → e−Au197

79 ) normalized to |λ1λ1λ1|4 as a function of the com-

mon RH neutrino mass for the light neutrino normal mass spectrum (left hand side plot). The upper

horizontal dashed line indicates the current bound on this process settled by the SINDRUM exper-

iment [32], whereas the lower one indicates future experimental sensitivities of the PRISM/PRIME

experiment [33–35]. The corresponding bounds on |λ1λ1λ1| from the present [32] (upper gray band)

and prospective future [33–35] (lower brown band) experimental searches are shown in the right

hand side plot. The widths of the bands are due to the uncertainties in the neutrino mass ma-

trix parameters. The results for the inverted neutrino spectrum are very similar and are thus not

shown separately.

∼ 5. Accordingly the difference between these branching ratios is a factor of ∼ 2. Due

to its more stringent experimental upper bound we thus display only the results for Au

in figure 3 for the case of the normal light neutrino mass spectrum (the differences with

the inverted mass spectrum case are again tiny). For MN ∼ 1 TeV the pieces proportional

to V (p),(n) in eq. (3.5) cancel, so the µ − e conversion rate around this RH neutrino mass

value is mainly controlled by the dipole contribution, A∗RD, which is roughly two orders of

magnitude smaller. The dip in figure 3 is due to this cancellation.

From figure 3 it can be seen that the current experimental bound on this process

imposes a constraint on the RH neutrino mass (as a function of |λ1λ1λ1|), which is roughly

a factor of 2 stronger compared to bounds from µ → eγ and µ → 3e (except for the

region around MN ∼ 1 TeV, as explained above). Furthermore, given the expected future

sensitivities, µ−Au197
79 → e−Au197

79 (and µ−Ti48
22 → e−Ti48

22) could probe RH neutrino masses

up to O(103 TeV) , far above the values accessible in µ→ eγ and µ− → e−e+e−, and thus

constitutes the primary search channel for such scenarios of heavy RH neutrinos.
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4 Primordial lepton asymmetries

We now turn to the issue of primordial lepton asymmetries and the related dynamics of

the RH neutrinos. As we have discussed, different R-charge assignments allow to define

two types of models of which type B may yield sizable charged lepton flavor violating

decays. For these effects to take place RH neutrino masses at or below the TeV scale as

well as Yukawa couplings of order 10−2 or larger are needed. The washouts induced by such

couplings and in this mass range are so large that any lepton asymmetry generated via the

out-of-equilibrium decays of the RH neutrinos will always yield a baryon asymmetry much

smaller than the observed one [37].6

Either producing a baryon asymmetry consistent with the observed value or not eras-

ing a preexisting one via the dynamics of the RH neutrino states (in case the RH neutrinos

are still light and the resonant condition MN2 −MN1 ∼ ΓN1 is not satisfied) requires small

Yukawa couplings, thus rendering charged lepton flavor violating decay branching ratios

negligibly small. The phenomenological requirements of sizable charged lepton flavor vio-

lating effects and the generation of a B−L asymmetry (or of not erasing a preexisting one)

are therefore mutually exclusive. Since these requirements cover non-overlapped regions in

parameter space they are from that point of view complementary.

The generation of a B − L asymmetry in the type B models discussed here follows

quite closely the analysis done in ref. [38]. Thus, we do not discuss this issue here and

instead study the constraints on parameter space derived from the condition of not eras-

ing an assumed preexisting B − L asymmetry. Note that in type-I seesaw models with

flavor symmetries in the lepton sector, as for example in MLFV models, the CP violating

asymmetry in RH neutrino decays vanishes in the limit of exact flavor symmetry [39–41].

However, since in type B models the MLFV hypothesis is a consequence of the intrinsic

structure of the model this does not happen.

In order to quantify these effects from now on we focus on the normal hierarchical

light neutrino spectrum. Results for the inverted hierarchical case resemble quite closely

the ones reported here. We start by recalling that the washouts induced by both RH

neutrino states (at T ∼ M) on any primordial B − L asymmetry are determined by the

following set of kinetic equations:

dY∆i

dz
= −κi

4

∑

j=e,µ,τ

C
(`)
ij Y∆j K1(z)z3 . (4.1)

Here YX = (nX−nX̄)/s (where nX is the number density of particle X and s is the entropy

density), z = M/T and ∆i = B/3−Li with Li = 2`i + ei. The function K1 is the modified

Bessel function of the first type and the flavor coupling matrix C(`)C(`)C(`) is determined by the

chemical equilibrium conditions imposed by the reactions that at the relevant temperature

regime (T ∼ M) are in thermal equilibrium [42]. The parameter κi, that determines the

6In models with a slightly broken lepton number the washout is tiny, as it is determined by the amount

of lepton number violation [16]. In our case since lepton number is broken even in the U(1)R symmetric

phase the washouts are dominated — as usual — by N1,2 inverse decays.
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Figure 4. Left hand side plot: washout factors for muon and electron lepton flavors as a function of

the common RH neutrino mass in the case of a normal hierarchical spectrum. Right hand side plot:

|Y∆B
| as a function of the common RH neutrino mass for several values of the assumed primordial

B − L asymmetry. The solid (black) horizontal line indicates the observed value of the baryon

asymmetry. See the text for more details.

strength of the flavored washouts, is given by

κi =
m̃i

m?
where m̃i = 2

v2

M
|λi1|2 . (4.2)

The factor m? ' 1.1 × 10−12 GeV. Note that in the basis in which the RH Majorana

neutrino mass matrix is diagonal N1,2 couple to the lepton doublets with strength λi1, the

factor 2 in m̃i is due to this fact.

According to the parametrization in eq. (2.13) the κi parameters can be written as

κi =
v2

m?

|λ1λ1λ1|2

M
|λ̂i1|2 =

v2

m?

|λ1λ1λ1|2

M

∣∣∣
√

1 + ρU∗i3 +
√

1− ρU∗i2
∣∣∣
2
. (4.3)

Thus, after fixing low-energy observables the values of the parameters κi depend only on

M and |λ1λ1λ1|. Figure 4 (left hand side plot) shows an example for the values of κe,µ (the κτ is

smaller than κµ by less than a factor 10) obtained by enforcing neutrino data to lie within

their 2σ experimental ranges [1, 2] and fixing for concreteness |λ1λ1λ1| = 10−5. As can be seen,

if the preexisting asymmetry is sufficiently large even in the case of light RH neutrinos a

sizable asymmetry in the electron flavor could be stored.

An estimation of the N1,2 washout effects can be easily done in the one-flavor ap-

proximation by taking C(`)C(`)C(`) = III in eq. (4.1). The resulting equation can be analytically

integrated yielding the following result for the final baryon asymmetry:

Y∆B
=

12

37
Y

(in)
∆B−L

e−3πκ/8 . (4.4)

From this equation a parametric relation between the relevant parameters can be calcu-

lated, namely

|λ1λ1λ1|2

M
=

8m?

3πv2
log


12

37

Y
(in)

∆B−L

Y∆B


 , (4.5)
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thus fixing Y∆B
to its central value (Y∆B

= 8.75 × 10−11 [37]) and taking Y
(in)

∆B−L
⊂

[10−8, 10−2] it turns out that as long as |λ1λ1λ1|2/M ⊂ [1, 5] × 10−16 GeV−1 a primordial

asymmetry may always survive the N1,2 related washouts and yield a value consistent with

the observed one.

A precise treatment, however, requires the inclusion of flavor. In the mass range we are

interested in ([103, 106] GeV) all the standard model Yukawa processes (quarks and leptons)

are in thermodynamical equilibrium [42]. Neglecting order one spectator processes, the

kinetic eqs. (4.1) consist of three coupled differential equations accounting for the evolution

of the ∆τ,µ,e asymmetries. Defining the asymmetry vector Y∆Y∆Y∆ = (Y∆τ , Y∆µ , Y∆e) the system

of coupled equations can be arranged in a single equation

d

dz
Y∆Y∆Y∆ = − v2

4m?

|λ1λ1λ1|2

M
C̃(`)C̃(`)C̃(`) Y∆Y∆Y∆K1(z)z3 , (4.6)

where C̃
(`)
ij = |λ̂i1|2C(`)

ij and the matrix C(`)C(`)C(`), at this stage, is given by [42]

C(`)C(`)C(`) =
1

711




221 −16 −16

−16 221 −16

−16 −16 221


 . (4.7)

By rotating the asymmetry vector in the direction in which C̃(`)C̃(`)C̃(`) becomes diagonal (Y∆Y∆Y∆
′ =

PPP Y∆Y∆Y∆) the system of equations can be decoupled and thus solved analytically for Y∆Y∆Y∆
′ as in

the unflavored regime:

d

dz
Y∆Y∆Y∆
′ = − v2

4m?

|λ1λ1λ1|2

M
C̃

(`)
diagC̃
(`)
diagC̃
(`)
diag Y∆Y∆Y∆

′K1(z)z3 with PPPC̃(`)C̃(`)C̃(`)P−1P−1P−1 = C̃
(`)
diagC̃
(`)
diagC̃
(`)
diag . (4.8)

The solution reads

Y ′∆i
= Y

′(in)
∆i

e−3πκc̃i/8 , (4.9)

where the c̃i’s (i = τ, µ, e) are the eigenvalues of the matrix C̃(`)C̃(`)C̃(`). The final baryon asym-

metry in this case is therefore given by

Y∆B
=

12

37

∑

j=τ,µ,e

Y∆j =
12

37

∑

j,i=τ,µ,e

(
PPP−1

)
ji
Y
′(in)

∆i
e−3πκc̃i/8 . (4.10)

In order to illustrate the effects of the N1,2 related washouts on a preexisting B − L

asymmetry we fix the light neutrino mixing angles and the atmospheric and solar scales

to their best fit point values [1, 2], δ = π/2, φ = 0 and again |λ1λ1λ1| = 10−5. Assuming the

same primordial ∆i asymmetries in each flavor, varying them from 10−8− 10−2, and using

eq. (4.10) we calculate the resulting Y∆B
asymmetry. The results are displayed in figure 4

(right hand side plot). It can be seen that for the set of parameters chosen a Y∆B
in the

observed range can always be obtained.

5 Conclusions

Besides the global total lepton number U(1)L the canonical seesaw mechanism also breaks

a global U(1)R symmetry respected by the kinetic and gauge terms in the SM Lagrangian.

In the context of MLFV models, this U(1)R can be identified with global phase rotations

of the charged lepton electroweak singlets e or RH neutrinos N . In this paper we have
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explored the implications of a slightly broken U(1)R symmetry in the context of minimal

seesaw setups (with two RH neutrinos). We have shown that depending on the R-charge

assignments two classes of generic models can be identified: (type A) models where the

small breaking of U(1)R allows to decouple the lepton number breaking scale from the

RH neutrino mass scale [9]; (type B) models where the parameters that slightly break the

U(1)R induce a suppression in the light neutrino mass matrix.

We have studied the implications of these models for charged lepton flavor violating

decays. We found that in type A models the decoupling of the RH neutrino masses from

the lepton number breaking scale implies also a suppression of the corresponding Yukawa

couplings, thus leading to non-observable charged lepton flavor violating effects. Type B

models realize the MLFV hypothesis in the sense that due to the structure of the light

neutrino mass matrix their flavor patterns are — up to normalization factors — entirely

determined by low-energy neutrino observables. Moreover, the suppression induced by the

slightly broken U(1)R on the neutrino mass matrix allows large Yukawa couplings and

TeV RH neutrino masses, and thus potentially large flavor violating µ processes. We have

studied the µ → eγ, µ → 3e and µ − e conversion in nuclei for normal and inverted

neutrino mass spectra, finding that the three processes have branching ratios accessible in

present experiments as long as the relevant overall Yukawa normalization factor is larger

than ∼ 10−2, 10−1, 1 and the RH neutrino masses are below ∼ 0.1 TeV, 1 TeV, 10 TeV,

respectively. For heavier RH neutrinos µ → eγ is below prospective future sensitivities

while µ→ 3e and µ−e conversion in nuclei would remain observable, up to MN ∼ 100 TeV

and MN ∼ 103 TeV respectively. On the other hand in both type A and B models, RH

neutrino contributions to LFV tau lepton decays are restricted below the present and near

future experimental sensitivities.

Sizable µ flavor violating decays require large Yukawa couplings and light RH neutri-

nos. These values imply large RH neutrino inverse decay effects, that render the dynamics

of these states incompatible with either the generation of a B − L asymmetry (consistent

with the observed B asymmetry) or with the preservation of a preexisting one. Accordingly,

sizable lepton flavor processes and small RH neutrino inverse decay effects are phenomeno-

logical requirements that cover non-overlapping regions of parameter space, from that point

of view the analysis of both of them turns out to be complementary. In the low mass range

(M . 106 GeV), instead of studying the generation of a B − L asymmetry via resonant

leptogenesis, we have considered the influence of the RH neutrino dynamics on a primor-

dial B − L asymmetry. We have demonstrated that a preexisting asymmetry yielding the

observed B asymmetry can survive the RH neutrino related washouts provided the overall

Yukawa coupling normalization is below ∼ 10−5 .
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A Formulas for li → ljγ and l−i → l−j l
+
j l

−
j processes

In this appendix we summarize the formulas we use for the calculation of the charged

lepton flavor violating decays discussed in sections 3.1 and 3.2. The results presented here

were extracted from ref. [27] and adapted to our notation. In what follows the parameters

ra’s are defined according to ra = M2
W /M

2
Na

.

The process l−i → l−j l
+
j l
−
j is determined by γ, and Z penguins and box diagrams (for

the full set of Feynman diagrams see ref. [27]). The γ penguin contribution can be split in

two pieces corresponding to the photon being either on-shell or off-shell. For the on-shell

piece, the one that determines the li → ljγ process, we have

G
lilj
γ =

2

g2

(
λλλ ·GγGγGγ · λλλ†

)
ij
, (A.1)

Gγ(ra) =
ra

4(1− ra)4

(
2 + 3ra − 6r2

a + r3
a + 6ra log ra

)
, (A.2)

whereas for the off-shell photon piece

F
lilj
γ =

2

g2

(
λλλ ·FγFγFγ · λλλ†

)
ij
, (A.3)

Fγ(ra) = − ra
12(1− ra)4

[
7− 8ra − 11r2

a + 12r3
a − (2− 20ra + 24r2

a) log ra
]
. (A.4)

The Z penguin contribution can be split in two parts, namely

F
lilj
Z = F

lilj(1)
Z + F

lilj(2)
Z , (A.5)

where the first piece can be written as

F
lilj(1)
Z =

2

g2

[
λλλ ·
(
F̂ẐFẐFZ + Ĝ

(1)
ZĜ
(1)
ZĜ
(1)
Z

)
· λλλ†
]
ij
, (A.6)

FZ(ra) =
5ra

2(1− ra)2
(1− ra + log ra) , (A.7)

G
(1)
Z (ra) = − ra

1− ra
log ra , (A.8)

while the second contribution according to

F
lilj(2)
Z =

4

g4

[
λλλ ·
(
G̃

(2)
ZG̃
(2)
ZG̃
(2)
Z + G̃

(3)
ZG̃
(3)
ZG̃
(3)
Z + G̃

(4)
ZG̃
(4)
ZG̃
(4)
Z + H̃ZH̃ZH̃Z

)
· λλλ†
]
ij
, (A.9)

G̃
(A)
Z (ra, rb) = (λλλ† · λλλ)abG

(A)
Z (ra, rb) with A = 2, 3, 4 , (A.10)

G
(2)
Z (ra, rb) = − rarb

2(ra − rb)

(
1− rb
1− ra

log ra −
1− ra
1− rb

log rb

)
, (A.11)

G
(3)
Z (ra, rb) =

rarb
2(1− ra)

log ra , (A.12)

G
(4)
Z (ra, rb) =

rarb
2(1− rb)

log rb , (A.13)

H̃Z(ra, rb) =
(
λλλT · λλλ∗

)
ab
HZ(ra, rb) , (A.14)

HZ(ra, rb) = −
√
rarb

4(ra − rb)

[
rb(1− 4ra)

1− ra
log ra −

ra(1− 4rb)

1− rb
log rb

]
. (A.15)
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Note that due to the constraint implied by the SU(3)`+N flavor symmetry the off-diagonal

elements of the matrices G̃
(A)
Z (ra, rb) and H̃

(A)
Z (ra, rb) vanish.

The box diagram contributions can be split in three parts as follows

F
li3lj
Box =

∑

A=1,2,3

F
li3lj(A)
Box , (A.16)

For the first part we have

F
li3lj(1)
Box =

2

g2

[
λλλ · F̂ (1)

BoxF̂
(1)
BoxF̂
(1)
Box · λλλ

†
]
ij
, (A.17)

F
(1)
Box(ra) = − 2ra

(1− ra)2
(1− ra + ra log ra) . (A.18)

For the second is given by

F
li3lj(2)
Box (j) =

4

g4

[
λλλ ·
(
F̃

(2)
BoxF̃
(2)
BoxF̃
(2)
Box(j) + F̃

(3)
BoxF̃
(3)
BoxF̃
(3)
Box(j)

)
· λλλ†
]
ij
, (A.19)

F̃
(A)
Box(ra, rb)(j) = λ∗ja F

(A)
Box(ra, rb) λjb with A = 2, 3 , (A.20)

F
(2)
Box(ra, rb) =

rarb
4(ra − rb)

[
1− 4ra(2− rb)

(1− ra)2
log ra −

1− 4rb(2− ra)
(1− rb)2

log rb

− ra − rb
(1− ra)(1− rb)

(7− 4rarb)

]
, (A.21)

F
(3)
Box(ra, rb) = 2rarb

[
rb

(1−rb)2
(1−rb+log rb)+

1

(1−ra)2
(1−ra+ra log ra)

]
, (A.22)

where in F̃
(A)
Box(ra, rb)(j) no summation over the indices a, b is performed. Finally, the third

term in (A.16) can be written as

F
li3lj(3)
Box (j) =

4

g4

[
λλλ · G̃BoxG̃BoxG̃Box(j) · λλλ†

]
ij
, (A.23)

G̃Box(ra, rb)(j) = λja GBox(ra, rb) λ
∗
jb , (A.24)

GBox(ra, rb) = −
√
rarb

ra − rb

[
ra [1− 2rb(1− 2ra)]

(1− ra)2
log ra −

rb [1− 2ra(1− 2rb)]

(1− rb)2
log rb

+
(ra − rb)

(1− ra)(1− rb)
(1 + 2rarb)

]
, (A.25)

where, again, in G̃
(A)
Box(ra, rb)(j) no summation over the indices a and b is performed.
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[22] D. Ibáñez, S. Morisi and J. Valle, Inverse tri-bimaximal type-III seesaw and lepton flavor

violation, Phys. Rev. D 80 (2009) 053015 [arXiv:0907.3109] [INSPIRE].

[23] D. Forero, S. Morisi, M. Tortola and J. Valle, Lepton flavor violation and non-unitary lepton

mixing in low-scale type-I seesaw, JHEP 09 (2011) 142 [arXiv:1107.6009] [INSPIRE].

[24] MEG collaboration, J. Adam et al., New limit on the lepton-flavour violating decay

µ+ → e+γ, Phys. Rev. Lett. 107 (2011) 171801 [arXiv:1107.5547] [INSPIRE].

[25] http://meg.icepp.s.u-tokyo.ac.jp/docs/prop psi/proposal.pdf.

[26] BABAR collaboration, B. Aubert et al., Searches for Lepton Flavor Violation in the Decays

τ± → e±γ and τ± → µ±γ, Phys. Rev. Lett. 104 (2010) 021802 [arXiv:0908.2381] [INSPIRE].

[27] A. Ilakovac and A. Pilaftsis, Flavor violating charged lepton decays in seesaw-type models,

Nucl. Phys. B 437 (1995) 491 [hep-ph/9403398] [INSPIRE].

[28] SINDRUM collaboration, U. Bellgardt et al., Search for the Decay µ+ → e+e+e−, Nucl.

Phys. B 299 (1988) 1 [INSPIRE].

[29] K. Hayasaka et al., Search for Lepton Flavor Violating τ Decays into Three Leptons with 719

Million Produced τ+τ− Pairs, Phys. Lett. B 687 (2010) 139 [arXiv:1001.3221] [INSPIRE].

[30] http://www.physi.uni-heidelberg.de/Forschung/he/mu3e/documents/LOI Mu3e PSI.pdf.

[31] SINDRUM II collaboration, C. Dohmen et al., Test of lepton flavor conservation in µ→ e

conversion on titanium, Phys. Lett. B 317 (1993) 631 [INSPIRE].

[32] SINDRUM II collaboration, W.H. Bertl et al., A Search for muon to electron conversion in

muonic gold, Eur. Phys. J. C 47 (2006) 337 [INSPIRE].

[33] C. Ankenbrandt et al., Using the Fermilab proton source for a muon to electron conversion

experiment, physics/0611124 [INSPIRE].

[34] http://j-parc.jp/NuclPart/pac 0701/pdf/P21-LOI.pdf.

[35] http://j-parc.jp/NuclPart/pac 0606/pdf/p20-Kuno.pdf.

[36] R. Kitano, M. Koike and Y. Okada, Detailed calculation of lepton flavor violating muon

electron conversion rate for various nuclei, Phys. Rev. D 66 (2002) 096002 [Erratum ibid. D

76 (2007) 059902] [hep-ph/0203110] [INSPIRE].

[37] WMAP collaboration, G. Hinshaw et al., Five-Year Wilkinson Microwave Anisotropy Probe

(WMAP) Observations: Data Processing, Sky Maps and Basic Results, Astrophys. J. Suppl.

180 (2009) 225 [arXiv:0803.0732] [INSPIRE].

[38] T. Asaka and S. Blanchet, Leptogenesis with an almost conserved lepton number, Phys. Rev.

D 78 (2008) 123527 [arXiv:0810.3015] [INSPIRE].

[39] E. Bertuzzo, P. Di Bari, F. Feruglio and E. Nardi, Flavor symmetries, leptogenesis and the

absolute neutrino mass scale, JHEP 11 (2009) 036 [arXiv:0908.0161] [INSPIRE].

[40] D. Aristizabal Sierra, F. Bazzocchi, I. de Medeiros Varzielas, L. Merlo and S. Morisi,

Tri-Bimaximal Lepton Mixing and Leptogenesis, Nucl. Phys. B 827 (2010) 34

[arXiv:0908.0907] [INSPIRE].

[41] R.G. Felipe and H. Serodio, Constraints on leptogenesis from a symmetry viewpoint, Phys.

Rev. D 81 (2010) 053008 [arXiv:0908.2947] [INSPIRE].

[42] E. Nardi, Y. Nir, E. Roulet and J. Racker, The importance of flavor in leptogenesis, JHEP

01 (2006) 164 [hep-ph/0601084] [INSPIRE].

– 19 –

http://dx.doi.org/10.1103/PhysRevD.80.053015
http://arxiv.org/abs/0907.3109
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.3109
http://dx.doi.org/10.1007/JHEP09(2011)142
http://arxiv.org/abs/1107.6009
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.6009
http://dx.doi.org/10.1103/PhysRevLett.107.171801
http://arxiv.org/abs/1107.5547
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.5547
http://meg.icepp.s.u-tokyo.ac.jp/docs/prop_psi/proposal.pdf
http://dx.doi.org/10.1103/PhysRevLett.104.021802
http://arxiv.org/abs/0908.2381
http://inspirehep.net/search?p=find+EPRINT+arXiv:0908.2381
http://dx.doi.org/10.1016/0550-3213(94)00567-X
http://arxiv.org/abs/hep-ph/9403398
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9403398
http://dx.doi.org/10.1016/0550-3213(88)90462-2
http://dx.doi.org/10.1016/0550-3213(88)90462-2
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B299,1
http://dx.doi.org/10.1016/j.physletb.2010.03.037
http://arxiv.org/abs/1001.3221
http://inspirehep.net/search?p=find+EPRINT+arXiv:1001.3221
http://www.physi.uni-heidelberg.de/Forschung/he/mu3e/documents/LOI_Mu3e_PSI.pdf
http://dx.doi.org/10.1016/0370-2693(93)91383-X
http://inspirehep.net/search?p=find+J+Phys.Lett.,B317,631
http://dx.doi.org/10.1140/epjc/s2006-02582-x
http://inspirehep.net/search?p=find+J+Eur.Phys.J.,C47,337
http://arxiv.org/abs/physics/0611124
http://inspirehep.net/search?p=find+EPRINT+physics/0611124
http://j-parc.jp/NuclPart/pac_0701/pdf/P21-LOI.pdf
http://j-parc.jp/NuclPart/pac_0606/pdf/p20-Kuno.pdf
http://dx.doi.org/10.1103/PhysRevD.76.059902
http://arxiv.org/abs/hep-ph/0203110
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0203110
http://dx.doi.org/10.1088/0067-0049/180/2/225
http://dx.doi.org/10.1088/0067-0049/180/2/225
http://arxiv.org/abs/0803.0732
http://inspirehep.net/search?p=find+EPRINT+arXiv:0803.0732
http://dx.doi.org/10.1103/PhysRevD.78.123527
http://dx.doi.org/10.1103/PhysRevD.78.123527
http://arxiv.org/abs/0810.3015
http://inspirehep.net/search?p=find+EPRINT+arXiv:0810.3015
http://dx.doi.org/10.1088/1126-6708/2009/11/036
http://arxiv.org/abs/0908.0161
http://inspirehep.net/search?p=find+EPRINT+arXiv:0908.0161
http://dx.doi.org/10.1016/j.nuclphysb.2009.10.009
http://arxiv.org/abs/0908.0907
http://inspirehep.net/search?p=find+EPRINT+arXiv:0908.0907
http://dx.doi.org/10.1103/PhysRevD.81.053008
http://dx.doi.org/10.1103/PhysRevD.81.053008
http://arxiv.org/abs/0908.2947
http://inspirehep.net/search?p=find+EPRINT+arXiv:0908.2947
http://dx.doi.org/10.1088/1126-6708/2006/01/164
http://dx.doi.org/10.1088/1126-6708/2006/01/164
http://arxiv.org/abs/hep-ph/0601084
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0601084

	Introduction
	The setups
	Lepton flavor violating processes
	l(i) -> l(j) gamma processes
	l(i)**(-) -> l(j)**(-) l(j)**(-) l(j)**(+) processes
	mu - e conversion in nuclei

	Primordial lepton asymmetries
	Conclusions
	Formulas for l(i) -> l(j) gamma and l(i)**(-) -> l(j)**(-) l(j)**(+) l(j)**(-) processes

