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•Flavor problem and MFV as its solution

•MFV in the lepton sector 

•An alternative formulation of MLFV: RPV-MSSM

•Neutrino Masses and phenomenological implications
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•The SM is not a complete theory (neutrino masses, dark matter, BAU, ..., gravity)  
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FIG. 2: Constraints on the effective parameters encoding NP effects in Bd–Bd mixing and K0–K0 mixing

as obtained by the UTfit collaboration [12].

where the cij are dimensionless couplings. The condition |A∆F=2
NP | < |A∆F=2

SM | implies

Λ >
4.4 TeV

|V ∗
tiVtj |/|cij |1/2

∼






1.3× 104 TeV × |csd|1/2

5.1× 102 TeV × |cbd|1/2

1.1× 102 TeV × |cbs|1/2
(3.5)

The strong bounds on Λ for generic cij of order 1 is a manifestation of what in many specific

frameworks (supersymmetry, technicolor, etc.) goes under the name of flavor problem: if we insist

that the new physics emerges in the TeV region, we have to conclude that it possesses a highly

non-generic flavor structure.

(ii) In the case of Bd–Bd and K0–K0 mixing, where both CP conserving and CP-violating

observables are measured with excellent accuracy, there is still room for a sizable NP contribution

(relative to the SM one), provided that it is to a good extent aligned in phase with the SM amplitude

[O (0.01) for the K system and O (0.3) for the Bd system]. This is because the theoretical errors

in the observables used to constraint the phases, SBd→ψK and εK , are smaller with respect to

the theoretical uncertainties in ∆mBd
and ∆mK , which constrain the magnitude of the mixing

amplitudes.

(iii) In the case of Bs–Bs mixing, the precise determination of ∆mBs does not allow large

deviations in modulo with respect to the SM. The constraint is particularly severe if we consider the

ratio ∆mBd
/∆mBs , where hadronic uncertainties cancel to a large extent. However, the constraint

on the CP-violating phase is quite poor. Present data from CDF [13] and D0 [14] indicate a large
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Λ >•Lower bounds from FCNC [Isidori, Nir, Perez (2010)]

•Two (problematic) possibilities:

(i) Λ! 1 TeV and cij = O(1)

Λ < 1 TeV and cij ! 1

Hierarchy Problem

Flavor Problem

•Upper bound from the naturalness of the Higgs mass

The Flavour Problem
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FIG. 1: Allowed region in the ρ, η plane. Superimposed are the individual constraints from charmless

semileptonic B decays (|Vub/Vcb|), mass differences in the B0 (∆md) and Bs (∆ms) neutral meson systems,

and CP violation in K → ππ (εK), B → ψK (sin 2β), B → ππ, ρπ, ρρ (α), and B → DK (γ). Taken from

[6].

follow this approach in Sect. V and VI in two well-motivated SM extensions. In this and the next

section we follow the second strategy, which is less predictive but also more general.

Assuming the new degrees to be heavier than SM fields, we can integrate them out and describe

NP effects by means of a generalization of the Fermi Theory. The SM Lagrangian becomes the

renormalizable part of a more general local Lagrangian which includes an infinite tower of operators

with dimension d > 4, constructed in terms of SM fields, suppressed by inverse powers of an effective

scale Λ > MW :

Leff = LSM +
∑ c(d)i

Λ(d−4)
O(d)

i (SM fields). (3.1)

This general bottom-up approach allows us to analyse all realistic extensions of the SM in terms of a

limited number of parameters (the coefficients of the higher-dimensional operators). The drawback

of this method is the impossibility to establish correlations of NP effects at low and high energies:

the scale Λ defines the cut-off of the effective theory. However, correlations among different low-

6

(ii)

1 Introduction

Λ ! 1 TeV (1)

The flavour problem can be viewed as the clash between the theoretical expectation

of New Physics (NP) at the TeV scale and the experimental observations in Flavour

Changing Neutral Current (FCNC) processes which severely constrain the scale ΛNP of

the NP beyond the 104 TeV domain (for a review see e.g. Ref. [1]). If we insist in keeping

ΛNP ≈ TeV for naturalness, then we have to conclude that the flavour structure of the

NP is highly non-generic.

The Minimal Flavour Violation (MFV) hypothesis [2] is a powerful organizing principle

which states that the sources of flavour symmetry breaking of the NP are aligned to the

Standard Model (SM) Yukawas. This ansatz provides an automatic suppression of the NP

contribution to the flavour violating observables and thus a solution of the aforementioned

flavour problem (see for instance Ref. [3]).

If MFV is at play in the quark sector, it is reasonable then to assume it also for

leptons. However, the extension of MFV to the lepton sector is less straightforward, since

the mechanism itself generating neutrino masses is unknown and several scenarios can be

envisaged. Starting from Ref. [4] many formulations of Minimal Lepton Flavour Violation

(MLFV) have been proposed and analyzed [5, 6, 7, 8, 9, 10, 11].

In this work we consider another interesting possibility in the context of the Minimal

Supersymmetric SM (MSSM) without R-parity (for a review see e.g. Ref. [12]). Our

analysis is moved by two simple observations about the MSSM:

1. The largest group of unitary transformations commuting with the gauge group (and

with supersymmetry) is U(3)q̂ ⊗ U(3)ûc ⊗ U(3)d̂c ⊗ U(3)êc ⊗ U(4)L̂ ⊗ U(1)ĥu
.

The presence of the U(4)L̂ factor is due to the fact that the superfields !̂ and ĥd

have the same quantum numbers, so that it is possible to rearrange them into a

4-dimensional flavour multiplet L̂.

2. The MSSM has already all the degrees of freedom sufficient to generate neutrino

masses and mixings through R-parity Violating (RPV) interactions [13], without

the need of adding any extra state.

Thus the aim of our work is twofold: we first generalize the MFV expansion of the

soft terms by including also the RPV couplings as the original sources of flavor breaking

and then we connect the RPV spurions with the neutrino sector observables, providing

an alternative scenario of MLFV.

Our approach towards the R-parity differs from that of Refs. [14, 15] in the fact that

we do not aim at an explanation of the smallness of the RPV couplings. We simply

treat them, in a more democratic way, on the same ground of all the other couplings of

2
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• MFV is based on: 

(i) a (flavor) symmetry: a subgroup of

Minimal Flavour Violation

(ii) a (minimal) set of irreducible symmetry breaking terms

1. The largest group of unitary transformations commuting with the gauge group (and

with supersymmetry) is U(3)q̂ ⊗ U(3)ûc ⊗ U(3)d̂c ⊗ U(3)êc ⊗ U(4)L̂ ⊗ U(1)ĥu
.

The presence of the U(4)L̂ factor is due to the fact that the superfields !̂ and ĥd

have the same quantum numbers, so that it is possible to rearrange them into a

4-dimensional flavour multiplet L̂.

2. The MSSM has already all the degrees of freedom sufficient to generate neutrino

masses and mixings through R-parity Violating (RPV) interactions [13], without

the need of any extra state.

Thus the aim of our work is twofold: we first generalize the MFV expansion of the

soft terms by including also the RPV couplings as the original sources of flavor breaking

and then we connect the RPV spurions with the neutrino sector observables, providing

an alternative scenario of MLFV.

Our approach towards the R-parity differs from that of Refs. [14, 15] in the fact that

we do not aim at an explanation of the smallness of the RPV couplings. We simply

treat them, in a more democratic way, on the same ground of all the other couplings of

the superpotential. Remarkably, the values of the RPV couplings needed in order to fit

neutrino masses are of the same order of magnitude of the SM Yukawas of the first and

second families.

In the following we analyze two symmetry patterns based on the flavour symmetries

SU(3)4 ⊗ SU(4) and SU(3)5 ⊗ U(1)L ⊗ U(1)B. In order to exemplify the connection of

the RPV spurions with the neutrino observables we introduce a toy model in which only

µi and λ′i33 are switched on, though a similar analysis could be performed also in more

realistic RPV models of neutrino masses.

In the case of the former flavour symmetry the breaking scale of lepton number is

linked to that of lepton flavour violation (LFV), thus implying small effects in LFV

physics. On the other hand the latter flavour symmetry allows to break the lepton number

independently by means of an abelian spurion, so that visible effects are in principle

achievable. We finally study the correlations among the flavour changing charged lepton

decays !i → !jγ.

2 Minimal Flavour Violation without R-parity

The starting point of the MFV idea is based on the observation that the largest group of

unitary transformations commuting with the SM gauge group is

GSM
kin = U(3)q ⊗ U(3)uc ⊗ U(3)dc ⊗ U(3)ec ⊗ U(3)! ⊗ U(1)h . (1)

3

SU(3)q SU(3)uc SU(3)dc SU(3)! SU(3)ec

q 1 1 1 1

uc 1 1 1 1

dc 1 1 1 1

! 1 1 1 1

ec 1 1 1 1

yu 1 1 1

yd 1 1 1

ye 1 1 1

Table 1: The transformation properties of the chiral superfields and the spurions under the

non-anomalous flavor symmetries preserved by the µ term. We omit discrete symmetries

and a non-anomalous U(1)R which is broken by the soft terms, including the Bµ term.

1 Introduction

The flavour problem can be viewed as the clash between the theoretical expectation of New

Physics (NP) at the TeV scale and the experimental observations in Flavour Changing

Neutral Current (FCNC) processes which severely constrain the scale ΛNP of the NP

beyond the 104 TeV domain (for a review see e.g. Ref. [1]). If we insist in keeping ΛNP ≈
TeV for naturalness, then we have to conclude that the flavour structure of the NP is

highly non-generic.

The Minimal Flavour Violation (MFV) hypothesis [2] is a powerful organizing principle

which states that the sources of flavour symmetry breaking of the NP are aligned to the

Standard Model (SM) Yukawas. This ansatz provides an automatic suppression of the NP

contribution to the flavour violating observables and thus a solution of the aforementioned

flavour problem (see for instance Ref. [3]).

If MFV is at play in the quark sector, it is reasonable then to assume it also for

leptons. However, the extension of MFV to the lepton sector is less straightforward, since

the mechanism itself generating neutrino masses is unknown and several scenarios can be

envisaged. Starting from Ref. [4] many formulations of Minimal Lepton Flavour Violation

(MLFV) have been proposed and analyzed [5, 6, 7, 8, 9, 10, 11].

In this work we consider another interesting possibility in the context of the Minimal

Supersymmetric SM (MSSM) without R-parity (for a review see e.g. Ref. [12]). Our

analysis is moved by two simple observations about the MSSM:
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[Chivukula, Georgi (1987) -Technicolor]
[Hall, Randall (1990) - SUSY]
[Buras, Gambino, Gorbahn, Jager, Silvestrini (2000) - Pheno]
[D’Ambrosio, Giudice, Isidori, Strumia (2002) - EFT]

1 Introduction

LY = yuh̃qu
c + ydhqd

c + yeh!e
c + h.c. (1)

MP = (−)3(B−L) (2)

RP = (−)3(B−L)+2S (3)

MP (q, u
c, dc, !, ec) = − (4)

MP (hu, hd) = + (5)

RP (SM fields) = + (6)

RP (SM superpartners) = − (7)

∑

i

Si = 0 (Lorentz inv. vrtx) (8)

|λ′ · λ′′∗| < 10−25 ÷ 10−9

(
m̃

1 TeV

)2

(9)

Lbreak = yeh !e
c +

gν
2ΛLN

(h̃ !)(h̃ !) + h.c. (10)

∆ = g†νgν =
Λ2

LN

v4
UPMNS m̂

2
ν U

†
PMNS (11)

Lbreak = yeh !e
c + yν h̃ !ν

c + 1
2Mνν

cνc + h.c. (12)

∆ = y†νyν
CP-limit−−−−−→
Mν∝

Mν

v2
UPMNS m̂ν U

†
PMNS (13)

Λ ! 1 TeV (14)

ΛLFV # ΛLN (15)
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(i) a (flavor) symmetry: a subgroup of

Minimal Flavour Violation

(ii) a (minimal) set of irreducible symmetry breaking terms

1. The largest group of unitary transformations commuting with the gauge group (and

with supersymmetry) is U(3)q̂ ⊗ U(3)ûc ⊗ U(3)d̂c ⊗ U(3)êc ⊗ U(4)L̂ ⊗ U(1)ĥu
.

The presence of the U(4)L̂ factor is due to the fact that the superfields !̂ and ĥd

have the same quantum numbers, so that it is possible to rearrange them into a

4-dimensional flavour multiplet L̂.

2. The MSSM has already all the degrees of freedom sufficient to generate neutrino

masses and mixings through R-parity Violating (RPV) interactions [13], without

the need of any extra state.

Thus the aim of our work is twofold: we first generalize the MFV expansion of the

soft terms by including also the RPV couplings as the original sources of flavor breaking

and then we connect the RPV spurions with the neutrino sector observables, providing

an alternative scenario of MLFV.

Our approach towards the R-parity differs from that of Refs. [14, 15] in the fact that

we do not aim at an explanation of the smallness of the RPV couplings. We simply

treat them, in a more democratic way, on the same ground of all the other couplings of

the superpotential. Remarkably, the values of the RPV couplings needed in order to fit

neutrino masses are of the same order of magnitude of the SM Yukawas of the first and

second families.

In the following we analyze two symmetry patterns based on the flavour symmetries

SU(3)4 ⊗ SU(4) and SU(3)5 ⊗ U(1)L ⊗ U(1)B. In order to exemplify the connection of

the RPV spurions with the neutrino observables we introduce a toy model in which only

µi and λ′i33 are switched on, though a similar analysis could be performed also in more

realistic RPV models of neutrino masses.

In the case of the former flavour symmetry the breaking scale of lepton number is

linked to that of lepton flavour violation (LFV), thus implying small effects in LFV

physics. On the other hand the latter flavour symmetry allows to break the lepton number

independently by means of an abelian spurion, so that visible effects are in principle

achievable. We finally study the correlations among the flavour changing charged lepton

decays !i → !jγ.

2 Minimal Flavour Violation without R-parity

The starting point of the MFV idea is based on the observation that the largest group of

unitary transformations commuting with the SM gauge group is

GSM
kin = U(3)q ⊗ U(3)uc ⊗ U(3)dc ⊗ U(3)ec ⊗ U(3)! ⊗ U(1)h . (1)

3

SU(3)q SU(3)uc SU(3)dc SU(3)! SU(3)ec

q 1 1 1 1

uc 1 1 1 1

dc 1 1 1 1

! 1 1 1 1

ec 1 1 1 1

yu 1 1 1

yd 1 1 1

ye 1 1 1

Table 1: The transformation properties of the chiral superfields and the spurions under the

non-anomalous flavor symmetries preserved by the µ term. We omit discrete symmetries

and a non-anomalous U(1)R which is broken by the soft terms, including the Bµ term.

1 Introduction

The flavour problem can be viewed as the clash between the theoretical expectation of New

Physics (NP) at the TeV scale and the experimental observations in Flavour Changing

Neutral Current (FCNC) processes which severely constrain the scale ΛNP of the NP

beyond the 104 TeV domain (for a review see e.g. Ref. [1]). If we insist in keeping ΛNP ≈
TeV for naturalness, then we have to conclude that the flavour structure of the NP is

highly non-generic.

The Minimal Flavour Violation (MFV) hypothesis [2] is a powerful organizing principle

which states that the sources of flavour symmetry breaking of the NP are aligned to the

Standard Model (SM) Yukawas. This ansatz provides an automatic suppression of the NP

contribution to the flavour violating observables and thus a solution of the aforementioned

flavour problem (see for instance Ref. [3]).

If MFV is at play in the quark sector, it is reasonable then to assume it also for

leptons. However, the extension of MFV to the lepton sector is less straightforward, since

the mechanism itself generating neutrino masses is unknown and several scenarios can be

envisaged. Starting from Ref. [4] many formulations of Minimal Lepton Flavour Violation

(MLFV) have been proposed and analyzed [5, 6, 7, 8, 9, 10, 11].

In this work we consider another interesting possibility in the context of the Minimal

Supersymmetric SM (MSSM) without R-parity (for a review see e.g. Ref. [12]). Our

analysis is moved by two simple observations about the MSSM:
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The symmetry is formally 
restored by promoting the 
Yukawas to spurion fields

[Chivukula, Georgi (1987) -Technicolor]
[Hall, Randall (1990) - SUSY]
[Buras, Gambino, Gorbahn, Jager, Silvestrini (2000) - Pheno]
[D’Ambrosio, Giudice, Isidori, Strumia (2002) - EFT]

1 Introduction

LY = yuh̃qu
c + ydhqd

c + yeh!e
c + h.c. (1)

MP = (−)3(B−L) (2)

RP = (−)3(B−L)+2S (3)

MP (q, u
c, dc, !, ec) = − (4)

MP (hu, hd) = + (5)

RP (SM fields) = + (6)

RP (SM superpartners) = − (7)

∑

i

Si = 0 (Lorentz inv. vrtx) (8)

|λ′ · λ′′∗| < 10−25 ÷ 10−9

(
m̃

1 TeV

)2

(9)

Lbreak = yeh !e
c +

gν
2ΛLN

(h̃ !)(h̃ !) + h.c. (10)

∆ = g†νgν =
Λ2

LN

v4
UPMNS m̂

2
ν U

†
PMNS (11)

Lbreak = yeh !e
c + yν h̃ !ν

c + 1
2Mνν
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• MFV is based on: 



(i) a (flavor) symmetry: a subgroup of

Minimal Flavour Violation

(ii) a (minimal) set of irreducible symmetry breaking terms

1. The largest group of unitary transformations commuting with the gauge group (and

with supersymmetry) is U(3)q̂ ⊗ U(3)ûc ⊗ U(3)d̂c ⊗ U(3)êc ⊗ U(4)L̂ ⊗ U(1)ĥu
.

The presence of the U(4)L̂ factor is due to the fact that the superfields !̂ and ĥd

have the same quantum numbers, so that it is possible to rearrange them into a

4-dimensional flavour multiplet L̂.

2. The MSSM has already all the degrees of freedom sufficient to generate neutrino

masses and mixings through R-parity Violating (RPV) interactions [13], without

the need of any extra state.

Thus the aim of our work is twofold: we first generalize the MFV expansion of the

soft terms by including also the RPV couplings as the original sources of flavor breaking

and then we connect the RPV spurions with the neutrino sector observables, providing

an alternative scenario of MLFV.

Our approach towards the R-parity differs from that of Refs. [14, 15] in the fact that

we do not aim at an explanation of the smallness of the RPV couplings. We simply

treat them, in a more democratic way, on the same ground of all the other couplings of

the superpotential. Remarkably, the values of the RPV couplings needed in order to fit

neutrino masses are of the same order of magnitude of the SM Yukawas of the first and

second families.

In the following we analyze two symmetry patterns based on the flavour symmetries

SU(3)4 ⊗ SU(4) and SU(3)5 ⊗ U(1)L ⊗ U(1)B. In order to exemplify the connection of

the RPV spurions with the neutrino observables we introduce a toy model in which only

µi and λ′i33 are switched on, though a similar analysis could be performed also in more

realistic RPV models of neutrino masses.

In the case of the former flavour symmetry the breaking scale of lepton number is

linked to that of lepton flavour violation (LFV), thus implying small effects in LFV

physics. On the other hand the latter flavour symmetry allows to break the lepton number

independently by means of an abelian spurion, so that visible effects are in principle

achievable. We finally study the correlations among the flavour changing charged lepton

decays !i → !jγ.

2 Minimal Flavour Violation without R-parity

The starting point of the MFV idea is based on the observation that the largest group of

unitary transformations commuting with the SM gauge group is

GSM
kin = U(3)q ⊗ U(3)uc ⊗ U(3)dc ⊗ U(3)ec ⊗ U(3)! ⊗ U(1)h . (1)

3

[Chivukula, Georgi (1987) -Technicolor]
[Hall, Randall (1990) - SUSY]
[Buras, Gambino, Gorbahn, Jager, Silvestrini (2000) - Pheno]
[D’Ambrosio, Giudice, Isidori, Strumia (2002) - EFT]

•The MFV hypothesis consists in the assumptions that:

(i) the full EFT is formally invariant under the flavour symmetry 
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FIG. 1: Allowed region in the ρ, η plane. Superimposed are the individual constraints from charmless

semileptonic B decays (|Vub/Vcb|), mass differences in the B0 (∆md) and Bs (∆ms) neutral meson systems,

and CP violation in K → ππ (εK), B → ψK (sin 2β), B → ππ, ρπ, ρρ (α), and B → DK (γ). Taken from

[6].

follow this approach in Sect. V and VI in two well-motivated SM extensions. In this and the next

section we follow the second strategy, which is less predictive but also more general.

Assuming the new degrees to be heavier than SM fields, we can integrate them out and describe

NP effects by means of a generalization of the Fermi Theory. The SM Lagrangian becomes the

renormalizable part of a more general local Lagrangian which includes an infinite tower of operators

with dimension d > 4, constructed in terms of SM fields, suppressed by inverse powers of an effective

scale Λ > MW :

Leff = LSM +
∑ c(d)i

Λ(d−4)
O(d)

i (SM fields). (3.1)

This general bottom-up approach allows us to analyse all realistic extensions of the SM in terms of a

limited number of parameters (the coefficients of the higher-dimensional operators). The drawback

of this method is the impossibility to establish correlations of NP effects at low and high energies:

the scale Λ defines the cut-off of the effective theory. However, correlations among different low-
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(ii) the SM Yukawas are the only irreducible sources of flavour breaking

c(d)
i = c(d)

i (yu, yd, ye)
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Operator Bound on Λ Observables

H†
(
DRY d†Y uY u†σµνQL

)
(eFµν) 6.1 TeV B → Xsγ, B → Xs#+#−

1
2 (QLY

uY u†γµQL)2 5.9 TeV εK , ∆mBd
, ∆mBs

H†
D

(
DRY d†Y uY u†σµνT aQL

)
(gsGa

µν) 3.4 TeV B → Xsγ, B → Xs#+#−

(
QLY

uY u†γµQL

)
(ERγµER) 2.7 TeV B → Xs#+#−, Bs → µ+µ−

i
(
QLY

uY u†γµQL

)
H†

UDµHU 2.3 TeV B → Xs#+#−, Bs → µ+µ−

(
QLY

uY u†γµQL
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QLY
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TABLE II: Bounds on the scale of new physics (at 95% C.L.) for some representative ∆F = 1 [27] and

∆F = 2 [12] MFV operators (assuming effective coupling ±1/Λ2), and corresponding observables used to

set the bounds.

of new physics not far from the TeV region. These bounds are very similar to the bounds on

flavor-conserving operators derived by precision electroweak tests. This observation reinforces the

conclusion that a deeper study of rare decays is definitely needed in order to clarify the flavor

problem: the experimental precision on the clean FCNC observables required to obtain bounds

more stringent than those derived from precision electroweak tests (and possibly discover new

physics) is typically in the 1%− 10% range.

Although MFV seems to be a natural solution to the flavor problem, it should be stressed that

(i) this is not a theory of flavor (there is no explanation for the observed hierarchical structure of

the Yukawas), and (ii) we are still far from having proved the validity of this hypothesis from data

(in the effective theory language we can say that there is still room for sizable new sources of flavor

symmetry breaking beside the SM Yukawa couplings [28]). A proof of the MFV hypothesis can be

achieved only with a positive evidence of physics beyond the SM exhibiting the flavor-universality

pattern (same relative correction in s → d, b → d, and b → s transitions of the same type) predicted

by the MFV assumption. While this goal is quite difficult to be achieved, the MFV framework is

quite predictive and thus could easily be falsified: in Table III we list some clean MFV predictions

which could be falsified by future experiments. Violations of these bounds would not only imply

physics beyond the SM, but also a clear signal of new sources of flavor symmetry breaking beyond

the Yukawa couplings.

The idea that the CKM matrix rules the strength of FCNC transitions also beyond the SM

has become a very popular concept in recent literature and has been implemented and discussed

in several works. It is worth stressing that the CKM matrix represents only one part of the

problem: a key role in determining the structure of FCNCs is also played by quark masses, or by
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(i) flavor violating contributions from combinations of the type*

(ii) predictive hypothesis with correlations among observables

(iii) flavor problem is practically solved (see table)

(iv) there is no flavor violation in the lepton sector

(
yuy†u

)ij ≈ λ2
t (V

3i
CKM)∗V 3j

CKM

[Isidori, Nir, Perez (2010)]
[UTfit coll. (2007)]
[Hurth, Isidori, Kamenik, 
Mescia (2008)]

yu = V †
CKM
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v
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v
, ye =

m̂e

v
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[Cirigliano et al. (2005)]
[Davidson et al. (2006)]
[Gavela, et al. (2009)]
[Alonso e al. (2011)]

(i) Minimal field content (Weinberg operator)where m2 ≈
√

∆m2
sol = 8.7 · 10−3 eV. At the leading order in the MFV expansion

and taking cAD = cdc = cq = 1 (cf. Eq. (63) in Appendix C), we get

(λ′)i33 = 3.3 · 10−5

(
m̃

1 TeV

)1/2 (
tan β

10

)1/2

Û i2 . (27)

Once the relevant spurions are fixed in terms of the neutrino masses and mixings one can

use the MFV expansion in order to make predictions for LFV processes.

In order to properly determine LFV processes, one as to consider several kind of

contributions (see [18] for an example of computation). Since we are interested in an

order of magnitude estimate of the processes induced in our MLFV setup, we will just

focus on the effects induced by the non-diagonal entries in the sfermion mass matrices due

to the spurions. In this case the normalized branching ratios for the processes #i → #jγ

are given by [19]:

BR(#i → #j γ) ∝
∣∣∆ij

∣∣2 (28)

where the flavour violating mass insertion δij can be expressed as combinations of neu-

trino masses and elements of the PMNS matrix, according to the MFV expansion. For

instance in our toy model where only the couplings µi and λ′i33 are switched on, δLL
ij reads

(cf. Eq. (17))
(
m̃2

!

)LL

ij
= m̃2

(
d2

L(λ′)i33λ′∗
j33 + d3

L

µiµ∗
j

|µ|2

)
, (29)

where ∆LL
ij is the flavour violating part of m̃2

! . As it is evident from Eq. (29), the mass

insertions scale like the square of the RPV parameters. Given the following estimation of

the branching ratios in Eq. (28)

BR(#i → #j γ)

BR(#i → #jνiν̄j)
≈ 10−27

(
m̃

1TeV

)−4(tan β

10

)2 (
λ′

10−5

)4

, (30)

one concludes that it is not possible to accomplish observable rates, in view of the current

experimental bounds showed in Table 8.

BR(µ→ e γ) 2.4× 10−12

BR(τ → e γ) 1.1 ×10−7

BR(τ → µ γ) 4.5 ×10−8

Table 8: Summary of the current experimental bounds on LFV processes. For later

convenience we reported also the current bounds on #i → #j#k#k decays and µ → e

conversions in nuclei.

Let us mention that rates of µ → e γ closer to the experimental sensitivity can be

obtained when neutrino masses are fitted by trilinears featuring first families indices, like
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Minimal Lepton Flavour Violation
• Extension of the MFV notion to the leptons is not straightforward 

• Mechanism generating neutrino masses is beyond the SM

1 Introduction

Lbreak = yeh !e
c +

gν
2ΛLN

(h̃ !)(h̃ !) + h.c. (1)

∆ = g†νgν =
Λ2

LN

v4
UPMNS m̂

2
ν U

†
PMNS (2)

Lbreak = yeh !e
c + yν h̃ !ν

c +
1

2
Mνν

cνc + h.c. (3)

∆ = y†νyν
Mν∝ and CP-limit−−−−−−−−−−−→ Mν

v2
UPMNS m̂ν U

†
PMNS (4)

Λ ! 1 TeV (5)

The flavour problem can be viewed as the clash between the theoretical expectation

of New Physics (NP) at the TeV scale and the experimental observations in Flavour

Changing Neutral Current (FCNC) processes which severely constrain the scale ΛNP of

the NP beyond the 104 TeV domain (for a review see e.g. Ref. [1]). If we insist in keeping

ΛNP ≈ TeV for naturalness, then we have to conclude that the flavour structure of the

NP is highly non-generic.

The Minimal Flavour Violation (MFV) hypothesis [2] is a powerful organizing principle

which states that the sources of flavour symmetry breaking of the NP are aligned to the

Standard Model (SM) Yukawas. This ansatz provides an automatic suppression of the NP

contribution to the flavour violating observables and thus a solution of the aforementioned

flavour problem (see for instance Ref. [3]).

If MFV is at play in the quark sector, it is reasonable then to assume it also for

leptons. However, the extension of MFV to the lepton sector is less straightforward, since

the mechanism itself generating neutrino masses is unknown and several scenarios can be

envisaged. Starting from Ref. [4] many formulations of Minimal Lepton Flavour Violation

(MLFV) have been proposed and analyzed [5, 6, 7, 8, 9, 10, 11].

In this work we consider another interesting possibility in the context of the Minimal

Supersymmetric SM (MSSM) without R-parity (for a review see e.g. Ref. [12]). Our

analysis is moved by two simple observations about the MSSM:

1. The largest group of unitary transformations commuting with the gauge group (and

with supersymmetry) is U(3)q̂ ⊗ U(3)ûc ⊗ U(3)d̂c ⊗ U(3)êc ⊗ U(4)L̂ ⊗ U(1)ĥu
.

The presence of the U(4)L̂ factor is due to the fact that the superfields !̂ and ĥd

have the same quantum numbers, so that it is possible to rearrange them into a

4-dimensional flavour multiplet L̂.
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have the same quantum numbers, so that it is possible to rearrange them into a

4-dimensional flavour multiplet L̂.

2. The MSSM has already all the degrees of freedom sufficient to generate neutrino

masses and mixings through R-parity Violating (RPV) interactions [13], without

the need of any extra state.

Thus the aim of our work is twofold: we first generalize the MFV expansion of the

soft terms by including also the RPV couplings as the original sources of flavor breaking

and then we connect the RPV spurions with the neutrino sector observables, providing

an alternative scenario of MLFV.

Our approach towards the R-parity differs from that of Refs. [14, 15] in the fact that

we do not aim at an explanation of the smallness of the RPV couplings. We simply
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treat them, in a more democratic way, on the same ground of all the other couplings of

the superpotential. Remarkably, the values of the RPV couplings needed in order to fit

neutrino masses are of the same order of magnitude of the SM Yukawas of the first and

second families.

In the following we analyze two symmetry patterns based on the flavour symmetries

SU(3)4 ⊗ SU(4) and SU(3)5 ⊗ U(1)L ⊗ U(1)B. In order to exemplify the connection of

the RPV spurions with the neutrino observables we introduce a toy model in which only

µi and λ′i33 are switched on, though a similar analysis could be performed also in more

realistic RPV models of neutrino masses.

In the case of the former flavour symmetry the breaking scale of lepton number is

linked to that of lepton flavour violation (LFV), thus implying small effects in LFV

physics. On the other hand the latter flavour symmetry allows to break the lepton number

independently by means of an abelian spurion, so that visible effects are in principle

achievable. We finally study the correlations among the flavour changing charged lepton

decays #i → #jγ.

2 Minimal Flavour Violation without R-parity

The starting point of the MFV idea is based on the observation that the largest group of

unitary transformations commuting with the SM gauge group is

GSM
kin = U(3)q ⊗ U(3)uc ⊗ U(3)dc ⊗ U(3)ec ⊗ U(3)! ⊗ U(1)h . (1)

This corresponds to the global symmetry of the gauge invariant kinetic term of the SM

fields

Φ = (qi, u
c
i , d

c
i , e

c
i , #i, h) , (2)

with i spanning over the three families. Notice that #i and h have the same gauge quantum

numbers and only the Lorentz structure prevents the global symmetry of the kinetic term

from being larger.
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Figure 6.5: Squarks would mediate disas-
trously rapid proton decay ifR-parity were
violated by both ∆B = 1 and ∆L = 1 in-
teractions. This example shows p → e+π0

mediated by a strange (or bottom) squark. u
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assignments are L = +1 for Li, L = −1 for ei, and L = 0 for all others. Therefore, the terms in
eq. (6.2.1) violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in
eq. (6.2.2) violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
λ′ and λ′′ couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure 6.5† would lead to p+ → e+π0 (shown) or
e+K0 or µ+π0 or µ+K0 or νπ+ or νK+ etc. depending on which components of λ′ and λ′′ are largest.‡

As a rough estimate based on dimensional analysis, for example,

Γp→e+π0 ∼ m5
proton

∑

i=2,3

|λ′11iλ′′11i|2/m4
d̃i
, (6.2.3)

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is
known experimentally to be in excess of 1032 years. Therefore, at least one of λ′ijk or λ′′11k for each of
i = 1, 2; j = 1, 2; k = 2, 3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [67, 68].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [69] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (6.1.1). This new symmetry is
called “R-parity” [8] or equivalently “matter parity” [70].

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (6.2.4)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have PM = −1, while the Higgs supermultiplets Hu and Hd have PM = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
PM = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of PM for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (6.2.1) and (6.2.2) is thus forbidden, while the good and necessary terms

†In this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

‡The coupling λ′′ must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure 6.5 can be s̃ or b̃, but not d̃, for u, d quarks in the proton.
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R-parity or not R-parity ?
• The imposition of R-parity strongly influences the MSSM phenomenology 

• R-parity is not necessary 

- B and L accidental global symmetries as in the SM 

- LSP is stable (DM candidate)

- L breaking generates neutrino masses within the MSSM matter content

- LSP escapes the detector (missing energy)

- The gravitino is the only DM candidate, NLSP decays before BBN

- Very rich collider phenomenology

Huge literature [Barbier et al. (2004)]

[Dreiner, Ross (1991)]

[Hall, Suzuki (1984)]
[Ross, Valle (1984)]

[Takayama, Yamaguchi (2000)]

[Buchmuller, Covi, Hamaguchi, Ibarra, Yanagida (2007)] 
[Bajc, Enkhbat, Ghosh, Senjanovic, Zhang (2010)] ...

... [Csaki, Grossman, Heidenreich (2011)] [Graham, Kaplan, Rajendran, Saraswat (2012)]          
[Brust, Katz, Sundrum (2012)] [Evans, Katz (2012)] [Berger, Csaki, Grossman, Heidenreich (2012)]
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• Let us restart with the two main ingredients of MFV
(i) a flavor symmetry

• SUSY enhances the global symmetry of the kinetic term !

•     and       have the same gauge quantum numbers: 

2 Minimal Flavour Violation without R-parity

The starting point of the MFV idea is based on the observation that the largest group of

unitary transformations commuting with the SM gauge group is

GSM
kin = U(3)q ⊗ U(3)uc ⊗ U(3)dc ⊗ U(3)ec ⊗ U(3)! ⊗ U(1)h . (1)

This corresponds to the global symmetry of the gauge invariant kinetic term of the SM

fields

Φ = (qi, u
c
i , d

c
i , e

c
i , !i, h) , (2)

with i spanning over the three families. Notice that !i and h have the same gauge quantum

numbers and only the Lorentz structure prevents the global symmetry of the kinetic term

from being larger.

On the other hand the situation in the MSSM is qualitatively different since the super-

symmetrization of the SM spectrum restore the symmetry between scalars and fermions,

thus enhancing the global symmetry of the kinetic term.

In order to make apparent this enhancement it is useful to define a generalized lepton

multiplet L̂α = (!̂i, ĥd) and rewrite the set of chiral superfields of the MSSM in the

following way

Φ̂ =
(
q̂i, û

c
i , d̂

c
i , ê

c
i , L̂α, ĥu

)
, (3)

where a second Higgs doublet is introduced in order to ensure anomaly cancellation. Then

the global symmetry of the kinetic term
∫

d4θ Φ̂†e2gV̂ Φ̂ (4)

turns out to be

GMSSM
kin = U(3)q̂ ⊗ U(3)ûc ⊗ U(3)d̂c ⊗ U(3)êc ⊗ U(4)L̂ ⊗ U(1)ĥu

. (5)

Notice that this holds irrespectively of the fact that R-parity is or not an exact symmetry

of the full MSSM lagrangian.

After decomposing GMSSM
kin in abelian and non-abelian factors we can identify a linear

combination of the six U(1) generators with the generator of SM hypercharge. It is

possible then to define the generalized flavour group of the MSSM as

GF = SU(3)q̂ ⊗ SU(3)ûc ⊗ SU(3)d̂c ⊗ SU(3)êc ⊗ SU(4)L̂ , (6)

while the abelian factors can be rearranged in the following way

GA = U(1)ûc ⊗ U(1)d̂c ⊗ U(1)êc ⊗ U(1)L̂ ⊗ U(1)B , (7)

where B is the baryon number. GF and GA are explicitly broken by the most general

MSSM superpotential and soft lagrangian.
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Since the MSSM has many sources of flavour violation it is useful to have a rationale

in order to select the origin of this breaking. Let us imagine that the flavour symmetry

is broken at the scale ΛF by some unknown mechanism. Then, if the breaking of SUSY

is due to a flavour universal mechanism (like in gauge mediation [16]) and the scale of

mediation M is smaller than ΛF , it is natural to expect that the soft terms feel the

breaking of flavour only through supersymmetric interactions.

Having in mind such a MFV framework we assume that the original source of flavour

violation is given by the the couplings of the most general MSSM superpotential

W = Y ij
U q̂iû

c
jĥu + Y αij

D L̂αq̂id̂
c
j + 1

2Y
αβi
E L̂αL̂β êc

i + µαĥuL̂α + 1
2(λ

′′
)ijkûc

i d̂
c
j d̂

c
k , (8)

where the gauge structure has been omitted for simplicity. Notice also the antisymmetry

of the couplings Y αβi
E = −Y βαi

E and (λ
′′
)ijk = −(λ

′′
)ikj.
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c
i , L̂α, ĥu
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. (5)

Notice that this holds irrespectively of the fact that R-parity is or not an exact symmetry

of the full MSSM lagrangian.

After decomposing GMSSM
kin in abelian and non-abelian factors we can identify a linear

combination of the six U(1) generators with the generator of SM hypercharge. It is

possible then to define the generalized flavour group of the MSSM as

GF = SU(3)q̂ ⊗ SU(3)ûc ⊗ SU(3)d̂c ⊗ SU(3)êc ⊗ SU(4)L̂ , (6)
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where B is the baryon number. GF and GA are explicitly broken by the most general

MSSM superpotential and soft lagrangian.

5

A closer look to the kinetic term

(ii) a minimal set of irreducible symmetry breaking terms1 Introduction

!̂i (1)

ĥd (2)

Observable Best fit 3-σ

∆m2
atm/10

−3 eV2 2.47 2.27− 2.69

∆m2
sol/10

−5 eV2 7.50 7.00− 8.09

sin2 θ12 0.30 0.27− 0.34

sin2 θ23 0.50 0.34− 0.67

sin2 θ13 0.023 0.016− 0.030

Table 1: Experimental values of the neutrino sector observables as reported in Ref. [25].

For the PMNS matrix we have considered the PDG parametrization [23]. The Dirac phase

δ varies in the range [0, 2π].

Observable Best fit 2-σ

∆m2
atm[10

−3 eV2] 2.55 2.38− 2.68

∆m2
sol[10

−5] eV2 7.62 7.27− 8.01

sin2 θ12 0.320 0.29− 0.35

sin2 θ23 0.613 0.38− 0.66

sin2 θ13 0.0246 0.019− 0.030

Table 2: Experimental values of the neutrino sector observables as reported in Ref. [25].

For the PMNS matrix we have considered the PDG parametrization [23]. The Dirac phase

δ varies in the range [0, 2π].

! (3)

c ∈ [−100, 100] (4)

m3 ≈
√
∆m2

atm > m2 ≈
√
∆m2

sol > m1 ≈ 0 (5)
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c
jhu + Y αij

D Lαqid
c
j +

1
2Y
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)ijkuc
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jd
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- the symmetry is there irrespective of the fact that R-parity is broken or not



• Let us restart with the two main ingredients of MFV
(i) a flavor symmetry

A closer look to the kinetic term

(ii) a minimal set of irreducible symmetry breaking terms

• Several sources of flavor breaking in the MSSM LRPV
MSSM = Lkin + LW + Lsoft

• We assume that the irreducible sources of flavor breaking come from superpotential

- assumption natural in gauge mediation
- soft terms at low-energy have a MFV structure

ΛF

Mmess

msoft

• Generation of the flavor structure

• Mediation of SUSY breaking, universal soft terms generated

• Low-energy MSSM

• RGE effects
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L→ (!, hd)
YD → (yd, λ

′)
YE → (ye, λ)

• To highlight the enhanced symmetry let us rewrite

Spurions
1 Introduction
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c
j +

1
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E LαLβe

c
i + µαhuLα + 1

2(λ
′′
)ijkuc

id
c
jd

c
k (1)
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c + yeh"e
c + h.c. (2)

MP = (−)3(B−L) (3)

RP = (−)3(B−L)+2S (4)

MP (q, u
c, dc, ", ec) = − (5)

MP (hu, hd) = + (6)

RP (SM fields) = + (7)

RP (SM superpartners) = − (8)

∑
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Si = 0 (Lorentz inv. vrtx) (9)

|λ′ · λ′′∗| < 10−25 ÷ 10−9

(
m̃

1 TeV

)2

(10)

Lbreak = yeh "e
c +

gν
2ΛLN

(h̃ ")(h̃ ") + h.c. (11)

∆ = g†νgν =
Λ2

LN

v4
UPMNS m̂

2
ν U

†
PMNS (12)

Lbreak = yeh "e
c + yν h̃ "ν

c + 1
2Mνν

cνc + h.c. (13)

∆ = y†νyν
CP-limit−−−−−→
Mν∝

Mν

v2
UPMNS m̂ν U

†
PMNS (14)

Λ ! 1 TeV (15)

ΛLFV # ΛLN (16)

2

L→ (!, hd)
YD → (yd, λ

′)
YE → (ye, λ)

L→ (!, hd)
YD → (yd, λ

′)
YE → (ye, λ)

SU(3)q SU(3)uc SU(3)dc SU(3)ec SU(4)L̂

q̂ 1 1 1 1

ûc 1 1 1 1

d̂c 1 1 1 1

êc 1 1 1 1

L̂ 1 1 1 1

Yu 1 1 1

Yd 1 1

Ye 1 1 1 6̄

µ 1 1 1 1

λ′′ 1 1 1

Table 2: The transformation properties of the chiral superfields and the spurions under the

non-anomalous flavor symmetries preserved by the µ term. We omit discrete symmetries

and a non-anomalous U(1)R which is broken by the soft terms, including the Bµ term.

SU(3)! SU(3)ec SU(3)νc

" 1 1

ec 1 1

νc 1 1

ye 1

gν 6̄ 1 1

yν 1

Mν 1 1 6̄

Table 3

1. The largest group of unitary transformations commuting with the gauge group (and

with supersymmetry) is U(3)q̂ ⊗ U(3)ûc ⊗ U(3)d̂c ⊗ U(3)êc ⊗ U(4)L̂ ⊗ U(1)ĥu
.

The presence of the U(4)L̂ factor is due to the fact that the superfields "̂ and ĥd

have the same quantum numbers, so that it is possible to rearrange them into a

4-dimensional flavour multiplet L̂.

2. The MSSM has already all the degrees of freedom sufficient to generate neutrino

masses and mixings through R-parity Violating (RPV) interactions [13], without

the need of any extra state.

Thus the aim of our work is twofold: we first generalize the MFV expansion of the

soft terms by including also the RPV couplings as the original sources of flavor breaking
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masses and mixings through R-parity Violating (RPV) interactions [13], without

the need of any extra state.

Thus the aim of our work is twofold: we first generalize the MFV expansion of the

soft terms by including also the RPV couplings as the original sources of flavor breaking

3

SU(3)q SU(3)uc SU(3)dc SU(3)ec SU(4)L̂

q̂ 1 1 1 1

ûc 1 1 1 1

d̂c 1 1 1 1

êc 1 1 1 1

L̂ 1 1 1 1

Yu 1 1 1

Yd 1 1

Ye 1 1 1 6̄

µ 1 1 1 1

λ′′ 1 1 1

Table 2: The transformation properties of the chiral superfields and the spurions under the

non-anomalous flavor symmetries preserved by the µ term. We omit discrete symmetries

and a non-anomalous U(1)R which is broken by the soft terms, including the Bµ term.

SU(3)! SU(3)ec SU(3)νc

" 1 1

ec 1 1

νc 1 1

ye 1

gν 6̄ 1 1

yν 1

Mν 1 1 6̄

Table 3

1. The largest group of unitary transformations commuting with the gauge group (and

with supersymmetry) is U(3)q̂ ⊗ U(3)ûc ⊗ U(3)d̂c ⊗ U(3)êc ⊗ U(4)L̂ ⊗ U(1)ĥu
.

The presence of the U(4)L̂ factor is due to the fact that the superfields "̂ and ĥd

have the same quantum numbers, so that it is possible to rearrange them into a

4-dimensional flavour multiplet L̂.

2. The MSSM has already all the degrees of freedom sufficient to generate neutrino

masses and mixings through R-parity Violating (RPV) interactions [13], without

the need of any extra state.

Thus the aim of our work is twofold: we first generalize the MFV expansion of the

soft terms by including also the RPV couplings as the original sources of flavor breaking

3

1 Introduction

! (1)

c ∈ [−100, 100] (2)

m3 ≈
√
∆m2

atm > m2 ≈
√
∆m2

sol > m1 ≈ 0 (3)

W = Y ij
U qiu

c
jhu + Y αij

D Lαqid
c
j +

1
2Y

αβi
E LαLβe

c
i + µαhuLα + 1

2(λ
′′
)ijkuc

id
c
jd

c
k (4)

LY = yuh̃qu
c + ydhqd

c + yeh"e
c + h.c. (5)

MP = (−)3(B−L) (6)

RP = (−)3(B−L)+2S (7)

MP (q, u
c, dc, ", ec) = − (8)

MP (hu, hd) = + (9)

RP (SM fields) = + (10)

RP (SM superpartners) = − (11)

∑

i

Si = 0 (Lorentz inv. vrtx) (12)

|λ′ · λ′′∗| < 10−25 ÷ 10−9

(
m̃

1 TeV

)2

(13)

Lbreak = yeh "e
c +

gν
2ΛLN

(h̃ ")(h̃ ") + h.c. (14)

∆ = g†νgν =
Λ2

LN

v4
UPMNS m̂

2
ν U

†
PMNS (15)

Lbreak = yeh "e
c + yν h̃ "ν

c + 1
2Mνν

cνc + h.c. (16)
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Following the MFV principle we can expand the soft terms (cf. Appendix A for the

notation) by means of the spurions in Eqs. (9)–(13)

(
m̃2

q

)i

j
= m̃2

(
cqδi

j + d1
q Y ik

U (Y ∗
U )jk + d2

q Y αik
D (Y ∗

D)αjk

)

(m̃2
uc)

i
j = m̃2

(
cucδi

j + d1
uc Y ki

U (Y ∗
U )kj + d2

uc(λ
′′
)ikl(λ

′′∗)jkl

)

(m̃2
dc)

i
j = m̃2

(
cdcδi

j + d2
dc Y αki

D (Y ∗
D)αkj + d2

dc(λ
′′
)kil(λ

′′∗)kjl

)

(m̃2
ec)

i
j = m̃2

(
cecδi

j + d1
ec Y αβi

E (Y ∗
E)αβj

)

(m̃2
L)α

β = m̃2
(
cLδα

β + d1
L Y αγk

E (Y ∗
E)βγk + d2

L Y αkl
D (Y ∗

D)βkl + d3
L µαµ∗

β/|µ|2
)

Bα = m̃2
(
cB µα/|µ| + d1

B Y αkl
D (Y ∗

D)βkl µβ/|µ| + d2
B Y αβk

E (Y ∗
E)γβk µγ/|µ|

)

Aij
U = A

(
cAU Y ij

U + . . .
)

Aαij
D = A

(
cADY αij

D + . . .
)

Aαβi
E = A

(
cAEY αβi

E + . . .
)

Aijk

λ′′ = A
(
cA

λ
′′ + . . .

)

where the expansion is truncated at the third order in the spurions. The squared brackets

stand for anti-symmetrization and we also defined |µ|2 ≡
∑

α=1,...,4 |µα|2.
In absence of R-parity all the neutral scalar components of L̂α and ĥu develop a VEV

in order to trigger the electroweak symmetry breaking SU(2)L ⊗ U(1)Y → U(1)Q. Given

the SU(4)L̂ symmetry it is always possible, without loss of generality, to redefine the L̂α

superfield in such a way that only the fourth component acquires a VEV. Then we define

operatively the Higgs in such a way that it corresponds to the component which develops

a VEV, ĥd ≡ L̂4, while the leptons do not, #̂i ≡ L̂i.

Despite our notation makes explicit the underlying non-abelian flavour symmetry

SU(3)4 ⊗ SU(4), it is also useful to translate it into the more common SU(3)5 language.

This connection is provided in Appendix A. Then we can formally split the superpotential

in Eq. (8) in an RPC and an RPV term

WRPC = yij
U q̂iû

c
jĥu + yij

Dĥdq̂id̂
c
j + yij

E ĥd#̂iê
c
j + µ ĥuĥd , (14)

WRPV = µiĥu#̂i + 1
2λ

ijk#̂i#̂j ê
c
k + (λ

′
)ijk#̂iq̂j d̂

c
k + 1

2(λ
′′
)ijkûc

i d̂
c
j d̂

c
k , (15)

and similarly for the soft terms (cf. again Appendix A).

The MFV expansion in Eq. (14) can be easily decomposed in the SU(3)5 language by

7

Soft terms
• Up to 3 spurions (in the paper)

• c, d = O(1) coefficients
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and similarly for the soft terms (cf. again Appendix A).

The MFV expansion in Eq. (14) can be easily decomposed in the SU(3)5 language by

means of the dictionary given in Eq. (49) of Appendix A

(

m̃2
q

)i

j
= m̃2

(

cqδij + d1q(yUy
†
U)

i
j + d2q

[

(yDy
†
D)

i
j + (λ′)likλ′∗

ljk

])

(m̃2
uc)

i
j = m̃2

(

cucδij + d1uc(y
†
UyU)

i
j + d2uc(λ

′′

)ikl(λ
′′∗)jkl

)

(m̃2
dc)

i
j = m̃2

(

cdcδij + d1dc
[

(y†DyD)
i
j + (λ′)lkiλ′∗

lkj

]

+ d2dc(λ
′′

)kil(λ
′′∗)kjl

)

(m̃2
ec)

i
j = m̃2

(

cecδij + d1ec
[

2(y†EyE)
i
j + λlkiλ∗

lkj

])

(m̃2
!)

i
j = m̃2

(

cLδij + d1L

[

(yEy
†
E)

i
j + λilkλ∗

jlk

]

+ d2L(λ
′)ilkλ′∗

jlk + d3L µ
iµ∗

j/|µ|
2
)

(m̃2
d)

i
= m̃2

(

d1Lλ
ilk(y∗E)lk + d2L(λ

′)ilk(y∗D)lk + d3L µ
iµ∗/|µ|2

)

m̃2
hd

= m̃2
(

cL + d1L Tr(yEy
†
E) + d2L Tr(yDy

†
D) + d3L µµ∗/|µ|2

)

b = m̃2 (cBµ/|µ|+ . . .)

bi = m̃2 (cBµi/|µ|+ . . .)

aijU = A
(

cAU
yijU + . . .

)

aijD = A
(

cAD
yijD + . . .

)

aijE = A
(

cAE
yijE + . . .

)

(aλ)ijk = A
(

cAE
λijk + . . .

)

(aλ′ )ijk = A
(

cAD
(λ′)ijk + . . .

)

aijk
λ′′ = A

(

cA
λ
′′
(λ

′′

)ijk + . . .
)

,

(17)

where for simplicity we have truncated the expansion at the second order in the spurions.

If R-parity is an exact symmetry of the MSSM then neutrinos are massless and there

is no lepton flavor violation. Consequently the flavor violation in the lepton sector can

be linked to the amount of R-parity violation. For instance the RPV couplings in the

expansion of m̃2
! in Eq. (17) are responsible for flavour violating mass insertions leading

to processes like #i → #jγ.

Though RPV can be the source of neutrino masses, the MFV expansion is meaningful

also in general, being potentially related to not yet measured RPV couplings. However in

the next sections we will focus our attention on the case where the neutrino masses are

generated by RPV couplings.

3 Neutrino Masses in supersymmetric MFV

In the previous section we formally restored the invariance under the flavour group GF

by promoting all the supersymmetric couplings in Eq. (8) to spurions. Here we want to

provide the link between these spurions and the physical observables. Our guideline is

to break the flavour group in a minimal way, namely we consider the minimal amount

6

• Correlation between soft terms and RPV couplings
• Lepton flavor violation in the slepton mass matrices

Soft terms
• In a more familiar language
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• Minimal flavour breaking: 
   only the spurions responsible for fermion masses and mixings are allowed

λ′′ = 0• According to the assumption of minimal breaking              

Spurions and physics

• In the lepton sector many sources for neutrino masses

Though RPV can be the source of neutrino masses, the MFV expansion is meaningful

also in general, being potentially related to not yet measured RPV couplings. However in

the next sections we will focus our attention on the case where the neutrino masses are

generated by RPV couplings.

3 Neutrino Masses in supersymmetric MFV

In the previous section we formally restored the invariance under the flavour group GF

by promoting all the supersymmetric couplings in Eq. (8) to spurions. Here we want to

provide the link between these spurions and the physical observables. Our guideline is

to break the flavour group in a minimal way, namely we consider the minimal amount

of flavour breaking which is able to reproduce the correct pattern of fermion masses and

mixings.

In the limit of massless neutrinos, the connection of the spurions with the flavour

structure of the charged fermions is straightforward. From the superpotential

W ⊃ Y ij
U q̂iû

c
jĥu + Y 4ij

D ĥdq̂id̂
c
j + Y 4ij

E ĥd!̂iê
c
j , (18)

we can identify the relevant flavour violating spurions in terms of known physical observ-

ables, up to the parameter tanβ ≡ vu/vd. Indeed it is always possible to choose a basis

such that

Y ij
U = (V †m̂U)ij/vu , Y 4ij

D = m̂ij
D/vd , Y 4ij

E = m̂ij
E/vd , (19)

where V is the CKM matrix and m̂U , m̂D, m̂E are the diagonal charged-fermion masses.

On the other hand the experimental evidence of neutrino masses and mixings makes

clear that the flavour group must be further broken. The standard way to introduce

neutrino masses in the context of supersymmetric MFV is to extend the field content of

the MSSM by introducing three SM-singlet chiral superfields [14, 15] and thus applying

the seesaw mechanism [17].

Remarkably the MSSM without R-parity gives the possibility of generating neutrino

masses and mixings without the need of additional ingredients. This is the approach we

pursue in this work. As we are going to show soon, neutrino masses are fitted by moderate

small values of the R-parity violating couplings µi/µ, λ and λ′, of O(10−4) or even larger.

From this point of view the issue of the smallness of neutrino masses could be brought

back at the same conceptual level of understanding the flavour structure of the charged

fermions, featuring Yukawa couplings also of O(10−6) as in the case of the electron.

The formulae for the neutrino mass matrix in terms of the RPV couplings are collected

for completeness in Appendix C. The leading contributions can be schematically written

as

mν ∼
(

MZ

m̃

)2 µiµj

m̃
,

3 λ′2

8π2

m̂2
D

m̃
,

λ2

8π2

m̂2
E

m̃
, (20)

8

νi νj

χα

mχα

×• •

µi µj

FIG. 1: Tree level neutrino mass in the mass insertion approximation. A blob represents mixing

between the neutrino and the up-type Higgsino. The cross on the neutralino propagator signifies

a Majorana mass term for the neutralino.

Note that due to the small RPV admixture with the charged Higgsinos, (m!)nm is not

precisely the charged lepton mass matrix [11]. This small effect is not important for our

analysis.

In the literature one often finds other basis choices. The most common is the one where

µ0 = µ and µm = 0. Of course, the results for physical observables are independent of the

basis choice. (For basis independent parameterizations of R-parity violation see [9, 15, 16,

17].)

III. NEUTRINO MASSES

The neutrino mass matrix receives contributions both at the tree level and from loops.

In the following we review the various kinds of contributions and identify the leading factors

that govern their magnitudes.

A. Tree level (µµ) masses

At tree level the neutrino mass matrix receives contributions from RPV mixing between

the neutrinos and the neutralinos, see Fig. 1. The masses are calculated from the neutral

fermion (neutralinos and neutrinos) mass matrix. We work perturbatively, and thus at

leading order we do not distinguish between µ and µ0. Then, the tree level neutral fermion

mass matrix, with rows and columns corresponding to {B̃, W̃ 3, H̃U , νβ}, is given by [7, 18,

19]:





M1 0 mZsW vu/v −mZsW vd/v 0 0 0

0 M2 −mZcW vu/v mZcWvd/v 0 0 0

mZsW vu/v −mZcWvu/v 0 µ µ1 µ2 µ3

−mZsW vd/v mZcW vd/v µ 0 0 0 0

0 0 µ1 0 0 0 0

0 0 µ2 0 0 0 0

0 0 µ3 0 0 0 0





(3.1)

4

λ′

ilk
λ′

jkl

d̃kR

dlL

d̃kL

dlRνi νj×

•

FIG. 2: Trilinear loop contribution to the neutrino mass matrix. The blob on the scalar line

indicates mixing between the left-handed and the right-handed squarks. A mass insertion on the

internal quark propagator is denoted by the cross.

where M1 is the Bino mass, M2 is the Wino mass, cW ≡ cos θW and sW ≡ sin θW . Integrating

out the four neutralinos we get the neutrino mass matrix

[mν ]
(µµ)
ij = XT µiµj , (3.2)

where

XT =
m2

Zmγ̃ cos2 β

µ(m2
Zmγ̃ sin 2β − M1M2µ)

∼
cos2 β

m̃
, (3.3)

such that mγ̃ ≡ c2
WM1 + s2

WM2 and in the last step we assume that all the relevant masses

are at the electroweak (or supersymmetry breaking) scale, m̃. The tree level neutrino masses

are the eigenvalues of [mν ]
(µµ)
ij

m(T )
3 = XT (µ2

1 + µ2
2 + µ2

3) , m(T )
1 = m(T )

2 = 0 . (3.4)

Here, and in what follows, we use m3 ≥ m2 ≥ m1.

We see that at the tree level only one neutrino is massive. Its mass is proportional to the

RPV parameter
∑

µ2
i and to cos2 β. For large tanβ the latter is a suppression factor. As

we discuss later, this suppression factor can be important.

B. Trilinear (λ′λ′ and λλ) loops

The neutrino mass matrix receives contributions from loops that are proportional to

trilinear RPV couplings, see Fig. 2. These kinds of loops received much attention in the

literature. Here we only present approximated expressions which are sufficient for our study.

Full results can be found, for example, in [7].

Neglecting quark flavor mixing, the contribution of the λ′λ′ loops is proportional to the

internal fermion mass and to the mixing between left and right sfermions. Explicitly,

[mν ]
(λ′λ′)
ij ≈

∑

l,k

3

8π2
λ′

ilk λ′
jkl

mdl
∆m2

d̃k

m2
d̃k

∼
∑

l,k

3

8π2
λ′

ilkλ
′
jkl

mdl
mdk

m̃
, (3.5)

where md̃k
is the average kth sfermion mass, ∆m2

d̃k
is the squared mass splitting between

the two kth sfermions, and in the last step we used ∆m2
d̃k

≈ mdk
m̃ and md̃k

∼ m̃. There are

5
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• The connection btw spurions and low-energy observables            ,            and  
requires extra assumptions

Û∆m2
atm ∆m2

sol
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• Neutrino mass matrix

(mν)ij =
(
Ûm̂νÛT

)ij
= m3Û

i3Û j3 + m2Û
i2Û j2 + m1Û

i1Û j1

as an example, only λ′i33. Our assumption is that these couplings are completely

responsible for the second neutrino. This implies

(m(loop)
ν )ij ≈ m2 Û

i2Û j2 , (26)

where m2 !
√

∆m2
sol = 8.7 · 10−3 eV. At the leading order in the MFV expansion

and taking cAD
= cdc = cq = 1 (cf. Eq. (63) in Appendix C), we get

(λ′)i33 = 3.3 · 10−5
( m2

8.7 · 10−3 eV

)1/2
(

m̃

1 TeV

)1/2(tan β

10

)1/2

Û i2 . (27)

Once the relevant spurions are fixed in terms of the neutrino masses and mixings one can

use the MFV expansion in order to make predictions for LFV processes.

In order to properly determine LFV processes, one as to consider several kind of

contributions (see [18] for an example of computation). Since we are interested in an

order of magnitude estimate of the processes induced in our MLFV setup, we will just

focus on the effects induced by the non-diagonal entries in the sfermion mass matrices due

to the spurions. In this case the normalized branching ratios for the processes #i → #jγ

are given by [19]:
BR(#i → #j γ)

BR(#i → #jνiν̄j)
≈

α3

G2
F

δ2ij
m̃4

tan2 β , (28)

where the flavour violating mass insertion δij can be expressed as combinations of neu-

trino masses and elements of the PMNS matrix, according to the MFV expansion. For

instance in our toy model where only the couplings µi and λ′i33 are switched on, δLLij reads

(cf. Eq. (17))

δLLij =
∆LL

ij

m̃2
"

≈
1

cL

(

d2L(λ
′)i33λ′∗

j33 + d3L
µiµ∗

j

|µ|2

)

, (29)

where ∆LL
ij is the flavour violating part of m̃2

" . As it is evident from Eq. (29), the mass

insertions scale like the square of the RPV parameters. Given the following estimation of

the branching ratios in Eq. (28)

BR(#i → #j γ)

BR(#i → #jνiν̄j)
≈ 10−27

(

m̃

1TeV

)−4(tan β

10

)2( λ′

10−5

)4

, (30)

one concludes that it is not possible to accomplish observable rates, in view of the current

experimental bounds showed in Table 1.

Let us mention that rates of µ → e γ closer to the experimental sensitivity can be

obtained when neutrino masses are fitted by trilinears featuring first families indices, like

for instance λ′i11. In such a case the suppression due to the down-quark mass in the

expression of the neutrino mass matrix (cf. Eq. (63) in Appendix C) allows for larger

values of λ′i11 even of O(10−2). However such a large coupling may be in conflict with

9

the construction of fermion masses and mixings and thus should be absent as an irreducible

source of flavor breaking. However λ′′ can still be induced by the other spurions. If the

U(1) factors are part of the flavour symmetry that we want to formally restore, then

λ′′ cannot be generated by the baryon number conserving couplings YU , YE, YD and µ.

On the other hand if we consider only the non-abelian symmetry SU(3)4 ⊗ SU(4), the

coupling λ′′ can be induced in a holomorphic way [15]:

λ′′ ∼ YU(YD)2(YE)3 , (23)

where the proper contractions with the SU(3)q̂, SU(3)êc and SU(4)L̂ epsilon tensors

are understood. Actually, it turns out that the tensor structure forces the invariant to

span over RPV couplings and light generation Yukawas, thus providing an automatic

suppression of λ′′. Remarkably we are able to satisfy the bounds from proton decay

without invoking any ad hoc conservation or small breaking of the U(1)B symmetry, but

just requiring our minimality condition regarding the identification of the flavor spurions.

3.1 A toy model

When all the RPV spurions are switched on there is an overabundance of free parameters,

which cannot all be fixed by the constraints from the neutrino sector. According to our

minimality principle we are going to consider scenarios in which only a minimal number

of spurions are switched on in order to reproduce neutrino masses and mixings.

Let us illustrate with a toy model of neutrino masses how is it possible to link the

spurions with the neutrino observables. Our assumptions are the following:

1. m(tree)
ν # m(loop)

ν

This readily implies a hierarchical neutrino spectrum. Indeed, in the limit in which

only the couplings µi are switched on the neutrino mass matrix has rank equal to

one, implying only one massive neutrino. Thus we can write

(m(tree)
ν )ij ≈ m3 Û i3Û j3 , (24)

where m3 has to satisfy m3 ≈
√

∆m2
atm = 4.9 · 10−2 eV. Taking M1 = M2 ≡ m̃ #

MZ in Eq. (59) of Appendix C, we get

µi

µ
= 2.4 · 10−5

(
m̃

1 TeV

)1/2 (
tan β

10

)
Û i3 . (25)

2. In order to complete the structure of neutrino mass matrix, we need another source

of flavor breaking from the trilinear couplings. Among these couplings we turn on,

as an example, only λ′i33. Our assumption is that these couplings are completely

responsible for the second neutrino. This implies

(m(loop)
ν )ij ≈ m2 Û i2Û j2 , (26)

10

where m2approx
√

∆m2
sol = 8.7·10−3 eV. At the leading order in the MFV expansion

and taking cAD = cdc = cq = 1 (cf. Eq. (63) in Appendix C), we get

(λ′)i33 = 3.3 · 10−5

(
m̃

1 TeV

)1/2 (
tan β

10

)1/2

Û i2 . (27)

Once the relevant spurions are fixed in terms of the neutrino masses and mixings one can

use the MFV expansion in order to make predictions for LFV processes.

In order to properly determine LFV processes, one as to consider several kind of

contributions (see [18] for an example of computation). Since we are interested in an

order of magnitude estimate of the processes induced in our MLFV setup, we will just

focus on the effects induced by the non-diagonal entries in the sfermion mass matrices due

to the spurions. In this case the normalized branching ratios for the processes #i → #jγ

are given by [19]:
BR(#i → #j γ)

BR(#i → #jνiν̄j)
≈ α3

G2
F

δ2
ij

m̃4
tan2 β , (28)

where the flavour violating mass insertion δij can be expressed as combinations of neu-

trino masses and elements of the PMNS matrix, according to the MFV expansion. For

instance in our toy model where only the couplings µi and λ′i33 are switched on, δLL
ij reads

(cf. Eq. (17))

δLL
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∆LL
ij
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j33 + d3

L

µiµ∗
j
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, (29)

where ∆LL
ij is the flavour violating part of m̃2

! . As it is evident from Eq. (29), the mass

insertions scale like the square of the RPV parameters. Given the following estimation of

the branching ratios in Eq. (28)

BR(#i → #j γ)

BR(#i → #jνiν̄j)
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(
m̃

1TeV

)−4(tan β
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)2 (
λ′

10−5

)4

, (30)

one concludes that it is not possible to accomplish observable rates, in view of the current

experimental bounds showed in Table 8.

Let us mention that rates of µ → e γ closer to the experimental sensitivity can be

obtained when neutrino masses are fitted by trilinears featuring first families indices, like

for instance λ′i11. In such a case the suppression due to the down-quark mass in the

expression of the neutrino mass matrix (cf. Eq. (63) in Appendix C) allows for larger

values of λ′i11 even of O(10−2). However such a large coupling may be in conflict with

other flavour violating observables [12]. A complete analysis of such scenarios and a more

realistic model for neutrino masses is postponed to future works.

In the next section we are going to consider another symmetry pattern in which

the breaking of the lepton number is separated from that of lepton flavour. In this

setup the mass insertions are enhanced by a factor 1/ε2
L, where εL is related to the
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• A simple ansatz allows to obtain an analytical connection: 

Finally we comment about the baryon number violating coupling λ′′. According to our

guideline at the beginning of this section, this coupling does not give any contribution to

the construction of fermion masses and mixings and thus should be absent as an irreducible

source of flavor breaking. However λ′′ can still be induced by the other spurions. If the

U(1) factors are part of the flavour symmetry that we want to formally restore, then

λ′′ cannot be generated by the baryon number conserving couplings YU , YE , YD and µ.

On the other hand if we consider only the non-abelian symmetry SU(3)4 ⊗ SU(4), the

coupling λ′′ can be induced in a holomorphic way [15]:

λ′′ ∼ YU(YD)
2(YE)

3 , (23)

where the proper contractions with the SU(3)q̂, SU(3)êc and SU(4)L̂ epsilon tensors

are understood. Actually, it turns out that the tensor structure forces the invariant to

span over RPV couplings and light generation Yukawas, thus providing an automatic

suppression of λ′′. Remarkably we are able to satisfy the bounds from proton decay

without invoking any ad hoc conservation or small breaking of the U(1)B symmetry, but

just requiring our minimality condition regarding the identification of the flavor spurions.

3.1 A toy model

When all the RPV spurions are switched on there is an overabundance of free parameters,

which cannot all be fixed by the constraints from the neutrino sector. According to our

minimality principle we are going to consider scenarios in which only a minimal number

of spurions are switched on in order to reproduce neutrino masses and mixings.

Let us illustrate with a toy model of neutrino masses how is it possible to link the

spurions with the neutrino observables. Our assumptions are the following:

1. m(tree)
ν # m(loop)

ν

This readily implies a hierarchical neutrino spectrum. Indeed, in the limit in which

only the couplings µi are switched on the neutrino mass matrix has rank equal to

one, implying only one massive neutrino. Thus we can write

(m(tree)
ν )ij ≈ m3 Û

i3Û j3 , (24)

where m3 has to satisfy m3 ≈
√

∆m2
atm = 4.9 · 10−2 eV. Taking M1 = M2 ≡ m̃ #

MZ in Eq. (59) of Appendix C, we get

µi

µ
= 2.4 · 10−5

(

m̃

1 TeV

)1/2(tanβ

10

)

Û i3 . (25)

2. In order to complete the structure of neutrino mass matrix, we need another source

of flavor breaking from the trilinear couplings. Among these couplings we turn on,
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µi

A simple model of neutrino masses

- Normal hierarchy: 

1 Introduction

m3 ≈
√
∆m2

atm > m2 ≈
√
∆m2

sol > m1 ≈ 0 (1)

W = Y ij
U qiu

c
jhu + Y αij

D Lαqid
c
j +

1
2Y

αβi
E LαLβe

c
i + µαhuLα + 1

2(λ
′′
)ijkuc

id
c
jd

c
k (2)

LY = yuh̃qu
c + ydhqd

c + yeh"e
c + h.c. (3)

MP = (−)3(B−L) (4)

RP = (−)3(B−L)+2S (5)

MP (q, u
c, dc, ", ec) = − (6)

MP (hu, hd) = + (7)

RP (SM fields) = + (8)

RP (SM superpartners) = − (9)

∑

i

Si = 0 (Lorentz inv. vrtx) (10)

|λ′ · λ′′∗| < 10−25 ÷ 10−9

(
m̃

1 TeV

)2

(11)

Lbreak = yeh "e
c +

gν
2ΛLN

(h̃ ")(h̃ ") + h.c. (12)

∆ = g†νgν =
Λ2

LN

v4
UPMNS m̂

2
ν U

†
PMNS (13)

Lbreak = yeh "e
c + yν h̃ "ν

c + 1
2Mνν

cνc + h.c. (14)

∆ = y†νyν
CP-limit−−−−−→
Mν∝

Mν

v2
UPMNS m̂ν U

†
PMNS (15)

Λ ! 1 TeV (16)

2

-      is responsible for the heaviest neutrino

-            is responsible for the second neutrino
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•      and            induce LFV soft terms of the type:µi

as an example, only λ′i33. Our assumption is that these couplings are completely

responsible for the second neutrino. This implies

(m(loop)
ν )ij ≈ m2 Û

i2Û j2 , (26)

where m2 !
√

∆m2
sol = 8.7 · 10−3 eV. At the leading order in the MFV expansion

and taking cAD
= cdc = cq = 1 (cf. Eq. (63) in Appendix C), we get

(λ′)i33 = 3.3 · 10−5
( m2

8.7 · 10−3 eV

)1/2
(

m̃

1 TeV

)1/2(tan β

10

)1/2

Û i2 . (27)

Once the relevant spurions are fixed in terms of the neutrino masses and mixings one can

use the MFV expansion in order to make predictions for LFV processes.

In order to properly determine LFV processes, one as to consider several kind of

contributions (see [18] for an example of computation). Since we are interested in an

order of magnitude estimate of the processes induced in our MLFV setup, we will just

focus on the effects induced by the non-diagonal entries in the sfermion mass matrices due

to the spurions. In this case the normalized branching ratios for the processes #i → #jγ

are given by [19]:
BR(#i → #j γ)

BR(#i → #jνiν̄j)
≈

α3

G2
F

δ2ij
m̃4

tan2 β , (28)

where the flavour violating mass insertion δij can be expressed as combinations of neu-

trino masses and elements of the PMNS matrix, according to the MFV expansion. For

instance in our toy model where only the couplings µi and λ′i33 are switched on, δLLij reads

(cf. Eq. (17))

δLLij =
∆LL

ij

m̃2
"

≈
1

cL

(

d2L(λ
′)i33λ′∗

j33 + d3L
µiµ∗

j

|µ|2

)

, (29)

where ∆LL
ij is the flavour violating part of m̃2

" . As it is evident from Eq. (29), the mass

insertions scale like the square of the RPV parameters. Given the following estimation of

the branching ratios in Eq. (28)

BR(#i → #j γ)

BR(#i → #jνiν̄j)
≈ 10−27

(

m̃

1TeV

)−4(tan β

10

)2( λ′

10−5

)4

, (30)

one concludes that it is not possible to accomplish observable rates, in view of the current

experimental bounds showed in Table 1.

Let us mention that rates of µ → e γ closer to the experimental sensitivity can be

obtained when neutrino masses are fitted by trilinears featuring first families indices, like

for instance λ′i11. In such a case the suppression due to the down-quark mass in the

expression of the neutrino mass matrix (cf. Eq. (63) in Appendix C) allows for larger

values of λ′i11 even of O(10−2). However such a large coupling may be in conflict with
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for instance λ′i11. In such a case the suppression due to the down-quark mass in the

expression of the neutrino mass matrix (cf. Eq. (63) in Appendix C) allows for larger

values of λ′i11 even of O(10−2). However such a large coupling may be in conflict with

other flavour violating observables [12]. A complete analysis of such scenarios and a more

realistic model for neutrino masses is postponed to future works.

In the next section we are going to consider another symmetry pattern in which

the breaking of the lepton number is separated from that of lepton flavour. In this

setup the mass insertions are enhanced by a factor 1/ε2
L, where εL is related to the
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one concludes that it is not possible to accomplish observable rates, in view of the current

experimental bounds showed in Table 8.

BR(µ→ e γ) 2.4× 10−12

BR(τ → e γ) 1.1 ×10−7

BR(τ → µ γ) 4.5 ×10−8

Table 8: Summary of the current experimental bounds on LFV processes. For later

convenience we reported also the current bounds on #i → #j#k#k decays and µ → e

conversions in nuclei.

Let us mention that rates of µ → e γ closer to the experimental sensitivity can be

obtained when neutrino masses are fitted by trilinears featuring first families indices, like

11

Current upper bounds

• Conclusions: the framework predicts a suppression of LFV

- an explanation of the smallness of the LFV contributions 

- correlation among observables far away from being tested

Flavour changing leptonic decays

FIG. 1: The diagrams contributing to µ → e, γ decays

Irrespective of the source, LFV at the weak scale can be parametrised in a model-independent
manner in terms of a mass insertion (MI), ∆l

ij, the flavour violating off-diagonal entry appearing
in the slepton mass matrix2. These MI are further subdivided into LL/LR/RL/RR types, labelled
by the chirality of the corresponding SM fermions3. Depending on the model, one or several of
these types of MI can simultaneously be present at the weak scale. In the presence of any of these
parameters, 1-loop diagrams mediated by gauginos, higgsinos (neutral and 3 charged fermionic
partners of gauge and Higgs bosons) and sleptons lead to lepton flavour violating processes such as
µ → e + γ, µ → 3e, µ → e conversion in nuclei, etc (an example diagram is shown in Fig.1). The
strength of these processes crucially depends on the MI factor δl

ij ≡ ∆l
ij/m

2
l̃
, where m2

l̃
is the average

slepton mass. For |δ| < 1, which is expected to be the case for most models, one can always use the
MI approximation [15, 19] to compute the amplitudes of the relevant processes. Such computations
have been done long ago, considering the neutral gaugino diagrams [6, 7]. It has been realised later
that, in addition to the flavour violating LL/RR MI, considering the Higgsinos/gaugino mixing, as
well as the flavour diagonal left-right mixing in the slepton mass matrix, can significantly enhance
the amplitudes of these processes at large tan β [20]. These computations have since then been
updated by Hisano–Nomura [21] and Masina–Savoy [22], including this mixing as well as the
charged gaugino/higgsino contribution4. Taking the tan β factor into account, the branching ratio
of lj → li, γ for the dominant LL MI is roughly given by:

BR(lj → liγ) ≈
α3 |δl

ij |
2

G2
F m4

SUSY

tan2 β, (1)

where mSUSY represents the typical supersymmetry breaking mass such as the gaugino/slepton
mass. For large |δ| ∼ 1 or for many δ’s present simultaneously, it is instructive to diagonalise the
slepton mass matrix and evaluate the precise amplitudes in the mass-eigenstate basis. A complete
computation in this basis has been presented in [23] for several LFV processes such as lj → li + γ;
lj → 3li; µ → e conversion in nuclei. The processes discussed so far are the ones mediated by
neutralino and chargino sector. However, Higgs bosons (h0,H0, A0) are also sensitive to flavour
violation and mediate processes such as µ → e conversion [25], τ → 3µ [26], τ → µη [27]. The
amplitudes of these processes are sensitive to a higher degree in tan β than the chargino/neutralino

2 In the basis where the charged lepton mass matrix is diagonal.
3 i, j, k denote generation indices throughout the present work.
4 Another important feature is that the interference between various contributions could lead to suppressed am-

plitudes in some regions of the parameter space [21, 22, 23]. This typically occurs for RR type MI as long as
universality in the gaugino masses is maintained at the high scale. Although in a completely generic situation
without any universal boundary conditions, such cancellations can occur for LL type MI also [24].

4

δLL ≡ m̃2
!

m̃2
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• Larger LFV effects are possible if the LN and the LFN are broken independently

• We consider a subgroup of the original flavor symmetry

for instance λ′i11. In such a case the suppression due to the down-quark mass in the

expression of the neutrino mass matrix (cf. Eq. (63) in Appendix C) allows for larger

values of λ′i11 even of O(10−2). However such a large coupling may be in conflict with

other flavour violating observables [12]. A complete analysis of such scenarios and a more

realistic model for neutrino masses is postponed to future works.

In the next section we are going to consider another symmetry pattern in which

the breaking of the lepton number is separated from that of lepton flavour. In this

setup the mass insertions are enhanced by a factor 1/ε2
L, where εL is related to the

amount of breaking of the total lepton number, thus allowing to lift the rates towards the

experimental sensitivity.

4 A predictive scenario: SU(3)5 ⊗ U(1)L ⊗ U(1)B

In the previous section we have seen that the contribution to LFV processes are generi-

cally well below the present experimental bounds. This is due to fact that the spurions

responsible for neutrino masses break simultaneously both the total lepton number and

the non-abelian part of the flavor group. As it has been shown in [4, 9], in order to

have measurable rates for the flavor changing radiative charged lepton decays, one has to

separate the source of breaking of lepton number from that of LFV.

This leads us to consider a different scenario based on another subgroup of the original

kinetic symmetry GMSSM
kin (cf. Eq. (5)). We assume that the symmetry that we want to

formally restore is given by SU(3)5⊗U(1)L⊗U(1)B, where L and B are the total lepton

and baryon number. The U(1)B factor is needed in order to properly suppress dangerous

contributions to the proton decay rate (for the relevant bounds see for instance Ref. [24]).

In this setup the R-parity violating couplings µi, λ, λ′ and λ′′ can be split in two

parts, one responsible for the breaking of lepton and baryon number and the other for

the breaking of the flavor group

µi = εLµ̃i , λ = εLλ̃ , λ′ = εLλ̃
′
, λ′′ = εBλ̃

′′
. (31)

The quantum numbers of the flavor spurions under SU(3)5 are given by

yU ∼ (3̄, 3̄, 1, 1, 1)

yD ∼ (3̄, 1, 3̄, 1, 1)

yE ∼ (1, 1, 1, 3̄, 3̄)

µ̃ ∼ (1, 1, 1, 1, 3̄)

λ̃ ∼ (1, 1, 1, 3̄, 3)

λ̃
′ ∼ (3̄, 1, 3̄, 1, 3̄)

λ̃
′′ ∼ (1, 3̄, 3, 1, 1) ,

(32)
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• The RPV couplings are split into an abelian and a non-abelian spurion

for instance λ′i11. In such a case the suppression due to the down-quark mass in the

expression of the neutrino mass matrix (cf. Eq. (63) in Appendix C) allows for larger

values of λ′i11 even of O(10−2). However such a large coupling may be in conflict with

other flavour violating observables [12]. A complete analysis of such scenarios and a more

realistic model for neutrino masses is postponed to future works.

In the next section we are going to consider another symmetry pattern in which

the breaking of the lepton number is separated from that of lepton flavour. In this

setup the mass insertions are enhanced by a factor 1/ε2
L, where εL is related to the

amount of breaking of the total lepton number, thus allowing to lift the rates towards the

experimental sensitivity.

4 A predictive scenario: SU(3)5 ⊗ U(1)L ⊗ U(1)B

In the previous section we have seen that the contribution to LFV processes are generi-

cally well below the present experimental bounds. This is due to fact that the spurions

responsible for neutrino masses break simultaneously both the total lepton number and

the non-abelian part of the flavor group. As it has been shown in [4, 9], in order to

have measurable rates for the flavor changing radiative charged lepton decays, one has to

separate the source of breaking of lepton number from that of LFV.

This leads us to consider a different scenario based on another subgroup of the original

kinetic symmetry GMSSM
kin (cf. Eq. (5)). We assume that the symmetry that we want to

formally restore is given by SU(3)5⊗U(1)L⊗U(1)B, where L and B are the total lepton

and baryon number. The U(1)B factor is needed in order to properly suppress dangerous

contributions to the proton decay rate (for the relevant bounds see for instance Ref. [24]).

In this setup the R-parity violating couplings µi, λ, λ′ and λ′′ can be split in two

parts, one responsible for the breaking of lepton and baryon number and the other for

the breaking of the flavor group

µi = εLµ̃i , λ = εLλ̃ , λ′ = εLλ̃
′
, λ′′ = εBλ̃

′′
. (31)

The quantum numbers of the flavor spurions under SU(3)5 are given by

yU ∼ (3̄, 3̄, 1, 1, 1)

yD ∼ (3̄, 1, 3̄, 1, 1)

yE ∼ (1, 1, 1, 3̄, 3̄)

µ̃ ∼ (1, 1, 1, 1, 3̄)

λ̃ ∼ (1, 1, 1, 3̄, 3)

λ̃
′ ∼ (3̄, 1, 3̄, 1, 3̄)

λ̃
′′ ∼ (1, 3̄, 3, 1, 1) ,

(32)
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• Performing the MFV expansion and with the same neutrino model as before

while εL and εB have charge −1 and +1 respectively under U(1)L and U(1)B. The

corresponding MFV expansion is reported in Eq. (54) of Appendix B.2.

In this case the rates of the LFV processes are dominated by the lepton and baryon

number preserving (but flavor changing) slepton mass insertions, which depend only on

the parameters µ̃, λ̃, λ̃
′
. Other RPV vertex contributions depend on quantities which

violate total lepton number and hence are suppressed by the εL factor.

As we are going to show, peculiar correlations among physical observables will emerge

due the MFV expansion. For definiteness we consider an example based on the toy model

of neutrino masses already introduced in the previous section, where only the spurions µi

and λ′i33 are switched on.

In such a case the relevant off-diagonal terms i "= j induced by this two spurions in

(m̃2
!)

i
j and aij

E are given by (cf. Eq. (54) in Appendix B)

(
m̃2

!

)i

j
= m̃2

(
d2

!(λ̃
′)i33λ̃′∗

j33 + d3
!

µ̃iµ̃∗
j

|µ|2

)
, (33)

aij
E = A yjj

E

(
d4

aE

µ̃∗
j µ̃

i

|µ|2
+ d5

aE
λ̃′∗

j33(λ̃
′)i33

)
. (34)

In our setup it turns out that the LL mass insertions, and thus (m̃2
!)

i
j, give the dominant

contribution to the LFV processes1. Focusing on δLL, using (24) and (26), we get:

(
δLL

)i

j
=

1

c!

[
d3

!

µ̃iµ̃∗
j

|µ|2
+ d2

!(λ̃
′)i33λ̃′∗

j33

]

=
1

ε2
Lc!

[
d3

!

(
tan β

MZ

)2 (
M1M2

M1c2
W + M2s2

W

− M2
Z

µ
sin 2β

)
m3 Û i3(Û j3)∗

+d2
!

8π2m̃2

3µ tan β m2
b

m2 Û i2(Û j2)∗
]

. (35)

Notice that the factor 1/ε2
L in the mass insertions implies an enhancement of 1/ε4

L in the

rates. Indeed it is possible to estimate the branching ratios in the following way

BR(&i → &j γ)

BR(&i → &jνiνj)
≈ 10−27

(
1

εL

)4 (
m̃

1 TeV

)−4(tan β

10

)2( λ′

10−5

)4

, (36)

for values of εL ∼ 10−(3÷4) the rates of the three relevant processes can get close to the

experimental sensitivities, depending on the values of SUSY parameters.

Notice that the coupling εL cannot be arbitrarily small. Indeed, by imposing the

relations in Eqs. (25)–(27) and by requiring that the flavor violating parameters µ̃ and λ̃′

are at most of order one, we can estimate the lower bound εL ! 10−5.

1The term aE is responsible for the LR mass insertions. However, according to the analysis of Refs. [19],
δLR is negligible provided that δLR

ij & (m!i/m̃) tanβ δLL
ij . In our case, assuming all the coefficients of

the MFV expansion to be of order one, this condition translates into |(m̃/A) tanβ|' 1.
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εL ∼ 10−(3÷4)  - with                     can reach the experimental sensitivity

while εL and εB have charge −1 and +1 respectively under U(1)L and U(1)B. The

corresponding MFV expansion is reported in Eq. (54) of Appendix B.2.

In this case the rates of the LFV processes are dominated by the lepton and baryon

number preserving (but flavor changing) slepton mass insertions, which depend only on

the parameters µ̃, λ̃, λ̃
′
. Other RPV vertex contributions depend on quantities which

violate total lepton number and hence are suppressed by the εL factor.

As we are going to show, peculiar correlations among physical observables will emerge

due the MFV expansion. For definiteness we consider an example based on the toy model

of neutrino masses already introduced in the previous section, where only the spurions µi

and λ′i33 are switched on.

In such a case the relevant off-diagonal terms i "= j induced by this two spurions in

(m̃2
!)

i
j and aij

E are given by (cf. Eq. (54) in Appendix B)

(
m̃2

!

)i

j
= m̃2

(
d2

!(λ̃
′)i33λ̃′∗

j33 + d3
!

µ̃iµ̃∗
j

|µ|2

)
, (33)

aij
E = A yjj

E

(
d4

aE

µ̃∗
j µ̃

i

|µ|2
+ d5

aE
λ̃′∗

j33(λ̃
′)i33

)
. (34)

In our setup it turns out that the LL mass insertions, and thus (m̃2
!)

i
j, give the dominant

contribution to the LFV processes1. Focusing on δLL, using (24) and (26), we get:

(
δLL

)i

j
=

1

c!

[
d3

!

µ̃iµ̃∗
j

|µ|2
+ d2

!(λ̃
′)i33λ̃′∗

j33

]

=
1

ε2
Lc!

[
d3

!

(
tan β

MZ

)2 (
M1M2

M1c2
W + M2s2

W

− M2
Z

µ
sin 2β

)
m3 Û i3(Û j3)∗

+d2
!

8π2m̃2

3µ tan β m2
b

m2 Û i2(Û j2)∗
]

. (35)

Notice that the factor 1/ε2
L in the mass insertions implies an enhancement of 1/ε4

L in the

rates. Indeed it is possible to estimate the branching ratios in the following way

BR(&i → &j γ)

BR(&i → &jνiνj)
≈ 10−27

(
1

εL

)4 (
m̃

1 TeV

)−4(tan β

10

)2( λ′

10−5

)4

, (36)

for values of εL ∼ 10−(3÷4) the rates of the three relevant processes can get close to the

experimental sensitivities, depending on the values of SUSY parameters.

Notice that the coupling εL cannot be arbitrarily small. Indeed, by imposing the

relations in Eqs. (25)–(27) and by requiring that the flavor violating parameters µ̃ and λ̃′

are at most of order one, we can estimate the lower bound εL ! 10−5.

1The term aE is responsible for the LR mass insertions. However, according to the analysis of Refs. [19],
δLR is negligible provided that δLR

ij & (m!i/m̃) tanβ δLL
ij . In our case, assuming all the coefficients of

the MFV expansion to be of order one, this condition translates into |(m̃/A) tanβ|' 1.
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• Remember that:

while εL and εB have charge −1 and +1 respectively under U(1)L and U(1)B. The

corresponding MFV expansion is reported in Eq. (54) of Appendix B.2.

In this case the rates of the LFV processes are dominated by the lepton and baryon

number preserving (but flavor changing) slepton mass insertions, which depend only on

the parameters µ̃, λ̃, λ̃
′
. Other RPV vertex contributions depend on quantities which

violate total lepton number and hence are suppressed by the εL factor.

As we are going to show, peculiar correlations among physical observables will emerge

due the MFV expansion. For definiteness we consider an example based on the toy model

of neutrino masses already introduced in the previous section, where only the spurions µi

and λ′i33 are switched on.

In such a case the relevant off-diagonal terms i "= j induced by this two spurions in

(m̃2
!)

i
j and aij

E are given by (cf. Eq. (54) in Appendix B)

(
m̃2

!

)i

j
= m̃2

(
d2

!(λ̃
′)i33λ̃′∗

j33 + d3
!

µ̃iµ̃∗
j

|µ|2

)
, (33)

aij
E = A yjj

E

(
d4

aE

µ̃∗
j µ̃

i

|µ|2
+ d5

aE
λ̃′∗

j33(λ̃
′)i33

)
. (34)

In our setup it turns out that the LL mass insertions, and thus (m̃2
!)

i
j, give the dominant

contribution to the LFV processes1. Focusing on δLL, using (24) and (26), we get:

(
δLL

)i

j
=

1

c!

[
d3

!

µ̃iµ̃∗
j

|µ|2
+ d2

!(λ̃
′)i33λ̃′∗

j33

]

=
1

ε2
Lc!

[
d3

!

(
tan β

MZ

)2 (
M1M2

M1c2
W + M2s2

W

− M2
Z

µ
sin 2β

)
m3 Û i3(Û j3)∗

+d2
!

8π2m̃2

3µ tan β m2
b

m2 Û i2(Û j2)∗
]

. (35)

Notice that the factor 1/ε2
L in the mass insertions implies an enhancement of 1/ε4

L in the

rates. Indeed it is possible to estimate the branching ratios in the following way

BR(&i → &j γ)

BR(&i → &jνiνj)
≈ 10−27

(
1

εL

)4 (
m̃

1 TeV

)−4(tan β

10

)2( λ′

10−5

)4

, (36)

for values of εL ∼ 10−(3÷4) the rates of the three relevant processes can get close to the

experimental sensitivities, depending on the values of SUSY parameters.

Notice that the coupling εL cannot be arbitrarily small. Indeed, by imposing the

relations in Eqs. (25)–(27) and by requiring that the flavor violating parameters µ̃ and λ̃′

are at most of order one, we can estimate the lower bound εL ! 10−5.

1The term aE is responsible for the LR mass insertions. However, according to the analysis of Refs. [19],
δLR is negligible provided that δLR

ij & (m!i/m̃) tanβ δLL
ij . In our case, assuming all the coefficients of

the MFV expansion to be of order one, this condition translates into |(m̃/A) tanβ|' 1.
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µ̃i ∝ Û i3

(λ̃′)i33 ∝ Û i2

• Specific relations appear

Given the potential detectability of these processes it is now interesting to compute

the ratio among the branching ratios of the LFV channels. The correlation of these

quantities with the neutrino observables allows for peculiar predictions, hence giving a

way to distinguish our realization of MFV from other setups. In our model of neutrino

masses the ratio between two branching ratios is given by the ratio of the mass insertions

squared and it is parametrized by

BR(!j → !iγ)

BR(!k → !mγ)
=

∣∣δLL
ij

∣∣2

|δLL
km|

2 =
|Û i2(Û j2)∗ + c Û i3(Û j3)∗|2

|Ûm2(Ûk2)∗ + c Ûm3(Ûk3)∗|2
, (37)

where the constant c can be estimated as

c ≈ 1.4× 10−1

(
d3

!

d2
!

) (
tan β

10

)3( µ

1 TeV

)(
m̃

1 TeV

)−2( MG

300 GeV

)
, (38)

where M1 = M2 ≡ MG and we have imposed m2 =
√

∆m2
sol and m3 =

√
∆m2

atm .

From Eq. (38) it is evident that, depending on the SUSY parameters, the mass insertions

are dominated either by the trilinear (c % 1) or the bilinear (c & 1) couplings. It is

possible then to identify two asymptotic regimes in which the ratio between the LFV

branching ratios have a simple analitical expression:

• |c|% 1

In this case the mass insertions are dominated by the contribution from the trilin-

ear couplings (λ̃′)i33. Since the ratios BR(µ → eγ)/BR(τ → µγ) and BR(µ →
eγ)/BR(τ → eγ) show only a slight dependence from the Maiorana phase δ, we

take δ = 0, π and obtain

BR(µ→ eγ)

BR(τ → µγ)
≈ |Û12|2

|Û32|2
=

s2
12c

2
13

(∓c23s12s13 − c12s23)2
≈ 0.53 ÷ 1.75 , (39)

BR(µ→ eγ)

BR(τ → eγ)
≈ |Û22|2

|Û32|2
=

(c12c23 ∓ s12s13s23)2

(∓c23s12s13 − c12s23)2
≈ 0.37 ÷ 2.4 , (40)

where the extrema of the range are obtained by scanning over the 2-σ values of the

mixing angles (cf. Table 9). In this case, the three branching ratios are of the same

order of magnitude. Notice that the LFV effects depend on the PMNS matrix Û i2,

differently with respect to other MLFV setups (cf. for instance Table 10).

• |c|& 1

In this case the mass insertions are dominated by the bilinear couplings µi. Then

we can derive the following functional behaviors for the two relevant ratios

BR(µ→ eγ)

BR(τ → µγ)
≈ |Û13|2

|Û33|2
≈ s2

13

c2
13c

2
23

≈ 0.007 ÷ 0.07 , (41)
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Phenomenological implications

In such a case the relevant off-diagonal terms i != j induced by these two spurions in
(
m̃2

!

)i
j

and aijE are given by (cf. Eq. (31))

(
m̃2

!

)i
j
= m̃2

(
d2! (λ̃

′)i33λ̃′∗
j33 + d3!

µ̃iµ̃∗
j

|µ|2

)
, aijE = AyjjE

(
d4aE

µ̃∗
j µ̃

i

|µ|2
+ d5aE λ̃

′∗
j33(λ̃

′)i33
)

. (32)

In our framework the LL mass insertions, and thus
(
m̃2

!

)i
j
, give the dominant contribution to

the LFV processes4. Focusing on δLL, using (22) and (24), we get:

(
δLL

)i
j
=

1

c!

[
d3!

µ̃iµ̃∗
j

|µ|2
+ d2! (λ̃

′)i33λ̃′∗
j33

]

=
1

ε2Lc!

[
d3!

(
tanβ

MZ

)2( M1M2

M1c2W +M2s2W
− M2

Z

µ
sin 2β

)√
∆m2

atm Û i3(Û j3)∗

+d2!
8π2m̃2

3µ tanβm2
b

√
∆m2

sol Û
i2(Û j2)∗

]
. (33)

Notice that the factor 1/ε2L in the mass insertions implies an enhancement of 1/ε4L in the rates.

Indeed it is possible to estimate the normalized branching ratios in the following way

B!i→!jγ ≈ 10−27

(
1

εL

)4( m̃

1 TeV

)−4(tanβ

10

)2( λ′

10−5

)4

, (34)

for values of εL ∼ 10−(3÷4) the rates of the three relevant processes can get close to the experi-

mental sensitivities, depending on the values of SUSY parameters.

Notice that the coupling εL cannot be arbitrarily small. Indeed, by imposing the relations

in Eqs. (23)–(25) and by requiring that the flavor violating parameters µ̃ and λ̃′ are at most of

order one, we can estimate the lower bound εL ! 10−5.

Given the potential detectability of these processes it is now interesting to compute the

ratios among the normalized branching fractions of the LFV channels. The correlation of these

quantities with the neutrino observables allows for peculiar predictions, hence giving a way to

distinguish our realization of MFV from other setups. Considering Eq. (26) and Eq. (33) we can

parametrize the ratios among the normalized LFV branching fractions as

B!j→!iγ

B!k→!mγ
=

|Û i2(Û j2)∗ + c Û i3(Û j3)∗|2

|Ûm2(Ûk2)∗ + c Ûm3(Ûk3)∗|2
, (35)

where the constant c is given by

c ≈ 1.4× 10−1

(
d3!
d2!

)(
tanβ

10

)3( µ

1 TeV

)( m̃

1 TeV

)−2( MG

300 GeV

)
, (36)

with M1 = M2 ≡ MG. From Eq. (36) it is evident that, depending on the SUSY parameters, the

mass insertions are dominated either by the trilinear (c ' 1) or the bilinear (c ( 1) couplings. It

is possible then to identify two asymptotic regimes in which these ratios have a simple analytical

expression:

4The term aE is responsible for the LR mass insertions. However, according to the analysis of Refs. [29],

δLR is negligible provided that δLR
ij ! (m!i/m̃) tanβ δLL

ij . In our case, assuming all the coefficients of the MFV

expansion to be of order one, this condition translates into |(m̃/A) tanβ| " 1.

10

=

∣∣δLL
ij

∣∣2
∣∣δLL

mk

∣∣2

In such a case the relevant off-diagonal terms i != j induced by these two spurions in
(
m̃2

!

)i
j

and aijE are given by (cf. Eq. (31))

(
m̃2

!

)i
j
= m̃2

(
d2! (λ̃

′)i33λ̃′∗
j33 + d3!

µ̃iµ̃∗
j

|µ|2

)
, aijE = AyjjE

(
d4aE

µ̃∗
j µ̃

i

|µ|2
+ d5aE λ̃

′∗
j33(λ̃

′)i33
)

. (32)

In our framework the LL mass insertions, and thus
(
m̃2

!

)i
j
, give the dominant contribution to

the LFV processes4. Focusing on δLL, using (22) and (24), we get:

(
δLL

)i
j
=

1

c!

[
d3!

µ̃iµ̃∗
j

|µ|2
+ d2! (λ̃

′)i33λ̃′∗
j33

]

=
1

ε2Lc!

[
d3!

(
tanβ

MZ

)2( M1M2

M1c2W +M2s2W
− M2

Z

µ
sin 2β

)√
∆m2

atm Û i3(Û j3)∗

+d2!
8π2m̃2

3µ tanβm2
b

√
∆m2

sol Û
i2(Û j2)∗

]
. (33)

Notice that the factor 1/ε2L in the mass insertions implies an enhancement of 1/ε4L in the rates.

Indeed it is possible to estimate the normalized branching ratios in the following way

B!i→!jγ ≈ 10−27

(
1

εL

)4( m̃

1 TeV

)−4(tanβ

10

)2( λ′

10−5

)4

, (34)

for values of εL ∼ 10−(3÷4) the rates of the three relevant processes can get close to the experi-

mental sensitivities, depending on the values of SUSY parameters.

Notice that the coupling εL cannot be arbitrarily small. Indeed, by imposing the relations

in Eqs. (23)–(25) and by requiring that the flavor violating parameters µ̃ and λ̃′ are at most of

order one, we can estimate the lower bound εL ! 10−5.

Given the potential detectability of these processes it is now interesting to compute the

ratios among the normalized branching fractions of the LFV channels. The correlation of these

quantities with the neutrino observables allows for peculiar predictions, hence giving a way to

distinguish our realization of MFV from other setups. Considering Eq. (26) and Eq. (33) we can

parametrize the ratios among the normalized LFV branching fractions as

B!j→!iγ

B!k→!mγ
=

|Û i2(Û j2)∗ + c Û i3(Û j3)∗|2

|Ûm2(Ûk2)∗ + c Ûm3(Ûk3)∗|2
, (35)

where the constant c is given by

c ≈ 1.4× 10−1

(
d3!
d2!

)(
tanβ

10

)3( µ

1 TeV

)( m̃

1 TeV

)−2( MG

300 GeV

)
, (36)

with M1 = M2 ≡ MG. From Eq. (36) it is evident that, depending on the SUSY parameters, the

mass insertions are dominated either by the trilinear (c ' 1) or the bilinear (c ( 1) couplings. It

is possible then to identify two asymptotic regimes in which these ratios have a simple analytical

expression:

4The term aE is responsible for the LR mass insertions. However, according to the analysis of Refs. [29],

δLR is negligible provided that δLR
ij ! (m!i/m̃) tanβ δLL

ij . In our case, assuming all the coefficients of the MFV

expansion to be of order one, this condition translates into |(m̃/A) tanβ| " 1.

10
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Phenomenological implications
1 Introduction

c ∈ [−100, 100] (1)

m3 ≈
√
∆m2

atm > m2 ≈
√
∆m2

sol > m1 ≈ 0 (2)

W = Y ij
U qiu

c
jhu + Y αij

D Lαqid
c
j +

1
2Y

αβi
E LαLβe

c
i + µαhuLα + 1

2(λ
′′
)ijkuc

id
c
jd

c
k (3)

LY = yuh̃qu
c + ydhqd

c + yeh"e
c + h.c. (4)

MP = (−)3(B−L) (5)

RP = (−)3(B−L)+2S (6)

MP (q, u
c, dc, ", ec) = − (7)

MP (hu, hd) = + (8)

RP (SM fields) = + (9)

RP (SM superpartners) = − (10)

∑

i

Si = 0 (Lorentz inv. vrtx) (11)

|λ′ · λ′′∗| < 10−25 ÷ 10−9

(
m̃

1 TeV

)2

(12)

Lbreak = yeh "e
c +

gν
2ΛLN

(h̃ ")(h̃ ") + h.c. (13)

∆ = g†νgν =
Λ2

LN

v4
UPMNS m̂
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1 Introduction

!̂i (1)

ĥd (2)

Observable Best fit 3-σ

∆m2
atm/10

−3 eV2 2.47 2.27− 2.69

∆m2
sol/10

−5 eV2 7.50 7.00− 8.09

sin2 θ12 0.30 0.27− 0.34

sin2 θ23 0.50 0.34− 0.67

sin2 θ13 0.023 0.016− 0.030

Table 1: Experimental values of the neutrino sector observables as reported in Ref. [25].

For the PMNS matrix we have considered the PDG parametrization [23]. The Dirac phase

δ varies in the range [0, 2π].

Observable Best fit 2-σ

∆m2
atm[10

−3 eV2] 2.55 2.38− 2.68

∆m2
sol[10

−5 eV2] 7.62 7.27− 8.01

sin2 θ12 0.320 0.29− 0.35

sin2 θ23 0.613 0.38− 0.66

sin2 θ13 0.0246 0.019− 0.030

Table 2: Experimental values of the neutrino sector observables as reported in Ref. [25].

For the PMNS matrix we have considered the PDG parametrization [23]. The Dirac phase

δ varies in the range [0, 2π].

! (3)

c ∈ [−100, 100] (4)

m3 ≈
√
∆m2

atm > m2 ≈
√
∆m2

sol > m1 ≈ 0 (5)

W = Y ij
U qiu

c
jhu + Y αij

D Lαqid
c
j +

1
2Y

αβi
E LαLβe

c
i + µαhuLα + 1

2(λ
′′
)ijkuc

id
c
jd

c
k (6)
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• Extension of the M(L)FV notion to the MSSM without R-parity

• Enhancement of the global symmetry of the kinetic term

• Small effects in lepton flavor changing processes (at least within        
   our simple neutrino mass model)

• In other frameworks like                                larger effects are         
   possible

SU(3)5 ⊗ U(1)L ⊗ U(1)B

Conclusions
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•

FIG. 2: Trilinear loop contribution to the neutrino mass matrix. The blob on the scalar line

indicates mixing between the left-handed and the right-handed squarks. A mass insertion on the

internal quark propagator is denoted by the cross.

where M1 is the Bino mass, M2 is the Wino mass, cW ≡ cos θW and sW ≡ sin θW . Integrating

out the four neutralinos we get the neutrino mass matrix

[mν ]
(µµ)
ij = XT µiµj , (3.2)

where

XT =
m2

Zmγ̃ cos2 β

µ(m2
Zmγ̃ sin 2β − M1M2µ)

∼
cos2 β

m̃
, (3.3)

such that mγ̃ ≡ c2
WM1 + s2

WM2 and in the last step we assume that all the relevant masses

are at the electroweak (or supersymmetry breaking) scale, m̃. The tree level neutrino masses

are the eigenvalues of [mν ]
(µµ)
ij

m(T )
3 = XT (µ2

1 + µ2
2 + µ2

3) , m(T )
1 = m(T )

2 = 0 . (3.4)

Here, and in what follows, we use m3 ≥ m2 ≥ m1.

We see that at the tree level only one neutrino is massive. Its mass is proportional to the

RPV parameter
∑

µ2
i and to cos2 β. For large tan β the latter is a suppression factor. As

we discuss later, this suppression factor can be important.

B. Trilinear (λ′λ′ and λλ) loops

The neutrino mass matrix receives contributions from loops that are proportional to

trilinear RPV couplings, see Fig. 2. These kinds of loops received much attention in the

literature. Here we only present approximated expressions which are sufficient for our study.

Full results can be found, for example, in [7].

Neglecting quark flavor mixing, the contribution of the λ′λ′ loops is proportional to the

internal fermion mass and to the mixing between left and right sfermions. Explicitly,

[mν ]
(λ′λ′)
ij ≈

∑

l,k

3

8π2
λ′

ilk λ′
jkl

mdl
∆m2

d̃k

m2
d̃k

∼
∑

l,k

3

8π2
λ′

ilkλ
′
jkl

mdl
mdk

m̃
, (3.5)

where md̃k
is the average kth sfermion mass, ∆m2

d̃k
is the squared mass splitting between

the two kth sfermions, and in the last step we used ∆m2
d̃k

≈ mdk
m̃ and md̃k

∼ m̃. There are

5

(ii) Loop level contribution

νi νj

χα

mχα

×• •

µi µj

FIG. 1: Tree level neutrino mass in the mass insertion approximation. A blob represents mixing

between the neutrino and the up-type Higgsino. The cross on the neutralino propagator signifies

a Majorana mass term for the neutralino.

Note that due to the small RPV admixture with the charged Higgsinos, (m!)nm is not

precisely the charged lepton mass matrix [11]. This small effect is not important for our

analysis.

In the literature one often finds other basis choices. The most common is the one where

µ0 = µ and µm = 0. Of course, the results for physical observables are independent of the

basis choice. (For basis independent parameterizations of R-parity violation see [9, 15, 16,

17].)

III. NEUTRINO MASSES

The neutrino mass matrix receives contributions both at the tree level and from loops.

In the following we review the various kinds of contributions and identify the leading factors

that govern their magnitudes.

A. Tree level (µµ) masses

At tree level the neutrino mass matrix receives contributions from RPV mixing between

the neutrinos and the neutralinos, see Fig. 1. The masses are calculated from the neutral

fermion (neutralinos and neutrinos) mass matrix. We work perturbatively, and thus at

leading order we do not distinguish between µ and µ0. Then, the tree level neutral fermion

mass matrix, with rows and columns corresponding to {B̃, W̃ 3, H̃U , νβ}, is given by [7, 18,

19]:





M1 0 mZsW vu/v −mZsW vd/v 0 0 0

0 M2 −mZcW vu/v mZcWvd/v 0 0 0

mZsW vu/v −mZcWvu/v 0 µ µ1 µ2 µ3

−mZsW vd/v mZcW vd/v µ 0 0 0 0

0 0 µ1 0 0 0 0

0 0 µ2 0 0 0 0

0 0 µ3 0 0 0 0





(3.1)

4

- with RPV neutrino-neutralinos mixes

(i) Tree level contribution

reads

Mν =

(

0 mRPV

mT
RPV MN

)

, (55)

where MN is the 4× 4 neutralino mass matrix

MN =










0 −µ sin β sin θWMZ − sin β cos θWMZ

−µ 0 − cosβ sin θWMZ cosβ cos θWMZ

sin β sin θWMZ − cosβ sin θWMZ M1 0

− sin β cos θWMZ cosβ cos θWMZ 0 M2











(56)

and

mRPV =







0 −µ1 0 0

0 −µ2 0 0

0 −µ3 0 0






. (57)

Under the hypothesis mRPV # MN the matrix Mν can be perturbatively diagonalized,

thus yielding for the three lightest neutrino mass matrix

(m(tree)
ν )ij ≈ −(mRPV M

−1
N mT

RPV )
ij = m(tree)

ν

µiµj

∑

i |µ
2
i |
, (58)

where

m(tree)
ν =

(

M1 cos2 θW +M2 sin
2 θW

)

M2
Z cos2 β

µ
(

(M1 cos2 θW +M2 sin
2 θW )M2

Z sin 2β −M1M2 µ
) ×

∑

i

|µ2
i | . (59)

By diagonalizing the rank-1 matrix in Eq. (58) we get

m(tree)
3 = m(tree)

ν , m(tree)
2 = 0 , m(tree)

1 = 0 . (60)

We adopt the following convention for the neutrino mass eigenvalues: m3 ≥ m2 ≥ m1.

C.2 Loops

In order to complete the neutrino spectrum one has to go at the loop level. One-loop

neutrino masses get contributions from many diagrams involving different combinations

of the coupling µi, λ′ and λ. On the other hand, under reasonable assumptions on the

SUSY parameters (see e.g. [27]), one can focus the attention only on the contribution

coming from the trilinear terms λ and λ′. In the basis where the down-quark and the

charged-lepton mass matrices are diagonal, one finds [12]

(m(λ′λ′)
ν )ij =

3

16π2

∑

k,l,m

λ′iklλ′jmk m̂Dk

(m̃d 2
LR
)ml

m2
d̃Rl

−m2
d̃Lm

ln

(

m2
d̃Rl

m2
d̃Lm

)

+ (i ↔ j) , (61)

(m(λλ)
ν )ij =

1

16π2

∑

k,l,m

λiklλjmk m̂Ek

(m̃e 2
LR
)ml

m2
ẽRl

−m2
ẽLm

ln

(

m2
ẽRl

m2
ẽLm

)

+ (i ↔ j) , (62)
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ν
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χ0
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reads
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0 −µ3 0 0






. (57)
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2
i |
, (58)
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coming from the trilinear terms λ and λ′. In the basis where the down-quark and the

charged-lepton mass matrices are diagonal, one finds [12]

(m(λ′λ′)
ν )ij =

3

16π2

∑
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λ′iklλ′jmk m̂Dk

(m̃d 2
LR
)ml

m2
d̃Rl

−m2
d̃Lm

ln

(

m2
d̃Rl

m2
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)
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(m(λλ)
ν )ij =

1

16π2
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m2
ẽRl

−m2
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ln
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ẽRl
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)
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which at the leading order in the MFV expansion read

(m(λ′λ′)
ν )ij =

3

8π2

m̃ cAD − µ tan β

m̃2

1

cdc − cq
ln

(
cdc

cq

)
(λ′)ikl(λ′)jlkm̂Dk

m̂Dl
, (87)

(m(λλ)
ν )ij =

1

8π2

m̃ cAE − µ tan β

m̃2

1

cec − cL
ln

(
cec

cL

)
λiklλjlkm̂Ek

m̂El
. (88)
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reads

Mν =

(
0 mRPV

mT
RPV MN

)
, (79)

where MN is the 4× 4 neutralino mass matrix

MN =




0 −µ sin β sin θWMZ − sin β cos θWMZ

−µ 0 − cos β sin θWMZ cos β cos θWMZ

sin β sin θWMZ − cos β sin θWMZ M1 0

− sin β cos θWMZ cos β cos θWMZ 0 M2




(80)

and

mRPV =




0 −µ1 0 0

0 −µ2 0 0

0 −µ3 0 0



 . (81)

Under the hypothesis mRPV # MN the matrix Mν can be perturbatively diagonalized,

thus yielding for the three lightest neutrino mass matrix

(m(tree)
ν )ij ≈ −(mRPVM

−1
N mT

RPV )
ij = m(tree)

ν

µiµj

∑
i |µ2

i |
, (82)

where

m(tree)
ν =

(
M1 cos2 θW +M2 sin

2 θW
)
M2

Z cos2 β

µ
(
(M1 cos2 θW +M2 sin

2 θW )M2
Z sin 2β −M1M2 µ

) ×
∑

i

|µ2
i | . (83)

By diagonalizing the rank-1 matrix in Eq. (81) we get

m(tree)
3 = m(tree)

ν , m(tree)
2 = 0 , m(tree)

1 = 0 . (84)

We adopt the following convention for the neutrino mass eigenvalues: m3 ≥ m2 ≥ m1.

C.2 Loops

In order to complete the neutrino spectrum one has to go at the loop level. One-loop

neutrino masses get contributions from many diagrams involving different combinations

of the coupling µi, λ′ and λ. On the other hand, under reasonable assumptions on the

SUSY parameters (see e.g. [27]), one can focus the attention only on the contribution

coming from the trilinear terms λ and λ′. In the basis where the down-quark and the

charged-lepton mass matrices are diagonal, one finds [12]

(m(λ′λ′)
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3

16π2
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LR)ml
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)
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thus yielding for the three lightest neutrino mass matrix

(m(tree)
ν )ij ≈ −(mRPVM

−1
N mT

RPV )
ij = m(tree)

ν

µiµj

∑
i |µ2

i |
, (82)

where

m(tree)
ν =

(
M1 cos2 θW +M2 sin

2 θW
)
M2

Z cos2 β

µ
(
(M1 cos2 θW +M2 sin

2 θW )M2
Z sin 2β −M1M2 µ

) ×
∑

i

|µ2
i | . (83)

By diagonalizing the rank-1 matrix in Eq. (81) we get

m(tree)
3 = m(tree)

ν , m(tree)
2 = 0 , m(tree)

1 = 0 . (84)

We adopt the following convention for the neutrino mass eigenvalues: m3 ≥ m2 ≥ m1.

C.2 Loops

In order to complete the neutrino spectrum one has to go at the loop level. One-loop

neutrino masses get contributions from many diagrams involving different combinations

of the coupling µi, λ′ and λ. On the other hand, under reasonable assumptions on the

SUSY parameters (see e.g. [27]), one can focus the attention only on the contribution

coming from the trilinear terms λ and λ′. In the basis where the down-quark and the

charged-lepton mass matrices are diagonal, one finds [12]

(m(λ′λ′)
ν )ij =

3

16π2

∑

k,l,m

λ′iklλ′jmk m̂Dk

(m̃d 2
LR)ml

m2
d̃Rl

−m2
d̃Lm

ln

(
m2

d̃Rl

m2
d̃Lm

)
+ (i ↔ j) , (85)

(m(λλ)
ν )ij =

1

16π2

∑

k,l,m

λiklλjmk m̂Ek

(m̃e 2
LR)ml

m2
ẽRl

−m2
ẽLm

ln

(
m2

ẽRl

m2
ẽLm

)
+ (i ↔ j) , (86)

23

Lbreak = yeh !e
c + yν h̃ !ν

c + 1
2Mνν

cνc + h.c. (18)

∆ = y†νyν
CP-limit−−−−−→
Mν∝

Mν

v2
UPMNS m̂ν U

†
PMNS (19)

∆ = y†νyν
CP-limit−−−−−→
Mν∝

Mν

v2
Û m̂ν Û

† (20)

m(tree)
2 = m(tree)

1 = 0 (21)

Λ ! 1 TeV (22)

ΛLFV # ΛLN (23)

WRPC = yijU qiu
c
jhu + yijDhdqid

c
j + yijEhd!ie

c
j + µhuhd (24)

WRPV = µihu!i +
1
2λ

ijk!i!je
c
k + (λ

′
)ijk!iqjd

c
k +

1
2(λ

′′
)ijkuc

id
c
jd

c
k (25)

The flavour problem can be viewed as the clash between the theoretical expectation

of New Physics (NP) at the TeV scale and the experimental observations in Flavour

Changing Neutral Current (FCNC) processes which severely constrain the scale ΛNP of

the NP beyond the 104 TeV domain (for a review see e.g. Ref. [1]). If we insist in keeping

ΛNP ≈ TeV for naturalness, then we have to conclude that the flavour structure of the

NP is highly non-generic.

The Minimal Flavour Violation (MFV) hypothesis [2] is a powerful organizing principle

which states that the sources of flavour symmetry breaking of the NP are aligned to the

Standard Model (SM) Yukawas. This ansatz provides an automatic suppression of the NP

contribution to the flavour violating observables and thus a solution of the aforementioned

flavour problem (see for instance Ref. [3]).

If MFV is at play in the quark sector, it is reasonable then to assume it also for

leptons. However, the extension of MFV to the lepton sector is less straightforward, since

the mechanism itself generating neutrino masses is unknown and several scenarios can be

envisaged. Starting from Ref. [4] many formulations of Minimal Lepton Flavour Violation

(MLFV) have been proposed and analyzed [5, 6, 7, 8, 9, 10, 11].

In this work we consider another interesting possibility in the context of the Minimal

Supersymmetric SM (MSSM) without R-parity (for a review see e.g. Ref. [12]). Our

analysis is moved by two simple observations about the MSSM:
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