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Abstract: Extending the Minimal Supersymmetric Standard Model with three right-

handed neutrino superfields is one of the best motivated scenarios for physics beyond the

Standard Model. However, very little is known from observations about the high energy

parameters of this model. In this paper we show, under the plausible assumptions that

the neutrino Yukawa eigenvalues are hierarchical and the absence of cancellations, that

there exists an upper bound on the smallest Yukawa eigenvalue stemming from the non-

observation of the rare lepton decay µ → eγ. Furthermore, we show that this bound implies

an upper bound on the lightest right-handed neutrino mass of approximately 5× 1012 GeV

for typical supersymmetric parameters. We also discuss the implications of this upper

bound for the minimal leptogenesis scenario based on the decay of the lightest right-handed

neutrino and we argue that an improvement of sensitivity of six orders of magnitude to

the process µ → eγ could rule out this mechanism as the origin of the observed baryon

asymmetry, unless the neutrino parameters take very specific values.
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1 Introduction

One of the simplest and best motivated extensions of the Standard Model consists on adding

to the particle content three right-handed neutrinos. Being singlets under the Standard

Model gauge group, the most general Lagrangian has to include not only a Yukawa coupling

with the lepton and the Higgs doublets, but also a Majorana mass term for the right-handed

neutrinos. If, after the electroweak symmetry breaking, the right-handed Majorana masses

are much larger than the Dirac neutrino masses, the active neutrinos will acquire effective

masses which are much smaller than the electroweak symmetry breaking scale. This is the

renowned see-saw mechanism [1].

Although very appealing theoretically, the see-saw mechanism faces the disadvantage of

lacking predictability. The see-saw mechanism makes the definite prediction of the existence

of neutrino masses and strongly suggests the existence of CP violation in the lepton sector.

However, it cannot predict the concrete values of the neutrino masses, the mixing angles

or the CP violating phases. Besides predicting non-vanishing neutrino masses, the see-saw

mechanism makes a second definite prediction. If the interactions of the right-handed neu-

trinos with the lepton and Higgs doublets do not preserve CP, the out of equilibrium decays

of the right-handed neutrinos in the primeval plasma will generate a baryon asymmetry

through the leptogenesis mechanism [2], provided the mass of the lightest right-handed

neutrino is larger than ∼ 100 GeV, which is the temperature below which the sphaleron

interactions can no longer convert the generated lepton asymmetry into a baryon asymme-

try. Remarkably, the out of equilibrium decays of the right-handed neutrinos could account

for all the observed baryon asymmetry if the mass of the lightest right-handed neutrino is

larger than 109 GeV [3, 4]. However, the large right-handed neutrino masses required by

the leptogenesis mechanism preclude any hope to test directly the see-saw mechanism.

On the other hand, the existence of such heavy particles interacting with the Higgs dou-

blet strongly suggests the existence of supersymmetry (SUSY), in order to protect the Higgs

mass against quadratically divergent quantum corrections. In the supersymmetric version
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of the see-saw mechanism, the flavour and CP violating effects of the neutrino Yukawa

coupling typically propagate to the soft SUSY breaking terms through quantum correc-

tions [5], thus reopening the possibility of probing this interesting scenario through lepton

flavour violating processes, such as µ → eγ, or through leptonic electric dipole moments.

Unfortunately, this new opportunity to probe the see-saw mechanism is hindered by

the large number of parameters in the high energy Lagrangian. The complete leptonic

Lagrangian depends on fifteen real parameters and six phases, of which only nine real pa-

rameters and three phases are in principle accessible at low energies (three charged lepton

masses, three neutrino masses, three mixing angles and three CP phases). Furthermore,

it can be shown that the see-saw mechanism can accommodate any observed rates for the

rare lepton decays or the electric dipole moments, while being consistent with the observed

neutrino parameters. Namely, there exists a one to one correspondence between the high

energy see-saw parameters and the combinations of Yukawa couplings and right-handed

masses which are relevant to low energy experiments [6]. In consequence, it is impossi-

ble to make any completely model independent prediction about the see-saw mechanism.

Nevertheless, any assumption about the high-energy see-saw parameters will break this

one-to-one correspondence and will lead to constraints among the low energy parameters,

or well defined relations between the high energy see-saw parameters and observable quan-

tities. Several works have appeared in the literature aiming to derive from laboratory

experiments constraints on the see-saw parameters, either working in specific high-energy

frameworks or pursuing a more phenomenological approach, where the constraints some-

how rely on additional assumptions on the high-energy Lagrangian [7, 8]. Other works

have aimed to find connections between leptogenesis and observable quantities, such as

the rates for the rare lepton decays or the leptonic electric dipole moments, [9–11], again

imposing conditions on the high-energy theory.

The most minimal assumption that one could make on the high-energy see-saw param-

eters is the absence of artificial cancellations among terms when computing the low energy

predictions. It is remarkable that this minimal assumption already leads to a correlation

among low energy observables of the form BR(µ → eγ) & C × BR(τ → µγ)BR(τ → eγ),

where C is a constant that depends on supersymmetric parameters [12, 13]. It was shown

in [12] that if present B-factories discover both τ → µγ and τ → eγ, the see-saw mecha-

nism would be ruled out in large regions of the SUSY parameter space (assuming universal

boundary conditions at the Grand Unification scale). This result is a proof of principle

that popular supersymmetric scenarios incorporating the see-saw mechanism could be ruled

out using low energy experiments, with the only assumption of the lack of cancellations

among parameters.

In this paper we would like to explore the implications of another well motivated

assumption about the high energy see-saw parameters, namely that the neutrino Yukawa

eigenvalues are hierarchical. Our motivation to consider this scenario is the observation

of large hierarchies in the eigenvalues of all known Yukawa matrices. Therefore, although

the particular mechanism which generates the Yukawa couplings is completely unknown,

observations suggest that this putative mechanism prefers to generate Yukawa matrices

with hierarchical eigenvalues.
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In section 2 we will review a parametrization of the neutrino Yukawa couplings which

will prove to be useful in studying the implications of the see-saw mechanism for the

rare decays, under the assumption of hierarchical neutrino Yukawa eigenvalues. In section

3 we will derive lower bounds on the rates of the leptonic rare decays as a function of

the eigenvalues of the Yukawa couplings and neutrino parameters, and we will use the

experimental bounds on the rare decays to derive constraints on the neutrino Yukawa

eigenvalues. In section 4 we will discuss the implications of these bounds on the leptogenesis

mechanism to generate the baryon asymmetry of the Universe. Lastly, in section 5 we will

present our conclusions.

2 The see-saw mechanism with hierarchical Yukawa eigenvalues

In the supersymmetric see-saw mechanism, the particle content of the Minimal Supersym-

metric Standard Model (MSSM) is extended with three right-handed neutrino superfields,

νRi, i = 1, 2, 3, singlets under the Standard Model gauge group. Imposing R-parity con-

servation, the leptonic superpotential reads:

Wlep = ec
RiYeijLjHd + νc

RiYνijLjHu − 1

2
νc

RiMijν
c
Rj , (2.1)

where Hu and Hd are the hypercharge +1/2 and −1/2 Higgs doublets, respectively, Ye

and Yν are the matrices of charged lepton and neutrino Yukawa couplings, respectively,

and M is a 3 × 3 Majorana mass matrix. It is natural to assume that the right-handed

neutrino masses are much larger than the electroweak scale or any soft mass. If this is the

case, the theory is well described at low energies by the following effective superpotential:

W eff
lep = ec

RiYeijLjHd +
1

2

(
Yν

TM−1Yν

)
ij

(LiHu)(LjHu) , (2.2)

which generates neutrino masses after the electroweak symmetry breaking. In the phe-

nomenological studies it is convenient to work in the leptonic basis where the charged lep-

ton Yukawa coupling and the right-handed Majorana mass matrix are real and diagonal,

namely Ye = diag(ye, yµ, yτ ) and M = diag(M1,M2,M3) ≡ DM , with M1 ≤ M2 ≤ M3.

Then, in this basis, the neutrino mass matrix is given by

M = Yν
T D−1

M Yν 〈H0
u〉2 , (2.3)

where 〈H0
u〉 = v sin β and v = 174 GeV. The neutrino mass matrix can be diagonalized

by a unitary matrix U yielding UTMU = diag(m1,m2,m3), being the eigenvalues, mi,

naturally very small due to the suppression by the large right-handed neutrino mass scale.

We will work throughout this paper under the assumption that the neutrino Yukawa

coupling has hierarchical eigenvalues. Therefore, it is convenient to parametrize the neu-

trino Yukawa coupling using the familiar singular value decomposition Yν = VRDY V †
L ,

where VR and VL are 3 × 3 unitary matrices and DY ≡ diag(y1, y2, y3) is the diagonal

matrix of eigenvalues of the Yukawa coupling (with the convention y1 ≤ y2 ≤ y3).

Substituting this parametrization in eq. (2.3) we find

M = V ∗
LDY V T

R D−1
M VRDY V †

L〈H0
u〉2 , (2.4)

– 3 –
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from where the right-handed neutrino parameters DM and VR can be calculated in terms

of the measurable neutrino mass matrix and the parameters DY and VL. To this end, we

first rewrite the previous equation as

V T
R D−1

M VR =
1

〈H0
u〉2

D−1
Y V T

L MVLD−1
Y =

1

〈H0
u〉2

D−1
Y M̂D−1

Y , (2.5)

where we have defined for convenience M̂ ≡ V T
L MVL. Then, barring cancellations and

assuming a large hierarchy among the neutrino Yukawa eigenvalues, it follows that

V †
RD−2

M VR =
1

〈H0
u〉4

D−1
Y M̂†D−2

Y M̂D−1
Y ≃ 1

〈H0
u〉4

1

y2
1




| cM11|2

y2

1

cM∗

11
cM12

y1y2

cM∗

11
cM13

y1y3

cM∗

12
cM11

y1y2

| cM12|2

y2

2

cM∗

12
cM13

y2y3

cM∗

13
cM11

y1y3

cM∗

13
cM12

y2y3

| cM13|2

y2

3


 , (2.6)

from where it is straightforward to extract the smallest right-handed neutrino mass, M1.

On the other hand, taking the inverse of eq. (2.5), the same set of assumptions leads to:

V †
RD2

MVR = 〈H0
u〉4DY M̂−1D2

Y (M̂−1)†DY

≃ 〈H0
u〉4y2

3




y2
1|M̂−1

13 |2 y1y2M̂−1∗
23 M̂−1

13 y1y3M̂−1∗
33 M̂−1

13

y1y2M̂−1∗
13 M̂−1

23 y2
2|M̂−1

23 |2 y2y3M̂−1∗
33 M̂−1

23

y1y3M̂−1∗
13 M̂−1

33 y2y3M̂−1∗
23 M̂−1

33 y2
3|M̂−1

33 |2


 , (2.7)

from where the largest right-handed neutrino mass, M3, can be extracted. Lastly, from

taking the determinant of eq. (2.5) the intermediate eigenvalue, M2, can be derived. The

approximate expressions for the three right-handed neutrino masses are [9, 10, 14, 15]:

M1 ≃ y2
1〈H0

u〉2
1

|M̂11|
,

M2 ≃ y2
2〈H0

u〉2
∣∣∣∣∣

M̂11

M̂2
12 − M̂11M̂22

∣∣∣∣∣ ,

M3 ≃ y2
3〈H0

u〉2|M̂−1
33 | = y2

3〈H0
u〉2
∣∣∣∣∣
M̂2

12 − M̂11M̂22

detM̂

∣∣∣∣∣ . (2.8)

Besides, the right-handed mixing matrix reads:

VR = diag(eiα1/2, ei(α2−α1)/2, ei(α3−α2)/2) × WR , (2.9)

where α1 = arg(M̂11), α2 = arg(M̂11M̂22 − M̂2
12), α3 = arg(detM̂) and

(WR)12 ≃ y1

y2

M̂12

M̂11

, (WR)21 ≃ −(WR)∗12 ,

(WR)13 ≃ y1

y3

M̂13

M̂11

, (WR)31 ≃ y1

y3

M̂∗
22M̂∗

13 − M̂∗
12M̂∗

23

M̂∗2
12 − M̂∗

11M̂∗
22

,

(WR)23 ≃ y2

y3

M̂12M̂13 − M̂11M̂23

M̂2
12 − M̂11M̂22

, (WR)32 ≃ −(WR)∗23 . (2.10)
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Thus, the high energy see-saw Lagrangian is parametrized in terms of the effective

neutrino mass matrix, M, which is in principle accessible to low energy experiments, the

neutrino Yukawa eigenvalues, DY , on which we can make the educated guess that they

have a hierarchical structure, and VL, whose structure is unknown.

3 Minimal rates for the rare lepton decays

The supersymmetric see-saw mechanism contains sources of lepton flavour violation in the

superpotential, encoded in the neutrino Yukawa matrix Yν , as well as in the soft SUSY

breaking Lagrangian:

− Lsoft = (m2
L)ijL̃

∗
i L̃j + (m2

e)ij ẽ
∗
RiẽRj + (m2

ν)ij ν̃
∗
Riν̃Rj

+
(
Aeij ẽ

∗
RiHdL̃j + Aνij ν̃

∗
RiHuL̃j + h.c.

)
+ etc . (3.1)

where L̃i, ẽRi and ν̃Ri are the supersymmetric partners of the left-handed lepton doublets,

right-handed charged leptons and right-handed neutrinos, respectively, m2
L, m2

e and m2
ν

are their corresponding soft mass matrices squared, and Ae and Aν are the charged lepton

and neutrino soft trilinear terms.

The flavour violation in the slepton sector contributes through one loop diagrams to

different flavour violating processes such as rare muon and tau decays, K0
L → e±µ∓ or µ−e

conversion in nuclei. Clearly, the minimal rate for all those rare processes will arise in a

scenario where the soft terms are strictly flavour universal at some high energy scale, Λ:

(m2
L)ij = m2

Lδij , (m2
e)ij = m2

eδij , (m2
ν)ij = m2

νδij ,

(Ae)ij = Ae Yeij , (Aν)ij = Aν Yν ij . (3.2)

If this high energy scale is larger than the right-handed neutrino masses, the flavour

violation in the neutrino Yukawa couplings will propagate through radiative effects to the

soft terms [5]. Hence, even under the most conservative assumption for the soft terms

from the point of view of lepton flavour violation, in many supersymmetric see-saw models

some amount of flavour violation in the soft SUSY breaking terms is normally expected at

low energies.

The off-diagonal elements of the soft SUSY breaking terms read at low energies, in the

leading-log approximation,1

(
m2

L

)
ij

≃ − 1

8π2
(m2

L + m2
ν + m2

Hu
+ |Aν |2)Pij ,

(
m2

e

)
ij

≃ 0 ,

(Ae)ij ≃ −1

8π2
AνYeiiPij , (3.3)

1Note that the result for (Ae)ij differs from the one usually quoted in the literature, which is proportional

(2Aν + Ae)/(16π2). The reason is that quantum corrections due to right-handed neutrinos also induce off-

diagonal terms in the charged lepton Yukawa couplings. Hence, at low energies it is necessary to redefine

the charged lepton basis in order to bring the charged lepton Yukawa coupling to its diagonal form. This

introduces new sources of flavour violation in the soft terms, which are negligible in m
2

L but not in Ae.

Indeed, these new sources of flavour violation have the effect of removing the dependence in Ae in the

off-diagonal trilinear terms (Ae)ij [12].

– 5 –
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where i 6= j and

Pij =
∑

k

Y∗
νki log

(
Λ

Mk

)
Yνkj . (3.4)

The size of the off-diagonal soft terms depends crucially on the flavour structure of

the neutrino Yukawa couplings and on the scale of the cut-off, Λ, which can be identified

with the mass of the messenger particles which transmit supersymmetry breaking from

the hidden sector to the observable sector. We will show in this paper that if thermal

leptogenesis is the correct mechanism to generate the baryon asymmetry, a non-vanishing

rate for the rare decays will be necessarily generated, unless artificial cancellations among

different terms are taking place.

In the simplest version of the leptogenesis mechanism, the lightest right-handed neu-

trino is produced by thermal scatterings in the primeval plasma. Subsequently, the out of

equilibrium decays of the right-handed neutrinos generate a lepton asymmetry, which is

eventually converted by sphaleron processes into a baryon asymmetry. In order to produce

the observed baryon asymmetry by this mechanism the reheating temperature of the Uni-

verse has to be larger than ∼ 109 GeV [3, 4]. At these very high temperatures gravitino

thermal production is very efficient, therefore, in order to avoid overclosure of the Universe

the gravitino mass has to be larger than m3/2 & 5GeV [16, 17], which implies a rather

large scale for the cut-off.

To show this, we recall that the gravitino mass is defined as

m3/2 =
|F |√
3MP

, (3.5)

where MP = 2.4 × 1018 GeV is the reduced Planck mass and
√

|F | is the scale of spon-

taneous supersymmetry breaking. On the other hand, SUSY breaking is transmitted to

the observable sector by messenger particles with mass Mmes, inducing soft masses which

approximately read:

m2
soft ∼ c

|F |2
M2

mes

, (3.6)

where c ∼ 10−4−1 is a constant which depends on the details of the mediation mechanism.

From eqs. (3.5), (3.6) it follows that

Mmes ∼
√

3c
m3/2

msoft
MP . (3.7)

Therefore, the constraint on the gravitino mass from the requirement of successful lepto-

genesis, m3/2 & 5GeV, and the assumption that the soft masses are O(1TeV) imply that

the messenger scale has to be larger than 1014 − 1016 GeV. This large scale for the cut-off

suggests that at least one right-handed neutrino is coupled below the mediation scale and

thus will contribute to the generation of off-diagonal soft terms via quantum effects [18].2

2 This bound on the messenger scale could be circumvented if the gravitino is ultralight so is in thermal

equilibrium in the early Universe, namely m3/2 . 16 eV, which corresponds to Mmes . 260 TeV [19]. This

scenario requires, though, an extension of the Minimal Supersymmetric Standard Model in order to account

for the cold dark matter of the Universe, since neither the gravitino nor the lightest neutralino are any longer

good dark matter candidates.
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Indeed, the experimental fact that the ratio of the atmospheric mass splitting to the

solar mass splitting is relatively mild,
√

∆m2
atm/∆m2

sol ∼ 6, supports this conclusion. As

discussed in [20], when the neutrino Yukawa eigenvalues are hierarchical, a degenerate

spectrum of right-handed neutrinos cannot reproduce the observed mild neutrino mass

hierarchy without a certain fine tuning. This is not the case, though, for a hierarchical

spectrum of right-handed neutrinos, which could naturally explain the neutrino mass hier-

archy for certain choices of the matrix VR without tunings. Therefore, even assuming that

the heaviest right-handed neutrino mass is around the Planck scale, in view of the large

hierarchy necessary to accommodate the ratio of the solar and atmospheric mass splittings

without fine-tuning, it is plausible that at least the lightest right-handed neutrino will have

a mass smaller than 1014 − 1016 and hence will contribute to the radiative generation of

off-diagonal terms in the leptonic soft terms.

The second necessary requirement to generate radiatively flavour violation in the soft

SUSY breaking terms is a non trivial structure in the neutrino Yukawa couplings, encoded

in the matrix P , eq. (3.4). This equation can be conveniently rewritten as

Pij = (Y†
νYν)ij log

(
Λ

M3

)
+ Y∗

2iYν2j log

(
M3

M2

)
+ Y∗

1iYν1j log

(
M3

M1

)
. (3.8)

For generic neutrino Yukawa couplings, this expression is dominated by the first term,

which corresponds to the widely used approximation of decoupling all the right-handed

neutrinos altogether at the scale M3. However, it is conceivable that the matrix Y
†
νYν

could be exactly diagonal. If this is the case, the leading contributions to the off diagonal

elements of P are determined by the subdominant terms proportional to Yν2i and Yν1i.

In this scenario, that as we will see is consistent with present neutrino experiments, the

mixing in the left-handed sector is trivial, namely VL = 1. However, in order to generate

mixing in the effective neutrino mass matrix, there must exist mixing in the right-handed

sector, VR 6= 1. Therefore, even in this extreme scenario, a non vanishing rate for the

rare decays will always be generated through the subdominant terms Yν2i = (VR)2iyi

and Yν1i = (VR)1iyi, unless different terms cancel each other. More concretely, using

eqs. (2.9), (2.10) it follows that in the scenario with VL = 1, when Λ > M3,

P12 ≃ y2
1

M12

M11
log

M2

M1
,

P13 ≃ y2
1

[M12M23 −M13M22

M2
12 −M11M22

log
M3

M2
+

M13

M11
log

M2

M1

]
,

P23 ≃ y2
2

M12M13 −M11M23

M2
12 −M11M22

log
M3

M2
, (3.9)

on the other hand, when M3 > Λ > M2, the expressions are identical with the substitution

M3 → Λ. Lastly, when M2 > Λ > M1,

P12 ≃ y2
1

M12

M11
log

Λ

M1
,

– 7 –
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P13 ≃ y2
1

M13

M11
log

Λ

M1
,

P23 ≃ y2
1

M∗
12M13

|M11|2
log

Λ

M1
, (3.10)

where the right-handed neutrino masses are given in eq. (2.8).

The off diagonal elements of the matrix P induce through quantum corrections flavour

violation in the soft mass matrices, eq. (3.3), which in turn induce a non-vanishing rate for

the rare lepton decays, which approximately reads:

BR(li → ljγ) ≃ α3

G2
F

|(m2
L)ij |2

m8
S

tan2 β BR(li → ljνiν̄j) , (3.11)

where BR(µ → eνµν̄e) ≃ 1, BR(τ → µντ ν̄µ) ≃ 0.17, BR(τ → eντ ν̄e) ≃ 0.18, and mS is a

mass scale of the order of typical SUSY masses.

Among the scenarios compatible with the present neutrino experiments and thermal

leptogenesis, the one presented here, with flavour universal soft terms at some cut-off scale

and no flavour mixing in the left-handed sector, corresponds to the worst case for the

detection of the rare decays or, conversely, to the scenario yielding the minimal rate for

the rare decays. In any other scenario there will be additional sources of flavour violation,

either in the soft terms at the cut-off scale or in the left-handed mixing matrix VL, thus

yielding a larger rate for the rare decays, unless different terms cancel each other.

In what follows, let us illustrate our results calculating the minimal rates for the rare

decays in the Constrained MSSM, which is defined at the Grand Unification scale by just

five parameters: the universal scalar mass (m0), gaugino mass (M1/2) and trilinear term

(A0), tan β and the sign of µ. As neutrino parameters, we will assume a hierarchical mass

spectrum (which is the most plausible possibility under the assumption of hierarchical

Yukawa eigenvalues [20]) and a neutrino mixing matrix approximately tri-bimaximal [21]:

U ≈




√
2
3

√
1
3 0

−
√

1
6

√
1
3 −

√
1
2

−
√

1
6

√
1
3

√
1
2


× diag(eiφ/2, eiφ′/2, 1) (3.12)

(assuming a non-vanishing |U13| will not change our conclusions). Then, the minimal rates

for the rare decays can be straightforwardly computed using eqs. (3.3), (3.9), (3.11), yielding

BR(µ → eγ) &
α3

G2
F

(
3m2

0 + |A0|2
8π2m4

S

)2

y4
1 log2 M2

M1
tan2 β ,

BR(τ → eγ) &
α3

G2
F

(
3m2

0 + |A0|2
8π2m4

S

)2

y4
1

(
2 log

M3

M2
+ log

M2

M1

)2

tan2 β BR(τ → eντ ν̄µ) ,

BR(τ → µγ) &
α3

G2
F

(
3m2

0 + |A0|2
8π2m4

S

)2

y4
2 log2 M3

M2
tan2 β BR(τ → µντ ν̄e) , (3.13)

which strongly depend on the size of the Yukawa eigenvalues and only logarithmically on

the hierarchy of right-handed masses, or alternatively, on the hierarchy of the Yukawa
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eigenvalues, through

M3

M2
≃ y2

3

y2
2

m3

12m1
,

M2

M1
≃ y2

2

y2
1

2m2

3m3
. (3.14)

For given neutrino Yukawa eigenvalues one can estimate using eq. (3.13) a lower bound

on the rates of the rare lepton decays. Conversely, one can derive constraints on the

parameters of the high-energy Lagrangian y1 and y2 from the present bounds on the rare

lepton decays, BR(µ → eγ) ≤ 1.2 × 10−11 [22], BR(τ → µγ) ≤ 4.5 × 10−8 [23], BR(τ →
eγ) ≤ 1.1 × 10−7 [24]. The most stringent constraints on y1 and y2 stem from the non-

observation of the processes µ → eγ and τ → µγ, respectively, and read:

y1 . 4 × 10−2

(
BR(µ → eγ)

1.2 × 10−11

)1/4 ( mS

200GeV

)(tan β

10

)−1/2

,

y2 . 0.5

(
BR(τ → µγ)

4.5 × 10−8

)1/4 ( mS

200GeV

)(tan β

10

)−1/2

, (3.15)

where we have conservatively assumed M3 : M2 : M1 = 100 : 10 : 1 and m0 ∼ A0 ∼ mS .

Note that the bound on y2 only applies when Λ > M2.

This numerical estimate is confirmed by our numerical analysis of two typical points

in the CMSSM parameter space. We have analyzed the SPS1a and SPS1b benchmark

points [25], which correspond to typical CMSSM points with intermediate and relatively

high values of tan β, respectively. For these two benchmark points we find approximately

the same result:

y1 . 6 × 10−2

(
BR(µ → eγ)

1.2 × 10−11

)1/4

,

y2 . 0.8

(
BR(τ → µγ)

4.5 × 10−8

)1/4

, (3.16)

which agrees with our general expectation, eq. (3.15).

Alternatively, these bounds could be expressed in terms of the SUSY contribution to

the muon g − 2, which depends on the same combination of SUSY masses and tan β [26],

δaSUSY
µ ≃ 5g2

2

192π2

m2
µ

m2
S

tan β , (3.17)

yielding

y1 . 6 × 10−2

(
BR(µ → eγ)

1.2 × 10−11

)1/4
(

δaSUSY
µ

10−9

)−1/2

,

y2 . 0.8

(
BR(τ → µγ)

4.5 × 10−8

)1/4
(

δaSUSY
µ

10−9

)−1/2

, (3.18)
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These bounds demonstrate that it is possible to obtain information on the high energy

see-saw parameters from low energy observations (namely the bounds on the rates of the

rare decays, neutrino masses and mixing angles and supersymmetric parameters), under

very general and well motivated assumptions about the high energy theory, such as the

absence of cancellations, hierarchical neutrino Yukawa eigenvalues and a large mediation

scale (as suggested by thermal leptogenesis).

The resulting bound on y2 is rather weak and lacks any practical interest. On the

other hand, the bound on y1 is fairly stringent (it corresponds to a Dirac neutrino mass of

7 GeV) and will be improved in the near future by a factor of three if the MEG experiment

at PSI reaches the projected sensitivity BR(µ → eγ) ∼ 10−13 [27] without observing a

positive signal. Furthermore, the bound on y1 has important implications for leptogenesis,

which will be discussed in the next section.

A similar rationale could be applied to calculate the minimal value of the leptonic

electric dipole moments (EDMs). Following the analysis in [28], we estimate that in the

worst case scenario for the detection of EDMs, again when the soft terms are flavour

universal at the cut-off scale and when VL = 1, the electron EDM reads:

de ∼ e
α

π

me

m2
S

(
1

16π2

)2

y4
1 Im

[M12M13

M2
11

M12M13 −M11M23

M2
12 −M11M22

]
log

M2

M1
log

M3

M2
, (3.19)

where we have assumed A0 ∼ µ ∼ M1 ∼ mS . Then, when the neutrino mass matrix has

an approximate tri-bimaximal form and allowing a non-vanishing value for the 13 element

of the leptonic mixing matrix, U13 = sin θ13e
−iδ, we find the following lower bound on the

electron EDM:

|de| & e
α

π

me

m2
S

(
1

16π2

)2

y4
1

∣∣∣∣2
√

2 sin θ13 sin δ + 6
m1

m2
sin(φ′ − φ)

∣∣∣∣ log
M2

M1
log

M3

M2
, (3.20)

which can even be exactly zero if there is no CP violation at low energies or when both m1

and sin θ13 simultaneously vanish. Assuming generic CP violating phases and sin θ13 = 0.2,

which corresponds to the present upper bound at the 2σ level [29], the following lower

bound holds:

|de| & 7 × 10−29 y4
1 e cm

( mS

200GeV

)−2
. (3.21)

Finally, from the present experimental bound on the electron EDM, |de| < 10−27 e cm [30],

we obtain the constraint on the smallest Yukawa eigenvalue y1 . 2 for mS = 200 GeV,

which is much weaker than the bound we derived in eq. (3.15) from the non-observation of

the process µ → eγ. More importantly, the constraint on y1 from the electron EDM relies

on assumptions about the size of the CP violating phases and sin θ13, which are currently

unknown. We find that even if future experiments determine that the CP violating phases

and sin θ13 are sizable, the best current proposal to improve the experimental sensitivity to

the electron EDM will not provide bounds on y1 competitive to the bounds stemming from

the non-observation of µ → eγ. Namely, an improvement of sensitivity down to the level

de ∼ 10−35 e cm [31], would translate into y1 . 0.02, again for mS = 200 GeV, which is

comparable to the bound attainable by the MEG experiment at PSI, provided no positive

signal is found.

– 10 –



J
H
E
P
0
8
(
2
0
0
9
)
1
1
3

4 Implications for leptogenesis

The baryon asymmetry generated through the leptogenesis mechanism depends, under the

assumption of hierarchical neutrinos, essentially on two parameters: the lightest right-

handed neutrino mass, M1, and an effective neutrino mass m̃1 [32], defined as

m̃1 =
(YνY

†
ν)11

M1
〈H0

u〉2 , (4.1)

which measures the strength of the coupling of the lightest right-handed neutrino to the

thermal bath.

In scenarios where the neutrino Yukawa couplings are hierarchical the lightest right-

handed neutrino mass reads, for generic values of the matrix VL,

M1 ≃ y2
1〈H0

u〉2

|M̂11|
, (4.2)

where |M̂11| = |(V T
L MVL)11| = |∑k(U

†VL)2k1mk|. Strictly speaking, |M̂11| can range

between 0 and m3. Nevertheless, for generic values of the matrix VL the most natural

range for |M̂11| is
√

∆m2
sol . |M̂11| .

√
∆m2

atm. The only exception corresponds to

the case when (U †VL)k1 ≃ δk1, which can arise in specific models and which leads to

|M̂11| ≪
√

∆m2
sol without cancellations. This special case will be discussed at the end

of this section. In our numerical analysis we will take for the solar and atmospheric mass

splittings the central values of the global fit to neutrino data [29], ∆m2
sol = 7.65×10−5 eV2,

∆m2
atm = 2.40 × 10−3 eV2.

In the generic case
√

∆m2
sol . |M̂11| .

√
∆m2

atm. Then, from eq. (4.2) it follows a

natural range for M1 as a function of y1. More importantly, the lightest neutrino Yukawa

eigenvalue, y1, is bounded from above by the non-observation of the process µ → eγ,

through |P12| & y2
1 log M2/M1, cf. eq. (3.9). Therefore, in a supersymmetric scenario

with hierarchical neutrino Yukawa couplings, the following upper bound on the lightest

right-handed neutrino mass holds for generic values of the matrix VL:

M1 . |P12|
〈H0

u〉2√
∆m2

sol

log−1 M2

M1
, (4.3)

which numerically reads

M1 . 5 × 1012GeV

(
BR(µ → eγ)

1.2 × 10−11

)1/2 ( mS

200GeV

)2
(

tan β

10

)−1

. (4.4)

This upper bound should be compared with the lower bound on the right-handed neutrino

mass M1 & 109 GeV, leaving an allowed window of four orders of magnitude for the lightest

right-handed neutrino mass. Alternatively, eq. (4.4) could be rewritten as a lower bound

on the rate for µ → eγ as a function of the lightest right-handed neutrino mass,

BR(µ → eγ) & 5 × 10−19

(
M1

109 GeV

)2 ( mS

200GeV

)−4
(

tan β

10

)2

. (4.5)
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Thus, exploring the allowed window of the thermal leptogenesis scenario requires an im-

provement in sensitivity to the process BR(µ → eγ) of approximately eight orders of

magnitude, which unfortunately does not seem feasible in the short or mid term. It is

remarkable, though, that if supersymmetry is discovered at the LHC, the scenario of ther-

mal leptogenesis with hierarchical neutrino Yukawa couplings and hierarchical right-handed

masses could be tested using just low energy experiments.

Interestingly, following our premise of the absence of cancellations, the allowed mass

window for leptogenesis can be further narrowed down. In the scenario with hier-

archical neutrino Yukawa eigenvalues, the effective neutrino mass m̃1 reads, following

eqs. (2.9), (2.10):

m̃1 ≃ |M̂11|2 + |M̂12|2 + |M̂13|2

|M̂11|
, (4.6)

which ranges between m1 ≤ m̃1 < ∞ for the Yukawa couplings consistent with the low

energy neutrino experiments [3]. Using |M̂1i| = |∑k(U
†VL)k1(U

†VL)kimk| it follows that

the lower limit, m̃1 = m1, could be reached when (VL)k1 = Uk1, which corresponds to

the special case for the matrix VL which will be discussed at the end of this section. On

the other hand, the upper limit, m̃1 → ∞ is reached when
∑

k(U
†VL)2k1mk = 0, which

requires a cancellation among terms and is thus implausible. Therefore, in the generic case√
∆m2

sol . |M̂11| .
√

∆m2
atm, one expects a natural window for the effective neutrino

mass
√

∆m2
sol . m̃1 .

√
∆m2

atm, which corresponds to the strong washout regime. On

the other hand, from the analysis in [33, 34] it follows that an effective neutrino mass

m̃1 &
√

∆m2
sol implies a lower bound on the right-handed neutrino mass M1 & 3×109 GeV,

which in turn implies, following eq. (4.5), the lower bound on the rare muon decay BR(µ →
eγ) & 5 × 10−18 for typical SUSY parameters. Therefore, closing the natural window for

leptogenesis requires, for generic neutrino parameters, an improvement in sensitivity to the

process µ → eγ of six orders of magnitude.

The required sensitivity is unfortunately below, although not far from, the sensitivity

of the projected neutrino factory, where the high beam intensity may allow the observation

of one µ → eγ event if the branching ratio is 10−16. One should note, however, that

the observation of this single event over the accidental background would require detector

resolutions which are not currently available, and new technologies or new experimental

ideas should be developed [35]. On the other hand, the PRISM/PRIME experiment at

J-PARC aims to achieve a single event sensitivity to the process µ Ti → e Ti at the level

of 10−18 [36]. This is equivalent to a sensitivity to the process µ → eγ at the level of

∼ 2 × 10−16.3 Thus, if the LHC determines that tan β is large, the non-observation of

muon flavour violation at PRISM/PRIME could rule out, for generic neutrino parameters

and barring cancellations, the thermal leptogenesis scenario based on the decay of the

lightest right-handed neutrino. If, on the contrary, tanβ takes moderate values, it would

be necessary a further improvement in sensitivity by more than one order of magnitude to

close the leptogenesis window for M1.

3When the photon penguin diagram dominates the µ− e conversion in Ti, the conversion rate is approx-

imately a factor 5 × 10−3 smaller than the branching ratio of µ → eγ.
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For large values of m̃1, the upper bound on the lightest right-handed neutrino mass

can be improved. From eqs. (4.2), (4.6) it follows that:

m̃1 ≃ y2
1〈H0

u〉2
M1


1 +

∣∣∣∣∣
M̂12

M̂11

∣∣∣∣∣

2

+

∣∣∣∣∣
M̂13

M̂11

∣∣∣∣∣

2

 . (4.7)

Barring cancellations one expects in general |M̂11| ∼ |M̂12| ∼ |M̂13|. Then, using the

upper bound on the lightest Yukawa coupling, eq. (3.15), we obtain:

M1 . 1013GeV

(
m̃1

9 × 10−3 eV

)−1(BR(µ → eγ)

1.2 × 10−11

)1/2 ( mS

200GeV

)2
(

tan β

10

)−1

. (4.8)

From eq. (4.4) it is apparent that already large portions of the parameter space for M1

are excluded. In particular this bound suggests that flavour effects should be always taken

into account in leptogenesis. More concretely, the lepton asymmetry is mostly generated

at the temperature TB , defined through [4]

M1

TB
≃ 1 +

1

2
log

(
1 +

πK2

1024

[
log

(
3125πK2

1024

)]5
)

, (4.9)

where K = m̃1/m∗ and m∗ ≃ 10−3 eV. For T > TB the asymmetry produced is essentially

erased, while for T < TB , washout is negligible. In the strong washout regime K ≫ 1, which

in turn implies TB . M1 . 5 × 1012 GeV. In this range of temperatures the tau Yukawa

coupling is in equilibrium and thus flavour effects can be relevant. For a hierarchical

left-handed neutrino spectrum there are two possibly relevant flavour effects, lowering the

bound on M1 in the strong washout regime [37]. If the lightest right-handed neutrino decays

into different flavours, the washout in each flavour is not determined by m̃1, but instead by

m̃1α =
|Yν |21α

M1
〈H0

u〉2 . (4.10)

As m̃1 =
∑

α m̃1α, the washout in each flavour is smaller than in the unflavoured case.

In the approximation of flavours being CP eigenstates, the flavoured CP asymmetries are

proportional to m̃1α and the effect is maximized for equal m̃1α in all flavours α. This

can lead to a relaxation of the lower bound on M1 by a factor 2–3, depending on the

number of families which have charged lepton Yukawa interactions in equilibrium with

the thermal plasma. Secondly, for some specific neutrino textures it may occur that the

CP asymmetry is sizable in one flavour, but the asymmetry is only weakly washed out,

m̃1α ∼ m∗. Using eqs. (2.9), (2.10) it follows that

m̃1α ≃ |V T
L M|21α

|M̂11|
, (4.11)

from where it is apparent that this possibility requires VL with sizable off-diagonal entries

(unless the low energy phases and |U13| take very special values), thus leading to an

enhancement of BR(µ → eγ). Since we are interested in scenarios yielding the minimal

rate for µ → eγ we will not consider this possibility.

– 13 –



J
H
E
P
0
8
(
2
0
0
9
)
1
1
3

10
-4

10
-3

10
-2

10
-1

10
0

m~
1
(eV)

10
8

10
9

10
10

10
11

10
12

M
1(G

eV
)

MEG

PRISM/PRIME

Figure 1. Allowed parameter space of thermal leptogenesis (in yellow, adopted from [33]), including

the constraints on the relevant parameters which stem from the non-observation of the process µ →
eγ, under the assumption of hierarchical neutrino Yukawa eigenvalues and barring cancellations.

The orange region corresponds to the range of m̃1 for generic neutrino parameters. In this plot it

is assumed mS ≃ 200GeV and tanβ ≃ 10.

In weak washout the lower bound on M1 is not relaxed by flavour effects and especially

the absolute lower bound M1 & 109 GeV is not affected [33, 34].

We show in figure 1 the impact of the bounds on the lightest right-handed neutrino

mass stemming from the non-observation of the process µ → eγ, eqs. (4.4), (4.8), on

the parameter space of thermal leptogenesis, spanned by m̃1 and M1. The yellow region

corresponds to the allowed region found by Blanchet and di Bari, and shown in figure 1

of [33]. The thick solid lines encompass the allowed region assuming zero initial abundance

of right-handed neutrinos, while the thin solid lines, the allowed region assuming thermal

initial abundance. For each case we show the lower bound on M1 for two scenarios. The

left plot corresponds to the “alignment” scenario, where the final asymmetry is dominated

by one flavor, and which amounts to neglecting flavour effects in leptogenesis. The right

plot corresponds to the “democratic” scenario, where m̃1α = m̃1/3, and which illustrates

how flavour effects can relax the lower bound on M1. On the other hand, the orange

region corresponds to the range of m̃1 for generic neutrino parameters,
√

∆m2
sol . m̃1 .

√
∆m2

atm. We show as thick dashed lines the most stringent upper bound on M1 for the

projected sensitivity by the MEG experiment at PSI, BR(µ → eγ) ∼ 10−13, corresponding

to M1 . 5 × 1011 GeV, and the projected sensitivity by the PRISM/PRIME experiment

at J-PARC, R(µ Ti → e Ti) ∼ 10−18 which corresponds to M1 . 2 × 1010 GeV. It should

be stressed at this point that the main uncertainty in our calculation does not stem from

the calculation of the baryon asymmetry, but from our present ignorance of the SUSY

parameters, which can change considerably our numerical estimate of BR(µ → eγ).

– 14 –



J
H
E
P
0
8
(
2
0
0
9
)
1
1
3

Lastly, we would like to discuss the case with |M̂11| ≪
√

∆m2
sol, where the general

discussion presented above does not apply. In the absence of cancellations, this situation

corresponds to (VL)k1 ≃ Uk1, which could arise in certain models with VR very close to the

identity. In this case, an upper bound on the lightest right-handed neutrino mass can be

derived from taking the trace of

V †
RD−2

M VR =
1

〈H0
u〉4

D−1
Y M̂†D−2

Y M̂D−1
Y , (4.12)

which gives

1

M2
1

+
1

M2
2

+
1

M2
3

=
1

〈H0
u〉4

∑

ij

|M̂ij |2
y2

i y
2
j

. (4.13)

Therefore, a very conservative bound on M1 is:

M1 ≤ y2
2〈H0

u〉2

|M̂22|
, (4.14)

where |M̂22| &
√

∆m2
sol. On the other hand, an upper bound on y2 can be obtained from

eq. (3.8). Keeping the leading term, which in the absence of cancellations constitutes by

itself a lower bound on P12, we obtain

|P12| &
∣∣y2

3(VL)13(VL)∗23 + y2
2(VL)12(VL)∗22 + y2

1(VL)11(VL)∗21
∣∣ log

(
Λ

M3

)

≃
∣∣(y2

3 − y2
2)(VL)13(VL)∗23 + (y2

1 − y2
2)U11U

∗
21

∣∣ log
(

Λ

M3

)
, (4.15)

where we have used the unitarity of VL and the fact that (VL)k1 ≃ Uk1. The lowest value

is reached when (VL)13(VL)∗23 ≃ 0, thus yielding

|P12| &
y2
2

3
log

(
Λ

M3

)
. (4.16)

Substituting in eq. (4.14) finally gives:

M1 . 3|P12|
〈H0

u〉2√
∆m2

sol

log−1 Λ

M3
, (4.17)

which is comparable in magnitude to the result obtained for generic values of VL, eq. (4.3).

Therefore, the bound for the lightest right-handed neutrino mass in terms of BR(µ → eγ)

derived in eq. (4.4) also applies to the special case where |M̂11| ≪
√

∆m2
sol.

If the neutrino parameters satisfy the relation (VL)k1 ≃ Uk1, the effective neutrino

mass m̃1 can be much smaller than
√

∆m2
sol without cancellations. Then, being the lepton

asymmetry only weakly washed-out, the observed baryon asymmetry can be generated even

when the absolute lower bound on the lightest right-handed neutrino mass, M1 & 109 GeV,

is saturated. As a consequence, following eq. (4.5), it would be necessary an improvement
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in sensitivity to the process µ → eγ of eight orders of magnitude in order to close the

leptogenesis window, which is below the sensitivity of any planned experiment.

One should note, however, that the lower bound eq. (4.5) is very conservative and can

be largely enhanced by the term proportional to y2
3(VL)13(VL)∗23 in eq. (4.15).4 Thus, even

though this scenario is the worst case scenario for probing leptogenesis, which requires the

non-observation of the process µ → eγ, it is very favourable for observing a signal in future

experiments searching for rare decays [8].

5 Conclusions

The see-saw mechanism is perhaps the most elegant explanation for the small neutrino

masses, which in addition provides a potential solution to the longstanding puzzle of the

origin of the matter-antimatter asymmetry of the Universe, through the mechanism of

leptogenesis. However, although it is very appealing theoretically, it suffers the serious

disadvantage of lacking predictability. Furthermore, being the scale of the new physics

presumably very large, it also suffers the disadvantage of lacking testability. On the other

hand, in the supersymmetric version of the see-saw mechanism, which is probably the most

natural arena to implement it, the high-energy see-saw parameters leave an imprint on the

slepton soft mass matrices through quantum effects, thus opening a unique opportunity to

test the see-saw mechanism or the leptogenesis mechanism with low energy observations.

Working under very general and well motivated assumptions, namely the absence of

cancellations and a hierarchical pattern in the neutrino Yukawa eigenvalues, we have iden-

tified the scenario yielding the minimal rate for the rare decay µ → eγ. In this scenario, the

rate depends essentially on the lightest neutrino Yukawa eigenvalue and on supersymmetric

parameters. Using the experimental constraint on BR(µ → eγ) we have derived an upper

bound on the smallest neutrino Yukawa eigenvalue y1 . 4 × 10−2 for typical soft SUSY

breaking terms of 200 GeV and tan β = 10.

We have shown that this upper bound on the smallest neutrino Yukawa eigenvalue

in turn translates into an upper bound on the lightest right-handed neutrino mass,

M1 . 5 × 1012 GeV, which should be compared with the lower bound required by the

thermal leptogenesis scenario, M1 & 109 GeV. The upper bound derived in this paper

scales as BR(µ → eγ)1/2, therefore, future improvements in sensitivity to the process

µ → eγ (and to µ−e conversion in nuclei) will have important implications for the thermal

leptogenesis scenario if no positive signal is found. Namely, under the assumption of hier-

archical eigenvalues and barring cancellations, if supersymmetry is discovered at the LHC,

an improvement in sensitivity of six orders of magnitude to BR(µ → eγ) (or seven orders

of magnitude to the rate of µ − e conversion in nuclei) will suffice to rule out large classes

of thermal leptogenesis models based on the decay of the lightest right-handed neutrino.

4It is interesting to note that the requirement of successful leptogenesis leads to a lower bound on y3,

stemming from the condition m3 ≤ y2

3〈H0

u〉2/M1. Therefore, y3 &
√

m3M1/〈H0

u〉, being m3 ≃
p

∆m2

atm

and M1 & 109 GeV, which gives y3 & 10−3. For generic values of (VL)13 and (VL)23 the contribution from

the largest Yukawa coupling to P12 can be much larger than the minimal contributions from y2 considered

here, thus yielding much larger rates for BR(µ → eγ).
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Possible ways out are to accept that neutrino parameters take very special values or to

invoke non-minimal scenarios of leptogenesis, such as leptogenesis induced by the decay of

the next-to-lightest right-handed neutrino [38].
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