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Abstract

In the light of the recent muon (gµ − 2) result by the E821 experiment at the
Brookhaven National Laboratory, we study the event rates of the charged lepton-
flavour-violating (LFV) processes in the supersymmetric standard model (SUSY
SM) with the heavy right-handed neutrinos (SUSY see-saw model). Since the
left-handed sleptons get the LFV masses via the neutrino Yukawa interaction in
this model, the event rate of µ → eγ and the SUSY-SM correction to (gµ − 2)/2
(δaSUSY

µ ) are strongly correlated. When the left-handed sleptons have a LFV mass
between the first and second generations ((m2

L̃
)12) in the mass matrix, it should

be suppressed by ∼ 10−3 (10−9/δaSUSY
µ ) compared with the diagonal components

(m2
SUSY), from the current experimental bound on µ → eγ. The recent (gµ − 2)

result indicates δaSUSY
µ ∼ 10−9. The future charged LFV experiments could cover

(m2
L̃
)12/m2

SUSY
>∼ 10−(5−6). These experiments will give a significant impact on the

flavour models and the SUSY-breaking models. In the typical models where the neu-
trino oscillation results are explained and the top quark and tau neutrino Yukawa
couplings are unified at the GUT scale, a large LFV mass of (m2

L̃
)12/m2

SUSY
>∼ 10−4

is generated, and the large LFV event rates are predicted. We impose a so-called
no-scale condition for the SUSY-breaking parameters at the GUT scale, which sup-
press the FCNC processes, and derive the conservative lower bound on µ → eγ.
The predicted Br(µ → eγ) could be covered at the future LFV experiments.
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Various neutrino oscillation experiments suggest the existence of lepton-flavour vio-

lation (LFV). The atmospheric neutrino result by the superKamiokande experiment is a

convincing evidence of the neutrino mixing between νµ and ντ [1]. Solar neutrino experi-

ments have also strongly indicated the mixing between νe and νµ or ντ [2]. These results

are explained by the tiny but non-zero neutrino masses, and the natural model for the

neutrino masses is the see-saw mechanism [3].

It has been discussed that the supersymmetric (SUSY) extension of the see-saw mech-

anism (SUSY see-saw model) could lead to the charged-LFV processes, such as µ → eγ

[4, 5, 6, 7, 8]. If the SUSY-breaking terms in the supersymmetric standard model (SUSY

SM) are generated by the interaction at the gravitational scale or the GUT scale, the

Yukawa interaction of the right-handed neutrinos generates the LFV masses for the left-

handed sleptons radiatively, and the LFV masses are a direct source of the charged-LFV

processes in the SUSY SM. Especially, in the SUSY models with Yukawa-coupling unifica-

tion between the top quark and tau neutrino, the event rates of the charged-LFV processes

are significantly enhanced. In many proposed models, this assumption is adopted so that

the fermion mass structure, including the neutrino sector, is explained in a unified picture

between quarks and leptons, of which a well-known example is the SO(10) GUT. If the

left-handed slepton, chargino and neutralino are light, the predicted event rates could be

within reach of the near-future experiments.

Recently, the ongoing E821 experiment at the Brookhaven National Laboratory up-

dated the result for the muon anomalous magnetic moment (gµ − 2) [9], and it is found

that (gµ − 2) is about 2.6σ away from the SM prediction as

aµ(exp)− aµ(SM) = 43(16)× 10−10. (1)

This suggests that new physics exists around the TeV scale [10], and this result will

be further refined after including the data for the 2000 run. The SUSY SM predicts a

sizable deviation from the SM prediction for (gµ − 2) [11], and it is a good candidate

to accommodate the (gµ − 2) result [12]. This comes from the fact that the dominant

correction to (gµ − 2) in the SUSY SM is from a one-loop diagram of chargino and muon

sneutrino and it is proportional to tanβ. This new observation indicates that the chargino,

the left-handed smuon and the sneutrino are relatively light or that tan β is much larger

1



than 1.

In this situation the LFV processes of muon will be extremely interesting, since the

event rates for the LFV processes are enhanced by the light chargino and slepton or large

tan β. In fact, when the left-handed sleptons have LFV masses, the 1-loop diagrams in

µ → eγ have the same structure as those in the SUSY-SM correction to (gµ − 2). As a

result, the event rate for µ → eγ is approximately proportional to the square of the SUSY-

SM correction to (gµ−2). The other LFV processes of muon, µ → 3e and µ−e conversion

in nuclei, are also enhanced since the photon penguin diagram tends to dominate in those

processes.

In this letter, in the light of the recent (gµ−2) result, we derive the conservative event

rates of the charged-LFV processes in the SUSY see-saw models with Yukawa-coupling

unification. In order to derive the conservative prediction of the LFV event rates, we

consider a so-called no-scale-type SUSY breaking at the GUT scale [13] (or recently called

gaugino mediation [14]). This means that all SUSY-breaking scalar masses and A-terms

vanish at the GUT scale, and hence the dominant source of SUSY breaking is non-

zero gaugino masses. This no-scale-type SUSY breaking is well-known as a suppression

mechanism of the SUSY FCNC problem. Since the (gµ−2) result gives the upper bounds

of the slepton and chargino masses, this limit supplies the conservative lower bound on

the LFV event rates. We show that the proposed improvement of limits on the LFV rare

muon decay processes and the present indication of anomaly for (gµ − 2) will provide a

significant impact on the flavour models as well as the SUSY-breaking mechanism.

Before starting to discuss the charged-LFV processes in the SUSY SM with the right-

handed neutrinos, we show the strong correlation between the event rate of µ → eγ

and the SUSY-SM correction to (gµ − 2) when the left-handed sleptons have the LFV

masses. These are generated by one-loop diagrams mediated by sleptons, neutralinos and

charginos. The effective operators for µ → eγ and (gµ − 2) are

Leff = e
mlj

2
l̄iσµνF

µν(LijPL + RijPR)lj (2)

where mli is a mass of the charged lepton li, e and F µν are the QED coupling constant

and field strength, and PR/L = (1 ± γ5)/2. The coefficients Lij and Rij are functions of

the SUSY-particle masses and mixings. From these operators (2), the branching ratio for
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µ → eγ is given by

Br(µ → eγ) =
48π3α

G2
F

(|L12|2 + |R12|2), (3)

and the SUSY-SM correction to aµ(≡ (gµ − 2)/2) is

δaSUSY
µ =

m2
µ

2
(L22 + R22). (4)

The chargino–sneutrino diagram tends to dominate over the other diagrams in the SUSY-

SM contribution to (gµ − 2). Assuming all SUSY particle masses are the same, the

SUSY-SM correction is

δaSUSY
µ ' 5α2

2 + α2
Y

48π

m2
µ

m2
SUSY

tan β (5)

for tanβ >∼ 1. Here, L22 ' R22. When the left-handed sleptons have the LFV masses

between the first and second generations ((m2
L̃
)12), the chargino–sneutrino diagram also

dominates in µ → eγ. In this case, |R12| � |L12|. Taking all SUSY-particle masses

common again, we get

Br(µ → eγ) ' π

75
α(α2 +

5

4
αY )2(G2

F m4
SUSY)−1 tan2 β

(
(m2

L̃
)12

m2
SUSY

)2

= 3× 10−5

(
δaSUSY

µ

10−9

)2 (
(m2

L̃
)12

m2
SUSY

)2

. (6)

The value δaSUSY
µ > 10−9 is favored by the recent result from the E821 experiment at the

2σ level. From the current experimental bound of µ → eγ (Br(µ → eγ)< 1.2 × 10−11

[15]), this imposes a stringent constraint on the LFV mass for the left-handed sleptons

as1

(m2
L̃
)12

m2
SUSY

<∼ 6× 10−4

(
δaSUSY

µ

10−9

)−1 (
Br(µ → eγ)

1.2× 10−11

) 1
2

. (7)

1When only the right-handed sleptons have the LFV masses, the correlation between Br(µ → eγ) and
(gµ−2) is relatively weak. This is because the dominant contribution to µ → eγ comes from bino–slepton
diagrams, while bino–slepton diagrams are subdominant in (gµ − 2). Moreover, there is an accidental
cancellation among the diagrams in µ → eγ [16]. If both the left-handed and right-handed sleptons have
the LFV masses, the correlation depends on the LFV masses and the other SUSY-breaking parameters.
In this case, the event rate of µ → eγ is determined by the competition between a neutralino–slepton
diagram proportional to mτ and the chargino-sneutrino diagram [17].
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This constraint (7) means that the off-diagonal component in the slepton mass matrix

should be much smaller than the diagonal ones, so that µ → eγ is suppressed. On the

other hand, the LFV mass terms for sleptons are not forbidden by any symmetries in

the presence of the neutrino masses. The decoupling solution (so-called effective SUSY

model) has been proposed as a solution for the SUSY FCNC problem [18]. In this model

the slepton and squark masses for the first and second generations are so heavy in order

to suppress the FCNC processes, while the off-diagonal components in the squark and

slepton mass matrixes are comparable with the diagonal ones. Now the effective SUSY

model is disfavoured, since the constraint (7) is independent of the SUSY-breaking scale

mSUSY and tan β. The above result supports the universal scalar mass hypothesis for the

SUSY breaking parameters, such as in the minimal supergravity scenario [19] or the gauge-

mediated SUSY-breaking scenario [20]. In this hypothesis, the charged-LFV processes are

suppressed by the super-GIM mechanism. However, if the scale for the generation of the

SUSY-breaking terms is higher than the right-handed neutrino mass scale in the SUSY see-

saw model, the renormalization effect could induce the sizable off-diagonal components.

The future charged-LFV experiments could cover (m2
L̃
)12/m

2
SUSY

>∼ 10−(5−6), as will be

shown. Thus, these experiments will give a significant impact on the flavour models and

the SUSY-breaking models.

Let us start to discuss the neutrino masses and mixing matrix in the SUSY SM with

right-handed neutrinos and present the charged-LFV event rates, using the result for the

neutrino oscillation experiment and (gµ − 2). In the SUSY SM with the right-handed

neutrinos (N̄i), the superpotential in the lepton sector is given by

W = Ēif
i
eLiHd + N̄if

ij
ν LjHu +

1

2
N̄iMRiN̄i, (8)

where Ēi and Li are right-handed charged leptons and lepton doublets, respectively. With-

out loss of generality, we can take a basis in which the charged-lepton Yukawa coupling

matrix fe and the right-handed neutrino mass matrix MR are diagonalized. In this basis

the neutrino Yukawa coupling matrix fν has flavour mixings generically, and this is the

origin of LFV. After integrating out the heavy right-handed neutrinos, the neutrino mass

matrix is given as

mν = mT
νDM−1

R mνD. (9)
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Here, the Dirac neutrino masses mνD are given by mνD = fν〈Hu〉. The neutrino mixing

matrix VMNS is defined by

V T
MNSmνVMNS = diag(mν1, mν2, mν3). (10)

The tiny neutrino masses and non-zero neutrino mixings provide neutrino oscillation so-

lutions to atmospheric and solar neutrino problems.

In order to explain the atmospheric neutrino result, we need an almost maximal mixing

between νµ and ντ ((VMNS)µ3 ' 1/
√

2). Thus, the structure of the neutrino mixing

matrix looks very different from that of the Kobayashi–Maskawa mixing matrix in the

quark sector. So far many models have been proposed in order to naturally accommodate

both small mixings in the quark sector and large mixing in the neutrino sector within the

context of unified theories. An interesting proposal is that a large mixing for neutrinos

can be easily understood by a lopsided structure of the Dirac mass matrices (that is,

f 22
ν ∼ f 23

ν � f 33
ν ∼ f 32

ν ) without introducing a non-trivial structure of the right-handed

neutrino mass matrix [21]. In this case, the lepton mixing matrix V , which diagonalizes

the neutrino Yukawa matrix as

UfνV = diag(fν1, fν2, fν3), (11)

also has a large mixing between the second and third generations, i.e. V23 ∼ 1/
√

2. The

component V13 is model-dependent; however, it tends to be larger than 0.01. We list

typical predicted values for V23 and V13 in some proposed models in Table 1. The order-

one V23 and non-zero V13 elements are very important for the charged-LFV processes in

SUSY models, as stressed in Refs. [6]. The component V12 depends on the solution of the

solar neutrino problem. It may also give a sizable contribution to the LFV processes if

fν2 and V12 are relatively large [7]. However, we take a limit of vanishing fν2 in order to

derive the conservative predictions in this paper.

Using the above results for the neutrino mixing matrix, we discuss the charged-LFV

processes in the SUSY SM with the right-handed neutrinos. In order to describe a real

world, soft SUSY-breaking terms have to be included in the SUSY SM. As mentioned

above, the current situation favours the universal scalar mass hypothesis for the SUSY-

breaking parameters. If the scale for the generation of the SUSY-breaking terms is higher,
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Models V23 V13

Albright et al. [23] 0.9 0.06
Altarelli et al. [23] 0.5 0.09
Bando et al. [23] ∼ 0.7 ∼ 0.1

Hagiwara et al. [23] 0.7 0.06
Nomura et al. [23] 0.7 ∼ 0.1

Sato et al. and Buchmüller et al. [21, 22] 0.7 ∼ 0.05

Table 1: Typical predicted values for V23 and V13 in various models [21, 22, 23].

the existence of the large neutrino Yukawa coupling can induce significant LFV masses

through the renormalization effect, as pointed out in Refs. [4, 5]. In the following, the scale

for the generation of the SUSY-breaking terms is assumed to be the GUT scale or the re-

duced Planck scale, as in the minimal supergravity scenario. Since the left-handed leptons

couple to the right-handed neutrinos, LFV is induced in left-handed slepton masses.

The renormalization-group equation (RGE) for the left-handed slepton masses is given

by

µ
d

dµ
(m2

L̃)ij =

(
µ

d

dµ
(m2

L̃)ij

)
SUSY-SM

+
1

16π2

{
m2

L̃
f †νfν + f †νfνm

2
L̃

+ 2
(
f †νm

2
ν̃fν + m2

Hu
f †νfν + A†

νAν

)}
ij

, (12)

where mL̃, mν̃ , mHu , and Aν denote the SUSY-breaking masses for the doublet slepton (L̃),

the right-handed sneutrino (ν̃), the Higgs (Hu), and the trilinear A-term for sneutrinos,

respectively. Here, (µ d
dµ

(m2
L̃
)ij)SUSY-SM represents the RGE in the SUSY SM:(

µ
d

dµ
(m2

L̃
)ij

)
SUSY-SM

=
1

16π2

{
−
(

6

5
g2
1M

2
1 + 6g2

2M
2
2

)
δij

+(m2
L̃
f †efe + f †efem

2
L̃
)ij

+2(f †em
2
ẽfe + m2

Hd
f †efe + A†

eAe)ij

}
, (13)

where M1, M2, mẽ, mHd
and Ae denote the bino mass, wino mass, SUSY-breaking masses

for the charged slepton (ẽ), the Higgs (Hd), and the trilinear A-term for charged sleptons,

respectively.

If we assume the universal scalar mass (m0) for all scalar bosons and the universal

A-term (Af = a0m0ff) at the unification scale (MG = 2 × 1016 GeV), the only source
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of LFV is the neutrino Yukawa coupling fν . An iteration gives an approximate solution

to Eq. (12) for the diagonal and off-diagonal components of the left-handed slepton mass

matrix:

(m2
L̃
)ii ' m2

0 +
1

16π2

{
36g2

GM2
0

5
−m2

0(6 + a2
0) |Vi3fν3|2

}
log

MG

MR

,

(m2
L̃)ij ' −(6 + a2

0)m
2
0

16π2
Vi3V

∗
j3|fν3|2 log

MG

MR
, for i 6= j. (14)

Here we also assumed the gaugino mass unification (M0) at MG, and the hierarchy fν3 �
fν2 � fν1. In this approximation, we neglected all charged-lepton Yukawa couplings fe.

As can be seen in Eqs. (14), the large neutrino Yukawa couplings fν3 and mixing V induce

large LFV masses as well as non-degeneracy in diagonal components of the slepton mass

matrix. If m0 ∼ M0, (m2
L̃
)12/m

2
SUSY ∼ 10−1 × V23V13. From Eq. (7), it is found that

the models with V23 ' 1/
√

2 and V13
>∼ 0.01 are marginal. When m0 is much smaller

than M0, the LFV masses (m2
L̃
)ij (i 6= j) are suppressed with respect to the diagonal

elements (m2
L̃
)ii, and all the diagonal elements tend to be degenerate. In the limit of

m0 = 0 (the no-scale limit), the LFV masses are generated only at higher order. In these

cases the charged-LFV processes are suppressed while the correction to the (gµ − 2) is

not suppressed. However, the large neutrino Yukawa coupling still induces the significant

effect, even if we take m0 = 0 at MG, as will be shown.

As listed in Table 1, many models for realistic fermion masses imply V23 ' 1/
√

2 and

V13 > 0.01. Therefore, we first fix V23 = 1/
√

2 and V13 = 0.01, and show the predicted

Br(µ → eγ) and δaSUSY
µ in Fig. 1. Here, unification between the top-quark and tau-

neutrino Yukawa coupling constants is assumed. We take tanβ = 10, M2 = 250 GeV,

mt = 175 GeV and mντ = 0.055 eV. In this case MR is 2× 1014 GeV. In our analysis, we

numerically solve the RGEs for couplings and SUSY-breaking parameters, and calculate

the branching ratios of µ → eγ and (gµ − 2) by using the complete formula given in

Ref. [5].

The solid line is for a case where the scale for generation of the SUSY-breaking terms

in the SUSY SM (MX) is the GUT scale. From this figure, a smaller m0 region is favored

to explain the recent (gµ − 2) result given in Eq. (1). When m0 is larger, both δaSUSY
µ

and Br(µ → eγ) are suppressed as in Eqs. (5) and (6). On the other hand, in the region
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with m0 � M2, only Br(µ → eγ) is suppressed, as explained above. However, the large

neutrino Yukawa coupling still induces a sizable effect on Br(µ → eγ), even in the no-scale

limit (m0 = 0).

So far we assumed that the SUSY-breaking terms are generated at the GUT scale. In

fact, this leads to the conservative bound on the µ → eγ event rate. If MX is larger than

the GUT scale, the running effect above this scale also induces LFV masses in general.

Therefore, the branching ratios for the charged-LFV processes will become much larger,

and our result for MX = MG is conservative. In Fig. 1, the dashed line is for the case

where MX is the reduced Planck scale (MP l = 2.4 × 1018 GeV). Here, we use the RGE

of the SUSY SM with the right-handed neutrino even above the GUT scale, while we

assume the GUT relation of the gaugino masses for simplicity. Since the ratio of MX to

MR is larger, the event rate becomes larger.

In order to obtain a conservative lower bound on Br(µ → eγ) below, we take the

no-scale-type initial condition m0 = 0 at MG, and show Br(µ → eγ) and δaSUSY
µ as a

function of the left-handed smuon mass and tan β in Fig. 2.2 Here we take V13 = 0.01

and V23 = 1/
√

2. As the SUSY contribution to (gµ − 2) increases, the branching ratio of

µ → eγ gets larger. In the parameter region with δaSUSY
µ > 10−9, which is favored by the

recent result at the 2σ level, Br(µ → eγ) is larger than 10−14. This interesting region will

be covered by a near-future µ → eγ experiment at PSI [25] if their proposed goal of 10−14

is achieved.

In Fig. 3, we show Br(µ → eγ) as a function of V13V23 and the left-handed smuon

mass or δaSUSY
µ assuming tan β = 10. At present the experimental limit Br(µ → eγ)<

1.2 × 10−11 is not very significant. However, the future expected reach at PSI (Br(µ →
eγ)∼ 10−14) will be quite significant. Since, from Fig. 2, the region favored by the present

(gµ − 2) experiment is about mL̃ < 360 GeV for δaSUSY
µ < 10−9, so the future limit on

lepton mixing V13(
V23

1/
√

2
) will be about 4 × 10−3. This limit will have an impact on the

fermion mass models as listed in Table 1. We should stress again that in Figs. 2 and 3,

we took the no-scale-type initial condition (m0 = 0) at the GUT scale, which significantly

2If we seriously take the no-scale-type initial condition at the GUT scale, the slepton may be the LSP,
and hence we may need a lighter SUSY particle, such as the axino. Otherwise, if we take into account
the running effect above the GUT scale, which is highly dependent on GUT models, this problem would
be solved [24].
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suppress the flavour violation in the SUSY-breaking parameters as can be seen in Fig. 1.

So if we consider non-zero universal mass (m0 6= 0) or if MX is larger than MG, the

branching ratio of µ → eγ becomes larger.

Finally, we comment on another interesting process, the µ–e conversion in nuclei.

In the SUSY see-saw model, the photon penguin diagram tends to dominate over the

other contributions in the µ–e conversion process in a wide range of the parameter space.

Therefore, we have the following relation between event rates Br(µ → eγ) and R(µ → e

in nuclei):

R(µ → e in Ti (Al))

Br(µ → eγ)
' 5 (3)× 10−3. (15)

The proposed experiment MECO at BNL will reach 10−16 for the conversion rate in

Al [26]. From relation (15), it is found that the MECO experiment will also provide a

significant probe on LFV in the SUSY SM. Furthermore, according to ongoing studies for

the ν factory at CERN [27] and the PRISM project at KEK/JAERI [28], a sensitivity of

10−18 for R(µ → e in Ti) may be possible. A value of R(µ → e in Ti) <∼ 10−18 corresponds

to Br(µ → eγ) <∼ 10−16, therefore V13
<∼ 10−(3−4). If this is achieved and the anomaly of

(gµ − 2) is also well-established in the future, not only realistic fermion-mass models but

also the SUSY-breaking mechanism under the universal scalar mass hypothesis, including

no-scale-type (or gaugino-mediation) SUSY breaking, will be significantly probed by the

LFV and (gµ − 2) experiments.
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Figure 1: Br(µ → eγ) and δaSUSY
µ as a function of universal mass m0. Here we take

V13 = 0.01, V23 = 1/
√

2, tanβ = 10 and M2 = 250 GeV. We assume unification between
the top-quark and tau-neutrino Yukawa couplings (mt = 175 GeV and mντ = 0.055 eV).
The solid and dashed lines are for cases where the scale for the generation of the SUSY-
breaking terms in the SUSY SM (MX) are the GUT scale and the reduced Planck scale,
respectively.
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Figure 2: (a) Br(µ → eγ) and (b) δaSUSY
µ as functions of the left-handed smuon mass and

tan β. Here, we impose the no-scale condition (m0 = 0) at the GUT scale in order to
derive the conservative lower bound on Br(µ → eγ). We take V13 = 0.01 and V23 = 1/

√
2,

and assume unification between the top-quark and tau-neutrino Yukawa couplings as in
Fig. 1.
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µ

assuming tan β = 10. We impose the no-scale condition (m0 = 0) at the GUT scale.
Unification between the top-quark and tau-neutrino Yukawa couplings is assumed as in
Fig. 1. In typical models, V13

>∼ 10−2, as listed in Table 1.
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