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今日の話のまとめ

（重い）SUSY model 
＋

 重い右巻きニュートリノ
‖

大きな Lepton Flavor Violation！？
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Introduction: why LFV?

• Neutrinos oscillate ń Lepton family numbers are not conserved!

• Can we observe LFV in charged leptons decays?

• In the SM + massive neutrinos:

Suppression due to small neutrino masses

In presence of NP at the TeV we can expect large effects!  
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Cheng Li ’77, ’80; Petcov ‘77 

CLFV, Theory Overview Lorenzo Calibbi (ULB)

LFV in the SM with massive neutrinos

• Neutrino oscillations Massive neutrinos

Lepton Flavor is not conserved

Dirac? Majorana (see-saw)?
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Any LFV observations in the near future experiments 
implies the existence of physics beyond the SM

massive neutrino + New Physics = Large LFV ?
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最小超対称標準模型 
(Minimal Supersymmetric Standard Model)

超対称性 (SUSY) ＝ ボゾンとフェルミオンの対称性

Squark
Slepton
Gluino
Bino
Wino
Higgsino

Higgs２重項
（２HDM）

�
Neutralino
Chargino

�Hd�2 + �Hu�2 =
v2

2
tan� = �Hu�/�Hd�

h, H, A, H+

電弱対称性
の破れ
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どうして超対称性模型？

• 弦理論では超対称性は必須

• 大統一理論への示唆

• Hierarchy Problem (HP)　　　　　　
(mEW2とmSUSY2の微調整)

• 暗黒物質(DM)の候補が存在 　　　
(neutralino, gravitino, ...)

• 軽いヒッグスを予言 　　　　　
(Higgs の４点結合がゲージ結合定数で与えられる）

• ミューオンの異常磁気能率を説明
できる数少ない模型
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LFV in SUSY models

L =
emi

2
l̄iFµ��µ�(ALPL + ARPR)lj

where

•mass scale of SUSY particles
•Size of flavor-violation

Br(li � lj�)
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[Hisano et al ’95 ]
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LFV in SUSY models

TeV-Scale

 Off-diagonal components of slepton mass matrices

SUSY scale muon g-2 -- O(100)GeV sleptons & EW gauginos

Hierarchy Problem -- fine tuning btw        &             
Dark Matter -- thermal or non-thermal production?

GUT -- only light gauginos? log-dependence

m2
SUSYm2

W

Size of flavor violation

1. Arbitrary values (Anarchy)

2. No flavour-mixing at tree-level

too large LFV rates 
(SUSY flavor problem) 

Importance of radiative 
corrections(Universal)
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Same 
origin

LFV in SUSY models with diagonal soft masses

• No LFV at tree-level

• Non-zero off-diagonal elements            Radiative Corrections
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LFV in SUSY models with RNs
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Fig. 5.20: Correlation between B(µ → e γ) and B(τ → µ γ) as a function of mN3
, for SPS 1a. The areas

displayed represent the scan over θi as given in Eq. (5.39). From bottom to top, the coloured regions correspond
to θ13 = 1◦, 3◦, 5◦ and 10◦ (red, green, blue and pink, respectively). Horizontal and vertical dashed (dotted) lines
denote the experimental bounds (future sensitivities).

by at least two orders of magnitude. Moreover, and given the impressive effort on experimental neutrino
physics, a measurement of θ13 will likely also occur in the future [694–702]. Given that, as previously
emphasized, µ → e γ is very sensitive to θ13, whereas this is not the case for B(τ → µ γ), and that both
BRs display the same approximate behaviour with mN3 and tanβ, we now propose to study the corre-
lation between these two observables. This optimizes the impact of a θ13 measurement, since it allows
to minimize the uncertainty introduced from not knowing tan β and mN3 , and at the same time offers
a better illustration of the uncertainty associated with the R-matrix angles. In this case, the correlation
of the BRs with respect to mN3 means that, for a fixed set of parameters, varying mN3 implies that the
predicted point (B(τ → µ γ), B(µ → e γ))) moves along a line with approximately constant slope in
the B(τ → µ γ) − B(µ → e γ) plane. On the other hand, varying θ13 leads to a displacement of the
point along the vertical axis.

In Fig. 5.20, we illustrate this correlation for SPS 1a, choosing distinct values of the heaviest
neutrino mass, and we scan over the BAU-enabling R-matrix angles (setting θ3 to zero) as

0 ! |θ1| ! π/4 , −π/4 ! arg θ1 ! π/4 ,

0 ! |θ2| ! π/4 , 0 ! arg θ2 ! π/4 ,

mN3 = 1012 , 1013 , 1014 GeV . (5.39)

We consider the following values, θ13 = 1◦, 3◦, 5◦ and 10◦, and only include in the plot the BR predic-
tions which allow for a favourable BAU. Other SPS points have also been considered but they are not
shown here for brevity (see [674]). We clearly observe in Fig. 5.20 that for a fixed value of mN3 , and
for a given value of θ13, the dispersion arising from a θ1 and θ2 variation produces a small area rather
than a point in the B(τ → µ γ − B(µ → e γ) plane. The dispersion along the B(τ → µ γ) axis is of
approximately one order of magnitude for all θ13. In contrast, the dispersion along the B(µ → e γ) axis
increases with decreasing θ13, ranging from an order of magnitude for θ13 = 10◦, to over three orders of
magnitude for the case of small θ13 (1◦). From Fig. 5.20 we can also infer that other choices ofmN3 (for
θ13 ∈ [1◦, 10◦]) would lead to BR predictions which would roughly lie within the diagonal lines depicted
in the plot. Comparing these predictions for the shaded areas along the expected diagonal “corridor”,

91

y� =
1
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M̂R R
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[ Antusch, Arganda, Herrero, Teixeira  ’06 ]

Large Br
 for larger MN

ml̃ � 200 GeV, MW̃ � 180 GeV
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LHC7+8
• Poor News : Non-observation of NP particles
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ATLAS Preliminary
 = 8 TeVs, -1 L dt = 20.1 - 20.7 fb0

o¾

LSP
 not included.theory

SUSYm95% CL limits. 

0-lepton, 2-6 jets

0-lepton, 7-10 jets

0-1 lepton, 3 b-jets

1-lepton + jets + MET

1-2 taus + jets + MET

 3 b-jets*2-SS-leptons, 0 - 

ATLAS-CONF-2013-047

arXiv: 1308.1841

ATLAS-CONF-2013-061

ATLAS-CONF-2013-062

ATLAS-CONF-2013-026

ATLAS-CONF-2013-007
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Mg̃
>� 1.4 TeV
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>� 1.8 TeV

masses of colored 
particles are highly 

constrained

Note, LFV is probably 
induced by non-colored 
particles, which might 

escape from LHC search
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LHC7+8
• Great News : Discovery of Higgs boson
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Implication of Higgs mass on SUSY models
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FIG. 5. Messenger scale required to produce su�ciently large |A
t

| for m
h

= 123 GeV (left) and m
h

= 125 GeV
(right) through renormalization group evolution.

At = 0 at the messenger scale. Clearly this is not com-
pletely set in stone, and it would be interesting to look for
models of GMSB (or more generally flavor-blind models)
with large At at the messenger scale. This may be pos-
sible in more extended models, for instance in [37] where
the Higgses mix with doublet messengers.
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Appendix A: Comments on “heavy SUSY” scenarios

Although we have focused on mixed stops which can
be light enough to be produced at the LHC, let us briefly
consider the case of stops without mixing. For small
MS , we can compute the Higgs mass with FeynHiggs.
For larger MS , we use a one-loop RGE to evolve the
SUSY quartic down to the electroweak scale, computing
the physical Higgs mass by including self-energy correc-
tions [38, 39]. In Figure 6, we plot the resulting value of
mh as a function of MS , in the case of zero mixing. We
plot the FeynHiggs output only up to 3 TeV, at which
point its uncertainties become large and the RGE is more
trustworthy. One can see from the plot that accommo-

dating a 125 GeV Higgs in the MSSM with small A-terms
requires scalar masses in the range of 5 to 10 TeV.
A variation on this “heavy stop” scenario is Split Su-

persymmetry [40, 41], in which gauginos and higgsinos
have masses well below MS and influence the running of
�. In this case, the running below MS is modified by the
light superpartners, and the preferred scalar mass scale
for a 125 GeV Higgs can be even larger [42–44].
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FIG. 6. Higgs mass as a function of M
S

, with X
t

= 0. The
green band is the output of FeynHiggs together with its as-
sociated uncertainty. The blue line represents 1-loop renor-
malization group evolution in the Standard Model matched
to the MSSM at M

S

. The blue bands give estimates of errors
from varying the top mass between 172 and 174 GeV (darker
band) and the renormalization scale between m

t

/2 and 2m
t

(lighter band).

2

as it captures many of the qualitative features that we
will see. We have characterized the scale of superpart-

ner masses with MS ⌘
�
mt̃1mt̃2

�1/2
. First, we see that

decreasing tan� always decreases the Higgs mass, inde-
pendent of all the other parameters (keeping in mind that
tan� & 1.5 for perturbativity). So we expect to find a
lower bound on tan� coming from the Higgs mass. Sec-
ond, we see that the Higgs mass depends on Xt/MS as
a quartic polynomial, and in general it has two peaks at
Xt/MS ⇡ ±

p
6, the “maximal mixing scenario” [10]. So

we expect that mh = 125 GeV intersects this quartic in
up to four places, leading to up to four preferred values
for Xt/MS . Finally, we see that for fixed Xt/MS , the
Higgs mass only increases logarithmically with MS itself.
So we expect a mild lower bound on MS from mh = 125
GeV.

Now let’s demonstrate these general points with de-
tailed calculations using FeynHiggs. Shown in fig. 1 are
contours of constant Higgs mass in the tan�, Xt/MS

plane, for mQ = mU = 2 TeV (where mQ and mU

are the soft masses of the third-generation left-handed
quark and right-handed up-type quark scalar fields). The
shaded band corresponds to mh = 123 � 127 GeV, and
the dashed lines indicate the same range of Higgs masses
but with mt = 172 � 174 GeV. (The central value in all
our plots will always be mh = 125 GeV at mt = 173.2
GeV.) From all this, we conclude that to be able to get
mh ⇡ 125 GeV, we must have

tan� & 3.5 (2)

So this is an absolute lower bound on tan� just from the
Higgs mass measurement. We also find that the Higgs
mass basically ceases to depend on tan� for tan� beyond
⇠ 20. So for the rest of the paper we will take tan� = 30
for simplicity.

Fixing tan�, the Higgs mass is then a function of Xt

and MS . Shown in fig. 2 are contours of constant mh vs
MS and Xt. We see that for large MS , we want

Xt

MS
⇡ �3, �1.7, 1.5, or 3.5 (3)

We also see that the smallest the A-terms and the SUSY-
scale can absolutely be are

|Xt| & 1000 GeV, MS & 500 GeV. (4)

It is also interesting to examine the limits in the plane
of physical stop masses. Shown in fig. 3 are plots of the
contours of constant Xt in the mt̃2 vs. mt̃1 plane. Here
the values of Xt < 0 and Xt > 0 were chosen to satisfy
mh = 125 GeV, and the solution with smaller absolute
value was chosen. In the dark gray shaded region, no
solution to mh = 125 GeV was found. Here we see that
the t̃1 can be as light as 200 GeV, provided we take t̃2 to
be heavy enough. We also see that the heavy stop has to
be much heavier in general in the Xt < 0 case.
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only weakly dependent on the stop mass up to ⇠ 5 TeV. The
solid curve is m
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= 125 GeV with m
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III. IMPLICATIONS FOR THE SUSY
BREAKING SCALE

Having understood what mh ⇡ 125 GeV implies for
the weak-scale MSSM parameters, we now turn to the
implications for the underlying model of SUSY-breaking
and mediation. In RG running down from a high scale,
for positive gluino mass M3, the A-term At decreases.
The gluino mass also drives squark mass-squareds larger

[ Draper, Meade, Reece, Shih ’11 ]

“Higgs mass = 126 GeV”          constraints on SUSY parameters

mt̃ � O(10 TeV) large A term
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?

LFV in High-scale SUSY models
126 GeV Higgs boson + Null result of SUSY search

O(10-100)TeV sfermions

 Off-diagonal components of slepton mass matrices

SUSY scale
muon g-2,  HP,  DM,  GUT

Size of flavor violation

1. Arbitrary values (Anarchy)

2. No flavour-mixing at tree-level (Universal)

The simplest and the 
most natural case.

1) gaugino mass ~ sfermion mass
2) gaugino mass << sfermion mass

(gravity-med.)

(anomaly-med.)

OK for 2) OK

The strongest constraint 
comes from Kaon-mixing
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Kaon mixing parameter

�K �
Im[�12

dR
�12

dL
]

m2
SUSY

|�ij | = 0.1

Suppressed If 
the phases are 

cancelled

maximal phase
[Moroi, MN (2013)]

Excluded (2-σ)

symmetry?

g̃ g̃
�12

dL

�12
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sR d̄R

d̄L sL
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SO(10) relation and C-invariance

g̃ g̃
�12

dL

�12
dR

g̃ g̃
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dL
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g̃ g̃
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Breaking of C-inv. : EW & Yukawa interactions

C-inv. : m2
d̃L,ij

= m2�
d̃R,ij

�SUSY
K is suppressed

dL � dc
R
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Breaking of SO(10) relation
Dominant SUSY contribution comes from

m2
d̃L,33

�= m2�
d̃R,33 (RG effect through top Yukawa)
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Kaon mixing parameterε(SUSY)
K for the case with M2

d̃L
! M2 ∗

d̃R
(except for 33 elements)

Excluded (2-σ)

Constraint from εK may be relaxed

⇒ Leptonic flavor and CP violations look interesting

|�ij | = 0.1

Enough?

maximal phase

Yes

No

Anarchy

Universal

�SUSY
K         is significantly 

reduced

With SO(10) relation,
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LFV in High-scale SUSY models (Anarchy)
• Anarchy ... large off-diagonal elements are given at tree-level

MEG (2013 result)

MEG (upgrade)
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LFV in High-scale SUSY models (Anarchy)
In SUSY models, there is strong correlations btw Br(μ→e γ), Br(μ→eee ) and Rμe

In the case of dipole dominance:

• µ → 3e: Br(µ → 3e) " 7 × 10−3 × Br(µ → eγ)

• µ-e conversion: Rµe ∼ (a few)× 10−3 × Br(µ → eγ)

Comparison (just for fun)

MEG (obsolete)

MEG (upgrade)

Mu3e (Phase I)

Mu3e (Phase II)

Mu2e

COMET

PRISM

MEG (2013 result)

μ eχ0 χ±

l  or ν~
~

or

±

± ±

f

γ

Future experimental limits can be converted to that of Br(µ� e�)

Br � �2

m4
SUSY
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Electron EDM in High-scale SUSY models

de �
�2

m2
SUSY

�

ẽL ẽReL eR
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µ tan�
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ẽL ẽReL eR�̃R�̃L

�13�31

Current bound

New Limit: de < 8.7� 10�29
ACME colaboration (2013)
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LFV in high scale SUSY models (universal)

• Universal ... off-diagonal elements are generated by radiative corrections
[Moroi, MN, Ynagida (2013)]

In the see-saw model, with keeping the explanation of 
Higgs mass,  is it possible to detect the LFV signals?

Figure 1: Br(µ → eγ) as functions of the universal scalar mass m0 and tan β for MN =
3 × 1015 GeV, M1/2 = m0, a0 = 0 and sign(µ) > 0 in the mSUGRA model. Numbers in
the figure are the values of Br(µ → eγ). Dark (light) green region satisfies 125 GeV <
mh < 127 GeV (124 GeV < mh < 128 GeV) and dashed two green lines show mh =
120 GeV, 130 GeV. For small tan β, gray region is excluded by the non-perturbativity of the
top Yukawa coupling constant.

In the case of AMSB-type gaugino masses, it should be noted that the negative searches
for the gluino signals at the LHC impose significant constraint on m3/2; M3 ! 1.1− 1.2 TeV
[32] requires m3/2 ! 40 TeV. If m0 = m3/2, tan β is required to be smaller than ∼ 5 to realize
mh % 126 GeV; if so, as we can see in Fig. 2, LFV rates are so small that experimental
confirmation of the LFV processes becomes really challenging even in future experiments.
For non-minimal Kahler potential, we do not have to adopt the relation m0 = m3/2; if so
we may have a chance to observe the LFV processes at future experiments even in the case
with AMSB-type gaugino masses.

Next, we discuss the electroweak symmetry breaking in the present model, because the
existence of right-handed neutrinos may have important effect on it. In Fig. 2, we can see
that the successful electroweak symmetry breaking can be realized in the region with large
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LFV in high scale SUSY models (universal)

• Large neutrino Yukawa coupling is also useful to enlarge the 
parameter spaces with successful EWSB

Figure 2: Br(µ → eγ) as functions of m0 and tan β for MN = 3 × 1015 GeV and m0 = m3/2

in the pure gravity mediation model. Numbers in the figure are the values of Br(µ → eγ).
Dark (light) green region satisfies 125 GeV < mh < 127 GeV (124 GeV < mh < 128 GeV)
and dashed two green lines show mh = 120 GeV, 130 GeV. For small tan β, gray region is
excluded by the non-perturbativity of the top Yukawa coupling constant. For large tan β,
there is no correct EWSB minimum in the gray region. The upper (lower) dotted lines show
the upperbounds on tan β by correct EWSB conditions for MN = 1015 GeV (1010 GeV).

tan β; such a region does not exist in the case without right-handed neutrinos [20].
In fact, it is a generic feature that, with too large universal scalar mass compared to the

gaugino masses, electroweak symmetry breaking does not occur unless tan β is O(1). This
is due to the fact that, with large m0 and small M1/2, it becomes difficult to realize negative
m2

Hu
, which is essential for the electroweak symmetry breaking. Because m2

Hu
> 0 at high

scale and also because the RG running of m2
Hu

terminates at the scale of scalar fermions
(which is of the order of m0), m0 should be small enough to make m2

Hu
negative by the

RG effect. In the present case, m2
Hu

is driven to negative by the Yukawa interactions. If
right-handed neutrinos do not exist, m2

Hu
< 0 is realized by the top Yukawa interaction

whose effect is more enhanced for smaller tan β because the top Yukawa coupling constant is
proportional to ∼ 1/ sin β (above the mass scale of superparticles). As a result, for large m0,
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LFV in high scale SUSY models (universal)

mh � 126 GeV

Figure 3: Br(µ → eγ) as functions of MN and M1/2/m0 for m0 = 20TeV, tan β = 10,a0 = 0
and sun(µ) > 0 in the mSUGRA model. Numbers in the figure are the values of Br(µ → eγ).
Dark (light) green region satisfies 125 GeV < mh < 127 GeV (124 GeV < mh < 128 GeV)
and dashed green line shows mh = 130 GeV. For small MN , there is no correct EWSB
minimum in the gray region.

smaller value of tan β is required to have successful electroweak symmetry breaking if M1/2

is relatively small. (If M1/2 is comparable to m0, the RG effect enhances the stop masses
because of the large gluino mass. In such a case, the enhanced stop masses make it easier
to realize m2

Hu
< 0.) If there exist right-handed neutrinos, the neutrino Yukawa interactions

also reduce the low-energy value of m2
Hu

, as indicated by Eq. (15); with the high-scale (like the
GUT-scale) value of m2

Hu
being fixed, the low-scale value of m2

Hu
becomes smaller compared

to the case without right-handed neutrinos. Thus, in models with large scalar masses, the
existence of right-handed neutrinos significantly changes the condition of the electroweak
symmetry breaking.

To see the effect of right-handed neutrinos, in Fig. 3, we show the parameter region where
electroweak symmetry breaking successfully occurs in the case of mSUGRA-type boundary
condition on MN vs. M1/2/m0 plane. (Here, we take tan β = 10 and m0 = 20 TeV.) We
can see that, with larger value of MN (corresponding to larger neutrino Yukawa coupling
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Summary
✓近年のLHC実験の結果(ヒッグスの質量、SUSY粒子の未発見)を踏

まえると、O(10) TeV の重いSUSY模型が興味深い

✓ニュートリノ振動はレプトンフレーバーの破れの証拠であり、重い
SUSY模型でもニュートリノ湯川結合を通して観測可能な荷電レプト
ンフレーバの破れが生じうる

ーーーーーーーーーーーーーーーーーーーーーーーーーーーーー

✓SO(10) relation があると Kaon mixing の制限を緩める

✓EDMの実験が面白い

✓大きなニュートリノ湯川結合はEWSBを助けるのにも役立つ
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Importance of double-mass insertion
in high-scale SUSY models (Anarchy)

Figure 2: Br(µ → eγ) as a function of the slepton mixing parameter ∆l̃ (which is the absolute
value of the off-diagonal elements of ∆l̃L,ij and ∆l̃R,ij) for the heavy gaugino scenario. We
take tan β = 50 and µ = ml̃ = 100 TeV. We show the constructive case (∆ẽR,12 = ∆ẽR,13 =
∆ẽR,23 = ∆l̃L,12 = ∆l̃L,13 = ∆l̃L,23) and and destructive case (−∆ẽR,12 = ∆ẽR,13 = ∆ẽR,23 =
−∆l̃L,12 = ∆l̃L,13 = ∆l̃L,23). For comparison, we also show the results only with ∆ẽR,12 and
∆l̃L,12.

the µ → eγ process is induced by diagrams with chirality-flip due to the gaugino mass. Thus,
the amplitude for the AMSB case is suppressed by the factor of about M1,2/ml̃.

So far, we have considered the case where µ → eγ is dominantly induced by the 12
elements of ∆l̃L,ij and ∆l̃R,ij. Other components may, however, also affect Br(µ → eγ). In
particular, Br(µ → eγ) can be enhanced if the product ∆ẽR,13∆l̃L,32 or ∆l̃L,13∆ẽR,32 are non-
vanishing [35]. This is because, in such a case, left-right mixing occurs due to the Yukawa
interaction of tau-lepton instead of that of muon. To see how large the branching ratio can
be, we also calculated Br(µ → eγ) for the case where the absolute values of all the off-
diagonal elements of ∆l̃L,ij and ∆l̃R,ij are equal. (Here, we take ∆l̃L,ii = ∆l̃R,ii = 0.) In such
a case, the magnitude of the amplitude proportional to the tau Yukawa coupling constant
and that to the muon Yukawa coupling constant become comparable when the off-diagonal
elements are about 0.1. The relative phase between those two amplitudes depends on the
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