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1 Introduction

The minimal supersymmetric (SUSY) extension of the standard model (MSSM) has been

known as a promising candidate of the particle physics beyond the standard model (SM).

This is because it goes well with the grand unified theory explaining the hypercharge

quantization, has interesting dark matter candidates, and relaxes the hierarchy problem

between the fundamental and the electroweak (EW) scales. However, the MSSM also brings

difficulties in general, such as SUSY flavor-changing neutral current (FCNC) problem and

gravitino problem, which should be solved in a realistic setup.

It was pointed out that if SUSY breaking is mediated by gravity, the flavor-violating

parameters of the MSSM would be induced by the mediation of Planck-scale states. This

problem was solved by “sequestering” the MSSM sector from the SUSY breaking sector [1].

In the setup, gaugino and sfermion masses are generated through anomaly mediation [2, 3].

However, the simplest possibility suffers from the so-called tachyonic slepton problem: mass

squared parameters of sleptons are negative.

Recently the tachyonic slepton problem is solved in Higgs-Anomaly mediation [4, 5],1

where only Higgs doublets couple to the SUSY breaking sector through Planck-suppressed

operators while the matter and gauge sectors are sequestered from it as in the setup of

ref. [2]. The sequestering might be due to the separation between the SUSY breaking and

matter branes in an extra-dimension setup, or because squarks and sleptons are pseudo

Nambu-Goldstone bosons of E7/SU(5)×U(1)3 [5]. In this setup, gaugino masses are deter-

mined by anomaly mediation while the sfermion masses get additional contributions from

Higgs-loops. As a result, the slepton mass squared parameters are positive at a low-energy

1The Higgs-Anomaly mediation might be regarded as a variant of pure gravity mediation [6, 7] or minimal

split SUSY [8], where the SUSY breaking effects are purely mediated to the visible sector by gravity with

O(10 - 100) TeV gravitino.
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scale. The stop mass scale is O(10) TeV with O(100) TeV gravitino. This stop mass scale

can naturally explain the measured Higgs boson mass of 125 GeV, taking into account

radiative corrections [9–13]. Moreover, the gravitino problem is solved due to the earlier

decay than the epoch of big bang nucleosynthesis, thanks to the heavy gravitino [14].

In Higgs-Anomaly mediation, all the slepton and squark masses vanish at the tree-

level, and thus there is no flavor-violation at this level. However, splitting mass spectra are

generated at quantum level dominantly through Higgs-loop effects [15]: the sfermion masses

are hierarchical in generations at the low-energy scale. This hierarchy originates from the

hierarchy of the SM Yukawa couplings, and we have light sleptons and squarks in the first

two generations which can be searched at the LHC and future collider experiments [16–

20]. Surprisingly, this simple setup can explain the muon magnetic dipole moment (g − 2)

anomaly and bottom-tau/top-bottom-tau Yukawa unification. In particular, there is a

robust prediction: if the muon g − 2 anomaly is explained at the 1σ level, the masses of

the light squarks are fully within the sensitivity reach of the LHC.

However, it is not clear whether such light squarks are safe from the SUSY FCNC

problem. In this paper, a precise analysis is performed to show that the problem is solved

in Higgs-Anomaly mediation, focusing on the K-meson mixing. In the previous paper [4],

the estimation of the K-meson mixing was based on the mass insertion approximation, and

it was found to be marginal to the experimental constraint [21] in the muon g − 2 region.

Thus we need to check whether the FCNC processes are safe without the mass insertion

approximation regarding current constraints and lattice QCD results [22, 23].

Then, we revisit the SUSY spectrum of the Higgs-Anomaly mediation with a precise

analysis taking account of the off-diagonal elements of the mass matrices and the renor-

malization scale of the threshold corrections for dimensionless couplings. We show that

the region explaining the muon g− 2 anomaly is enlarged, while the region consistent with

the Yukawa coupling unification moves toward the muon g− 2 region. As a result, we find

some overlapped regions.

This paper is organized as follows. In section 2 we explain the Higgs-Anomaly Media-

tion and show the typical squark spectra with splitting mass. In section 3 the flavor safety

of the whole viable region is discussed. In section 4 we show the viable region explaining

the muon g − 2 anomaly or/and the Yukawa coupling unifications. The last section is

devoted to conclusions.

2 Higgs-anomaly mediation and light squarks

Let us explain the setup of Higgs-Anomaly mediation. In Higgs-Anomaly mediation, the

Higgs soft masses are non-vanishing and negative. The sfermion masses are generated

through anomaly mediation and Higgs-loop effects, while gaugino masses are simply deter-

mined by anomaly mediation.
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At Minp = 1016 GeV, we take the tree-level mass parameters as

m2
Hu = m2

Hd
= chm

2
3/2 < 0, µ = µ0, B = B0, (2.1)

M1 = M2 = M3 = 0, (2.2)

Au = Ad = Ae = 0, (2.3)

m2
Q̃

= m2
ũ = m2

d̃
= m2

L̃
= m2

ẽ = 0, (2.4)

where mHu and mHd are up-type and down-type Higgs soft masses, respectively; M1, M2

and M3 are bino, wino and gluino masses, respectively; Au,d,e is a matrix of scalar trilinear

couplings and mX̃ is a sfermion mass matrix of a field X̃. Both the matrices are 3 × 3

in generations. Here ch represents the Higgs soft masses in the unit of gravitino mass,

m3/2. We consider ch < 0, which is crucial to solve the tachyonic slepton problem and

get large stop masses of O(10) TeV. In our setup, a CP symmetry in the SUSY breaking

sector is assumed so that B0 and m3/2 are both taken to be real without loss of generality.

Throughout this paper, we consider µ0 > 0 for simplicity, while the discussions hereafter

hold with µ0 < 0, unless otherwise stated.

As briefly mentioned, the sfermion and gaugino masses are raised by quantum correc-

tions. The sfermion masses are dominantly composed of two sources of radiative correc-

tions:2,3 anomaly mediation, δAMm2
X̃

, and Higgs loop effects, δHMmX̃ . The squark masses

are

m2
Q̃,ũ,d̃

= δAMm2
Q̃,ũ,d̃

+ δHMm2
Q̃,ũ,d̃

. (2.5)

For instance, anomaly mediation gives a squark mass squared at two-loop level as [2]

δAMm2
Q̃,ũ,d̃

' 1

(
g2

3

16π2

)2

8m2
3/2. (2.6)

Higgs mediation. The contribution from the renormalization group (RG) running ef-

fects from Higgs loops is a key feature of our setup. We call it Higgs mediation. For

illustrative purpose, we show the contribution to squark masses with the leading log ap-

2In a five-dimensional spacetime scenario, the Higgs doublets may live in the bulk with size L,

and couple to the matters and SUSY breaking field with higher dimensional terms on each brane.

Then, there is a bulk-Higgs one-loop contribution to the sfermion masses of order 1
16π2

1
L2M2

pl
chm

2
3/2 =

O(10−8)
(

1/L

1016 GeV

)2 (
ch
−0.1

)
m2

3/2 (cf. ref. [24]) breaking the sequestering. The masses may have flavor-

violating components but is negligible for FCNC processes (see refs. [25, 26] and section 3), if 1/L ∼
1016 GeV. To obtain yt, yb, yτ ∼ 0.5 at Minp, the Yukawa couplings in five-dimension with fundamental

scale of ∼ (M2
pl/L)1/3 are of O(1), which can be further reduced by taking the bulk size slightly smaller.

We thank H. Murayama for discussion on this flavor-violating effect.
3In the scenario that the sfermions are pseudo Nambu-Goldston bosons, we can consider a non-compact

Kähler manifold KE7 [27] for the non-linear sigma model with an E7 breaking scale O(1016 GeV). This

model can couple to supergravity which is broken in a hidden sector [28]. The resulting effective Kählar

potential, KE7 + |Z|2 (1 − ch 1
M2

pl
(|Hu|2 + |Hd|2) . . .), does not have flavor-violating parameters. Since the

explicit breaking of E7 only comes from the Yukawa and gauge couplings, there are no flavor-violating

sources other than the Yukawa couplings.
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proximation:

δHM
1loopm2

Q̃
' 2

16π2

(
Y†u ·Yu + Y†d ·Yd

)
chm

2
3/2 log

(
mt̃

Minp

)
, (2.7)

δHM
1loopm2

ũ '
4

16π2

(
Yu ·Y†u

)
chm

2
3/2 log

(
mt̃

Minp

)
, (2.8)

δHM
1loopm2

d̃
' 4

16π2

(
Yd ·Y†d

)
chm

2
3/2 log

(
mt̃

Minp

)
, (2.9)

where Yu and Yd are the Yukawa matrices for up and down-type quarks, respectively.

They are given by

Yu =


yu 0 0

0 yc 0

0 0 yt

 · V, and Yd =


yd 0 0

0 ys 0

0 0 yb

 , (2.10)

using the CKM matrix V . The MSSM Yukawa couplings are matched to the SM ones:

yU '
mU

v

√
1 + tan2 β

tanβ
and yD '

mD

v

√
1 + tan2 β

1 + ∆D
, (2.11)

where

∆D '
g2

3

6π2
M3µ tanβI(m2

D̃L
,m2

D̃R
,M2

3 ). (2.12)

The index U (D) denotes {u, c, t} ({d, s, b}), and v ' 174 GeV is the Higgs vacuum expec-

tation value; tan β is a ratio of the vacuum expectation values,
〈
H0
u

〉
/
〈
H0
d

〉
; I(x, y, z) is a

loop function given by

I(x, y, z) = −xy ln(x/y) + yz ln(y/z) + zx ln(z/x)

(x− y)(y − z)(z − x)
. (2.13)

Note that ∆D dominantly comes from the threshold correction via a gluino-squark loop.

As one can see from eq. (2.7) to (2.9), the squark masses are split depending on the

Yukawa couplings: the masses of the stops are O(10) TeV for chm
2
3/2 ∼ −(100 TeV)2

while those of the first and second generation squarks are much smaller. We note that the

sbottoms and staus are also heavy as O(10) TeV due to the large tan β as described below.

Splitting mass spectra and the EW scale. In our setup, m2
Hu

and m2
Hd

are negative

and large. Therefore, one needs a large µ-term to lift the D-flat direction: the coefficients

of the Higgs quadratic terms need to be positive at the tree-level, i.e. chm
2
3/2 + µ2

0 & 0.

Taking into account the radiative corrections, large yb, yτ ∼ O(yt) are also required

for a successful EW symmetry breaking (EWSB). In order to have a positive mass squared

for the CP-odd Higgs, m2
Hu

+ m2
Hd

+ 2µ2 ' m2
Hd
−m2

Hu
> 0 is required at the stop mass

scale. The Higgs soft masses at the stop mass scale are determined by the RG equations

(RGEs), which are given by

dm2
Hu

d lnµR
⊃ 1

16π2
6y2
tm

2
Hu ,

dm2
Hd

d lnµR
⊃ 1

16π2

(
6y2
b + y2

τ

)
m2
Hd
, (2.14)
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where µR is the renormalization scale. Therefore m2
Hd

> m2
Hu

is achieved for yb and yτ of

the order of yt. (Remember that m2
Hu

and m2
Hd

are both negative.) The condition for the

Yukawa couplings leads to the large tan β, tanβ & 45. Then, the sbottom and stau masses

are also raised through Higgs mediation [see. eq. (2.7)–(2.9)]: all the third generation

sfermions have masses of order O(0.1)m3/2 for ch = −O(1), while the first two generation

sfermions have much smaller ones.4

The Higgs boson and the stop mass scale
√
mt̃L

mt̃R
are shown in figure 1. The SUSY

mass spectra are computed using SuSpect 2.4.3 [29] with appropriate modifications. In

particular, we have modified the single matching scale for the dimensionless couplings in

the SuSpect into two scales: the stop mass scale and gluino mass scale (cf. refs. [30, 31]).

In between the SM and gluino mass scales the dimensionless couplings are obtained by

solving SM RGEs at two-loop level [32], and they are obtained by solving the RGEs of SM

+ gauginos at the two-loop level [33] in between the gluino and stop mass scales. Then,

the SUSY threshold corrections are added at the stop mass scale [34]. This modification

reduces yb by around 10% for a given tan β at the stop mass scale compared with the

previous works (see section 4) [4, 5].

The Higgs boson masses estimated using SUSYHD 1.0.2 [35] and FeynHiggs

2.13.0 [36–42] are shown in the left and right panels, respectively. The Higgs boson

mass increases with larger |ch| for fixed tan β in both codes because the stop mass scale

increases due to the Higgs mediation. Given ch and tanβ, the Higgs boson mass also in-

creases with larger m3/2 for the same reason. There are large discrepancies between these

two results in the calculations.5 Also, there might be several GeVs uncertainties in the

calculations due to higher order missing terms (cf. refs. [43, 45, 46]). Therefore, within

the uncertainty, we conservatively consider the regions discussed here and hereafter can

explain the observed Higgs boson mass.6

Light squarks. The light squarks in the first two generations appear as the interesting

features of our scenario. In particular, the masses of the right-handed squarks decrease

during the RG running at the two-loop level. The contribution from the RG running is

proportional to the mass squared parameters of the third generation squarks as

dm2
Q̃,ũ,d̃

d lnµR
⊃ 1×

(
g2

3

16π2

)2
16

3
Tr[2m2

Q̃
+ m2

ũ + m2
d̃
]. (2.15)

4Since the heavy sfermions can be embedded into GUT multiplets, we have gauge coupling unification.
5SUSYHD (FeynHiggs) purely (partially) performs an effective field theory calculation, where the resum-

mation of large logarithm terms are made. Thus large logarithm terms, which are partially not resummed

in the FeynHiggs, might be the dominant discrepancy at large |ch|. On the other hand, the threshold

correction to the Higgs boson mass of order
(

1
16π2

)2 y6bµ
6

m6
b̃

v2 is not included in SUSYHD while is included in

FeynHiggs. Due to the µ tanβ enhancement, this term can contribute several GeVs to the Higgs boson

mass, for small |ch| and large tan β.

6For example, the threshold correction terms of order
(

1
16π2

)2
(

µ2

m2
b̃/τ̃

)3

v2 × (y4
by

2
τ , y

2
by

4
τ , y

6
τ ) are not

included in both codes. We have checked the Higgs boson mass evaluated by FlexibleSUSY 2.1.0 [43, 44],

where some of the missing two-loop threshold corrections are included. The result is more consistent with

SUSYHD, but there is O(1) GeV increase of the Higgs boson mass. The increase can be up to 2 − 3 GeV in

the region with |ch| = O(0.01) and large tan β.

– 5 –
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Figure 1. Contour plots of the Higgs boson mass [GeV] calculated using SUSYHD (left) and

FeynHiggs (right). We take m3/2 = 180 TeV. The stop mass scale is also shown in units of

TeV. Here, αs(mZ) = 0.1185 and mt(pole) = 173.34 GeV.

Since the masses of the third generation squarks are positive and O(0.1)m3/2 at the low-

energy scale, the above contribution is negative. Thus the masses of the first two generation

squarks are reduced.

On the other hand, there is a positive contribution to m2
Q̃

. It is raised via the two-loop

effects through SU(2) gauge interaction,

δHM,2loopm2
Q̃
' 1×

(
g2

2

16π2

)2

6chm
2
3/2 log

(
mt̃

Minp

)
, (2.16)

where we use the leading log approximation. The positive effect is comparable to the one

in eq. (2.15). To sum up, the diagonal components of squark mass squared parameters in

the first two generations satisfy,

m2
Q̃,ii
∼ δAMm2

Q̃,ii
, m2

ũ/d̃,ii
. δAMm2

ũ/d̃,ii
, (2.17)

where the index i takes d or s. The right-handed squarks are always lighter than gluino

mass determined by anomaly mediation [2, 3]

M3 = −3
g2

3

16π2
m3/2. (2.18)

The masses of the bino and wino are given by

M1 =
33

5

g2
1

16π2
m3/2, and M2 =

g2
2

16π2
m3/2, (2.19)

respectively. Notice that since tan β = O(10) in our setup, the threshold correction from

the Higgs-higgsino loop is negligible [5, 34].

The dependence of the first two generation squark masses on ch are shown in fig-

ure 2 for fixed tan β and m3/2. In the numerical calculation, we have taken account of the

off-diagonal components of the mass matrices and the Yukawa couplings for the first two

– 6 –
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generations. Notice that the masses of the right-handed up-type squarks are almost de-

generate due to the suppressed Yukawa couplings of charm and up quarks. (The left-right

mixing is negligibly small.)

This system is severely constrained for a small |ch| in the LHC due to the large pro-

duction rate of light colored sparticles [47]. The squarks in this region will be tested up

to ∼ 3 TeV [48], corresponding to m3/2 . 200 TeV. Moreover, the squarks as well as the

gluino with the masses up to around 7 TeV and 15 TeV are within the projected sensitiv-

ity of the 33 TeV and 100 TeV colliders [48–50]. The corresponding gravitino masses are

m3/2 ' 400 TeV and 1000 TeV, respectively.

In the region with larger |ch| some of the squark masses are comparable to the wino

mass. (We focus on the region where the wino is the lightest SUSY particle.) In this

region, the LHC constraints are relaxed because a jet produced from the squark decay has

a too small transverse energy. The LHC can test light squarks with wino mass . 600 GeV,

corresponding to m3/2 . 200 TeV [48–50]. This compressed region can be tested in the

33 TeV and 100 TeV colliders with the wino mass up to 1.2 TeV and 4 TeV, equivalently

m3/2 ' 400 TeV and 1300 TeV.

In fact, a pure wino dark matter of mass smaller than 3 TeV (m3/2 . 1 PeV) can

explain the observed dark matter abundance with non-thermal production through grav-

itino decay.7 The pure wino dark matter is viable even with current AMS-02 antiproton

constraints (cf. ref. [53]).8 In particular, when the mass of the wino is smaller than 1 TeV

(m3/2 . 300 TeV), the reheating temperature of the universe can be high enough for ther-

mal leptogenesis [54] (see also [55, 56] for reviews) without producing too much dark matter

through gravitino decay [5]. This region is within the reach of the 33 TeV collider.

3 Flavor safety

The Higgs mediation effect (2.7) has flavor-dependence. Thus it is quite non-trivial

whether flavor-violating processes are suppressed to be consistent with the current mea-

surement [21], especially with light squarks. Suppressions of flavor-violating processes in

the lepton sector are guaranteed because the lepton Yukawa matrix can be diagonalized.

The only flavor-violating sources are the quark Yukawa couplings. The flavor-violating con-

tribution from SUSY appears through these Yukawa couplings via the left-handed squark

mass squares induced by the Higgs mediation and via squark left-right mixing terms. This

is categorized into the so-called minimal flavor violation scenario [57–61].9 Since the stop

and sbottom in most of the region are heavy as mb̃,t̃ = O(0.1m3/2), flavor-violating pro-

cesses in B-meson system are negligible.10

7Strictly speaking, when |ch| is sufficiently large, one should take into account the coannihilations between

the wino and light squarks due to the compressed spectrum. This could enlarge the parameter region (cf.

refs. [51, 52]).
8We thank S. Matsumoto for useful communication on this issue.
9Notice that our scenario is not within the universality-class of the fixed-point discussed in refs. [61, 62].

This is because the gauge contributions to the squark masses in our scenario are suppressed compared with

the Higgs mediation, while the gauge contribution was relevant for the fixed-point.
10There are also tiny regions with mA = O(100) GeV where we may have significant contributions to the

anomalous decays of mesons (cf. [63]).

– 7 –



J
H
E
P
0
4
(
2
0
1
8
)
0
1
2

Figure 2. The mass spectra of colored sparticles. The gravitino mass and tan β are fixed as

m3/2 = 152 TeV and tan β = 51 (m3/2 = 180 TeV and tan β = 51) in the left (right) panel. The

black solid line denotes the wino mass for comparison.

The dominant FCNC process is in K-meson system due to the light squarks in the first

two generations. A näıve mass insertion approximation [25, 26] is no longer valid due to the

splitting spectrum of the squarks. This is the reason why we carry out precise numerical

calculations in the mass eigenbasis. The results of the calculations will be shown later.

Before the precise calculations, let us analytically discuss the K0 -K0 meson mixing

with the approximation of the effective mass insertion for illustrative purpose. In the

approximation, we integrate out the third generation squarks.

The (b, b) component of the mass matrix for the left-handed squarks is approximately

given by

m2
Q̃b,b
' 1

8π2
(|Vtb|2 y2

tm
2
Hu + y2

bm
2
Hd

) log

(
mt̃

Minp

)
, (3.1)

which is much larger than the others, e.g.

m2
Q̃d,b
' 1

8π2
(V ∗tdVtby

2
t )m

2
Hu log

(
mt̃

Minp

)
, (3.2)

where |Vtd| ' 8.7 × 10−3, |Vtb| ' 1. Here, we have taken the super-CKM basis. We have

neglected the contributions involving gauge couplings and yu, yc, yd, ys.

After integrating out the (b, b) component, we obtain a 2× 2 effective mass matrix for

the first two generations:

m2,eff

Q̃i,j
'm2

Q̃i,j
− 1

8π2

(
y4
tm

2
Hu
V ∗tiVtj |Vtb|

2

y2
t |Vtb|

2m2
Hu

+ y2
bm

2
Hd

)
m2
Hu log

(
mt̃

Minp

)
, (3.3)

where m2
Q̃i,j

is given in eq. (2.7). We see that the flavor-violating off-diagonal component

– 8 –
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obtains a suppression factor r ≡
(

y2
bm

2
Hd

y2
t |Vtb|

2m2
Hu

+y2
bm

2
Hd

)
as

m2,eff

Q̃d,s
' rm2

Q̃d,s
' r 1

8π2
V ∗tdVtsy

2
tm

2
Hu log

(
mt̃

Minp

)
. (3.4)

This suppression factor, r, reflects the fact that Yu can be diagonalized and all flavor-

violating sources disappear in the limit yb → 0. Notice that even for yt ∼ yb, r is O(0.1).

Interestingly, with the splitting mass spectrum, the flavor-violating effect is even suppressed

compared to the case of almost degenerate squark masses.

The (d, d) and (s, s) components of this 2×2 matrix mostly come from gauge contribu-

tions, which are almost the same. In oder to use the mass insertion approximation, we define

(δd,eff
LL )12 '

2m2,eff

Q̃d,s

tr[m2,eff

Q̃
]
' −(20 + 7i)× 10−3

(
V ∗tdVts

(−3− 1i)× 10−4

)(
ch
−0.2

)( yt
0.7

)2 ( r

0.5

)
,

(3.5)

where we use eq. (2.6) to evaluate tr[m2,eff

Q̃
]. We see that the constraints from ∆MK and

εK are satisfied for tr[m2,eff

Q̃
]/2 & (2 TeV)2(see appendix A).

Let us discuss the SUSY contribution to the K-meson mixing in more detail. In our

mass range where 0.7M3 .
√

m2,eff

Q̃,ii
. 0.9M3, there is a cancellation in the gluino contribu-

tion, which has the two box diagrams with and without a cross. These diagrams have op-

posite signs and cancel each other. As a result, there is a suppression factor of r′ = O(0.1).

The chargino and neutralino contributions are also dominant since there is no cancella-

tion. Note that the gluino-neutralino contribution has diagrams with and without a cross.

However, these diagram contributes constructively due to M3/M1 < 0 and M3/M2 < 0

[see eq. (A.4)]. The analytic formulae for the dominant contributions to MK
12 are shown

in appendix A with the approximation of the effective mass insertion which agrees with

the numerical estimation with an error smaller than 20%.11 To sum up, compared with

the näıve mass insertion approximation without cancellation of box diagrams, there is a

suppression factor r2r′ = O(10)%.

Now, we numerically calculate MK
12 in the mass eigenbasis taking into account the

left-right mixing as well as other sub-dominant contributions. The formulae of the SUSY

contribution can be found in ref. [64]. In the calculation, we solve one-loop RGEs for the

off-diagonal components of the squark mass matrix for the Higgs mediation by following

ref. [61] without neglecting yu, yc, yd, ys given in eqs. (2.11). The diagonal and off-diagonal

masses of the squarks from anomaly mediation are also added at the stop mass scale.

Let us focus on εK , which is precisely measured as [21]

|εK |exp = 2.228(11)× 10−3. (3.6)

On the other hand, there are larger uncertainties in the theoretical predictions of the

SM [23]. Using exclusive Vcb determined by lattice QCD, the SM prediction is

|εK |SM,ex = 1.58(16)× 10−3. (3.7)

11To compare with the numerical result, m2
Q̃

is calculated by solving the RGEs, whose (b, b) component

is integrated out to lead to m2,eff

Q̃,ii
.
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Using inclusive Vcb determined by QCD sum-rule,

|εK |SM,in = 2.05(18)× 10−3. (3.8)

Although |εK |SM,in is consistent with the experiment, |εK |SM,ex has a deviation around 4σ

level.

In figure 3 the ratio of δεK to εexp
K is represented, where δεK is the SUSY contribution

to εK . In the shaded-gray region, the slepton mass is . 440 GeV or the squark mass is

. 1400 GeV representing the LHC bound for the direct slepton production followed by

its R-parity-violating leptonic decay (cf. ref. [65]) or direct squark production [47, 66].12

Now one finds that the SUSY contributions in all the region are either consistent with

the experiment regarding εK
SM,ex or εK

SM,in. Interestingly, the deviation, δεK , can be of

O(10)% of the experimental value. The discrepancy between εSM,ex
K and εexp

K can be filled

for large |ch| and tanβ. In this case, the lightest squark and wino has almost degenerate

masses, which is within the reach of the 33 TeV collider. We have also checked that there

are no significant deviations from the SM predictions in the D and B-meson system as well

as ∆MK and ε′K/εK [67].13

So far, we have shown that the Higgs-Anomaly mediation solves the SUSY FCNC

problem. This is quite non-trivial, because the setup has sufficiently heavy stops favored

by the measured Higgs boson mass and various light sparticles which can affect low energy

phenomena. Some phenomena will be discussed in the next section.

4 Other predictions

As mentioned, we have modified the matching scale in SuSpect taking account of the

sparticle mass splitting. By correctly setting the matching scales, yb in the MSSM is

reduced from the previous analysis in refs. [4, 5] for the fixed tan β and the stop mass

scale. As a result, viable parameter regions slightly move towards larger tan β. Due to

this modification, we will see that the region explaining the muon g − 2 anomaly becomes

larger due to the tan β enhancement, while the region consistent with the Yukawa coupling

unification moves towards smaller |ch|. The muon g− 2 anomaly and the Yukawa coupling

unifications will be obtained for µ0 > 0, but the threshold corrections relevant for them

change their signs for µ0 < 0 [see eqs. (4.1) and (2.12)]. The relative sign between gluino

and bino masses due to anomaly mediation will also be relevant in explaining the muon

g − 2 anomaly and Yukawa unifications simultaneously.

Muon g − 2. The Higgs mediation effect is essential in the lepton sector to solve the

tachyonic-slepton problem [4, 5]. One has light sleptons whose masses are small due to the

negative contribution from anomaly mediation especially for ch = −O(0.01). This leads to

the attractive feature: the explanation of the muon g − 2 anomaly.14 Since µ and tan β

12We note that this bound is set with the assumption that all the masses of the first and second generation

sleptons (squarks) are degenerate. This may be an overestimation because the heavier sleptons (squarks)

reduce the sparticle production rates compared with those in the references.
13We have also checked that ∆MK , εK and ε′K/εK do not significantly exceed the SM prediction with

µ0 < 0.
14SUSY models beyond the MSSM explaining the muon g − 2 anomaly are shown in refs. [68–77].
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Figure 3. Contours of the ratio of SUSY contribution to the experimental value of εk for m3/2 =

152 TeV(left) and m3/2 = 180 TeV(right). The gray shaded regions denote the LHC bounds. On

the purple dash-dotted (solid) line, the mass of the right (left)-handed selectron degenerates with

the wino mass. On the black dash-dotted line in the right panel, the mass of the lightest squark

degenerates with the wino mass. Below (Above) the blue (green) solid and dashed lines, the result

is consistent with εexpk at 2σ and 1σ level, using the exclusive (inclusive) Vcb.

Figure 4. Contours of the SUSY contribution to the muon g − 2 for m3/2 = 152 TeV (left) and

m3/2 = 180 TeV (right). The geometric mean of the first two generation squark masses [GeV] is

shown in black solid line. The gluino masses are ≈ 3.2 TeV (left) and ≈ 3.7 TeV (right).

are large which are required for a correct EWSB, the contribution to the muon g− 2 from

the bino-smuon loop is important.15 This contribution can be approximated as [79–81]

(αµ)SUSY '
(

1− δQED

1 + ∆µ

)
g2
Y

16π2

m2
µµ tanβM1

m2
µ̃L
m2
µ̃R

fN

(
m2
µ̃L

M2
1

,
m2
µ̃R

M2
1

)
, (4.1)

15It is checked that although we have a quite large µ tanβ and light smuons, the EWSB vacuum is enough

long-lived in all the viable region throughout the thermal history of the universe (cf. ref. [78]).
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where mµ is the muon mass; mµ̃L (mµ̃R) is the mass of the left-handed (right-handed)

smuon; fN (x, y) is a loop function of O(0.1); ∆µ and δQED are two-loop corrections given

in [82, 83] which are of O(0.1). On the other hand the anomaly is represented by

aEXP
µ − aSM

µ = (26.1± 8.0)× 10−10, (4.2)

where we have quoted ref. [84] for a SM prediction [84, 85], aSM
µ , while aEXP

µ is the experi-

mental value [86, 87].

In figure 4, one finds that the muon g−2 anomaly can be explained at 1σ (2σ) level for

m3/2 . 150 TeV (190 TeV) when the lightest sparticle (LSP) in the MSSM is wino-like.

The region within 1σ (2σ) level can (could) be within the reach of the high-luminosity

LHC, since the masses of the light squarks are almost degenerate. This region can be also

fully tested from the search of disappearing charged track for wino-like LSP [88] (see also

refs. [89, 90])

When R-parity is violated or there is a lighter sparticle in a different sector, selectron

can be lighter than the wino.16 In this case, the muon g − 2 region can be enlarged with

heavier gravitino m3/2 . 160 TeV (200 TeV) for the explanation at 1σ (2σ) level. Such

selectrons could be sufficiently long-lived, and within the reach of the LHC [101–103].

Yukawa unification. Since sizable yb and yτ are required for the successful EWSB, one

can have Yukawa coupling unifications at Minp.17 The precisions of the bottom-tau and

top-bottom-tau Yukawa unifications are defined by

Rbτ =
yb
yτ

(4.3)

and

Rtbτ =
max (yt, yb, yτ )

min (yt, yb, yτ )
(4.4)

at Minp, respectively. The contours of Rbτ and Rtbτ are, respectively, shown in figure 5 and

figure 6.18 The masses of relevant sfermions are also shown. Almost degenerated squarks

in the region consistent with the Yukawa unification can be searched at the LHC as well as

the future collider experiments (see section 2). The red solid line denotes the 2σ boundary

of the muon g−2. One can find that there are regions both favored by the muon g−2 and

the Yukawa coupling unifications. These regions are within the reach of the LHC. Note

that the regions consistent with the Yukawa coupling unifications do not depend much on

the size of m3/2 and can be found even for m3/2 ' O(103) TeV.

16Then the dark matter could be QCD axion/axino, inflaton/inflatino [91–99] or a light singlet predicted

in the pseudo Nambu-Goldstone boson hypothesis for sfermions (cf. refs. [5, 100]).
17We do not require the first two generation Yukawa couplings to unify because of corrections from

higher dimensional operators of the order of Minp/Mpl ∼ 10−2. Minp/Mpl is also the order of the one-loop

threshold corrections to the gauge and third generation Yukawa couplings at Minp.
18We note that in an SO(10) GUT, a right-handed neutrino as well as the matters in a generation is

embedded in a 16 multiplet. This implies the neutrino Yukawa coupling in yi,jν HuLiν
R
j would affect the

RG-running of the yt and yτ . Thus from the viewpoint of SO(10) GUT, yt and yτ could be raised slightly at

the GUT scale and the region for the top-bottom-tau Yukawa unification could move towards larger tan β

and smaller |ch|. This effect may enlarge the viable region for the unification.
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Figure 5. Contours of |Rbτ − 1| for m3/2 = 152 TeV (left) and 180 TeV (right). The black solid

(dashed) contours represent the mass of the lightest (heaviest) squark in the first two generation in

units of GeV. Above the red solid line the muon g − 2 anomaly is explained within the 2σ level.

Figure 6. Contours of Rtbτ − 1 for m3/2 = 152 TeV (left) and 180 TeV (right). The black solid

(dashed) line represents the mass of the right (left)-handed selectron in units of GeV.

Finally, some data points are shown in table 1. On the point II, we consider that

the LSP of the MSSM is the selectron with assuming R-parity violation to survive the

experimental/cosmological bound while the LSP is wino-like neutralino on the other points.

On the point I (II), the muon g − 2 anomaly is explained at 1σ (2σ) level. On all the

points, the stop-like squarks are heavy as O(10) TeV, which are expected to be consistent

with the observed Higgs boson mass of 125 GeV.

5 Discussion and conclusions

We have shown that the SUSY flavor problem is solved in a simple setup called Higgs-

Anomaly Mediation. This simple setup has splitting mass spectra of sfermions: the masses
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Parameters Point I Point II Point III Point IIII

m3/2 (TeV) 150 151 180 250

ch −0.041 −0.07 −0.35 −0.053

tanβ 50.8 48.9 51.0 52.0

LSP χ0
1 ẽR χ0

1 χ0
1

Particles Mass (GeV) Mass (GeV) Mass (GeV) Mass (GeV)

g̃ (TeV) 3.12 3.15 3.77 4.98

χ̃0
1,2 475, 1380 482, 1390 577, 1680 785, 2310

ũ6,5 (TeV) 13.2, 12.8 16.4, 16.2 41.8, 39.5 24.2 23.7

d̃6,5 (TeV) 14.0, 13.5 16.8, 16.5 41.1, 38.7 25.6, 24.8

ũ4,3 2580, 2560 2620, 2600 3360, 3240 4140, 4110

d̃4,3 2580, 2560 2620, 2600 3360, 3240 4140, 4110

ũ2,1 2360, 2360 2300, 2300 1050, 955 3670, 3660

d̃2,1 2470, 2470 2370, 2360 788, 783 3880, 3870

ẽL,R 497, 496 1030, 467 1570, 3230 1130, 968

µ̃2,1 609, 557 1090, 665 3400, 2170 1230, 1190

τ̃2,1 (TeV) 12.2, 8.6 15.1, 10.7 40.8, 28.9 23.4, 16.5

H± (TeV) 10.5 9.7 16.0 19.1

hSM-like (HD) 120.3 121.4 124.4 122.5

hSM-like (FH) 124.7 125.9 133.9 127.6

109δαµ 1.85 1.21 0.22 0.53

δεK/ε
SM
K 1.2 % 2.7 % 24 % 0.8 %

Rbτ 1.08 0.97 0.79 1.00

Rtbτ 1.37 1.09 1.27 1.29

χ̃±2 (TeV) 25.7 34.0 91.8 49.0

Table 1. Mass Spectra for some model points.

of the third generation sfermions are of O(10) TeV, and those of the first and second

generation sfermions are of O(1) TeV for the gravitino mass of O(100) TeV. Consequently,

the scenario is not only consistent with the measured Higgs boson mass but also provides

many interesting features in ground-based experiments. Moreover, the gravitino problem

is solved since the gravitino decays before the big bang nucleosynthesis.

Performing the precise analysis in the mass eigenbasis, we found that the mass-splitting

in the spectra even suppresses the flavor-changing processes: the SUSY contribution to the

K-meson mixing is less than O(10)% of the estimation made by a näıve mass insertion

approximation assuming no cancelation between diagrams. Therefore, our setup is flavor-

safe in all viable regions.
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Surprisingly, the Higgs-Anomaly mediation can explain the muon g − 2 anomaly and

the top-botton-tau/bottom-tau Yukawa coupling unification simultaneously. We revisited

these phenomena with precise analyses taking account of the off-diagonal elements of the

mass matrices and the renormalization scales of the threshold corrections. The masses of

the first two generation squarks are below ∼ 2.5 TeV (3 TeV) in the regions where the

muon g−2 anomaly is explained at 1σ (2σ) level. These light squarks could be fully tested

in the (high-luminosity) LHC.
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A Analytic formulas for K-meson mixing

We show approximated analytic formulae for dominant corrections to the kaon mass mixing

parameter.(cf. refs. [25, 64])

δMK
12 '

1

3
BK

1 f
2
KmKηV LL

(
δg̃ + δW̃± + δg̃W̃ 0

)
(A.1)

where δg̃, δW̃± and δg̃W̃ 0 are the gluino, charged wino, and gluino-wino contributions,

respectively. They are given at the renormalization scale M3 as

δg̃ '−
α2

3

108tr[m2,eff

Q̃
]

(
24xg̃f (xg̃)+66f̃ (xg̃)

)((
δd,eff
QLL

)
1,2

)2

, (A.2)

δW̃± '−
α2

2

108tr[m2,eff

Q̃
]

(
27f̃

(
xW̃±

))((
δd,eff
QLL

)
1,2

)2

, (A.3)

δg̃W̃ 0 '−
α2α3

108tr[m2,eff

Q̃
]

(
72
M2

M3
h
(

1/xg̃,xg̃W̃ 0

)
+36h̃

(
1/xg̃,xg̃W̃ 0

))((
δd,eff
QLL

)
1,2

)2

, (A.4)

where xg̃ ≡
2M2

3

tr[m2,eff

Q̃
]

and xg̃W̃ 0 ≡ M2
2

M2
3

; BK
1 ' 0.76 (the bag parameter), fK ' 0.16 GeV and

mK ' 0.50 GeV are found in [22]. To match the Wilson coefficient at the scale where BK
1 ,

fK and mK are defined, the wave function renormalization at one-loop level is included:

ηV LL =

(
α3(M3)

α3(mt)

)6/21(α3(mt)

α3(mb)

)6/23( α3(mb)

α3(3 GeV)

)6/25

. (A.5)
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Here, the SU(3) coupling constants at the top mass scale, bottom mass scale and 3 GeV

are α3(mt) ' 0.11, α3(mb) ' 0.21 and α3(3 GeV) ' 0.25, respectively. The loop functions

are given by,

f(x) =
x3 − 9x2 − 9x+ 6(3x+ 1) log(x) + 17

6(x− 1)5
, (A.6)

f̃(x) =
−x3 − 9x2 + 9x+ 6(x+ 1)x log(x) + 1

3(x− 1)5
, (A.7)

h(x, y) = −x3∂
2g1(x, z, y)

∂z2

∣∣∣∣
z=x

, (A.8)

h̃(x, y) = −x3∂
2g2(x, z, y)

∂z2

∣∣∣∣
z=x

, (A.9)

where

g1(x, z, y) =
x log(x)

(x− 1)(x− y)(x− z)
+

y log(y)

(y − 1)(y − x)(y − z)
+

z log(z)

(z − 1)(z − x)(z − y)
(A.10)

and

g2(x,z,y) =
x2 log(x)

(x−1)(x−y)(x−z)
+

y2 log(y)

(y−1)(y−x)(y−z)
+

z2 log(z)

(z−1)(z−x)(z−y)
. (A.11)

We find δg̃ is comparable with the other two due to the cancellation between

f(xg̃) and f̃(xg̃). The cancellation does not occur in δW̃± and δg̃W̃ 0 .

δMK
12 is related to the contribution to the mass difference of K-meson as

δ∆MK = 2<[δMK
12 ], (A.12)

and that to the CP phase as

δεK '
exp (iφε) sin(φε)

∆M exp
K

=[δMK
12 ]. (A.13)

Here, ∆M exp
K ' 3.5× 10−15 GeV and φε ' 44◦.
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