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1 Introduction

The Muon g−2 experiment at Fermilab reported the first results on the measurement of the
muon anomalous magnetic moment, aµ = (g − 2)µ/2. The reported value of the combined
result of Muon g − 2 experiment at Fermilab and Brookhaven National Laboratory is

aexp
µ − aSM

µ = (25.1± 5.9)× 10−10 , (1.1)

which corresponds to the 4.2 σ deviation from the Standard Model (SM) prediction based
on the latest assessment of contributions from quantum electrodynamics (QED) up to the
tenth order [1, 2], vacuum polarization of hadrons [3–9], light-by-light of hadrons [10–24],
and electroweak processes [25–29] (see also ref. [30] and references therein).

The deviation strongly indicates the physics beyond the SM, although higher statistical
significance and the further refinement of the SM prediction are required to be conclusive.
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Among various candidates for physics beyond the SM, which can explain the discrep-
ancy, the minimal supersymmetric (SUSY) SM (MSSM) has been the most attractive one.
In the MSSM, the discrepancy of aµ can be resolved when the masses of the sleptons
and neutralinos/charginos are in the range of O(100)GeV [31–33]. In the resolution by
the MSSM contribution, however, there are several concerns. The colored SUSY parti-
cles in the O(100)GeV range have been severely constrained by the results of the LHC
searches [34]. The light SUSY particles are also in tension with the observed Higgs boson
mass [35–37]. Besides, the light SUSY particles generically lead to large flavor changing
neutral current (FCNC) effects, the lepton flavor violations (LFV), and CP violations. In
particular, there are correlations between the LFV/CP problems and the size of the SUSY
contribution, aµ|SUSY [38–41].

Given these concerns, it is interesting to discuss whether the gauge mediated SUSY
breaking (GMSB) models [42–52] explain the discrepancy of aµ consistently. As an advan-
tage of GMSB, it predicts flavor universal soft SUSY breaking parameters, which suppress
the SUSY FCNC/LFV effects. In GMSB, however, there are correlations between the
squark masses and the slepton masses when the messenger sector satisfies relations mo-
tivated by the grand unified theory (GUT). Accordingly, in typical GMSB models, the
squarks turn out to be too light to explain the Higgs boson mass when the sleptons are
light enough to explain aµ. Thus, the explanation of aµ requires more extended GMSB
models, for example, in which the SUSY spectrum deviates from the GUT relation. Such
extensions of the GMSB models often lead to new sources of the CP violation, which could
ruin the successful features of the GMSB models.

In addition, the GMSB models have the so-called µ and B problems. We need a
mechanism to generate the Higgsino mass term and the holomorphic soft SUSY breaking
mass parameter to achieve successful electroweak symmetry breaking. In general, the
mechanism to generate the µ and B terms also induces additional CP violation phases.

In this paper, we discuss extended GMSB which violates the GUT relation without CP
violation. We also consider the mechanism to generate the µ-term developed in refs. [53–
56], which is also free from the CP problem. As a result, we find that the extended GMSB
can explain aµ and the observed Higgs boson mass. We also discuss the LHC constraints
on the SUSY spectra which explain aµ and the Higgs boson mass.

The organization of the paper is as follows. In section 2, we discuss the necessity of
the violation of the GUT relation in the messenger sector. In section 3, we discuss a model
which evades the relative phases of the gaugino masses. In section 4, we discuss the origin
of the µ-term. We also discuss the SUSY CP and LFV problems due to the subdominant
gravity mediation. The LHC signatures are discussed in section 5. The final section is
devoted to our conclusions.

2 GMSB and CP violation

2.1 GMSB with GUT relation

Let us first review the SUSY contribution to aµ in the GMSB. In the minimal setup, the
messenger chiral multiplets (Φ, Φ̄) are in the 5 + 5̄ representation of the minimal GUT
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gauge group, SU(5). The messenger multiplets couple to the SUSY breaking field Z via
the superpotential,

W = kDZΦ̄DΦD̄ + kLZΦ̄L̄ΦL , (2.1)

where kD,L are coupling constants. We decompose the messenger multiplets into Φ =
(ΦD̄,ΦL) and Φ̄ = (Φ̄D, Φ̄L̄) in accordance with the MSSM gauge charges. To maintain
the successful coupling unification, we require kD ∼ kL ∼ k at the messenger scale.

For a while, we treat the SUSY breaking field as a spurious chiral supermultiplet which
breaks supersymmetry with the vacuum expectation value (VEV),

〈Z〉 = AZ + FZθ
2 . (2.2)

By using the phase rotation of Z and superspace coordinate, θ, i.e., R-symmetry rotation,
we take AZ and FZ real positive. We also take kD,L real positive by the phase rotation
of the messenger multiplets. Thus, in the minimal setup, there is no source of the CP
violation.

In the minimal setup, the gaugino masses at the messenger mass scale, Mmess = kAZ ,
are given by

Ma ' N5
αa
4π

FZ
AZ

, (2.3)

while the soft SUSY breaking masses squared of the MSSM scalar fields (φ) are given by

m2
φ '

2N5
16π2

(
C2(rφ3 )α2

3 + C2(rφ2 )α2
2 + 3

5Q
φ2
Y α

2
1

)
F 2
Z

A2
Z

, (2.4)

[50–52, 57]. Here, we assume that there are N5 pairs of the messenger multiplets. The
upper limit on N5 is about N5 + 1 . 150/ log(MGUT/Mmess), which is imposed from the
perturbativity of the coupling constants at the GUT scale, MGUT. The index a = 1, 2, 3
corresponds to the MSSM gauge groups, U(1)Y , SU(2)L, and SU(3)c, respectively. αa are
corresponding fine structure constants. Cφ2 are the quadratic Casimir invariants of the
representations rφa , and Q

φ
Y is the U(1)Y charges of the scalar field φ. We have assumed

FZ/kA
2
Z � 1. The SUSY breaking trilinear A-terms vanish at the messenger scale. The

mediated SUSY breaking masses are independent of the coupling constant k at the leading
order.1 We call eqs. (2.3) and (2.4) the GUT relation.

In figure 1, we show the predicted Higgs boson mass and aµ in the minimal GMSB for
N5 = 1 (left) and N5 = 5 (right). In the figure, we vary FZ/AZ andMmess ∈ [104, 1016]GeV
for a given tan β. In our analysis, we have used the programs SOFTSUSY 4.1.10 [58] to esti-
mate the SUSY mass spectrum, FeynHiggs 2.18.0 [59–67] for the Higgs mass calculation,
and GM2Calc 1.7.5 [68] for the aµ estimation. In our analysis, we adopt the PDG average
of the top mass measurement mt = 172.76 ± 0.30GeV [69]. The Higgs mass is measured
as mh = 124.97± 0.24GeV by the ATLAS collaboration [70] and mh = 125.38± 0.16GeV
by the CMS collaboration [71]. In addition to the experimental error of the Higgs mass

1The k dependence of the soft masses appears in higher order terms, O
(
F 2
Z/k

2A4
Z

)
, at the messenger

scale.
The soft masses also has a logarithmic dependence on k through the messenger mass, Mmess = kAZ .
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Figure 1. The predicted Higgs mass and aµ in the minimal GMSB. For each value of tan β, we vary
FZ/AZ and Mmess ∈ [104, 1016]GeV. The vertical and the horizontal shaded regions correspond to
the observed values of the Higgs boson mass and aµ, respectively. For the Higgs mass constraint,
we include the theoretical uncertainty of the prediction of the Higgs mass.

measurement, there are theoretical uncertainties of the Higgs mass estimation originated
from missing higher-order corrections and the experimental and the theoretical errors of
the top mass (see e.g., ref. [72]). In this analysis, we assume the theoretical uncertainty of
the Higgs mass boson is 1GeV.

As the figures show, aµ|SUSY is below 10−10 when the Higgs boson mass is mh '
125GeV. Thus, we find that the minimal GMSB fails to explain aµ and the Higgs boson
mass simultaneously. Note that the ratio between the slepton masses and the squark
masses deviates from the GUT relation for FZ/kA2

Z → 1. We have checked that the
minimal GMSB model cannot explain aµ and the Higgs boson mass simultaneously even
in such a parameter region.

Before closing this subsection, let us comment on the GMSB models with a messenger-
Higgs mixing. In the presence of the messenger-Higgs mixing, a rather large trilinear A-
term can be generated [73–75]. With a large A-term, the observed Higgs boson mass can
be obtained for relatively light gluino/squarks [75–77]. In fact, aµ and the observed Higgs
boson mass can be explained simultaneously without violating the GUT relation [76]. The
parameter region discussed in ref. [76] predicts a very light sparticles, which are severely
constrained by the LHC searches. In this paper, we focus on the case without a messenger-
Higgs mixing, and hence, the trilinear A-terms vanish at the messenger scale as in the
minimal setup of GMSB.

2.2 GMSB without GUT relation

As we have discussed, GMSB with the GUT relation does not explain the observed aµ and
the Higgs boson mass simultaneously. In this section, we discuss the models with violation
of the GUT relation. The simplest model which violates the GUT relation is given by,

W = (kDZ ′ +MD)Φ̄DΦD̄ + (kLZ ′ +ML)Φ̄L̄ΦL , (2.5)
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where the two types of the messenger multiplets have the independent mass parameters. We
also changed the spurious SUSY breaking field to the one which only has the F -term VEV,

〈Z ′〉 = FZ′θ
2 . (2.6)

In this model, the GUT relation is violated and the resultant GMSB soft masses at the
messenger scale are modified to,

M3 '
α3
4πΛDGMSB , (2.7)

M2 '
α2
4πΛLGMSB , (2.8)

M1 '
αa
4π

(3
5ΛDGMSB + 2

5ΛLGMSB

)
, (2.9)

and

m2
φ '

2
16π2

(
C2(rφ3 )α2

3|ΛDGMSB|2 + C2(rφ2 )α2
2|ΛLGMSB|2

+ 3
5Q

φ2
Y α

2
1

(2
5 |Λ

D
GMSB|2 + 3

5 |Λ
L
GMSB|2

))
. (2.10)

Here, we have defined,

ΛDGMSB = kDFZ′

MD
, ΛLGMSB = kLFZ′

ML
. (2.11)

Here, we have assumed |kD,LFZ′/A2
ZD,L
| � 1. With the violation of the GUT relation,

it is possible to explain aµ and the observed Higgs boson mass simultaneously by taking
|ΛDGMSB| � |ΛLGMSB| (see e.g., ref. [78]).2

The GUT violating messenger interactions, however, introduce new sources of CP
violation. Unlike the messenger coupling in eq. (2.1), we can not eliminate all of the complex
phases of the parameters in eq. (2.5) by field redefinitions. As a result, there is a relative
phase of O(1) between ΛDGMSB and ΛLGMSB, which propagates to the gaugino masses and B
through the renormalization group (RG) equations. Once the gaugino masses and B have
relative phases of O(1), the resultant soft parameters can induce the non-vanishing electric
dipole moments (EDMs). In particular, the electron EDM, de, is roughly correlated with aµ∣∣∣∣dee

∣∣∣∣ ∼ 1
2
me

m2
µ

× aµ|SUSY ∼ 10−24 cm×
(
aµ|SUSY
2× 10−9

)
, (2.12)

where e is the QED coupling constant and me is the electron mass.3 By comparing this
equation with the current upper bound on the electron EDM given by ACME [79],∣∣∣∣dee

∣∣∣∣ < 1.1× 10−29 cm , (2.13)

we see that an accidental tuning is required.
2For successful model, the Higgs soft masses squared also require additional sources other than GMSB.

We will discuss this point in the next section.
3When either the Bino or the Wino decouples from the SUSY contributions to aµ, the gaugino mass

contribution to the EDM can be suppressed if we can tune the complex phases of µ and B.
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3 CP-safe GMSB without GUT relation

In the above discussion, we have found that:

• GUT violating messenger coupling is required to explain the aµ and the Higgs mass
simultaneously

• Naive GUT violation of the messenger coupling ends up with a too large electron
EDM.

In this section, we propose a model of the GUT violating messenger sector which avoids
the CP violating phases.

3.1 Alignment of CP phases

To avoid the unwanted CP phases in the GUT violating messenger coupling, let us introduce
two independent SUSY breaking fields, ZD and ZL. As we will see shortly, they obtain the
VEVs of

〈ZD〉 = AZD + FZDθ
2 , (3.1)

〈ZL〉 = AZL + FZLθ
2 . (3.2)

We will also see that it is possible to align all the phases of AZD,L and FZD,L . The Down-
type messengers and the Lepton-type messengers couple to ZD,L via

W = kDZDΦ̄DΦD̄ + kLZLΦ̄LΦL̄ . (3.3)

By appropriate phase redefinitions of Φ̄DΦD̄ and Φ̄LΦL̄, we can always take kD,L real-
positive valued. Thus, if we can prepare the SUSY breaking fields in eq. (3.1) with all of
AZD,L and FZD,L real-positive, we achieve the GUT violating messenger coupling without
CP violation.

Now, let us discuss how we can prepare the SUSY breaking sector in which the phases
of the VEVs of ZD and ZL are aligned. We assume that there are two independent SUSY
breaking sectors where each SUSY breaking is caused by the F -component VEVs of ZD
and ZL, respectively. We also assume that the mass scales of the two sectors are not very
different. Then, the effective theory of the pseudo-flat directions ZD,L is described by the
Kähler potential and the superpotential,

K ' Z†DZD −
(Z†DZD)2

Λ2
D

+ Z†LZL −
(Z†LZL)2

Λ2
L

, (3.4)

W = w2
DZD + w2

LZL +m3/2M
2
Pl . (3.5)

Here, m3/2 is the gravitino mass andMPl is the reduced Planck scale. The mass parameters
w2
D,L and Λ2

D,L ∈ R encapsulate the ultraviolet (UV) completion of the two SUSY breaking
sectors. We neglected the dimension 6 or higher order terms. Each SUSY breaking sector
can be the low energy effective theory of, for example, the O’Raifeartaigh-type SUSY
breaking model [80] (see also [53–56] and the appendix A).

– 6 –



J
H
E
P
0
7
(
2
0
2
1
)
0
9
8

We assume symmetries under the phase rotations of ZD,L, U(1)D,L, which are explicitly
broken only by the mass parameters, w2

D,L, respectively. By giving U(1)D,L charges to
Φ̄DΦD̄ and Φ̄L̄ΦL, we forbid the mixings such as ZDΦ̄L̄ΦL. We also assume the R-symmetry
which is broken only by m3/2. By U(1)D,L and the R-symmetry rotation, we can take

w2
D,L > 0 , m3/2 > 0 , (3.6)

without loss of generality.
AZD,L are determined by the minimum of the scalar potential of ZD,L,

V ' 4w
4
D

Λ2
D

|AZD |
2 + 4w

4
L

Λ2
D

|AZL |
2 − 2(m3/2w

2
DAZD + h.c.)− 2(m3/2w

2
LAZL + h.c.) , (3.7)

where we neglected the dimension 8 or higher order terms. We also neglected the terms
of O(m2

3/2). The above expansion is valid for |AZD,L | � ΛD,L. The pseudo-flat directions
have the positive mass terms with

m2
D,L ' 4

w4
D,L

Λ2
D,L

> 0 , (3.8)

which is the generic feature of the O’Raifeartaigh models [81–83]. With this scalar potential,
we obtain the VEVs of the SUSY breaking field as [53–56],

AZD,L '
m3/2Λ2

D,L

2w2
D,L

=
√

3Λ2
D,L

6MPl
, (3.9)

and their F components4

FZD,L ' w
2
D,L . (3.10)

As we have aligned the phases of the parameters as in eq. (3.6), this setup provides appro-
priate SUSY breaking fields in eq. (3.1) with all the CP phases aligned, that is,

AZD,L > 0 , FZD,L > 0 . (3.11)

With the condition for the vanishing cosmological constant,

F 2
ZD

+ F 2
ZL
− 3m2

3/2M
2
Pl ' 0 , (3.12)

we parametrize as

FZD,L '
√

3κD,Lm3/2MPl , (3.13)

κD,L ≡
FZD,L√

F 2
ZD

+ F 2
ZL

. (3.14)

Accordingly, the combinations relevant for the GMSB spectrum in eqs. (2.7)–(2.10) are
written as,

ΛD,LGMSB ' 6m3/2 ×
κD,LM

2
Pl

Λ2
D,L

. (3.15)

4In our convention, the superpotential contributes to the Lagrangian density as LW = −
∫
d2θW + h.c.
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For successful GMSB, we require ΛD,LGMSB = 105–6 GeV, and hence,

ΛD,L ' 6× 1015 GeV×
(
m3/2
GeV

)1/2
(
κD,L × 106 GeV

ΛD,LGMSB

)1/2

. (3.16)

To explain aµ and the Higgs boson mass simultaneously, we take ΛDGMSB/ΛLGMSB ' 5–10,
which is achieved for, for example, κD ' 1 and κL ' 0.1–0.2 if ΛD ∼ ΛL.

Finally, let us discuss the fermion components of ZD,L. As ZD,L break global SUSY
independently, the fermion components are massless goldstini, G̃D,L. One linear combi-
nation of them becomes the gravitino with a mass, m3/2, and the other obtains a mass,
2m3/2, through the super-Higgs mechanism [84].

3.2 Vacuum stability

Since the SUSY breaking fields couple to the messenger fields in superpotential eq. (3.3),
there is a supersymmetric vacuum at

〈Φ̄DΦD〉 = −w2
D/kD , 〈Φ̄L̄ΦL〉 = −w2

L/kL , (3.17)

with vanishing 〈ZD,L〉. Hence, the SUSY breaking vacuum in eq. (3.9) is at best meta-
stable [54]. The squared masses of the messenger scalars around the meta-stable vacuum
is given by,

M2
D,L =

(
k2
D,LA

2
ZD,L

kD,LFZD,L
kD,LFZD,L k2

D,LA
2
ZD,L

)
. (3.18)

Hence, the meta-stability condition, detM2
D,L > 0, leads to

kD,L >
FZD,L
A2
ZD,L

' 3× 10−8 × κD,L
(
m3/2
1 GeV

)(1016 GeV
ΛD,L

)4

. (3.19)

The couplings to the messenger fields also induce the Coleman-Weinberg potentials to
the pseudo flat directions,

∆V (AZD,L) = dD,Lw
4
D,L ×

k2
D,L

16π2 log
|AZD,L |2

Λ2
D,L

, (3.20)

where dD = 3 and dL = 2. These terms contribute to the mass matrix of AZD,L in the
(AZD,L , A

†
ZD,L

) basis,

M2
ZD,L

=
4w4

D,L

Λ2
D,Z


1 −

dD,Lk
2
D,L

64π2
Λ2
D,L

Z2
D,L

−
dD,Lk

2
D,L

64π2
Λ2
D,L

Z2
D,L

1

 . (3.21)

As a result, another meta-stability condition, detM2
ZD,L

> 0, leads to

kD,L <
4πΛD,L√
3dD,LMPl

' 10−2 ×
( ΛD,L

1016 GeV

)
. (3.22)
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In summary, the meta-stable vacuum conditions restrict the range of the messenger
scale, Mmess = kD,LAZD,L , in,

6m3/2 ×
κD,LM

2
Pl

Λ2
D,L

< Mmess <
2πΛ3

D,L

3d1/2
D,LM

2
Pl
. (3.23)

Hence, the messenger scale lies in the range,

3× 105 GeV×
(
m3/2
GeV

)(1016 GeV
ΛD,L

)2

.Mmess . 3× 1011 GeV×
( ΛL,D

1016 GeV

)3
. (3.24)

Finally, let us discuss the tunneling rate of the meta-stable vacuum into the supersym-
metric vacuum in eq. (3.17). The VEVs in eq. (3.9) are much larger than the VEVs of the
messenger fields in eq. (3.17). The displacement between the meta-stable vacuum and the
unwanted color-breaking supersymmetric vacuum is of order of ∆AD,L ∼ Λ2

D,L/MPl. The
tunneling rate per unit volume, Γ/V ∝ e−SE , is estimated in ref. [85] where

SE ∼ 8π2
(
∆AD,L
wD,L

)4

∼ 8π2 ×
(

ΛD,L
ΛD,LGMSB

)2

. (3.25)

Therefore, the meta-stable vacuum is stable enough, for example, for ΛD,L � ΛD,LGMSB so
that SE & 500.5

3.3 GUT violating messenger multiplets

In eq. (3.3), we assume the Down-type and the Lepton-type messenger multiplets which
couple to ZD and ZL, respectively. The simplest realization of such GUT violating mes-
senger multiplets is to consider the product group unification models [86–90]. The product
group unification is motivated to solve the infamous doublet-triplet splitting problem of
the Higgs multiplets in the conventional GUT.

As a concrete example, let us consider the product group GUT model based on the
GUT gauge group, SU(5)×U(2)H [86, 91].6 In this model, SU(5)×U(2)H is spontaneously
broken down to the MSSM gauge groups by the VEV of the chiral multiplets of the vector-
like bi-fundamental representation, (Q, Q̄). Their VEVs are,

〈Q〉 =


v 0
0 v
0 0
0 0
0 0

 , 〈Q̄〉 =
(
v 0 0 0 0
0 v 0 0 0

)
, (3.26)

where v denotes the VEV of the order of the GUT scale. In this model, the nominal
coupling unification of the MSSM gauge group at the GUT scale is explained in the strong
coupling limit of U(2)H gauge interaction.

5In our model, we assume that the messenger fields are heavy and not thermally produced after inflation.
In such a case, the pseudo-flat directions are neither thermalized.

6See ref. [92] for the status of the proton lifetime in this model. The predicted proton lifetime also
depends on the origin of the leptons in the product group unification [93].
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Now, let us introduce a messenger multiplet (Φ5, Φ̄5) in the (anti-)fundamental repre-
sentation of SU(5), a vector-like multiplet (Φ2, Φ̄2) in the (anti-)fundamental representation
of SU(2)H . The messenger fields couple to the SUSY breaking field ZD through,

WD = kDZDΦ̄5Φ5 + λΦ̄5QΦ2 + λ̄Φ̄2Q̄Φ5 , (3.27)

where λ and λ̄ are coupling constants. Here, we can take all the parameters real-positive
by field redefinitions. Due to the second and third terms, the doublet components in
(Φ5, Φ̄5) obtain masses of the GUT scale, and decouple. Thus, WD provides the Down-
type messenger in eq. (3.3).

The Lepton-type messengers can be also obtained by introducing the SU(2)H doublet
(ΦL, Φ̄L̄) with U(1)H changes, ∓1/2. By assuming that (ΦL, Φ̄L̄) couple to ZL,

WL = kLZLΦ̄L̄ΦL , (3.28)

this sector results in the Lepton-type messenger in eq. (3.3) since SU(2)L and U(1)Y of the
SM corresponds to the diagonal subgroups of the SU(5) and SU(2)H and U(1)H . In this
way, we obtain the effective GUT violating messenger multiplets in eq. (3.3).

4 Sweet spot supersymmetry

In the previous section, we show how to achieve the gaugino masses whose CP phases are
aligned while the GUT relation is violated. To discuss the SUSY CP problem, however,
we also need to specify the origin of the µ-term as well as the B-term.

Also note that we are interested in the model with light sleptons and heavy squarks to
explain aµ and the Higgs boson mass simultaneously. In this case, the large squark masses
induce the large Higgs soft masses squared, m2

Hu
and m2

Hd
, at the TeV scale through the

RG running. With large m2
Hu,d

, the required size of the µ-term is also large to achieve the
correct electroweak symmetry breaking vacuum. With a large |µ| term, the stau tends to
be light and causes the stability problem [94].

To avoid a too large µ-term, we introduce additional contributions to m2
Hu,d

in addition
to the GMSB contributions [53–56] (see also refs. [78, 95, 96]). The additional contributions
offset the RG contributions. In summary, for successful explanation of aµ and the Higgs
boson mass, we consider models with:

• The mechanism which generates µ-term without causing new CP phase

• The additional source of m2
Hu,d

other than GMSB to achieve a small µ-term.

4.1 Higgs mass parameters

As developed in refs. [53–56], we can generate the µ-term and the additional Higgs soft
masses squared simultaneously by coupling the Higgs doublets with a SUSY breaking
sector. Here, we assume that the Higgs doublets couple to the SUSY breaking sector of
ZD. Then, the direct coupling induces the effective Kähler potential,

K = Z†D
Λµ

HuHd + h.c.− Z†DZD
Λ2
u

H†uHu −
Z†DZD

Λ2
d

H†dHd . (4.1)
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The cutoff parameters Λ2
u,d are real valued by definition, while we can take Λµ real-positive

by the Peccei-Quinn (PQ) rotation of HuHd. We discuss the details of the origin of the
Kähler potential in the appendix. A, where we find Λ2

u,d > 0. The resultant µ-term and
the additional Higgs soft masses squared are given by,7

µ ' FZD
Λµ

, (4.2)

δm2
Hu,d
'
F 2
ZD

Λ2
u,d

, (4.3)

where µ is real-positive. For successful explanation of aµ, we require that µ is within a TeV
range, and hence,

Λµ = 8× 1015 GeV× κD
(
m3/2
GeV

)(500 GeV
µ

)
. (4.4)

Similarly, the requirement that δm2
Hu,d

is in a few TeV range leads to

Λu,d ' 1015 GeV× κD
(
m3/2
GeV

)( 3 TeV
δmHu,d

)
. (4.5)

With the closeness of ΛL,D,µ,u,d for m3/2 = O(1)GeV, we call this scenario the (extended)
Sweet Spot Supersymmetry which is originally proposed in ref. [56].

In eq. (4.1), we assumed that the Higgs doublets do not couple to ZL. Such a model
is possible by combining the ZD phase rotation symmetry in eq. (3.4) with the PQ phase
rotation (see also the appendix A). The same symmetry also forbids the terms such as
Z

(†)
D H†u,dHu,d and Z†DZDHuHd. As a result, the B-term from the Kähler potential in

eq. (4.1) is,8

Bµ = FZD
Λµ
×
(
AZDFZD

Λ2
u

+ AZDFZD
Λ2
d

)
= FZD

Λµ
×
(√

3Λ2
D

6Λ2
u

+
√

3Λ2
D

6Λ2
d

)
FZD
MPl

� µ2 . (4.6)

Note that these contributions do not bring CP violating phases. Similarly, the induced
A-terms are also suppressed and do not have CP violating phases. Since these A and B-
terms are harmless and overwhelmed by the RG contributions at the electroweak scale, we
neglect them in the following analysis.

In the appendix A, we discuss a perturbative UV completion of the effective Kähler
potentials in eqs. (3.4) and (4.1). When the Higgs doublets couple to ZD,9 the cutoff scales
are given by eqs. (A.2), (A.5), and (A.3);

1
ΛD

= λ2

2
√

3(4π)
1
M∗

,
1

Λu
' λh

4π
1
M∗

g̃1/2 ,
1

Λd
' λh̄

4π
1
M∗

g̃1/2 ,
1

Λµ
= λhh̄

(4π)2M∗
f̃ .

(4.7)
7We define the phase of the µ-term to be L = µ

∫
dθ2HuHd + h.c.

8The B-term is defined by L = −BµHuHd + h.c.
9It is also possible that the Higgs doublets couple to ZL instead of ZD.
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Figure 2. The parameter region satisfying eq. (4.8) (cyan) and eq. (4.9) (pink) for given range of
M2 and µ. We take h = h̄ = 1 to avoid too large hierarchy between the µ-parameter and δmHu,d

.
We also fix κD = 1 and κL = 0.1, which is motivated to explain aµ and the Higgs boson mass
simultaneously. In the gray shaded region, the VEV of AZD

becomes too large (see eq. (A.9)).

Here, the coupling constants, λ, h and h̄ defined in the appendix A are taken real-positive
without loss of generality. The coefficient functions f̃ and g̃ are given in eqs. (A.4) and (A.6)
(see also figure 7). Note that the ratio, g̃1/2/|f̃ |, is of O(1) for a wide range of parameters.
The mass parameter M∗ denotes the scale at which the higher dimensional operators in
eqs. (3.4) and (4.1) are generated. The result shows that the generated µ-parameter is
parametrically smaller than δmHu,d by an order of magnitude when h and h̄ are of O(1).
This small hierarchy between the µ-parameter and δmHu,d is desirable for the simultaneous
explanation of aµ and the Higgs boson mass.

By combining eq. (4.7) with eq. (3.16) and (4.4), we find that the mediation scale is,

M∗ ' 1014 GeV× λ2
(
m3/2
1 GeV

)1/2
(
κD × 106 GeV

ΛDGMSB

)1/2

, (4.8)

M∗ ' 5× 1013 GeV× κDλhh̄f̃
(
m3/2
1 GeV

)(500 GeV
µ

)
. (4.9)

In figure 2, we show the parameter region satisfying these conditions for κD = 1, κL = 0.1
and h = h̄ = 1. We also take the argument of f̃(x) to be 1. The shaded bands correspond
to, 100 GeV . M2 . 500GeV (3 TeV . M3 . 13TeV), and 100 GeV . µ . 500GeV,
respectively. In each band, the upper boundary corresponds to the lower values of M2 or
µ. The two region overlaps when the gravitino mass and the mediation scale M∗ satisfy

m3/2 ' 7 GeV× λ2

κDh2h̄2f̃2

(
µ

500 GeV

)2
(

106 GeV
ΛDGMSB

)
, (4.10)

M∗ ' 2× 1014 GeV× λ3

hh̄f̃

(
µ

500 GeV

)(106 GeV
ΛDGMSB

)
. (4.11)

Therefore, we find that sweet spot is at around m3/2 = λ2 × O(1)GeV and M∗ = λ3 ×
O
(
1014)GeV for h, h̄ of O(1).
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Figure 3. (a): the RG evolution of the SUSY parameters and (b): the mass spectrum of the sample
point. We take a sample point of ΛLGMSB = 124TeV, ΛDGMSB = 894TeV, Mmess = 1.67 × 107 GeV,
∆m2

Hu
= 2.2 × 107 GeV2, ∆m2

Hd
= 1.05 × 107 GeV2 and M∗ = 2 × 1011 GeV, which predicts

tan β = 41, mh0 = 124.8GeV and aµ|SUSY = 2.2× 10−9.

4.2 Renormalization group analysis

In the present model, the additional Higgs soft-mass squared and the µ-term are generated
at the scale M∗, which is independent from Mmess. From eqs. (4.11) and (4.10), we find

M∗ ' 2× 1013 GeV× h2h̄2κ
3/2
D f̃2

(
m3/2
1 GeV

)3/2 (500 GeV
µ

)2
(

ΛDGMSB
106 GeV

)1/2

. (4.12)

Since we are mostly interested in the case m3/2 = O(100)MeV to O(1)GeV, we take
1011 GeV .M∗ . 1014 GeV in the following analysis. The gaugino masses and the sfermion
masses are, on the other hand, generated at the messenger scale, Mmess, which is assumed
to be common for the Down-type and the Lepton-type messengers for simplicity. The two
step mediation at M∗ and Mmess predicts a peculiar spectrum [56].

In figure 3a, we show the RG running of the soft parameters. As the figure shows,
δm2

Hu,d
generated at M∗ offset the negative RG contributions to m2

Hu,d
at the TeV scale.

This feature makes a small µ-parameter compatible with successful electroweak symmetry
breaking. It also shows that δm2

Hu,d
give negative contributions to the soft sfermion masses

of the third generation. We also show an example of the spectrum which explains the aµ
and the observed Higgs boson mass simultaneously.10

As we have seen, Bµ is dominated by RG contributions from the gaugino mass through
the RG evolution, and hence, Bµ is not a free parameter. Besides, there is no large contribu-
tions to Bµ from subdominant gravity mediation effects. Thus, we take Bµ to be vanishing
above the messenger scale. Accordingly, tan β is not a free parameter but is a prediction.

10We provide the mass spectrum calculator and some sample spectra at https://member.ipmu.jp/
satoshi.shirai/sweetspot/sweetspotSUSY.php.
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Figure 4. (a): posterior distribution of the SUSY parameters consistent with aµ, the Higgs
mass and vacuum stability bound. We choose the parameter points at which mh0 > 124GeV
and aµ|SUSY > 19.2 × 10−10. (b): posterior distribution with the LHC and LEP constraints (see
section 5). In both cases, the predicted tan β is typically ∼ 30− 40.

In figure 4, we present the result of the parameter scan of the present model. We adopt
log-flat priors for Mmess,M∗, and linear-flat priors for ΛL,DGMSB, ∆m2

Hu
, ∆m2

Hd
, imposing

M∗ > 1011 GeV and Mmess > 106 GeV. We show the MSSM parameters which is consistent
with aµ, the Higgs mass and the vacuum stability bound on the stau direction [94]. The
model predicts light Higgsinos and the Winos. The impact on the electroweak precision
measurements are found to be minor [97].

4.3 Effects of gravity mediated SUSY breaking

As the Sweet Spot Supersymmetry assumes a rather large gravitino mass of O(1)GeV, the
gravity mediated SUSY breaking effects could cause FCNC/LFV and CP problems even
if they are subdominant. First, let us consider the gravity mediated contributions to the
B-term [98]. In supergravity, the µ-term from the Kähler potential in eq. (4.1) is shifted to

µ ' µ0 −
AZD
Λµ
×m3/2 , (4.13)

with µ0 = FD/Λµ in eq. (4.2). The associated B-term induced by the gravity mediation
effects is

Bµ ' µ0m3/2 + 2AZDΛµ
m2

3/2 , (4.14)

where we have neglected the small contribution to Bµ in eq. (4.6). Note that B 6= m3/2
due to the coupling between the holomorphic term, AZDHuHd/Λµ, in the Kähler potential
and W = w2

DZD + w2
LZL (see e.g., ref. [99]).11 Those effects do not induce CP violating

phases, since we have set m3/2 > 0.
A CP violating phase appears from the additional origin of the µ-term,

W = cµ
w2
D

MPl
HuHd , (4.15)

11We assume that the effective Kähler potentials appear in the Einstein frame. Even if they appear in
the conformal frame, Bµ/µ 6= m3/2, and hence, we obtain the similar effective CP phase in eq. (4.21).
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with cµ being a complex valued coupling constant of O(1). This term is consistent with the
PQ symmetry which is identified with the U(1)D symmetry. This term shifts the µ-term
and B-term by,

∆µ = −cµ
w2
D

MPl
= −
√

3cµκDm3/2 , (4.16)

∆Bµ = −cµ
w2
D

MPl
m3/2 = −

√
3cµκDm2

3/2 , (4.17)

where∆Bµ/∆µ = m3/2. Thus, we find that the phases of the total µ-term and the Bµ-term
are no more aligned due to cµ 6= 0, which induces a CP violating phase.

The CP violating phase is estimated as follows. In the phase convention in the previous
section, the phase of the total µ-term induced by cµ is

δµ ∼
∆µ

µ0
∼ κD

m3/2
µ0
×Arg(cµ) . (4.18)

Thus, in the phase convention where the total µ-term, µtot > 0, the total Bµ-parameter at
the scale M∗ becomes

Bµtot ' µtotm3/2 + 3AZDΛµ
m2

3/2e
−iδµ , (4.19)

where the first term is real-positive. At the TeV scale, the Bµ-term is dominated by the
gaugino mass contributions through the RG running, which is real valued in the present
model. As a result, the Bµ-term at the TeV scale is given by,

Bµ ' m2
A

tan β + 3AZDΛµ
m2

3/2e
−iδµ , (4.20)

where mA is the mass of the CP-odd Higgs. As a result, the effective CP-violating phase
appearing in the Bµ-term is of

δeff ∼ 3AZDΛµ
tan βm2

3/2
m2
A

δµ ∼
tan βκDΛ2

D

ΛµMPl

m3
3/2

µ0m2
A

× arg(cµ) . (4.21)

Thus, we find that the CP violating phase due to the gravity mediated effects on the Bµ-
term is suppressed by O

(
10−9) × (m3/2/GeV)3. Thus, the expected electron EDM from

eq. (2.12) is much lower than the current limit for m3/2 . 10GeV.
Next, let us consider the effects of the subdominant gravity mediated soft masses

squared of the sfermions,

K ∼ cij
Z†D,LZD,L

M2
Pl

φ†iφj , (4.22)

where φ’s are MSSM matter chiral fields and cij the O(1) coefficients. In general, they are
not flavor diagonal and have CP violating phases.

The CP violating sleptons squared mass matrix contributes to the electron EDM, which
roughly correlates with the Bino contributions to aµ|SUSY (see e.g., ref. [38]) as,∣∣∣∣dee

∣∣∣∣ ∼ memτ

m3
µ

| Im[δLL13 δ
RR
13 ]| × aµ|Bino . (4.23)
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Here, mτ is the tau lepton mass, δLL13 ∼ m2
3/2/m

2
˜̀ and δLL13 ∼ m2

3/2/m
2
ẽR

with m2
˜̀ and

m2
ẽR

being the left-handed and the right-handed slepton squared masses. The left-right
mixing parameters are suppressed since neither GMSB nor gravity mediation generates
large A-terms. As a result, the electron EDM is roughly given by,

∣∣∣∣dee
∣∣∣∣ . 4× 10−34 cm×

(
aµ|SUSY
2× 10−9

)(
m3/2
1 GeV

)4
(

500 GeV
m˜̀,ẽR

)4

× | arg[δLL13 δ
RR
13 ]| , (4.24)

where we used aµ|Bino . aµ|SUSY. Thus, the gravity mediated contribution to the electron
EDM through the slepton mass is consistent with the current upper limit on the electron
EDM for m3/2 = O(1)GeV.

The flavor violation in the slepton soft masses also induce the LFV processes.12 For
example, the branching ratio of µ → e + γ is roughly correlated with aµ|SUSY (see e.g.
ref. [38]) as,

Br(µ→ e+ γ) ∼ 12π2

G2
Fm

4
µ

(δLL,RR12 )2 × aµ|SUSY
2 , (4.25)

∼ 10−18 ×
(
aµ|SUSY
2× 10−9

)2 ( m3/2
1 GeV

)4
(

500 GeV
m˜̀,ẽR

)4

, (4.26)

where GF is the Fermi constant. Thus, for aµ|SUSY = O
(
10−9), the induced branching

ratio is much smaller than the current upper limit by MEG experiment [101],

Br(µ→ e+ γ) < 4.2× 10−13 , (4.27)

for m3/2 = O(1)GeV.
The other LFV processes, µ → 3e and µ → e conversion, are also correlated with

µ → e + γ for large tan β, where both of them are dominated by the contributions of the
Penguin diagrams. Roughly, they are Br(µ → 3e) ∼ α × Br(µ → e + γ) and CR(µ →
e) ∼ Zα/π × Br(µ → e + γ), respectively (see e.g. [39, 102]).13 Here, α is the fine-
structure constant and Z is the atomic number in a nucleus. The predicted rates are
far below the current upper limits, Br(µ → 3e) < 1.0 × 10−12 by SINDRUM I [103] and
CR(µ→ e in Au) < 7× 10−13 by SINDRUM II experiment [104], respectively.

If the gravitino mass is no much less than 10GeV, the predicted electron EDM and the
LFV are within the reach of the future experiments. Those include the further improvement
of the EDM measurements [79, 105], Br(µ→ e+γ) < 6.0×10−14 (MEG-II [106]), Br(µ→
3e) . 10−16 (Mu3e [107]) and CR(µ→ e in Al) . 3×10−17 (Mu2e [108], COMMET [109]).

Finally, let us comment on the subdominant gravity mediation contribution to the
gaugino masses and the trilinear A-term. If the SUSY breaking fields are completely
singlets under any symmetries, we expect the gravity mediated effects on those parameters
of O

(
m3/2

)
. In our setup, however, the SUSY breaking fields are charged under U(1)D,L

12The FCNC in the quark sector is highly suppressed for m3/2 = O(1)GeV by squark masses in the TeV
range [100].

13CR denotes the conversion rate in a nucleus divided by the muon capture rate by a nucleus.
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and R-symmetry. Accordingly, the gravity mediated effects are of O
(
m3

3/2/M
2
Pl

)
, which

are negligible. Besides, the anomaly mediated contributions [110, 111] are aligned with
GMSB, since m3/2 in the superpotential is taken to be real positive. Therefore, there are
no SUSY CP problems from the gravity/anomaly mediated contributions to the gaugino
masses and the A-terms.

5 LHC signatures

Here we discuss the LHC constraints on the present model. To achieve large aµ|SUSY,
the masses of the relevant SUSY particles are rather small, which suffer from the LHC
constraints [112–116]. In the present GMSB models, the lightest SUSY particle (LSP) is
the gravitino and, all the MSSM particles can decay into the goldstini. For example, partial
decay rate of the Wino into the goldstino/gravitino is given by

c

Γ(W̃ → G̃LW )
∼ 2× 1013 m× κ2

L

(
m3/2

1 GeV

)2 ( m

100 GeV

)−5
. (5.1)

Unless the gravitino is much lighter than O(1)MeV, the MSSM particles cannot decay
inside the LHC detector.14

5.1 Higgsino and Wino system

In the present model, so-called the GUT relation among the gaugino masses are violated.
In the typical parameter region of interest, the next-to-lightest SUSY particle (NLSP) is
the Wino or Higgsino.15 The other particles are heavier than these particles and play less
important roles at the LHC, compared to the Wino and Higgsinos. Therefore, a simplified
setup of the Higgsino-Wino system is useful to see the collider constraints on the present
model.

The collider signature significantly depends on the nature of the NLSP.

Wino NLSP. After the electroweak symmetry breaking, the Wino particles are decom-
posed into a neutralino χ̃0

1 and a chargino χ̃±1 . The tree-level mass difference between the
charged Wino and neutral Wino is approximately given by

mχ̃±1
−mχ̃0

1
|Wino−like = m4

W sin2(2β)t2W
µ2(M1 −M2) + m4

W cos2(2β)M2
2µ4 + · · · , (5.2)

with M1, µ > M2 > 0 [118]. For a sizable aµ|SUSY , tan β should be large and accord-
ingly, sin(2β) ' 2/ tan β is suppressed. Therefore the tree-level mass splitting is severely
suppressed. In addition to the tree-level mass splitting, the electroweak loop correction
provides the mass difference around 165MeV [119]. In the present model, if the Higgsino

14The relic abundance of the NLSP is severely constrained by the Big-Bang Nucleosynthesis (BBN) when
its lifetime is longer than O

(
102) sec [117]. In the present model, the NLSP abundance depends on the

cosmological evolution of the pseudo-flat directions [55], which will be discussed in future work.
15Strictly speaking, the NLSP is the massive goldstino in our model. In the following, however, we call

the lightest SUSY particle in the MSSM sector the NLSP as in the conventional context of the GMSB
phenomenology.
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mass is greater than 300GeV, the Wino mass splitting is less than 1GeV and the charged
Wino can be long-lived and the decay length can be O(1) cm. This charged tracks are
detected as a disappearing charged track at colliders. This signature is intensively studied
in the anomaly mediation model [120–128]. The latest ATLAS search of the disappear-
ing charged tracks with 139 fb−1 data excludes the Wino lighter than 660GeV for a large
Higgsino mass [129].

Higgsino NLSP. By the electroweak symmetry breaking, the Higgsinos are decomposed
into two neutralinos χ̃0

1,2 and a chargino χ̃±1 . As in the case of the Wino, there are mass
splittings among these particles. The mass difference between the charged Higgsino and
lightest neutral Higgsino is approximately given as [126, 130, 131],

mχ̃±1
−mχ̃0

1
|Higgsino−like = m2

W

2

(
1
M2

+ t2W
M1

)
− sin(2β)m

2
W

2

(
1
M2
− t2W
M1

)
+ · · · . (5.3)

The mass difference between the two neutralinos is approximately twice of this mass split-
ting. If the Wino mass is less than 1TeV, the chargino-neutralino mass splitting is greater
than 5GeV. Therefore we do not expect the disappearing charged tracks like the Wino
NLSP case. There is, however, another important signature comes from the decay of the
χ̃0

2 → χ̃0
1`

+`−. This soft lepton signature can give the Higgsino mass constraint up to
200GeV [132].

Next-to-NLSP decay. In addition to the constraint on the direct production of the
NLSP, the decay of the next-to-NLSP into the NLSP also provides the clue for the collider
searches. If the Higgsino mass is much greater than the Wino mass, the Higgsinos decay
into the Wino with Z,W± and h0 bosons with almost equal branching fractions. Such
bosons decay into leptons, photons and b-jets, which are characteristic signatures.

In the present analysis, we study the following analysis.

Disappearing charged track. We directly apply the ATLAS result of the Wino LSP
searches with 139 fb−1 data [129].

Soft di-lepton. We directly adopt the Higgsino LSP search with 139 fb−1 data at the
ATLAS [132].

Tri-lepton mode from W and Z(h0) decays. We study the search of leptonic decays
of W (∗) and Z(∗) with 139 fb−1 data at the ATLAS [133]. We use model-independent
inclusive event selections (12 on-shell channels and 17 off-shell channels).

One lepton + two b-jets from W and h0 decays. We study the search of a leptonic
W decay and b-jets from the 125GeV Higgs boson with 139 fb−1 data at the AT-
LAS [134].16

We adopt the signal regions, SR-LM, SR-MM and SR-HM. In our estimation, we
found this search cannot give a constraint on the present Higgsino-Wino system.

16Other search channels such as h0 → γγ [135] are less important.
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Di-lepton from two W (˜̀) bosons decay. We study the search of two leptonic W de-
cays or two slepton decays into a lepton and a dark matter with 139 fb−1 data at the
ATLAS [136]. We adopt eight signal regions with di-lepton. In our estimation, this
search cannot give a constraint on the present Higgsino-Wino system.

Mono-jet. The ATLAS search of mono-jet events [137] aims the direct production of the
dark matter with high energy initial state radiations. The constraint of this search on
the Wino is comparable to the LEP chargino searches [138], if we adopt the leading
order cross section.

In our analysis, we have used the programs MadGraph5_MC@NLO [139, 140],
PYTHIA8 [141] and DELPHES 3 [142] (with FastJet [143] incorporated). We adopt the
cross sections provided by the LHC SUSY Cross Section Working Group [144], which are
based on works [145–152]. If constraints on the simplified model provided by the LHC is
directly applicable to the present model, we recast the constraints.

In addition to the direct production of the SUSY particles, Wino and Higgsinos affect
the SM processes. Precision measurement of the Drell-Yan process can give indirect signa-
ture of the SUSY particles at the LHC [153–156]. Although such searches can also provide
the constraint on the low mass Wino, we need to know the detailed information on the
systematic uncertainty of the measurement and the SM signature estimation at the LHC.
At present, we cannot get a reliable constraint from the precision measurement at the LHC.

In figure 5, we show the current LHC and LEP chargino constraints on the plane of the
Wino and Higgsino mass parameters M2 and µ with tan β = 40. We show the excluded re-
gions by the disappearing charged track in green, soft di-lepton in blue and tri-lepton in red.

In the present model, the dominant contributions to aµ|SUSY come from the left-handed
slepton-Wino-Higgsino loops. Thus, for given M2, µ and tan β, we can predict the left-
handed slepton mass to explain aµ. In figure 5, we also show the rough upper limit on the
left-handed slepton mass to explain the observed aµ by the Higgsino-Wino contribution at
the one-loop level. The figure shows that the LHC constraint, m˜̀

L
> 660GeV, favors the

Higgsino-Wino mass within 100GeV–600GeV.

5.2 Scalar lepton constraint

To explain aµ, the scalar leptons should also be light. In the present model, the left-
handed slepton is typically lighter than the right-handed slepton since ΛLGMSB � ΛDGMSB.
Therefore the constraint on the left-handed sleptons is relevant for the present model, where
the left-handed sleptons dominantly decay into the Wino-like chargino and neutralino.

If the Wino is the NLSP, we can directly apply the constraint on simplified model of
˜̀
L → `χ̃0

1 (` = e, µ) provided by the ATLAS [136]. In this model, the ATLAS searches for
the di-leptons from the process pp → ˜̀+ ˜̀− → `+`−χ̃0

1χ̃
0
1 are relevant. If the mass of χ̃0

1 is
less than around 300GeV, the current upper bound on the cross section of the slepton pair
production in the simplified model is around 0.3 fb.

In the case of ˜̀
L, ν̃ and Wino system, the sneutrino production also contributes the di-

lepton signature, as the sneutrino can decay into the charged Wino with a charged lepton.
The branching fractions are BF(˜̀− → W̃−ν) = 2BF(˜̀− → W̃ 0`−), and BF(ν̃ → W̃+`−) =
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Figure 5. The current collider constraints on the Higgsino-Wino system. The orange lines show
the rough upper limits on the left-handed slepton mass to explain the observed aµ.

2BF(ν̃ → W̃ 0ν). Therefore, the constraint of the left-handed slepton can be obtained by
the condition that17

1
9σ(˜̀+ ˜̀−) + 4

9σ(ν̃ν̃) + 2
9σ(˜̀±ν̃) = 0.3 fb , (5.4)

where the prefactors represent the branching fractions to the di-lepton modes. As a result,
we find the lower limit on the left-handed slepton mass, m˜̀

L
> 660GeV, in the Wino NLSP

case.

5.3 Heavy Higgs constraint

In the present model, the B term is zero at the UV scale and radiatively generated through
the RG effects (figure 3a). Therefore the heavier Higgs mass tends to be light (figure 4a).
Moreover to enhance the muon g − 2, the value of the tan β is large. In this case, the
production of the heavier CP-odd Higgs A0 is significantly enhanced and can be constrained
by the LHC experiments. The CMS and ATLAS provide constraints on the process pp→
A0 → τ+τ− [157, 158] and these constraints have a significant impact on the present model.
In this model, there are SUSY particles lighter than the CP-odd Higgs mass, and hence,
A0 can also decay into such SUSY particles. For the large tan β, however, the branching
fractions into the SUSY particles are small and we directly apply the constraint on the
mA0 − tan β provided by the ATLAS [158].

In figure 4b, we show the posterior distribution of the SUSY parameters after imposing
the collider constraints. In our estimation so far, the light Wino and Higgsino of masses
100–300GeV are consistent with the LHC constraints. Compared to the constraints on
simplified models studied by the CMS and ATLAS, our constraints look rather conservative.
One reason of such weak constraints will be the mass degeneracy of the Higgsino and Wino
with which the SUSY events at the LHC are less energetic. Moreover, in the present model,
the Higgsino and Wino have various decay channels. Therefore, the current LHC searches
optimized for simplified models are not so effective. For the typical masses of the Higgsinos

17Here, we do not distinguish W̃± from W̃ 0 to apply the analysis in ref. [136], as the decay products of
the W̃± is too soft to affect the LHC di-lepton analysis.
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and Wino in the present model, the production cross section is rather large. Thus, if we can
optimize the LHC searches for the present model, we have a large chance of the discovery
of the extended Sweet Spot Supersymmetry for muon g − 2. Study of such prospects are
beyond the focus of this paper. We will discuss this point in the future work.

Let us comment on the case of τ̃ NLSP case. In this case, the stau is long-lived, and
the LHC signatures are massive charged tracks. The direct constraint on the stau mass
is 430GeV [159]. In this stau NLSP case, a portion of the stau is stopped in the LHC
detectors. By measuring the late-time decay of the stopped stau into goldstini [160, 161],
we can obtain the fundamental information on the SUSY breaking sectors [162].

In the present model, the Wino and Higgsino are light ∼ 300GeV. Although the direct
production of such particles will be out of reach of the ILC250, such light particles have sig-
nificant impact on the SM processes through quantum corrections. Therefore, the precision
measurement of the di-fermion process e+e− → ff̄ can probe the most of the parameter
space consistent with the muon g−2 [163]. The slepton mass is, on the other hand, predicted
to be relatively high and it will be difficult to probe the slepton directly at the ILC500 [164].

6 Conclusions

In this paper, we discussed the GMSB models which explain aµ and the Higgs boson
mass simultaneously. There have been two known major types of gauge-mediated models
that explain the observed mass of the Higgs boson and the aµ of the muon. The first
type is a model that produces a large A-term by mixing the Higgs fields with messenger
fields. This class of the models predict the existence of relatively light squarks and gluinos.
Therefore, in those models, it is expected that particles with color charges are produced
at the LHC, which puts severe collider constraints. In the second type of model, the mass
of the Higgs boson is realized by heavy squarks, which evades severe LHC constraints. As
we have discussed, however, the GUT relation of the GMSB should be violated since the
explanation of aµ requires light sleptons. The naive violation of the GUT relation ends up
with the SUSY CP problem. To avoid such problems, we proposed a model in which the
phases of the gaugino masses are aligned despite the violation of the GUT relation.

The successful explanation of aµ and the Higgs boson mass requires a rather light
µ-parameter and heavy squarks. To achieve such a SUSY spectrum, we need additional
sources of the Higgs soft masses squared other than the GMSB contributions. The model
also requires the origin of the µ-term which is free from the CP violation. For these
purposes, we utilized the (extended) Sweet Spot Supersymmetry [56]. As we have shown,
the model can explain aµ and the Higgs boson mass in the GMSB model without causing
the SUSY CP problem. The model evades the LHC constraints so far. We also found that
the SUSY CP, FCNC, LFV processes caused by the subdominant gravity mediation are
also suppressed.

Several comments are in order. In our set up, we only considered the Down-type and
the Lepton-type messengers. By utilizing the product GUT models, it is also possible to
have GUT violating messenger fields of more various representations, such as the adjoint
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representation (see e.g., refs. [95, 96]). The extended Sweet Spot Supersymmetry allows
those complicated messenger sector without causing unwanted CP violation.

Since we assume ΛD,L ' 1015–16 GeV, the masses of the pseudo-flat directions in
eq. (3.8) are in the hundreds GeV to a few TeV region for m3/2 = O(1)GeV. The cos-
mological evolution of a light pseudo-flat direction has been discussed in ref. [55]. Note
that there are two pseudo-flat directions in the present model. Besides, there is a goldstino
with a mass 2m3/2 in addition to the gravitino. Since the massive goldstino has a cos-
mological lifetime [84], cosmic ray signatures of the very late time decay of the goldstino
could give us a smoking gun of the present model. We will discuss details of cosmology
of the model including the dynamics of the pseudo-flat directions, the constraints for the
gravitino/goldstino dark matter in future work.
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A Higgs coupling to SUSY breaking

In section 4, we consider the effective Kähler potential which generates the µ-term as
well as the additional soft masses squared of the Higgs doublets. In this appendix, we
discuss an example of the UV completion [53–56]. The simplest example is based on the
O’Raifeartaigh model with the superpotential,

W = w2Z + 1
2λZX

2 +MXYXY + hHuq̄X + h̄HdqX +Mqqq̄ +m3/2M
2
Pl . (A.1)

Here, Z, X, Y are gauge singlet fields, Hu,d are the Higgs doublets, and (q, q̄) are the vector-
like SU(2)L doublet fields. All the phases of the coupling constants, λ, h, and h̄, as well as
those of the mass parameters MXY and Mq can be rotated away without loss of generality.
We assume the PQ symmetry with the charges, PQ(Hu,d) = 1, PQ(X) = −1, PQ(Y ) = 1
and PQ(Z) = 2, which is explicitly broken by w2. In the Sweet Spot Supersymmetry in
section 4, we identified Z in eq. (A.1) with ZD.

The coefficient of the |Z|4 term in the effective Kähler potential is given by,

1
Λ2 = 1

4λ
4
∫

d4`E
(2π)4

`2E
(M2

XY + `2E)4 = λ4

12(4π)2M2
XY

. (A.2)

Here, `E is the Euclidean loop momentum. The coefficient of Z†HuHd term is given by,

1
Λµ

=
∫

d4`E
(2π)4

1
(M2

XY + `2E)2
Mq

(M2
q + `2E) = − λhh̄

(4π)2MXY
· f̃
(
M2
XY

M2
q

)
, (A.3)
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Figure 6. The Feynman diagrams in the UV model which generate the Higgs mass parameters.

with
f̃(x) = x1/2 × 1− x+ log x

(1− x)2 . (A.4)

The coefficient of Z†ZHuHu term is given by,

1
Λ2
u

= λ2h2
∫

d4`E
(2π)4

1
(M2

XY + `2E)3
`2E

(M2
q + `2E) = λ2h2

(4π)2
1

M2
XY

· g̃
(
M2
XY

M2
q

)
, (A.5)

with
g̃(x) = x× −3 + 4x− x2 − 2 log x

2(1− x)3 . (A.6)

The coefficient of Z†ZH†dHd is given by replacing h with h̄. In figure 7, we show the function
f̃ and g̃. As is clear from the integrands of eqs. (A.2), (A.3) and (A.5), the integration
is dominated at the loop momentum of O(MXY ), and hence, the scale M∗ at which the
Higgs mass parameters are generated is given by M∗ 'MXY .

From eqs. (A.3) and (A.5), we find that

Λu
Λµ

= h

(4π)
|f̃ |
g̃1/2 , (A.7)

where the ratio |f̃ |/g̃1/2 is of O(1) in a wide range of M2
XY /Mq. Thus, to provide the

appropriate Λµ and Λu,d in eqs. (4.4) and (4.5), we find that h and h̄ are of O(1). With
this choice, the generated µ-parameter is parametrically smaller than the additional Higgs
soft term by an order of magnitude.

Note also that Z obtains non-vanishing A-term VEV due to the supergravity effect,

〈Z〉 =
√

3Λ2

6MPl
. (A.8)

In order for 〈Z〉 not to affect the O’Raifeartaigh model, we require λ〈Z〉 < MXY

32
√

3π2MXY

MPl
< λ3 . (A.9)

If Z is an independent of the GMSB, MXY (that is M∗) is a free parameter as long as λ
satisfies eq. (A.9). Instead, if we identify Z with either ZD or ZL, M∗ should be at around
the sweet spot in eq. (4.11) as discussed in section 4.
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Figure 7. The functions |f̃ |, g̃ and their ratio |f̃ |/g̃1/2.
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