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We realize high scale supersymmetry in the mirage mediation. The Higgs sector is extended with the
Peccei-Quinn symmetry, and the Higgsino mass term is generated by the Kim-Nilles mechanism. In
particular, the Peccei-Quinn symmetry breaking scale naturally lies on the mirage messenger scale due to
the mixed modulus-anomaly mediation with the gauge coupling unification. Consequently, the Higgsino
mass term is of order the weak scale while the gravitino mass is of PeVorder. This hierarchy naturally leads
to the correct electroweak symmetry breaking. The Higgsinos are thus in the range accessible at future
lepton colliders, while other sparticles are well above the current LHC reach and consistent with the
observed Higgs boson. The axino is dominantly produced from the modulus decay and accounts for the
correct dark matter abundance.
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I. INTRODUCTION

Supersymmetry (SUSY) is one of the most promising
new physics to alleviate the quadratic sensitivity of the
Higgs sector to unknown ultraviolet physics which is
genuinely present in the standard model (SM). The simplest
realization of SUSY is the minimal supersymmetric stan-
dard model (MSSM) where all the SM particles own
their supersymmetric counterparts. At the low energy scale,
SUSY is softly broken, and consequently the Higgs sector
becomes quadratically sensitive only to the sparticle soft
masses. For this reason, weak scale sparticles have been
expected to naturally accommodate the electroweak sym-
metry breaking (EWSB), and have been considered as
one of the main physics targets of the large hadron
collider (LHC).
The LHC has, however, increased constraints on the

weak-scale SUSY, and the current mass limit for colored
sparticles is of the TeV order, e.g., for simple the minimal
supergravity/the constrained MSSM (mSUGRA/CMSSM)
scenarios [1,2]. SUSYmay not be solely responsible for the
natural EWSB. Instead, it can be stabilized by another
mechanism such as the cosmological relaxation of the
Higgs boson mass [3]. Nevertheless, SUSY is still the best

way to protect the Higgs sector against enormous quantum
corrections, and at the same time it leads to the successful
gauge coupling unification [4]. Furthermore, it provides a
robust mechanism for dark matter production, cosmologi-
cal inflation, etc.
Meanwhile, the Kachru-Kalosh-Linde-Trivedi (KKLT)

setup shows a successful incarnation of de Sitter vacua
from string theory [5], which provides a robust ground
for the soft SUSY breaking in the MSSM. In the KKLT,
SUSY breaking is generated by an anti-D3-brane, and is
mediated to the MSSM sector by the model-independent
supercoformal anomaly [6–8]. Furthermore, a sizable
SUSY breaking effect is also mediated by F terms of
the Kähler moduli which are generated by the anti-D3-
brane. The overall SUSY breaking is realized by the mixed
modulus-anomaly mediation [9,10]. In this setup, sparticle
masses are unified at an intermediate scale, dubbed the
mirage messenger scale, where no physical thresholds are
involved.
Although the KKLT setup is attractive, it demands a

further modification of the Higgs sector because it does
not automatically generate the Higgsino mass and Higgs
mixing parameters, μ and B, at the correct scales. In the
KKLT, the sparticles have masses around m3=2=8π2 with
m3=2 being the gravitino mass, while the Higgs mixing
parameter is much larger,

B ∼m3=2; ð1Þ

unless induced by a super-Weyl invariant operator. Such
a large B has been considered problematic because the
EWSB requires
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Bμ ∼
m2

3=2

ð8π2Þ2 ; ð2Þ

so it necessitates another mechanism to suppress it down to
the sparticle masses.
In this paper, we point out that the KKLT can naturally

induce the correct EWSB even for a Bmuch larger than the
sparticle masses. The idea is to invoke the Kim-Nilles (KN)
mechanism [11] to generate small μ from a Planck-
suppressed Peccei-Quinn (PQ) symmetric operator. The
mirage mediation radiatively generates the PQ scale at the
mirage messenger scale Mmir, resulting in

μ ∼
M2

mir

MPl
∼

m3=2

ð8π2Þ2 ; ð3Þ

insensitively to the details of the model. The only require-
ment is the proper choice of discrete numbers associated
with the Kähler moduli. Here MPl is the reduced Planck
mass. The above unconventional solution to the μ=Bμ
problem works in high scale SUSY with a PeV or heavier
gravitino [12] because the LEP bound on the chargino mass
requires μ above 104 GeV [13].
High-scale SUSY under consideration leaves the

Higgsinos light, in the mass range accessible at future
lepton colliders, while other sparticles appear around or
above 10 TeV, well above the LHC limits. Such a hierarchy
between the Higgsinos and other sparticles also allows the
gauge coupling unification as precisely as in the weak-scale
SUSY case if the gravitino is below 100 PeV. The gauge
coupling unification is indeed a prerequisite for the mirage
unification of sparticle masses [14].
Our scenario includes two dark matter candidates, the

axion solving the strong CP problem [15] and its fermionic
partner, the axino [16,17]. For a gravitino mass between
1 PeV and 100 PeV, the axion constitutes only a small
fraction of the dark matter of the Universe. Meanwhile, as
feebly coupled to the MSSM sector via the KN term, axinos
are produced through the freeze-in process. The freeze-in
production should, however, be suppressed to avoid the
overclosure of the Universe because the axino mass is not
much below GeV in our scenario. This problem is avoided
by moduli domination that takes place after the primordial
inflation unless the moduli are heavier than the inflation
scale. In the case where the Universe experiences moduli
mediation, the main production process of axino dark
matter is the decay of heavy gravitinos produced from
moduli decay. We find that a GeV scale axino successfully
accounts for the observed dark matter density.
This paper is organized as follows. In Sec. II, we present

a brief review on the mirage unification of sparticle masses
realized in the KKLT. High-scale SUSY generally suffers a
severer μ problem due to a large B. We show in Sec. III that
mirage mediation can radiatively fix the PQ scale at the
mirage messenger scale insensitively to the details of the

model, and then allows the KN mechanism to resolve the μ
problem in high scale SUSY with a large B. The cosmo-
logical aspects of our scenario are described in Sec. IV.
The final section is for conclusions.

II. MIRAGE MEDIATION

In the KKLT, Kähler moduli are stabilized by non-
perturbative effects in the superpotential while acquiring
large supersymmetric masses, and their F terms are induced
due to SUSY breaking in anti-D3-brane, i.e., after adding
the uplifting scalar potential. The moduli F terms are loop
suppressed compared to the gravitino mass, making moduli
mediation comparable to anomaly mediation. Combined
with the gauge coupling unification, the KKLT leads to
mirage mediation, which effectively corresponds to pure
moduli mediation transmitted at the mirage messenger
scale [18],

Mmir ¼ MGUT

�
m3=2

MPl

�
α=2

; ð4Þ

with MGUT being the unification scale. Here the constant
α measures the relative strength of anomaly mediation, and
is a positive rational number determined by the moduli
dependence of the Kähler and uplifting potential. The
original KKLT leads to α ¼ 1, which is the case of our
interest. The mirage mediation preserves CP and flavor
symmetry, respectively, due to the associated axionic shift
symmetries and flavor-universal modular weights. These
features are phenomenologically important unless the
sparticles are very heavy, around or above 100 TeV.
In the mirage mediation, the gaugino masses at a low

energy scale Q are given by

Ma

M0

¼ 1 −
bag2a
4π2

ln

�
Mmir

Q

�
; ð5Þ

provided that the gauge couplings are universal at MGUT.
Here ba are the one-loop beta function coefficients. The
parameter α is defined by

α≡ m3=2

M0 lnðMPl=m3=2Þ
: ð6Þ

Interestingly, the gaugino masses unify at Mmir, although
no physical thresholds appear at the scale. The scalar soft
parameters also take the mirage pattern

m2
i

M2
0

¼ ci þ
1

4π2

�
γi −

_γi
2
ln
�
Mmir

Q

��
ln
�
Mmir

Q

�
;

Aijk

M0

¼ 1þ γi þ γj þ γk
8π2

ln

�
Mmir

Q

�
; ð7Þ

if ci þ cj þ ck ¼ 1 for those having a Yukawa coupling
yijk, where ci parametrizes the moduli-mediated contribu-
tion and is a rational number of order unity depending on
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the location of the matter in extra dimensions. Here γi is the
anomalous dimension, and the dot denotes differentiation
with respect to lnQ.
The mirage pattern of sparticle masses, which is in turn

essential to solve the μ problem, is a result of the universal
gauge couplings at MGUT. The high-scale SUSY can still
achieve the gauge coupling unification without high-scale
threshold corrections, as precisely as the weak-scale SUSY,
if the Higgsinos are substantially lighter than the other
sparticles:

μ ∼ 300 GeV

�
m�
TeV

�
19=12

�
m3=2

PeV

�
−7=12

; ð8Þ

when the other MSSM sparticles are around m3=2=8π2.
Here the scale m�, which determines how precisely the
gauge couplings unify at MGUT ∼ 1016 GeV, should lie in
the range between a few hundred GeVand 10 TeV in order
to accomplish the unification within a few % deviation
[19,20]. Combined with the experimental lower bound on
the Higgsino mass, the gauge coupling unification indicates
that the gravitino mass is below 100 PeV in the high scale
SUSY leaving only the Higgsino around the weak scale.

III. PQ SYMMETRIC HIGGS SECTOR

The minimization condition of the Higgs scalar potential
requires

jBμj ¼ sin 2β
2

ðm2
Hd

þm2
Hu

þ 2jμj2Þ; ð9Þ

where the parameters are evaluated near the weak scale, and
tan β is the ratio of the vacuum expectation values of the up-
and down-type Higgs doublets. For the case where anomaly
mediation is sizable, the Higgs mixing parameter B takes a
value

jBj ∼m3=2; ð10Þ

unless the Higgsino mass parameter μ is generated from an
operator preserving the super-Weyl symmetry. This gives
rise to a problem because the scalar soft masses are one-
loop suppressed relative to the gravitino mass. On the other
hand, the successful EWSB is still possible if the Higgsinos
are as light as

jμj ∼m2
Hd

þm2
Hu

jBj tan β ∼
m3=2

ð8π2Þ2 ; ð11Þ

for moderate tan β. From the LEP bound on the chargino
mass, μ should be larger than 104 GeV, so the above
scenario with μ ∼m3=2=ð8π2Þ2 is allowed in the high scale
SUSY with

PeV≲m3=2 ≲ 100 PeV; ð12Þ

where the upper bound comes from the condition of gauge
coupling unification.
The hierarchy between the Higgsino and other sparticle

masses in the high scale SUSY calls for some explanation.
The mirage mediation naturally addresses the μ problem if
one extends the Higgs sector to include the axion superfield
S solving the strong CP problem. After the PQ symmetry
breaking, the Higgsinos receive their mass from the KN-
type superpotential

ΔWKN ¼ κ
S2

MPl
HuHd; ð13Þ

where κ is a constant of order unity. The values of μ and B
are determined by how S is stabilized:

μ ¼ κ

2

f2

MPl
;

B ¼ 2
FS

S
−m3=2; ð14Þ

where f ¼ ffiffiffi
2

p hjSji is the axion decay constant, and FS is
the F term of S. The dependence of B on the gravitino mass
reflects the fact that the KN term, which is an operator of
mass dimension 4, explicitly breaks the conformal sym-
metry that is a part of the super-Weyl symmetry.
To stabilize the saxion, we consider a PQ symmetric

Yukawa interaction

ΔWPQ ¼ ySΦΦc; ð15Þ

where the PQ messengers ΦþΦc belong to 5þ 5̄ repre-
sentation under SU(5) into which the SM gauge groups are
embedded. The saxion potential is generated by integrating
out the heavy messengers in the large background value of
the saxion [8]

V ≃m2
SjSj2; ð16Þ

where m2
S is the soft scalar mass squared of the saxion

renormalized at the scale, Q ¼ jSj. Taking the modular
weights of S andΦþΦc to be cS ¼ 0 and cΦ ¼ cΦc ¼ 1=2
so as to satisfy the mirage conditions, one finds

m2
S

M2
0

¼ 1

8π2

�
γS − _γS ln

�
M2

mir

jSj2
��

ln
�
M2

mir

jSj2
�
; ð17Þ

with γS ¼ −y2, as follows from the relation (7). The
minimum of the potential appears around the saxion value
at which m2

S crosses zero, i.e., at jSj ≈Mmir, implying that
the axion decay constant is fixed at
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f ≈MGUT

�
m3=2

MPl

�1
2

∼ 1010 GeV

�
m3=2

PeV

�1
2

; ð18Þ

for α ¼ 1. The FS=S is ∼m3=2=ð8π2Þ at the potential
minimum. Therefore, one finds

μ ≈
κ

2

�
MGUT

MPl

�
2

m3=2 ∼
m3=2

ð8π2Þ2 ;

B ≃ −m3=2; ð19Þ
where we have used the fact that the ratio between MGUT
and MPl is numerically close to a loop factor. It is a
remarkable that the radiatively stabilized saxion naturally
generates μ and B at the right scales as required for the
EWSB, insensitively to the details of the model. This relies
only on the proper choice of discrete numbers, α and ci,
associated with the Kähler moduli.
It is straightforward to see that the saxion σ and axino ã

acquire masses, respectively, according to

mσ ¼
ffiffiffiffiffiffiffi
5y2

4π2

s
M0 ∼ y

m3=2

ð8π2Þ3=2 ;

mã ¼
5y2

16π2
M0 ∼ y2

m3=2

ð8π2Þ2 : ð20Þ

The axino is much lighter than the Higgsinos for a small
Yukawa coupling. On the other hand, the axion becomes
massive due to its anomalous coupling to gluons while
dynamically cancelling off the strong CP phase.
After the EWSB, the Bμ term makes the saxion mix with

the SM-like neutral Higgs boson h. For the case where the
saxion mass is below the weak scale, the mixing angle is
roughly estimated by

θmix ∼
Bμ

m2
h tan β

v
f
∼
10−4

tan β

�
m3=2

PeV

�
3=2

; ð21Þ

where the last estimation follows from the relations (14)
and (18). The mixing angle is smaller than about 0.1 for
m3=2 ≲ 100 PeV. The saxion decays into SM particles
through the mixing if kinematically allowed. It is also
straightforward to see that the KN term induces the Yukawa
interaction

λhh̃ ã; ð22Þ

with the coupling constant given by

λ ∼
μ

f
∼ 10−8

�
m3=2

PeV

�
1=2

; ð23Þ

where ã is the axino, and h̃ is the neutral Higgsino. The
above interaction determines the decay rate of the heavier
of h̃ and ã.

We close this section by mentioning that the PQ sector
properties presented above hold for y2 ≳ 1=8π2 since
otherwise m2

S receives a sizable contribution from higher
loops of gauge-charged heavy PQ messengers. If one
considers a superpotential term y0SNN instead of ySΦΦc

with N being the gauge singlet, then there are no sizable
contributions from higher loops of N. However, the
radiative stabilization at the scale f ≈Mmir still requires
y02 ≳ 1=8π2 because cS receives small quantum corrections
of the order of 1=8π2 from nonperturbative effects, string
loops, and higher order α0 corrections [21–23]. An in-
triguing aspect of the model with y0SNN is that the baryon
asymmetry of the Universe can be explained via the
Affleck-Dine leptogenesis [24] realized along the LHu flat
direction [25].

IV. COSMOLOGY

In our scenario, both the axion and the lightest sparticle
can contribute to the dark matter. For the case where PQ
symmetry is broken during the primordial inflation and
never restored afterwards, the axion abundance from the
misalignment reads

Ωah2 ≃ 0.1 × 10−2θ2mis

�
f

1010 GeV

�
1.19

; ð24Þ

neglecting the anharmonic effect [26–31]. Here θmis ≡
amis=f is the initial angle of the axion. For f ≲ 1011 GeV,
the axion abundance is the only small part of the total dark
matter abundance unless it lies very close to the hilltop of
the potential so that the anharmonic effect is significant.
Hence, the axion is the subdominant component of dark
matter in our case.
The production of the lightest sparticle depends on the

cosmological evolution of the moduli and saxion. The
string moduli generally have an initial condensation of
order MPl after the inflation, and then their coherent
oscillations soon dominate the energy density of the Uni-
verse. As a consequence, the moduli-induced gravitino
problem arises in the KKLT because the gravitinos from
modulus decays produce too many neutralinos, overclosing
the Universe if the lightest neutralino is stable [32–34].
Our scenario predicts the neutral Higgsino as the lightest

sparticle in the MSSM sector, but the axino is lighter if the
Yukawa coupling responsible for the saxion stabilization is
less than one. Feebly coupled to the Higgs sector through
the interaction (22), axinos are produced by the freeze-in
mechanism. This process, however, produces too many
axinos unless the axino mass is of keVorder or smaller [35],
or the reheating temperature is very low. One may rely on
moduli domination, which occurs if some moduli are
lighter than the inflation scale. The axino density is diluted
if the modulus decays follow the axino freeze-in process.
This case, however confronts another difficulty because

KYU JUNG BAE and KWANG SIK JEONG PHYS. REV. D 104, 015013 (2021)

015013-4



axinos are nonthermally produced from subsequent decays
of moduli and gravitino. In the original KKLT, where the
Kähler moduli are much heavier than the gravitino, the
freeze-in process and modulus decays causes overproduc-
tion of the axino unless the axino mass is much below GeV
[36,37]. It is difficult to accommodate such a light axino in
high scale SUSY because the radiative saxion stabilization
puts a lower bound on its mass.
To resolve the axino overproduction problem, we con-

sider a generalized KKLT where all the Kähler moduli
except one are stabilized by the nonperturbative super-
potential as in the original KKLTwhile the remaining one is
stabilized through the Kähler mixing with the others [38].
The modulus F terms are universal due to the no-scale
structure of the Kähler potential, leading to the mirage
mediation in the same way as the original KKLT. Another
important feature is that the radial component of the lightest
modulus is relatively light

mϕ1
≃

ffiffiffi
2

p
m3=2; ð25Þ

independently of the details of the model.1 The modulus ϕ1

decays dominantly into the gauge sector with the rate

Γϕ1
∼

3

32π

m3
ϕ1

M2
Pl

; ð26Þ

but its decay into gravitinos is kinematically forbidden. The
modulus decay temperature is estimated to be

Tϕ1
¼

�
90

π2g�

�1
4 ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Γϕ1
MPl

p
∼ 0.2 GeV

�
mϕ1

2 PeV

�3
2

; ð27Þ

where g� counts the number of relativistic degrees of
freedom at Tϕ1

.
As the next-to-lightest Kähler modulus ϕ2 is stabilized

by a nonperturbative superpotential term, it acquires a large
supersymmetric mass

mϕ2
∼m3=2 lnðMPl=m3=2Þ; ð28Þ

and its branching fraction into gravitinos is about 0.03
[32–34]. Produced gravitinos decay while producing
MSSM sparticles that cascade to neutral Higgsinos.
The gravitino decay temperature is slightly below Tϕ1

because its decay width is given by Γ3=2 ∼ 0.1m3
3=2=M

2
Pl.

The Higgsino scattering rate is much larger than its decay
rate, and thus Higgsinos become nonrelativistic before their
decay. For the case with μ > mh þmã, the Higgsino decay
occurs mainly via the interaction (22), much more effec-
tively than its annihilation at the gravitino decay temper-
ature [36]. The axino density from the Higgsino decay is
diluted due to late time entropy released from the ϕ1 decay.
The dilution factor is determined by the ratio between
moduli decay temperatures

Δϕ ¼ Tϕ2

Tϕ1

≃
�
mϕ2

mϕ1

�
3=2

∼ 90; ð29Þ

under the assumption that both ϕ1 and ϕ2 initially have
similar condensations. Finally, the axino abundance reads

Ωãh2 ∼ 0.1

�
mã

2 GeV

��
m3=2

PeV

�
1=2

: ð30Þ

Thus, for an axino with mass around GeV, the moduli
domination does not cause the moduli-induced gravitino
problem.
It is worth examining the axino abundance produced

via the freeze-in process. For the gravitino mass around
PeV, the axino freeze-in production takes place most
efficiently while the coherent oscillation of ϕ2 dominates
the energy density of the Universe. See the Appendix for
more discussion on the freeze-in production during a matter
dominated era. Including the dilution factor from the ϕ1

decay, one finds the axino freeze-in abundance to be

Ωãh2jfreeze ∼
102

Δϕ

�
λ

10−8

�
2 mã

Tϕ2

∼ 0.04

�
λ

10−8

�
2
�

mã

2 GeV

��
m3=2

PeV

�
−3
2

; ð31Þ

which is smaller than that from the ϕ2 decay, and gets
suppressed further for a larger gravitino mass. Here we
have considered the case where the ϕ1 decays well after the
axion freeze-in production completes.
Figure 1 shows the viable region of μ and m3=2 in the

high scale SUSY realized in the KKLT. A B term around
m3=2 successfully leads to the EWSB because the KN
mechanism generates μ at the right scale. The gauge
coupling unification is also achieved by the light
Higgsinos, allowing the sparticles to take the mirage
pattern. Here we have taken m� between 0.3 and 3 TeV
for the precise gauge coupling unification, and κ between
0.5 and 2 for the KN term inducing μ. The dark matter
can also be explained well by the light axino if moduli
domination takes place. As shown in the figure, the EWSB,
unification, and dark matter indicate that the gravitino is
around a few PeV, the Higgsinos are around a few hundred
GeV, and the axino around 1 GeV.

1The phase component of the lightest modulus has a large
decay constant aroundMPl=8π2, and can play the role of the QCD
axion [38]. In our scenario, the QCD axion comes mainly from
the phase component of the PQ scalar because f ≈Mmir is much
lower than the GUT scale. The phase component of the lightest
modulus acquires a mass from nonperturbative effects that break
the associated shift symmetry. It can make up a sizable fraction of
the dark matter depending on the model.
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We have, up to this point, ignored the saxion coherent
oscillations, which can dominate the energy density of the
Universe if the saxion has a large initial amplitude of the
order ofMPl, or if the saxion is trapped at the origin during
inflation due to the Hubble-induced mass term. In the latter
case, the saxion potential energy drives a thermal inflation
until the temperature drops below the SUSY breaking scale
[37].2 Note that the saxion cannot be much lighter than the
Higgsinos because the Yukawa coupling responsible for the
saxion stabilization is bounded from below. As a result,
even if the saxion domination occurs, its decay occurs well
before the ϕ2 decay, and does not change our results.
Finally, we discuss collider signatures of our scenario.

Because the Higgsinos are much lighter than other MSSM
sparticles, the lightest neutralino and the lightest chargino
are almost Higgsino-like. The mass difference between
them reads

Δm≡mχþ
1
−mχ0

1
¼ Δmtree þ Δmloop; ð32Þ

where the tree-level contribution comes from mixing with
the bino and wino

Δmtree ≃ 300 MeV

�
104 GeV

M2

��
1þ 0.3

M2

M1

�
; ð33Þ

while the loop contribution is dominantly from gauge
boson loops [39]

Δmloop ≈ 300 MeV

� jμj
300 GeV

�
0.15

: ð34Þ

Here M1 and M2 are the bino and wino masses, respec-
tively, and both are positive in the mirage mediation with
α ¼ 1. For Δm larger than the pion mass, the lightest
chargino decays dominantly to the lightest neutralino and
the charged pion. The decay time of the lightest chargino is
roughly

τχþ
1
∼ 0.3 × 10−11 sec

�
Δm

600 MeV

�
−3
; ð35Þ

and so it would be quite difficult to probe it at the LHC. The
lightest neutralinos may show a peculiar signature of
the long-lived particle at the LHC for the coupling hh̃ ã
to be around 10−8 [40]. Future lepton colliders are able to
probe clearer signals from the processes, eþe− → γχ01χ

0
2, or

γχþ1 χ
−
1 , mediated by a virtual Z boson or photon [41,42].

V. CONCLUSIONS

As the first explicit realization of four-dimensional de
Sitter vacua with all string moduli stabilized, the KKLT
provides a natural and interesting framework to realize high
scale SUSY where the EWSB is successfully achieved by
the Higgsinos much lighter than the other sparticles. The
EWSB requires μ ∼m3=2=ð8π2Þ2 if B is around the grav-
itino mass as is generally the case when anomaly mediation
is sizable. For the PQ extended Higgs sector, the Kim-
Nilles mechanism naturally generates μ at the right scale,
insensitively to the details of the model, if the PQ scale is
radiatively fixed at the mirage messenger scale. All those
features indicate the high scale SUSY with a PeV gravitino
where the Higgsinos are around the weak scale, thus
accessible at future lepton colliders, and other sparticles
are around 10 TeV as required to accommodate the
125 GeV Higgs boson while avoiding the experimental
constraints. The modulus domination suppresses the
freeze-in axino production, which otherwise leads to the
overclosure of the Universe, but it is followed by non-
thermal axino production from heavy gravitinos at moduli
decay. The dark matter of the Universe can then be well
explained by a GeV axino.
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FIG. 1. Viable region of μ and m3=2 in high scale SUSY where
sparticles other than the Higgsinos are around m3=2=8π2. The
gauge coupling unification, which is required for the sparticles to
take the mirage pattern, is achieved in the light blue shaded
region. For a large B around m3=2, mirage mediation allows the
KN mechanism to naturally induce μ at the right scale for the
correct EWSB as is shown in the light red shaded region. For
the case where the Universe experiences moduli domination, the
axino can explain the dark matter of the Universe in the red
shaded region, where we have used that its mass lies in the range
between about 10−6 and 10−5 times m3=2. Meanwhile, the LEP
bound on the chargino mass requires μ larger than 104 GeV as
indicated by the gray dashed line.

2In this case, PQ symmetry is restored during inflation, and
thus the PQ sector should be arranged to have the domain-wall
number equal to unity to avoid the domain-wall problem.
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APPENDIX: FREEZE-IN PRODUCTION
OF AXINO

In the Appendix, we briefly review the freeze-in axino
production from heavy particle decays. In circumstances
where moduli dominate the energy density of the Universe
or decay, the procedure of axino production may differ
from the standard calculation done in the radiation-domi-
nated regime.
The freeze-in production of particle X from the process

A → Bþ X is described by the following Boltzmann
equation when A and B are in thermal equilibrium:

dnX
dt

þ 3HnX ¼ gAm2
AΓA

2π2
TK1ðmA=TÞ; ðA1Þ

where gA is the degrees of freedom of A, ΓA is the partial
decay width of A → Bþ X, and K1 is the first modified
Bessel function of the second kind.
In the radiation-dominated era, one can rewrite the

reaction (A1) as follows:

HðmAÞsðmAÞ
x4

dYX

dx
¼ gAm3

AΓA

2π2x
K2ðxÞ; ðA2Þ

for x≡mA=T, where YX ¼ nX=s is the yield of X,
sðTÞ ¼ ð2π2=45Þg�sT3 is the entropy density, and HðTÞ ¼
ðπ2g�=90Þ1=2T2=MPl is the Hubble parameter. Here, g�s and
g� are, respectively, the effective degrees of freedom for the
entropy density and radiation density, and we have assumed
that they have the same value and are constant during
freeze-in production. Hence the yield is obtained by
integrating the above equation

YXðxÞ ¼
gAm3

AΓA

2π2HðmAÞsðmAÞ
Z

x
dx0x03K1ðx0Þ; ðA3Þ

or equivalently the number density is given by

nXðxÞ ¼
gAm3

AΓA

2π2HðmAÞ
x−3

Z
x
dx0x03K1ðx0Þ: ðA4Þ

In the decaying-particle-dominated era, the entropy is
not conserved, and thus one needs to deal with the total
number of X, NX, instead of the number density. From
(A1), one can find

1

RðTÞ3
dNX

dt
¼ gAm2

AΓA

2π2
TK1ðmA=TÞ; ðA5Þ

where the scale factor is given by RðTÞ ¼ RðmAÞx8=3. In
the meantime, the Hubble parameter is written

HðTÞ ¼
�
π2g�
90

�
1=2 T4

T2
DMP

¼ HðmAÞx−4; ðA6Þ

where TD is the decay temperature of the dominating
particle. Hence the relation (A5) leads to

dNX

dx
¼ 8RðmAÞ3

3HðmAÞ
gAm3

AΓA

2π2
x10K1ðxÞ; ðA7Þ

implying that the number density is given by

nXðxÞ ¼
8

3HðmAÞ
RðmBÞ3
RðTÞ3

gAm3
AΓA

2π2

×
Z

x
dx0x010K1ðx0Þ: ðA8Þ

For the case with mA ¼ 300 GeV and Tϕ ¼ 10 GeV, one
finds

RðmAÞ3
RðTϕÞ3

≃
T8
ϕ

m8
A

∼ 10−12; ðA9Þ

and

Z
10

dx0x010K1ðx0Þ ≃ 106: ðA10Þ

Therefore, the number density reads

nXðTϕÞ ∼ 10−6
8gAm3

A

6π2
λ2mA

8π

�
90

π2g�

�
1=2 T2

ϕMP

m4
A

∼ 10−3 GeV3 ×

�
λ

10−8

�
2
�

Tϕ

10 GeV

�
2

: ðA11Þ

Meanwhile, because the entropy at that time is given by

sðTϕÞ ¼
2π2

45
g�sT3

ϕ ∼ 105 GeV3 ×

�
Tϕ

10 GeV

�
3

; ðA12Þ

the yield is found to be

YXðTϕÞ ¼
nXðTϕÞ
sðTϕÞ

∼ 10−8

×

�
λ

10−8

�
2
�
10 GeV

Tϕ

�
: ðA13Þ

If no entropy production occurs after the freeze-in pro-
duction, the relic density of X becomes

ΩXh2 ≃ 2.8 × 108YX

�
mX

GeV

�

∼ 10 ×

�
λ

10−8

�
2
�
10 GeV

Tϕ

��
mX

GeV

�
; ðA14Þ

assuming the relation (A9).
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