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OVERVIEW
SUSY & PQ

Fine-tuning problems in SM:
- quadratic divergence:                            removed by SUSY�m2

h = ⇤2

cut-o↵

+ · · ·

- Strong CP problem: ✓̄G eG )
✓
✓̄ +

a

fa

◆
G eG ) h a

fa
i = �✓̄

SUSY axion

SUSY partner saxion, axino:
- thermal production: scattering, decay & inverse decay
- late decay: might decay after neutralino freeze-out

affects the neutralino density
also axion CDM

augmented WIMP density

two DM scenario

axion



DFSZ AXION MODEL
Effective Interaction:

W = Z(XY � v2PQ) +
X2

MP
HuHd

µ ⇠ v2PQ/MP Kim-Nilles mechanism

Interactions via Higgs sector:

- AHH trilinear int.
- mixing with higgs & higgsino

We↵ = µe2A/vPQHuHd

X = (vPQ + ⇢1)e
A/vPQ , Y = (vPQ + ⇢1)e

�A/vPQ , Z = ⇢2



Production of axino/saxion:
scattering/decay/inverse-decay of particles in thermal equilibrium: 
“Freeze-In”
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FIG. 1: Examples of scattering diagrams (considered in Fig. 3-7 of Ref. [13]) involving the axino-
Higgs-Higgsino coupling and gauge couplings of the Higgs multiplet. There are also two other
diagrams with supersymmetric gauge vertices and t, u-channel diagrams. All processes are included
in the calculation.
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FIG. 2: Examples of scattering diagrams involving the axino-Higgs-Higgsino coupling and top
Yukawa coupling. There are also t, u-channel diagrams. All processes are included in the calcula-
tion.

from Fig. 1 and 2 (red line). As can be seen in the plot, three contributions are almost

the same in the region of TR & µ. In the slightly lower temperature, i.e. TR . µ, the

decay contribution is about an order of magnitude larger than the others because scattering

processes are doubly suppressed by the Boltzmann factor while decay process has only one

Boltzmann suppression.

The second example is depicted in Fig. 4 for which we take the benchmark points: µ = 1

TeV, mHu = 100 GeV, mHd
= 500 GeV, mt̃ = 300 GeV, mã = 100 GeV with vPQ = 1011

GeV. The only di↵erence from the previous example is the stop mass. In this example, a

small stop mass is considered to allow a resonant axino production in the channel t̃ + t̄ !
eH ! ã + H (Fig. 2(b)). The resonant process can enhance the production cross section

by factor of 1/�2, where � is the decay rate of the intermediate particle, the Higgsino in

this case. As the axino thermal production is obtained by integrating the cross section

over T = [0, TR], such a resonance e↵ect is averaged out by the width of the resonance, �,

resulting in the enhancement of the axino yield by factor of 1/�. In this example, we have
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ã

H̃

(a)

H

W̃

H̃

ã
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eH ! ã + H (Fig. 2(b)). The resonant process can enhance the production cross section

by factor of 1/�2, where � is the decay rate of the intermediate particle, the Higgsino in

this case. As the axino thermal production is obtained by integrating the cross section

over T = [0, TR], such a resonance e↵ect is averaged out by the width of the resonance, �,

resulting in the enhancement of the axino yield by factor of 1/�. In this example, we have

7

equilibrium

m=1 TeV

vPQ=1011 GeV

vPQ=1012 GeV

vPQ=1013 GeV

103 105 107 109 1011

10-8

10-6

10-4

10-2

103 105 107 109 1011

10-8

10-6

10-4

10-2

TR in GeV

Y
ã

Chun; KJB, Choi, Im; KJB, Chun, Im



Decay of saxion:

0 2 4 6 8 10

10!11

10!8

10!5

0.01

ms !TeV"

B
R
!s
"

X
"

a" SUA, fa#1012 GeV, Ξ#1, mã#2 TeV

higgses

gauge bosons

fermions

neutralinos

charginos

sfermions

axions

axinos

T s
D = O(10�4)�O(104) GeV

KJB, Baer, Chun



Decay of axino:

0 2 4 6 8 10

10!6

10!4

0.01

1

mã !TeV"

B
R
!ã
"

X
"

a" SUA, fa#1012 GeV

neutralino and neutral Higgs

chargino and charged Higgs

neutralino and Z boson

chargino and W boson

fermion and sfermion

T ã
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COMMENTS ON BICEP2
BICEP2 result:

r~0.16 with HI~1014 GeV implies
1) PQ broken during & after inflation (fa>HI):

massless axion

no isocurvature perturb.

Pa ⇠ 4

✓
⌦a

⌦CDM

◆2 ✓
HI

2⇡fa✓i

◆2

. 0.04PR

fa & 1028 GeV⇥
✓
⌦ah2

0.12

◆1.22

2) PQ restored after inflation (fa<HI):

domain wall problem arises, NDW=6 for DFSZ

isocurvature perturb.

Planck 2013

Marsh, Grin, Hlozek, Ferreira; 
Visinelli, Gondolo



Possoble solutions:

1) Explicit PQ breaking during inflation:
massive axion no isocurvature perturb.

Higaki, Jeong, Takahashi

2) PQ scale during inflation : fa(tI) � fa(t0)

Pa

PR
⇠

✓
HI

2⇡fa(tI)

◆2

⌧
✓

HI

2⇡fa(t0)

◆2

Choi, Jeong, Seo; Chun

m2
a(t = tI) ⇠ H2

I

fa(tI) ⇠ (HIM
n
P )

1/(n+1)



• SUSY axion models solves 2 fine-tuning problems in SM.	



• DFSZ realization provides  mu-term solution and effective 
interactions of axion sector.	



• For small fa<1011 GeV, axion is dominant DM, while for fa>1011 
GeV, DM is a mixture of axion & neutralino.	



• BICEP2 constrains DFSZ axion models but can be avoided in 
the extension of PQ sector.

SUMMARY


