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1. Introduction
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Figure 1: The axion energy density curves [3, 6].

Both the WIMP CDM and axion CDM contribute to the galaxy formation, and hence the naive
N-body simulation cannot distinguish the WIMP or the axion formation of galaxies. In this regard,
we point out the tidal torque theory in the case of axion CDM when the axions go through the
Bose-Einstein condensation(BEC) before the formation era of galaxies [7]. For the case of BEC,
there can exist a net overall rotation via BEC, because in the lowest energy state all axions fall with
the same angular momentum. On the other hand, WIMPs have an irrotational velocity field.
Two most persuasive reasons toward the very light axion are its solution of the strong CP
problem and its role in the galaxy formation. The other most conspicuous problem, the TeV scale
scalar mass problem, proposes supersymmetry(SUSY) as its solution. Thus, the obvious combined
solution for the strong CP problem and the scalar mass problem needs supersymmetrization of an
2
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In this talk I will concentrate on the questions, “What is axino?, What is Goldstino?," and
“What is the axino mass?"
Dark matter(DM) in the universe is the most looked-for particle(s) in cosmology and at the
LHC, and also at low temperature axion search laboratories. The 100 GeV scale weakly interacting
massive particle(WIMP) [1] and the 10-1000 µ eV axion [2] are the most promising DM candidates.
In the left-hand side of Fig. 1, we show the cold DM(CDM) axion case [3]. For the WIMP, the
idea has been originated from the the heavy neutrino case [4] and pointed out in [5].
For the case of axion, the axion potential is very flat for a large axion decay constant compared
to that of a small axion decay constant, and the minimum is at the CP conserving point in the
effective theory of QCD. [Note, however, that if the weak CP violation is considered, then the
minimum point is shifted a bit but far below the current experimental limit on θ .] In the evolving
universe, at some temperature, say T1 , the classical axion field haistarts to roll down to end at
the CP conserving point sufficiently closely. This analysis constrains the axion decay constant fa
(upper bound) and the initial VEV f1 ≡ hai of a at temperature T1 . The recent study [6] in the
θ1 ≡ f1 / fa versus fa plane is shown in the right-hand side of Fig. 1.
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axion model, predicting its superpartner axino. The axino has been considered in the context of the
invisible axion [8], its effects to cosmology at the eV, keV, GeV, and TeV scales [9, 10, 11, 12].
The axino interaction with electron, saxion effects, and the hot thermal loop contribution have been
considered in [13]. In all these cosmological applications, the magnitude of the axino mass is
crucial [14].
The axino mass has been considered for the case with an accidental symmetry [15], in plausible
SUGRA models [16], and most recently in a general framework taking into account the axinogravitino mixing [17].

The axion in the spontaneously broken PQ is parametrized by
fa eia/ fa =

∑ vi eia / f
i

i

(2.1)

i

which is a ∝ ∑i vi eiai / fi in the small field approximation. Our question is, “With SUSY, how can we
define the pseudo scalar a in a spontaneously broken PQ symmetry? Or more generally, in a spontaneously broken global symmetry?" For this, it is customary to parametrise the SUSY breaking
with the PQ symmetry. The prototype form is [18],
W = Z1 (S1 S2 − f12 ) + Z2 (S1 S2 − f22 ), with f1 6= f2 ,

(2.2)

where the chiral superfields are Z1 , Z2 , S1 , and S2 . The axion superfield A is composed of axion a,
saxion s, and axino ã,
√
1
A = √ (s + ia) + 2ã ϑ + FAϑ 2
2

(2.3)

where FA is auxiliary field and is not treated as an independent field. In other words, FA is expressible in terms of dynamical fields. In SUGRA, we need the Kähler potential K and the potential V
which is a function of chiral scalar fields φi and superfields Φi ∋ φi ,
!
Z
K = ∑ ∑ fI (φi )gJ (φ j ) + h.c. + · · · , V =
I,J i, j

∑∑

A,B i, j

d 2 ϑ d 2 ϑ pA (Φi )qB (Φ j ) + h.c. + · · · (2.4)

The question is how we write the field A in W and K. If the PQ symmetry is linearly realized, A
must come from a combination of chiral fields. In Eq. (2.1), the axion field appears in the exponent
in the linear realization, i.e. as the phases of the PQ charge nonzero fields. In Fig. 2, we show how
the axion field shifts under the PQ transformation. So, the ϑ 0 component of A cannot be a radial
field. Thus, there is a need to introduce the radial field corresponding to A. Let us call the radial
fields as ϕ type fields. For example, the radial field corresponding to A, ϕA , is composed of two
real fields ρ⊥ and Im ϕA . So is any radial field corresponding to the phase shift i: ϕi . Their VEVs
are hϕA i = Va and hϕi i = vi . Also, ϑ 0 component of A is composed of two real fields s and a, and
its VEV is defined to be vanishing hAi = 0. The axion decay constant is the VEV of the radial field
ϕA .
3
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2. The PQ symmetry in supergravity
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Figure 2: The phase shift of the PQ charged field along the blue valley. In the left figure, it is the valley of
the Mexican hat, separated by the axion domain wall number NDW = 3. The radial field ϕA is not the real ϑ 0
part of axion superfield A. In the right figure, the shift is shown for NDW = 4 [19, 17].

Γa ϕa eA/ fa = ∑
i

vi
Γi ϕi eA/ fa
Va

(2.5)

where Γ’s are the PQ charges of the chiral fields, and ϕi appears as the coefficient outside the
exponent.
The model-independent axion in superstring models is combined with the dilaton to make a
fMI iaMI / fMI
supermultiplet [20], D = g12 + i 8aπMI
, where fMI ∼ 1016 GeV [21], and hsi ≃
MP −→ s + 8π e
2MP is not the ϕ type field. Because the corresponding U(1) is gauged, aMI is absorbed to the U(1)
gauge boson, and the U(1) symmetry remains as a global PQ symmetry below the scale fMI . Since
this anomalous model-independent axion is given as a nonlinear form in string models, there is no
accompanying ϕ type field. Below fMI , the resulting pseudo-Goldstone boson will accompany a ϕ
type field. Probably, this model independent axion is the only place for the axion not accompanying
its ϕ type field in SUGRA axion models. Maybe, supersymmetrization of composite axion models
[22] encounter a similar situation.

3. Goldstino, axion and axino
The axion component is defined in Eq. (2.5). So, whatever the non-vanishing PQ charge carrying F-terms are, the axion is properly defined only by the PQ charge carrying ϑ 0 terms. However,
the nonvanishing F-terms define the Goldstino component.
When fields carrying the PQ charges develop VEVs, the PQ symmetry is broken. When fields
develop F-terms, SUSY is broken. In addition, if the F-term carries the nonvanishing PQ charge,
then the PQ symmetry is also broken. However, the F-term is auxiliary, and hence the PQ symmetry
breaking can only be discussed in terms of coefficient fields of ϑ 0 component of A. This can be
most succinctly presented with the following W and K, suppressing the coupling constants,
W = X1 X2 X + Hu Hd X + MX X, K =

Hu Hd ∗
X ,
MP

which allow the PQ charges of the fields as, Γ(Hu ) = 1, Γ(Hd ) = 1, Γ(X1 ) = −1, Γ(X2 ) = −1, Γ(X ) =
2, and Γ(X) = −2. The Giudice-Masiero mechanism [23] uses F ∗ -term of X ∗ in K with µGM =
X1 X2
1
1 ∂W
∗
MP FX = MP ∂ X = MP . On the other hand, the Kim-Nilles employs the PQ invariant nonrenormalX1 X2
izable term W = MP Hu Hd , leading to µGM = XM1 XP2 [24]. In the left figure of Fig. 3, the relevant
Feynman diagram is shown. Thus, in the full theory, they must give the same or similar results.
For the effective electroweak(EW) scale interaction, we need not consider the F-term for the global
4
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Thus, the SUSY generalization of Eq. (2.1) is
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Figure 3: The axino and Goldstino. In the left figure, the Kim-Nilles mechanism is shown as superpotential
terms. In the right figure, the origin of axion and Goldstino are shown.
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Figure 4: The F A 6= 0 (gravity mediation) and gaugino (gauge mediation) contributions to the axino mass.

symmetry breaking. Recently, supersymmetric axion models got a lot of interest in view of the
recent LHC data [25].
Supersymmetry is spontaneously broken when the potential has nonzero VEV, hV i = ∑i F i Fi >
¯
0 where F i ≡ K i j Fj¯. Then, there should be a massless fermion, Goldstino. In supergravity, it
is absorbed to the longitudinal component of gravitino ψµ through the super-Higgs mechanism.
Fi
The
p Goldstino superfield, to which Goldstino belongs, can be defined by Z = ∑i F Xi , where F =
∑i F i Fi which becomes the F-term of Z. Among Xi, the axion superfield is defined by the PQ
charges of Xi . All the other chiral fields orthogonal to A are called coaxino directions as shown in
the right figure of Fig. 3. Then, we can consider two cases in which the axion superfield A allows:
(1) FA 6= 0, or (2) FA = 0, but F A 6= 0 from Kähler mixing with other SUSY breaking fields. In
any case, F A 6= 0 which is shown in the left figure of Fig. 4. Definition of axion a can be given
without an ambiguity as shown in the lower-left corner of the left figure of Fig. 4. If all the Planck
scale related contributions are not important, such as in the GMSB scenario, the gaugino mass
contribution dominates. For the KSVZ axion, the gaugino contribution to axino mass is shown in
the right figure of Fig. 4. Anomaly mediation can contribute too near the Planck scale, but it is
subdominant to the gravity mediation contribution. So axino mass is parametrized as
!
mã =

ξgoldstino +

∑

ξIanom m3/2 +

I=terms in W

∑

ξa m1/2 ,a .

(3.1)

a=gaugino

4. Axino mass
Definition of Goldstino Z̃ can be given without an ambiguity as shown in the upper-right corner
5
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F A 6= 0, F C 6= 0
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Model
KSVZ
DFSZ

S1
1
1

S2
−1
−1

QL
− 12
0

QR
− 12
0

Hd
0
−1

Hu
0
−1

qL
0
ℓ

DcR
0
1−ℓ

URc
0
1−ℓ

Table 1: The PQ charge assignment Q. QL and QR denote new heavy quark multiplets.

4.1 Gaugino contribution to the KSVZ axino mass
In the KSVZ approach, one introduces the heavy quark fields QL and QR in the superpotential
as [26],
WKSVZ = m3 Θ eA/ fa + fQ QL QR ϕ eA/ fa .

(4.1)

The PQ symmetry is given near the ε point in the right figure of Fig. 2, with Γ(QL ) = −1/2, Γ(QR ) =
−1/2, and Γ(X ) = 1. Near ε , there is no ϕ type field. But near NDW , QL and QR are not of the ϕ
type, only X is a ϕ type field, and Q obtains the heavy quark mass mQ = fQ hϕ (X )i.
It can be rephrased as follows. After integrating out heavy scalars by ϕ = fa , for the heavy
quark interaction with A we have mQ QL QR eA/ fa . Technically, we loose the PQ quantum number
information of heavy quarks since they do not have a ϕ type component but only the phase dependence by the original PQ charges. These phases can be rotated away by redefining the phases of
QL and QR . This heavy quark interaction with A generates the two loop mass of order 10 GeV as
shown in the right-hand side figure of Fig. 4.
4.2 Gaugino contribution to the DFSZ axino mass
In the DFSZ framework, the SU(2)L ×U(1)Y Higgs doublets carry PQ charges and thus the
light quarks are also charged under U(1)PQ [27]. The charge assignment is shown in Table 1. So,
the superpotential is written as
6
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in the left figure of Fig. 4. But, axino ã is defined such that it belongs to a subset of ã ⊥ Z̃ if there
are many coaxinos. Therefore, there is no reason that ã is the ϑ 1 component of a.
In [15], the possiblility of keV axino was discussed in case the superpotential has an accidental
symmetry. The keV [10] and even eV [9] range axino masses are possible with some accidental
symmetries. The accidental symmetries may forbid the leading order masses of the scales m3/2 and
m1/2 ,a .
In the gravity mediation scenario, m3/2 is a TeV scale and the axino mass depends on the
Kähler potential. With the axino-Goldstino mixing, it has been calculated recently in [17].
In the gauge mediation scenario, m3/2 is negligible and the axino-Goldstino mixing does not
give a significant contribution. Then, the loops may give the dominant contribution. But the accidental symmetry may forbid diagrams of the form in the right side of Fig. 4. The superpotential
may introduce a nonrenormalizable term suppressed by MP , and then the expansion parameter is
fa /MP ∼ 10−7 . Thus, the axino mass diagram of Fig. 4 is further suppressed by ∼ 10−7 and we
expect 10 GeV · 10−7 ≃ 1 keV. If it is further suppressed, then the estimated axino mass is of order
10−3 eV.
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WDFSZ = WPQ +

fs 2
S Hd Hu ,
MP 1

(4.2)

β

where Hd Hu ≡ εαβ Hdα Hu . Integrating out S1 , we have
WDFSZ = µ e2A/ fa ϕ (Hd )ϕ (Hu )e−2A/ fa
+ fu qL eℓθ ucR e(1−ℓ)θ ϕ (Hu )e−A/ fa + fd qL eℓθ dRc e(1−ℓ)θ ϕ (Hd )e−A/ fa .

(4.3)
(4.4)

WDFSZ = µ

vu vd
+ (mt tLtRc + mb bL bcR + · · ·)eA/ fa
2

(4.5)

5. Gravity mediation, axino-Goldstino mixing, and axino mass
In the Higgs mechanism, after the gauge symmetry is broken, there appears the exactly massless longitudinal component of the gauge boson. There exists the massless pseudoscalar direction
in the mass matrix of pseudoscalar fields. In the super-Higgs mechanism, correspondingly there
appears the exactly massless spin- 12 direction, the Goldstino direction, which is absorbed to the
spin- 32 gravitino to render it mass m3/2 . So, the mass matrix for the spin- 12 chiral fields has the
m = 0 direction which is interpreted as the Goldstino direction.
The PQ symmetry must be respected in W and K. In W , we assumed that the PQ symmetry is
linearly realized. In the Kähler potential, complex scalar fields φi and their complex conjugates φi∗
appear. The axion superfields A appear in the exponent. Therefore, the exponent must not involve
a explicitly, i.e. K contains only the A function of the form A + A∗.
If the gravity mediation dominates, then the axino mass is of order m3/2 . Without the axinoGoldstino mixing in the Kähler potential, the axino direction is the same as that of axion and the
superpotential determines the axino mass. It means that axino mass arises from loop diagrams as
in Fig. 4. Therefore, without the axino-Goldstino mixing in the Kähler potential, axino mass is
not going to be larger than 10 GeV. Thus, a very heavy axino mass is possible only if there is a
significant A − Z mixing in the Kähler potential.
Chun and Lukas studied axino with the minimal Kähler form [16]. Here we go beyond the
minimal Kähler form, work with the PQ symmetry realized in the Nambu-Goldstone manner, and
include the effects of F-terms of the PQ charged fields which affect the axino component.
The lowest order terms in the Kähler potential with some mixing with SUSY breaking coaxino
C are
1
K = (A + A∗)2 + ε (A + A∗)(C +C∗ ) +CC∗ + M(A + A∗).
2

(5.1)

The SUSY breaking is parametrized by an auxilliary holomorphic constant Θ, Θ = 1 + mS ϑ 2 . If
C4
there are coaxions then the superpotential can be taken as W (C) = M
Θ + · · ·, with hW (C)i = M 3 ∼
P
(1013 GeV)3 .
7
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For the quarks, they do not contain the ϕ type fields since they do not contribute to Va2 of Eq. (2.5)
and their phase is just a phase parameter θ . This θ can be removed by redefining the phases of
quarks, and we obtain
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The simplest case for axino-Goldstino mixing is for one co-axino case, just the Goldstino.
Then we consider a 2 × 2 mass matrix of the chiral spinor fields. Here, we require three plausible
conditions:
(i) The vanisihing CC condition,
¯

Gi j Gi G j¯ = 3MP2 ,

(5.2)

where where G = K + MP2 ln |W |2 .

G jk̄ Gk̄ ∇i G j + Gi = 0.

(5.3)

(iii) For the U(1) invariance condition, we use
K = K(A + A∗,C,C∗ )

(5.4)

W = Θ eα A/ fa W (C).

(5.5)

If there are more than one coaxino, we have W = W (C) eα A/ fa × eα A1 / f1 × · · ·. The superpotential in (5.5) preserves the shift symmetry of A since in G = K + ln |W |2 , the |W |2 part is
∗
read as |W |2 = |W (C)|2 Θ eα (A+A )/ fa .
We considered the axino mass matrix given by


1
m = m3/2 ∇i G j + Gi G j
3

(5.6)

for two classes of hCi = 0 and hCi =
6 0 [17].
In Ref. [17], we studied two cases for GA = 0 and GA 6= 0 in some detail and found that there is
no clear lower bound on the axino (ã ⊥ (m = 0 component)) mass. However, the expression shows
the plausible lower limit of mã & m3/2 . For example, Case for GA = 0 and GA 6= 0 is studied with
1
K = (A + A∗)2 +CC∗ + ε (A + A∗)(C +C∗ ),
2

W = eα A/ fa W (C).

(5.7)

The reason we can study the case in some detail is that at the quadratic level, the Kähler potential
is fixed as given in Eq. (5.7). In this case, mã ≥ m3/2 . This simple calculation is in the interaction
picture. In addition, kinetic mixing can be taken into account also. Our simple result is that the
axino mass is of order the gravitino mass, and probably larger than the gravitino mass. This detail
study is for the one coaxino case. Many coaxinos can be different from this result.

6. A new simple parametrization of the CKM matrix
The discussion on the strong CP is not separable from the discussion of the weak CP violation
[3]. Recently, it has been pointed out that a new parametrization of the CKM matrix VCKM (≡
V below) with one row (or column) real is very useful to scrutinize the physical effects of the
weak CP violation. Then, the elements of the determinant directly give the weak CP phase [28].
8
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(ii) The vacuum stabilization condition,
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∗
∗ V ∗ = |V |2V V V ∗ V ∗ −V V V V ∗ V ∗ V ∗ + |V |2V V V ∗ V ∗
V13
V22
22
11 33 13 31
11 23 32 13 31 22
31
12 23 13 22
31
∗ V ∗ V ∗ + |V |2V V V ∗ V ∗ − |V V V |2 .
−V12V21V33V13
13
21 32 31 22
13 22 31
31 22

(6.1)

We will show that the imaginary part of the left-hand side (LHS) of Eq. (6.1), i.e. |ImV31V22V13 |,
is the Jarlskog determinant J. Firstly, consider the second term on the right-hand side (RHS),
∗ V ∗ V ∗ . It contains a factor V V ∗ , which is equal to −V V ∗ − V V ∗ by the uni−V11V23V32V13
32 22
31 21
33 23
31 22
∗ V ∗ V ∗ = V V V ∗ V ∗ |V |2 + V V V ∗ V ∗ |V |2 . Especially,
tarity of V . Then, −V11V23V32V13
11 23 13 21 31
11 33 13 31 23
31 22
∗ V ∗ |V |2 combines with the first term of Eq. (6.1), |V 2 |V V V ∗ V ∗ ,
the second term V11V33V13
23
31
22 11 33 13 31
2
∗
∗
to make (1 − |V21 | )V11V33V13V31 . Second, note that the fourth term on the RHS of Eq. (6.1),
∗ V ∗ V ∗ containing the factor V V ∗ = −V V ∗ − V V ∗ . These are used to show
−V12V21V33V13
33 31
23 21
13 11
31 22
[30]
∗ V ∗ V ∗ = (1 − |V |2 )V V V ∗ V ∗ +V V V ∗ V ∗ |V |2 + (1 − |V |2 )V V V ∗ V ∗
V13
21
11 33 13 31
11 23 13 21 31
11
12 23 13 22
22 31
∗ V ∗ +V V V ∗ V ∗ ) − |V V V |2 .
+ |V13 |2 (V12V21V11
21 32 31 22
13 22 31
22

(6.2)

∗ V ∗ be J. From V ∗ V +V ∗ V +V ∗ V = 0, we have |V |2 |V |2
Let the imaginary part of V11V33V13
11
13
31
11 13
21 23
31 33
∗
∗
∗
∗
∗ V ∗ is −J. From V V ∗ +
+V11V23V13V21 + V11V33V13V31 = 0; so the imaginary part of V11V23V13
11 31
21
∗ + V V ∗ = 0, we have V V V ∗ V ∗ + V V V ∗ V ∗ + |V ∗ V |2 = 0. And, from V ∗ V +
V12V32
13 33
11 33 13 31
12 33 32 13
13 33
12 13
∗ V + V ∗ V = 0, we have V V V ∗ V ∗ + V V V ∗ V ∗ + |V ∗ V |2 = 0. These two combine
V22
23
33
12
33
12
23
13
32
32 13
22 13
12
∗ V ∗ is J. On the other hand, from V ∗ V + V ∗ V +
to show that the imaginary part of V12V23V22
13
11 12
21 22
∗ V = 0, we know V V V ∗ V ∗ +V V V ∗ V ∗ + |V ∗ V | = 0; a similar argument applies to the
V31
32
21 32 22 31
12 21 11 22
21 22
∗ V ∗ + V V V ∗ V ∗ ). Thus, the imaginary part of the RHS
vanishing imaginary part of (V21V32V22
12
21
31
11 22
of Eq. (6.2) is [(1 − |V21 |2 ) − |V31 |2 + (1 − |V11 |2 )]J = J.
We can argue that the maximality of the weak CP violation is a physical statement. The
physical magnitude of the weak CP violation is given by the area of the Jarlskog triangle. For any
Jarlskog triangle, the area is the same. With the λ = sin θC expansion, the area of the Jarlskog

O(λ)

λ5
δ

•

O(λ)

Figure 5: The Jarlskog triangle. This triangle is for two long sides of O(λ ). Rotating the O(λ 5 ) side (the
red arrow), the CP phase δ changes.

9
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The physical significance of the weak CP violation is given by the Jarlskog determinant which
is a product of two elements of V and two elements of V ∗ of the CKM matrix, e.g. of the type
∗ V ∗ . This Jarlskog determinant is just twice the area of the Jarlskog triangle. In Ref.
V12V23V13
22
[30], we have shown that one easily obtains the Jarlskog determinant from V . For example, the
Jarlskog determinant J is the imaginary part of the product of the skew diagonal elements, J =
|ImV13V22V31 |. To relate the product of four elements of V and V ∗ to a product of three elements of
V can be proved as follows.
If the determinant of V is real, we have 1 = V11V22V33 −V11V23V32 +V12V23V31 −V12V21V33 +
∗ V ∗ V ∗ on both sides, we obain
V13V21V32 −V13V22V31 . Multiplying V13
22 31
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triangle is of order λ 6 . In Fig. 5, we show the triangle with two long sides of order λ . Rotating the
O(λ 5 ) side (the red arrow of Fig. 5), the CP phase δ and also the area change. The magnitude of
the Jalskog determinant is J ≃ λ 6 |V13V31 /λ 6 | sin δ . From Fig. 5, we note that the area is maximum
for δ ≃ π2 , and the maximality δ = π2 is a physical statement. The maximal CP violation can be
modeled as recently shown in [31].

7. Conclusion
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