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1. Introduction

In this talk | will concentrate on the questions, “What isre@®, What is Goldstino?," and
“What is the axino mass?"

Dark matter(DM) in the universe is the most looked-for pae(s) in cosmology and at the
LHC, and also at low temperature axion search laboratofies.100 GeV scale weakly interacting
massive particle(WIMP) [1] and the 10-10Q@V axion [2] are the most promising DM candidates.
In the left-hand side of Fig. 1, we show the cold DM(CDM) axicese [3]. For the WIMP, the
idea has been originated from the the heavy neutrino cassmfipointed out in [5].

For the case of axion, the axion potential is very flat for gdaaxion decay constant compared
to that of a small axion decay constant, and the minimum is©@tGP conserving point in the
effective theory of QCD. [Note, however, that if the weak GBlation is considered, then the
minimum point is shifted a bit but far below the current expeamtal limit on.] In the evolving
universe, at some temperature, Sy the classical axion fielda)starts to roll down to end at
the CP conserving point sufficiently closely. This analysisstrains the axion decay constdgt
(upper bound) and the initial VEV; = (a) of a at temperaturd;. The recent study [6] in the
6, = f1/fa versusf, plane is shown in the right-hand side of Fig. 1.
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Figure1: The axion energy density curves [3, 6].

Both the WIMP CDM and axion CDM contribute to the galaxy fotioa, and hence the naive
N-body simulation cannot distinguish the WIMP or the axiomfiation of galaxies. In this regard,
we point out the tidal torque theory in the case of axion CDMewlthe axions go through the
Bose-Einstein condensation(BEC) before the formatioroégalaxies [7]. For the case of BEC,
there can exist a net overall rotation via BEC, because itothest energy state all axions fall with
the same angular momentum. On the other hand, WIMPs haveotational velocity field.

Two most persuasive reasons toward the very light axiontarsalution of the strong CP
problem and its role in the galaxy formation. The other masispicuous problem, the TeV scale
scalar mass problem, proposes supersymmetry(SUSY) adutios. Thus, the obvious combined
solution for the strong CP problem and the scalar mass prohkeds supersymmetrization of an
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axion model, predicting its superpartreina. The axino has been considered in the context of the
invisible axion [8], its effects to cosmology at the eV, k&dV, and TeV scales [9, 10, 11, 12].
The axino interaction with electron, saxion effects, aredtbt thermal loop contribution have been
considered in [13]. In all these cosmological applicatjotiee magnitude of the axino mass is
crucial [14].

The axino mass has been considered for the case with an atatiggmmetry [15], in plausible
SUGRA models [16], and most recently in a general framewaking into account the axino-
gravitino mixing [17].

2. The PQ symmetry in supergravity
The axion in the spontaneously broken PQ is parametrized by

fd?/fa — Zviéai/ fi (2.1)
|

whichisal ¥; v;éa/fi in the small field approximation. Our question is, “With SUB%w can we
define the pseudo scalain a spontaneously broken PQ symmetry? Or more generallyspon-
taneously broken global symmetry?" For this, it is custgntarparametrise the SUSY breaking
with the PQ symmetry. The prototype form is [18],

W=2Z1(SS - )+ Z2(S1% - 5), with f1# f, (2.2)

where the chiral superfields arg, Z,,S;, andS,. The axion superfield is composed oéxion a,
saxion sandaxinod,

1
A= "=(s+ia) + V2489 + Fad? 2.3
whereF, is auxiliary field and is not treated as an independent fielather wordsFa is express-
ible in terms of dynamical fields. In SUGRA, we need the KapletentialK and the potential/
which is a function of chiral scalar fieldg and superfield®; > @,

K= Z; fi(@as(®) +he+--, V= <ég/d23d25pA(¢i)QB@j)+h.c.> +oe (2.8)

The question is how we write the fiefdin W andK. If the PQ symmetry is linearly realized,
must come from a combination of chiral fields. In Eq. (2.1 #xion field appears in the exponent
in the linear realizationi,e. as the phases of the PQ charge nonzero fields. In Fig. 2, welshow
the axion field shifts under the PQ transformation. So,&ﬁe:omponent ofA cannot be a radial
field. Thus, there is a need to introduce the radial field epwading toA. Let us call the radial
fields as¢ type fields. For example, the radial field corresponding\t@,, is composed of two
real fieldsp, and Im¢a. So is any radial field corresponding to the phase shift. Their VEVs
are (¢a) = Va and(¢;) = vi. Also, 8° component ofA is composed of two real fieldsanda, and
its VEV is defined to be vanishin@A) = 0. The axion decay constant is the VEV of the radial field

ba.
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Figure 2: The phase shift of the PQ charged field along the blue valtethe left figure, it is the valley of
the Mexican hat, separated by the axion domain wall numbgr= 3. The radial fieldp, is not the reay?
part of axion superfield. In the right figure, the shift is shown foipyw = 4 [19, 17].

Thus, the SUSY generalization of Eq. (2.1) is

Fagad/™ =5 OTigi 25)

wherel’'s are the PQ charges of the chiral fields, apdappears as the coefficient outside the
exponent.

The model-independent axion in superstring models is coetbivith the dilaton to make a
supermultiplet [20]D = g—lz +ig — s+ T gaw/fui | where fiy ~ 10® GeV [21], and(s) =~
2Mp is not theg type field. Because the corresponding U(1) is gauggdis absorbed to the U(1)
gauge boson, and the U(1) symmetry remains as a global PQ slyynbelow the scaldy; . Since
this anomalous model-independent axion is given as a rearliform in string models, there is no
accompanyingp type field. Belowfy, the resulting pseudo-Goldstone boson will accompagly a
type field. Probably, this model independent axion is thg pldce for the axion not accompanying
its ¢ type field in SUGRA axion models. Maybe, supersymmetriratibcomposite axion models
[22] encounter a similar situation.

3. Goldstino, axion and axino

The axion component is defined in Eqg. (2.5). So, whateverahevanishing PQ charge carry-
ing F-terms are, the axion is properly defined only by the P& carrying?® terms. However,
the nonvanishing F-terms define the Goldstino component.

When fields carrying the PQ charges develop VEVs, the PQ symiiséoroken. When fields
develop F-terms, SUSY is broken. In addition, if the F-telarries the nonvanishing PQ charge,
then the PQ symmetry is also broken. However, the F-termxidiaty, and hence the PQ symmetry
breaking can only be discussed in terms of coefficient fiefd8%component ofA. This can be
most succinctly presented with the followilg andK, suppressing the coupling constants,

Hqu
P

X*

W = XXX + HyHgX + MXX, K = ,
which allow the PQ charges of the fields B§H,) =1, (Hg) =1,T (X1) = =1, (X2) = =1, (X) =
2, andr (X) = —2. The Giudice-Masiero mechanism [23] usesterm of X* in K with pgy =
TP = 75 9% = J42. On the other hand, the Kim-Nilles employs the PQ invariantranormal-
izable termW = 2i2HyHq, leading topigm = %42 [24]. In the left figure of Fig. 3, the relevant
Feynman diagram is shown. Thus, in the full theory, they ngixst the same or similar results.

For the effective electroweak(EW) scale interaction, wedheot consider the F-term for the global
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Figure 3: The axino and Goldstino. In the left figure, the Kim-Nilleschanism is shown as superpotential
terms. In the right figure, the origin of axion and Goldstime shown.
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Figure4: TheFA # 0 (gravity mediation) and gaugino (gauge mediation) cbations to the axino mass.

symmetry breaking. Recently, supersymmetric axion mogetsa lot of interest in view of the
recent LHC data [25].

Supersymmetry is spontaneously broken when the potesisahbnzero VEMV) = 5 FIF >
0 whereF' = K'/F;. Then, there should be a massless fermion, Goldstino. lergrawity, it
is absorbed to the longitudinal component of gravitiie through the super-Higgs mechanism.
The Goldstino superfield, to which Goldstino belongs, cadédftned byZ = ; f'xi, whereF =
/Y F'Rwhich becomes the F-term @& AmongX;, the axion superfield is defined by the PQ
charges of;. All the other chiral fields orthogonal ta are calledcoaxinodirections as shown in
the right figure of Fig. 3. Then, we can consider two cases iithvthe axion superfield allows:
(1) Fa # 0, or (2) Fa = 0, butFA = 0 from K&hler mixing with other SUSY breaking fields. In
any caseF” # 0 which is shown in the left figure of Fig. 4. Definition of axiancan be given
without an ambiguity as shown in the lower-left corner of e figure of Fig. 4. If all the Planck
scale related contributions are not important, such asenGMSB scenario, the gaugino mass
contribution dominates. For the KSVZ axion, the gauginotgbuation to axino mass is shown in
the right figure of Fig. 4. Anomaly mediation can contribub® near the Planck scale, but it is
subdominant to the gravity mediation contribution. So aximass is parametrized as

|=terms inW a=gaugino

Mg = <Egoldstino+ E|anom> Mg/2 + z &aMy 2 o (3.1)

4. Axino mass

Definition of GoldstinaZ can be given without an ambiguity as shown in the upper-iGghter
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Model | S| S | Q| Qg | Ha | Hu | o | D§ | U§
KSvz|1|-1|-3|-3|0]0]0| O 0
DFSZ|1|-1] 0| O |-1|-1| ¢ |1-¢]|1-¢

Table 1. The PQ charge assignme®t Q. andQg denote new heavy quark multiplets.

in the left figure of Fig. 4. But, axina i% defined such that it belongs to a subsea df Z if there
are many coaxinos. Therefore, there is no reasoretisathed* component of.

In [15], the possiblility of keV axino was discussed in casesuperpotential has aacidental
symmetry The keV [10] and even eV [9] range axino masses are possiittesame accidental
symmetries. The accidental symmetries may forbid the tepdider masses of the scafag, and
M2 a

In the gravity mediation scenariops, is a TeV scale and the axino mass depends on the
Kahler potential. With the axino-Goldstino mixing, it hasdm calculated recently in [17].

In the gauge mediation scenarivg,, is negligible and the axino-Goldstino mixing does not
give a significant contribution. Then, the loops may givedbeninant contribution. But the acci-
dental symmetry may forbid diagrams of the form in the rigbdef Fig. 4. The superpotential
may introduce a nonrenormalizable term suppressellifyyand then the expansion parameter is
fa/Mp ~ 10~7. Thus, the axino mass diagram of Fig. 4 is further supprebged 10~" and we
expect 10 GeV10 7 ~ 1 keV. If it is further suppressed, then the estimated axiassis of order
10-3eV.

4.1 Gaugino contribution to the KSVZ axino mass

In the KSVZ approach, one introduces the heavy quark fi@|dandQg in the superpotential
as [26],

Wisvz =m0V +foQ Qro e . (4.1)

The PQ symmetry is given near ta@oint in the right figure of Fig. 2, with (Q, ) = —1/2,T (Qr) =
—1/2, andl"(X) = 1. Nearg, there is nap type field. But neaNpw, Q, andQg are not of thep
type, onlyX is a¢ type field, andQ obtains the heavy quark masg = fo(¢(X)).

It can be rephrased as follows. After integrating out healass byg = f,, for the heavy
quark interaction withA we havemQQLGReA/ fa, Technically, we loose the PQ quantum number
information of heavy quarks since they do not hayl tgpe component but only the phase depen-
dence by the original PQ charges. These phases can be ratedgdy redefining the phases of
QL andQg. This heavy quark interaction with 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 SU2XU(1)y Higgs doublets carry PQ charges and thus the
light quarks are also charged under UJ)27]. The charge assignment is shown in Table 1. So,
the superpotential is written as
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f
Wbrsz =Weg+ M—SPSfHdHu, (4.2)

whereHyqH, = saBHng. Integrating outS;, we have

Worsz = He?Y g (Hy)d (Hy)e 2 (4.3)
+ fuge®uze 99 (Hy e =+ faq e Pdge™ %9 (Hy)e ™/ . (4.4)

For the quarks, they do not contain tetype fields since they do not contributeMg of Eq. (2.5)
and their phase is just a phase paraméteihis 8 can be removed by redefining the phases of
qguarks, and we obtain

VuVd
2

Wbesz = H—=2 + (Mt t& + mpby bg + - - )&/ fa (4.5)

5. Gravity mediation, axino-Goldstino mixing, and axino mass

In the Higgs mechanism, after the gauge symmetry is brokenetappears the exactly mass-
less longitudinal component of the gauge boson. Theresetkistmassless pseudoscalar direction
in the mass matrix of pseudoscalar fields. In the super-Higgshanism, correspondingly there
appears the exactly massless s@idirection, theGoldstinodirection, which is absorbed to the
spin—g gravitino to render it massy/,. So, the mass matrix for the sp%mhiral fields has the
m = 0 direction which is interpreted as the Goldstino direction

The PQ symmetry must be respectetimndK. In W, we assumed that the PQ symmetry is
linearly realized. In the K&hler potential, complex scdieids @ and their complex conjugates
appear. The axion superfieldsappear in the exponent. Therefore, the exponent must nalvev
a explicitly, i.e. K contains only theA function of the formA + A*.

If the gravity mediation dominates, then the axino mass isrdérmg ,. Without the axino-
Goldstino mixing in the Kahler potential, the axino directiis the same as that of axion and the
superpotential determines the axino mass. It means thao axass arises from loop diagrams as
in Fig. 4. Therefore, without the axino-Goldstino mixingtime Kéahler potential, axino mass is
not going to be larger than 10 GeV. Thus, a very heavy axincsrigpossible only if there is a
significantA — Z mixing in the Kahler potential.

Chun and Lukas studied axino with the minimal Kahler form][168ere we go beyond the
minimal Kahler form, work with the PQ symmetry realized ire tNambu-Goldstone manner, and
include the effects of F-terms of the PQ charged fields whifdtathe axino component.

The lowest order terms in the K&hler potential with some ngxvith SUSY breaking coaxino
Care

K= %(A+A*)2+5(A+A*)(c+c*) +CC* +M(A+AY). (5.1)
The SUSY breaking is parametrized by an auxilliary holorhargonstan®®, © = 1+ mgd2. If
there are coaxions then the superpotential can be takati@s—= ﬁ—‘;o+ -, With (W(C)) =M3 ~
(1013 GeV)3.
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The simplest case for axino-Goldstino mixing is for one gma case, just the Goldstino.
Then we consider a2 2 mass matrix of the chiral spinor fields. Here, we requiredlplausible
conditions:

(i) The vanisihing CC condition,
GIGiGr=3M3, (5.2)
where whereG = K +M3In|W|2.
(i) The vacuum stabilization condition,

GGG + G = 0. (5.3)

(i) Forthe U(1) invariance condition, we use
K =K(A+A*,C,C (5.4)
W = e fhaw(C). (5.5)

If there are more than one coaxino, we hilve= W(C) e/ fa x g1/ » ... The superpo-
tential in (5.5) preserves the shift symmetryfosince inG = K +In|W|?, the |W|? part is
read agW|? = |W(C)[? @ (A+A)/fa,

We considered the axino mass matrix given by

1
m= g, [DiGj+§GiGj] (5.6)
for two classes ofC) = 0 and(C) # 0 [17].

In Ref. [17], we studied two cases @i = 0 andGa # 0 in some detail and found that there is
no clear lower bound on the axina ("(m= 0 componen) mass. However, the expression shows
the plausible lower limit ofng 2 mg/». For example, Case f@@a =0 andG”* +# 0 is studied with

1
K= 5(A+A*)2+cc* +e(A+A)(C+CH), W=e"Maw(C). (5.7)

The reason we can study the case in some detail is that at #ugagic level, the Kahler potential
is fixed as given in Eqg. (5.7). In this case; > m/,. This simple calculation is in the interaction
picture. In addition, kinetic mixing can be taken into aatbalso. Our simple result is that the
axino mass is of order the gravitino mass, and probably talga the gravitino mass. This detall
study is for the one coaxino case. Many coaxinos can be éiftdrom this result.

6. A new simple parametrization of the CKM matrix

The discussion on the strong CP is not separable from thasdiem of the weak CP violation
[3]. Recently, it has been pointed out that a new paraméitizaf the CKM matrixVekm (=
V below) with one row (or column) real is very useful to scrutinize {iteysical effects of the
weak CP violation. Then, the elements of the determinamictir give the weak CP phase [28].
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The physical significance of the weak CP violation is giventty Jarlskog determinant which
is a product of two elements &f and two elements of* of the CKM matrix, e.g. of the type
Vi12Vo3VisVs,. This Jarlskog determinant is just twice the area of theskag triangle. In Ref.
[30], we have shown that one easily obtains the Jarlskogrmatant fromV. For example, the
Jarlskog determinant is the imaginary part of the product of the skew diagonal eleisiJ =
[ImV13V22V31|. To relate the product of four elements\ofandV* to a product of three elements of
V can be proved as follows.

If the determinant o¥/ is real, we have % V11VooV33 —V11Vo3Vao 4 ViVo3Vag — VioVo1Vas +
V13V21Va2 — V13VooVa1. Multiplying Vi5V5,Vs; on both sides, we obain

V1*3 VioVay = |V22|2V11V33V1*3V§‘1 — V11V23V3aVi3Va Vo, + |V31|2V12V23Vf3V52
—V12V21V3aV; Vi Vs, -+ [Va3|2Va1VaoVs Vi, — [ViaVaoVas 2. (6.1)

We will show that the imaginary part of the left-hand side @}bf Eq. (6.1),.e. [ImV31V22Vi3|,

is the Jarlskog determinadt Firstly, consider the second term on the right-hand siddSR
—V11V23VaoVi5Va; Vs, It contains a factoWsoVs, which is equal to-VaiVy; — Va3V by the uni-
tarity of V. Then, —V11V23V32V1*3V§‘1V2*2 = V11V23Vf3V51|V31|2 +V11V33V1*3V§‘1|V23|2. Especially,

the second termvy1VasV; V3| Ves|? combines with the first term of EqQ. (6.1V2|V11VaaVyaVi,

to make(1— \V21\2)V11V33Vf3V§‘1. Second, note that the fourth term on the RHS of Eq. (6.1),
—V12V21V33ViaVai Vs, containing the factoWzaVs; = —Va3Vy; —ViaVyy. These are used to show
[30]

ViaVaVay = (1 — Va1 |?)Va1VaaViaVay +ViiVaaViaVs; Va1 |? 4 (1 — V11 ?)ViVaaVyVs,
+ V132 (V1Va1Vi Vs, -+ Vo1VaaV3 Vi) — [ViaVaoVa|2. (6.2)

Let the imaginary part 0f11VaaV;,Vs; bed. FromV; Vi3 +V,;Vas+ V5 Va3 = 0, we haveVy|2|Vy3)2
+V11VoaVi5Vo; +V11VaaV 5V = 0; so the imaginary part 0f11Vo3Vi5Vy; is —J. FromVy1Vs; +
V12V3*2 —I—V13V3*3 =0, we haVé\/11V33V1*3V3*1 —|—V12V33V§F2V1*3 + ’Vl*3V33‘2 = 0. And, fl’0mV1*2V13 +
V2*2V23 +V§2V33 =0, we haVEV12V33V§“2Vf3 +V12V23V2*2V1*3 + ’Vl*zvlg‘z = 0. These two combine
to show that the imaginary part ¥2V23V,,V;5 is J. On the other hand, froid;;Vio 4+ V5, Voo +
V31Va2 = 0, we KnowVo1VaaVooVah +ViaVo1 Vi Vo, + (Vo3 Vao| = 0; a similar argument applies to the
vanishing imaginary part ofVo1V3oVo Vs, + ViaVoiViiVs,). Thus, the imaginary part of the RHS
of Eq. (6.2) is[(1— V21?) — [Var]*+ (1~ V1 [*)[3 = J.

We can argue that the maximality of the weak CP violation ishgsjral statement. The
physical magnitude of the weak CP violation is given by tremaaof the Jarlskog triangle. For any
Jarlskog triangle, the area is the same. With Ahe sinB: expansion, the area of the Jarlskog

Figure 5: The Jarlskog triangle. This triangle is for two long sidesOgA ). Rotating theO(A°) side (the
red arrow), the CP phagechanges.
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triangle is of orden ®. In Fig. 5, we show the triangle with two long sides of orderRotating the
O(A®) side (the red arrow of Fig. 5), the CP phasand also the area change. The magnitude of
the Jalskog determinantds~ A®|V13V31 /A 8|sind. From Fig. 5, we note that the area is maximum
for & ~ 7, and the maximalityd = 7 is a physical statement. The maximal CP violation can be
modeled as recently shown in [31].

7. Conclusion

Our result for the axino mass is: (1) Axino mass can take ahyevdepending on the axion
model and SUSY breaking scheme, and (2) We prefer the casehfeavier axino mass compared
to the gravitino mass in the gravity mediation. After prdpetefining the Goldstino and axion
multiplets, we presented our discussion on the axino masiseimost general framework. For
only two light superfields of Goldstino and axino, we obtain & = 0 whereG = K 4 In|W|?,
mz = Mg/ with the axino-gravitino mixing parameterin the Kahler potential. FoGa # 0, we
showed that the axino mass depends on the details of the i@dtiential. But there is another
parameter proportional to the gaugino masses, and we camataide range of the axino mass for
cosmological applications. If the gravity mediation is tlninant one, the axino mass is probably
greater than the gravitino mass, but its decay to gravitineegligible due to the small gravitino
coupling. Still, it softens the cosmological gravitino plem [32] somewhat as discussed in Ref.
[12, 33].
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