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1 Introduction

The baryon asymmetry of the universe (BAU) is one of the intriguing puzzles in our under-
standing of the universe. In order to generate the BAU, three conditions, which have been
pointed out by Sakharov [1], need to be satisfied in the early universe: baryon number (B)
violation, C'/C'P violation and departure from equilibrium. The B-violation is actually
replaced by (B — L)-violation since the (B — L)-conserving and (B + L)-violating sphaleron
process can easily transfer B number into L number and vice versa before the electroweak
phase transition [2]. While several ideas have been proposed to produce BAU by using
B-violating interactions, leptogenesis provides a different mechanism for generating BAU
by using L-violating interactions [3]. In such a case, instead of a baryon asymmetry, a lepton
asymmetry is generated in the early universe via L-violating interactions. Once the net lep-
ton number is generated, it is transferred into the baryon number via the sphaleron process.

Such scenarios are naturally realized in seesaw models for neutrino mass generation.
The L-violating and C/C P-violating interactions are introduced for Majorana mass terms
and their Yukawa couplings of right-handed neutrinos (RHNs). One of the most beauti-
ful scenarios is the thermal leptogenesis that produces lepton asymmetry from thermally
produced RHNs. The thermal plasma after reheating produces a number of RHNs. When
the produced RHNs are out of equilibrium, they decay asymmetrically into leptons vs.



anti-leptons and thus generate net lepton number. It has been known that in this case, a
large reheating temperature T > 10 GeV is required to obtain enough baryon-number-
to-entropy ratio np/s ~ 10710 [4].

If supersymmetry (SUSY) exists, however, one must take care of gravitino production
for such a high reheating temperature [5]. The Affleck-Dine (AD) mechanism [6, 7] is an
attractive baryogenesis scenario in SUSY models that does not necessarily require high re-
heating temperature and hence the tension with gravitino production is circumvented.! In
SUSY models, it is quite generic to have many flat directions, so the baryon asymmetry can
be efficiently generated along such flat directions. In particular, if one considers the LH,
flat direction, whose non-renormalizable potential is generated by integrating out RHNs,
sufficient lepton asymmetry can be produced at relatively small reheat temperature [12].
In this case, however, one difficulty arises. For the desired baryon asymmetry,the LH, di-
rection must be very flat during lepton number generation, which results in a hierarchically
light neutrino [13, 14]. While this is not excluded since currently there is no lower bound
on the lightest neutrino mass, such a hierarchical structure of neutrino masses may not be
natural from the viewpoint of model building.

One reason for a hierarchically small neutrino mass in the AD mechanism stems from
the fact that the RHN mass scale is responsible for both leptogenesis and neutrino mass
generation. Thus the flatness of the LH, direction is directly related to the lightness of
neutrino. One way to relax this constraint is to make the RHN mass dynamical. If the
RHN mass scale is very large during lepton number generation but become small during
the current universe, the lightest neutrino can have a rather large mass.

As pointed out in [13], such a dynamical RHN mass can be realized in a Peccei-Quinn
(PQ) symmetric model to solve the strong CP problem [15]. If the RHNs are charged
under PQ symmetry, their masses are generated by the PQ symmetry breaking [16]. Thus,
the RHN mass is time-dependent and it is determined by the dynamics of the PQ field.
During inflation, the Hubble-induced SUSY breaking potential holds the PQ field at the
Planck scale, and thus PQ symmetry is broken at the Planck scale. After inflation and
lepton number generation, the Hubble-induced SUSY breaking effect becomes as small as
ordinary SUSY breaking contributions, so the PQ field starts to oscillate and settles down
at the current value of the PQ breaking scale. The RHNs also have Planck scale masses
from the inflation era to the lepton number generation era, and become lighter afterwards.
Therefore, it is possible to simultaneously accommodate very efficient AD leptogenesis when
the PQ scale is around Planck scale and rather larger neutrino mass in the current universe.

In this work, we revisit the scenario of AD leptogenesis with a varying PQ scale,
and provide its concrete realization in the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) type
model [17, 18]. In this model, the PQ breaking scalar fields provide a solution to the strong
CP problem, generate RHN masses and the superpotential u-term for the Higgsino sector.
In addition, the superpotential term responsible for the p-term plays an important role
to maintain the generated lepton asymmetry during PQ field oscillation. The isocurva-
ture contribution from axion dark matter is naturally suppressed by the large PQ scale
during inflation.

!There are also models with nonthermal leptogenesis [8-11] that works for Tr > 10° GeV.
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Table 1. U(1) charges of the fields.

In this case, one additional crucial feature resides in the PQ field decay. As stated
above, once the Hubble-induced SUSY breaking effect becomes comparable to the ordinary
SUSY breaking terms, the PQ breaking field, which is called saxion, starts to oscillate
with respect to the current PQ scale. The saxion dominates the universe right after the
reheating process, so its decay produces large amount of entropy. Hence the final baryon
asymmetry is sensitive to the saxion decay, which depends on how the PQ sector couples to
the standard model particles. In the DFSZ case, the saxion decay is dependent on the pu-
term. Therefore the resulting baryon asymmetry after saxion decay is linked to electroweak
fine-tuning, which is determined by the p-term.

In section 2, we analyze AD leptogenesis along the LH,, flat direction with a dynamical
PQ breaking scale and then estimate the baryon asymmetry taking account of the dilution
from saxion decay. In section 3, we investigate the dynamics of PQ breaking scalar fields
and then examine conservation of lepton asymmetry during the saxion oscillation. In
section 4 we present the main results in the form of contours of required m,,; values in the
1 vs. fq plane, which show a relation between the baryon asymmetry and the electroweak
fine-tuning. In section 5, we discuss some cosmological implications of the PQ sector: the
axion isocurvature perturbation and axino production. We conclude in section 6.

2 Affleck-Dine leptogenesis with dynamical Peccei-Quinn symmetry
breaking

In this section, we show how dynamical PQ symmetry breaking accommodates enough
baryon asymmetry and a relatively large neutrino mass.

2.1 The model

We consider the neutrino sector for AD leptogenesis and the PQ breaking sector, which
are described by the following superpotential,

W = Wap + Wpq, (2.1)
2

1 Y
Wap = SAXNN +y,NLHy,  Weq =nZ(XY — )+ g]‘\} H,Hyg, (2:2)
P

where N is the RHN, L is the lepton doublet, H, (Hg) is the up-type (down-type) Higgs
doublet, X and Y are the PQ fields, Z is a singlet scalar, A, n and g, represent numerical
coefficients, f denotes the (present) PQ breaking scale and Mp the reduced Planck scale.
The PQ charges and lepton numbers of these fields are given in table 1.



When X obtains a large field value, the RHN becomes massive and can be integrated
out to obtain the effective superpotential:

1y2(LH,)?
WAD7eﬁ? == —ny()\)() (23)

The neutrino mass is generated by the see-saw mechanism at low energy (X) ~ f:

yo(Hu)? v

= ~ 24
my1 >\f Meff’ ( )
where v ~ 174 GeV and
2 1074eV
Mg = —— = 3.0 x 107 GeV < ¢ ) . (2.5)
my1 my

Here and in the following, we assume that the lepton asymmetry is generated along the
flattest LH, direction, which corresponds to the smallest neutrino mass m,,. As will
become clear, X is different from its low-energy vacuum expectation value (VEV) f in the
early universe.? In particular, X is shown to be fixed at X = Xo(~ Mp) until the saxion
begins to oscillate (see section 3). Thus one can also define an effective scale in the early
universe as

2
oo L (Ly_ L (2.6)
AXo Mg \ Xo M,
In a different way, M, is expressed by
107%eV /102 GeV) [ X,
M, =72 x 10GeV ( > ( ) () : 2.7
my1 f Mp 27

Thus M, is much larger than Mg, which modifies the ordinary relation between low-energy
neutrino mass and the efficiency of AD leptogenesis [13].
In what follows, we consider the dynamics of the AD field ¢, which parameterizes the

LH, D-flat direction as
1 (o 1 {0
L =— , H,=— . 2.8
7 (0) () =

The scalar potential of the AD field in the model of eq. (2.2) reads

Vap = Vi + Viort + Va, (2.9)
4 6 2 4
Yy W 21 412 Y, O
= Zv 17 = mMsoft — — + h.c.| , 2.1
VF 4A2 ’X’27 ‘/soft m¢‘¢| + [amm ft8)\ X + C ( O)
21 112 ?JQ ¢4
Vi = —cgH=|op|* + aHHST\Y + h.c.] , (2.11)

where Vo denotes the contribution from the soft SUSY breaking and Vi the Hubble-
induced terms. Here mg and mgof are of the soft mass scale (mgo, ~ few TeV), H is the

2For simplicity, we assume that X =Y = f at the present universe.



Hubble parameter, cg (> 0), a,, and ag are O(1) coefficients.® For the moment, we assume
that the PQ field X is fixed at Xy until the AD field begins to oscillate. We examine the
dynamics including the PQ field in section 3.

From the Hubble induced mass and Vg, the AD field is stabilized at

6] = g0 = /MLH, (2.12)

for H > mgy. Writing

X = Xoelx/Xo ¢ = gpelae/90) (2.13)
one finds ) A
ax Qg
Vg D Z’CLH‘H?’M*COS <_)(0+¢0+6GH> (214)

where d,,, = arg(ap). The mass along the phase direction is then given by

H3 1 16 Alay|H3 M,

4 X & 3
where we have used the fact that ¢y < Xy. The mass along the phase direction is of order
H, so the phase condensate rapidly rolls down to its minimum. Since the phase minimum
of this Hubble-induced A term differs from the soft SUSY breaking-induced A term, the
AD field obtains angular momentum in the complex plane, generating the lepton number.
Note that we have one more phase direction orthogonal to the above massive direction.
This does not appear in the potential, so is a massless mode corresponding to the axion
of the spontaneously broken PQ symmetry. In the limit of ¢y < X, the massive mode is
mostly ag-like and the massless mode is mostly ax-like.

2.2 Baryon asymmetry along LH, direction

Now let us evaluate the lepton number generated through the AD mechanism. The mas-
sive phase mode automatically cancels the imaginary part of the Hubble induced A-term
potential, so it does not significantly contribute to lepton number generation. Thus, as
in ordinary AD leptogenesis, lepton number is determined by the ordinary A-term which
depends on the hidden sector SUSY breaking (i.e., gravitino mass in gravity mediation).

The lepton number obeys the equation,*

g + 3Hny ~ ”;;;“

*

Im(amn,¢?). (2.16)

The baryon number to entropy ratio is obtained as [14]

np M Tr [ Mot ’am ’
"B 0.029 . 2.17
s MI% ( Hoo ph ( )

3See ref. [19] for the issue related to the existence of the Hubble-induced A term. In this paper we simply
assume that there is a Hubble-induced A term.

4While the lepton number is violated by the (LHu)2 term in the superpotential after integrating out N,
the PQ number is exactly conserved (except for the small instanton effect).



where 0,1, represents an effective CP violating phase, and H,g. is the Hubble parameter
when the ¢ field starts to oscillate. Taking account of thermal effects on the AD poten-
tial [20, 21], the latter is determined by

aoMp 1/2
Hose ~ max |mgy, H;, asTr (34) , (2.18)
where )
1 MpT
H; = min [f.‘* J\ZQR’ (c? ffMpT}%)l/?’] : (2.19)
7 *

Here, the f; are coupling constants of ¢ with particles in thermal background, ¢; and
aqg(= 1.125) are real positive constants of order unity, and T is the reheating temperature
after inflation. From eq. (2.18), Hos is nearly mg when the temperature is small. In the
case of a large reheat temperature, the ¢ oscillation can commence earlier due to thermal
effects which result in the second and third terms inside the bracket of eq. (2.18). The
detailed physical aspects are explained in ref. [22] and references therein. If my = 10 TeV
and M, = 7.2 x 10?3 GeV, such early oscillation occurs for T > 107 GeV.

For an illustration, we show a formula for a case where the early oscillation does not
occur. In such a case, Hosc = mg, so the baryon-number-to-entropy ratio becomes

nB g Tr 1074eVY /102 GeV Xo
— ~ 3.6 x 107°4, — 2.20
s 2 Oh <107 GeV> ( — 7 Mp )’ (2:20)
where we also assume my = |am|msofe. In this scenario, however, saxion will dominate

the universe, and its decay produces entropy dilution. In order to obtain the final baryon
asymmetry after saxion decay, the entropy dilution must be taken into account. We will
consider the entropy production in the following subsection.

Before closing this subsection, let us comment on the possible lepton number violation
during the saxion oscillation. Since the field value of X can become small during its oscilla-
tion, the effect of the lepton number violation, induced by the effective superpotential (2.3)
or the corresponding A-term, may become large. Here, as shown in section 3, the p-term
interaction in eq. (2.2),

w, = 9
Mp

plays an important role. Assuming my < mg, the lepton number violation during the

H,H,, (2.21)

saxion oscillation is small enough to maintain the lepton asymmetry generated by the AD
mechanism. As we shall see in the next subsection, the p-term interaction (2.21) also plays
a key role to determine the saxion decay, and hence the final baryon asymmetry.

2.3 Saxion decay in DFSZ model

We have discussed how the dynamical PQ breaking scale can enhance the baryon asymme-
try. For the final result, one crucial point to consider is the entropy production from saxion
decay. In the DFSZ model, saxion interactions with the standard model particles and their
superpartners are realized in the p-term interaction (2.21). Once X and Y settle down



to the current value of the PQ symmetry breaking scale, X ~ Y ~ f, this superpotential

generates the p-term,

_ ouf?
Mp’

and also interactions between the axion superfield and the Higgs supermultiplets.

" (2.22)

Through this interaction, the saxion dominantly decays into Higgsino states if they are
kinematically allowed. Its decay rate is approximately given by [23]°

2
T(o — 2H) ~ i (}‘) M. (2.23)

Note that we have used here f, = 2f under assumption of X = Y = f in the present
universe, so quantities related to axion dark matter is determined by f,/Npw (Npw:
domain wall number) as the usual normalization. The decay temperature is

90\ /4 1012 GeV my 1\ 1/2
1o ~ 25 Ge (g*> (TeV) ( fa ) (10Tev> ' (2.24)

If saxion decays into Higgsino states are disallowed, it dominantly decays into the light

Higgs and gauge bosons. The decay rate in such a case is given by

(o — hh, WYW ™, Z2) 2pt 1 (2.25)
o ~ .
) ) T f[g m0.7
and the decay temperature becomes
90\ % / 1 \2 /10'2GeV [100GeV /2
T(me<21) ~ = : 2.2
< 0Gev (- (75) - o (2.26)

From the above decay temperature for each case, one finds the entropy dilution factor

1 Xo\® 4
“Te2Y) 1
8 Mp 3T,

Here we have included the case where T is small so that the saxion decays before the re-

A = max

. (2.27)

heating process is over. The final baryon asymmetry is determined by the amount of asym-
metry when the AD mechanism completes, eq. (2.17) and by the dilution factor, eq. (2.27):

np ) M* TR Mgoft ‘am| 1
— = 0.029 Oph X —. 2.28
< s/ final M2 ( Hoe ) "7 A (2.28)

For the case where saxion dominantly decays into Higgsinos,

"B w1025 107% eV [102GeV\? / Xo \ 90 1/4< 0 > ( Mo )1/2
P ' PR\ fa Mp s Tev/ \10TevV/
(2.29)

5In the numerical calculation in section 4, we use the saxion decay rates including phase space and

mixings in [23].



or for the case where saxion dominantly decays into light Higgs and gauge bosons,

B _ g0 1012 5 (107eV) (1012 CeV® X\ 790 1/4( ’ )2 100 GeV'\'/?
s ' PP fa Mp 9 TeV My '
(2.30)

From this it is easily seen that the observed baryon-number-to-entropy-ratio can be ob-

tained for relatively large neutrino mass m,; = 10~*eV if the PQ breaking scale is near
the Planck scale in the beginning and settles to 10! GeV at the present universe.

We will see numerical results for some example parameter regions in section 4.

3 Dynamics of PQ breaking fields

In this section, we discuss the dynamics of the PQ breaking fields in order to investigate
the realization of the Planck scale PQ breaking in the early stage and lepton number
conservation at the late stage.

3.1 PQ breaking at the Planck scale

Let us first examine the scalar potential of X and Y for large H to check if the PQ scale
is O(Mp). We have to consider the supergravity potential which is given by

2 ,L'_' * 3
V = K/Mp <DiWK TD;W* — MQ\WF) , (3.1)
P
where D;W = W; + KIW/MI% We assume that the effect of the AD field ¢ is negligible.
The Kahler potential and superpotential are given by

b
K = [XP+ Y] +12 + |12 + S o TP, (32)
P

W =nZ(XY — f%), (3.3)

where [ is the inflaton field. Note that only X has non-minimal coupling with the inflaton
in K. If b > 1, one can obtain a negative Hubble-induced mass term for X and thus X
develops a large VEV. Let us see the scalar potential in detail.

In this discussion, Z obtains a mass of | X| and |Y| (> f), so its VEV is zero up to of
the order of the gravitino mass: O(mg/p). Thus we can safely neglect the dynamics of Z.
If I < Mp during inflation, the inflaton energy is dominantly determined by the F-term
potential, i.e. K; < Mp, |[W|/Mp < Wi and DiW ~ W; ~ F;. One can simplify the
inflaton potential: V (I) ~ |Fy|?> ~ H?M3. In these circumstances, the scalar potential of
X and Y is given by

F ‘2
V = IXPHYP)/ME (21 xy _ 22 ) { . 3.4



Let us define (X) = z and (Y) = y. The extremum condition is obtained as

0=3¥=[¥@w—F)CZAMJf)+%O- i (32 - e

14 ba2/ME \ M2 M21+bx2/M32
x e(@*+y?)/Mp. (3.5)
0= G =Py = ) (plou— )+ 20) 00, (36)

From the second equation, we find that
zy = f> or zy? — fPy+ M2z =0. (3.7)

Since the second solution leads to a trivial solution = = y = 0 we select the first solution.
From eq. (3.5), we obtain the solution for z,

- (1 - 2)1/2 Mp. (3.8)

For b > 1, x develops an O(Mp) VEV as long as |Fy|?/M2% > mg/z. It is also evident that
X obtains a (negative) mass squared of the order of H? during the inflaton domination.

3.2 Saxion oscillation and lepton number conservation

As argued in the previous subsection, X stays at X ~ Mp until the Hubble parameter drops
down to mg/,. After that, the saxion begins a coherent oscillation around the minimum
x ~ y ~ f with an initial amplitude of ~ Mp. Since the scalar field orthogonal to the
F-flat direction (saxion) has a mass of ~ f, which is much higher than the soft mass scale,
we can safely set XY = f2 to integrate out either X or Y. Then the scalar potential along
the F-flat direction XY = f? and the AD field ¢ reads

s f4 guf8

é |2
"WIXE T M

X2

V = mX| X2+ m3|o]* +m , (3.9)

where myx and my are the soft SUSY breaking mass of X and Y, respectively. The last
term comes from W, (2.21). The third and fourth terms act as the effective potential for
X and they prevent X from being very small during the oscillation. Let us denote by Xpax
the maximum value of X during each X oscillation, which adiabatically becomes smaller
due to the Hubble expansion (Xpax o a3/ 2). Then we can define Xy, the minimum
value of X during each oscillation. For a large AD field value ¢, the last term is important
to determine X,,;,. Thus we can evaluate X ;5 as

1/2
Xmin ~ max [ f? (g“Xmax|¢’) ) meZ] . (3.10)

Xmax Mpmx mx Xmax

Since Xyax ~ Mp and |¢| > mx just after the saxion oscillation, Xy, is generically much
larger than the soft mass scale, meaning that the RHN masses cannot be as small as the
soft mass during saxion oscillation and hence the procedure to integrate out the RHN to
obtain the effective potential of the AD field is justified.



Now let us consider the lepton number violation after the X begins to oscillate. The
lepton number follows:

yz% Msoft
AX

ng +3Hng = Im(am¢?). (3.11)
As discussed above, X oscillates between X . and X, in a time scale m)_(1 where Xpin
is given by eq. (3.10). The most dangerous L violation may happen around X ~ Xy, at
which the L-violating operator becomes large. The time interval At during which X ~ X,
is estimated from the equation of motion

2 £4 42 3
% I f QS % 2 Xmin

During this time interval, the L number changes as

ATZL ~ ygmsoft¢4 At ~ yizgz gumsoft¢4f2 ) (313)
AX A MmXMPXmaX

Using ny, ~ mgof 2, we obtain

Ang, yp  ¢°
nr A mx Xmax '

(3.14)

Since ¢? in the numerator decreases faster than Xy in the denominator, this takes a
maximum value just after the X begins to oscillate H ~ mx.

() B (3.15)
NL ) Heomy A mxMp

This must be smaller than 1 to ensure the conservation of lepton number. If thermal effects
are neglected and mx < mg, we have (b%-[:mx ~ myM,(mx /my)? and it becomes

A
<"L> ~ X e, (3.16)

Thus, the lepton number violation during the saxion oscillation can be neglected as far as
mx <K my is satisfied.

4 Baryon number and SUSY scale

We have discussed how P(Q symmetry breaking accommodates the baryon asymmetry with
a sizable neutrino mass when the PQ scale varies during and after inflation. In this scenario,
the entropy dilution from saxion decay indeed plays a substantial role for determining the
final value of the baryon asymmetry. The saxion decay rate depends on its mass and the
p-term as shown in egs. (2.23) and (2.25). In many cases, the saxion mass and p-term are
related to the soft SUSY breaking scale. In particular, u-term is a measure of fine-tuning
of the electroweak symmetry breaking. Therefore, it leads us to discuss the soft SUSY
scale and fine-tuning from the measured baryon asymmetry.

~10 -



Since the saxion is linked to the axion which is the Nambu-Goldstone boson of broken
PQ symmetry, it is massless in the supersymmetric limit. When SUSY is broken, however,
the saxion (and also the axino) acquires a mass. The saxion mass is typically of the
gravitino mass order although it can be either larger or smaller than the gravitino mass in
some models [24-27]. On the other hand, as shown in the section 3 B, the saxion mass (i.e.
my ) is required to be smaller than the AD field mass in order not to spoil lepton number
generation. In this regard, we consider a rather small saxion mass compared to the AD
field mass, i.e. me ~ mx < mg/10.

In contrast to the saxion mass, the p-term is a supersymmetric parameter, so its
origin can be different from the SUSY breaking. In models with PQ symmetry breaking,
the p-term can be generated from PQ symmetry breaking through non-renormalizable
interactions [28].% In section 2.3, we have discussed the y-term generation via an interaction
suppressed by the Planck scale as shown in eq. (2.21). In such a case, the p-term is typically
O(f2?/Mp). However, the suppression scale for this interaction can be different from the
Planck scale (e.g. the grand unification scale), while the coupling constant (g,) for this
interaction can be smaller than unity. For this reason, we will consider p as an independent
parameter of the model in the following discussions.

In order to achieve successful electroweak symmetry breaking, the soft SUSY breaking
scale and p-term must coincide with each other since they need to satisfy the relation,

2
m
—22 ~ —m3, — p?, (4.1)

where mp, is the soft mass term for the up-type Higgs at the weak scale. For a natural
model, these three quantities above need to be comparable to one another so that no
dramatic cancellation takes place. If my, and p are much larger than myz, on the other
hand, fine-tuning arises. Although it is hard to quantify the level of fine-tuning without
specifying the whole SUSY spectrum, we can roughly see how much fine-tuning is required
from the size of p-term (or equivalently mg, ) [35]:

2

T (4.2)

Agw ~
The baryon asymmetry depends on the soft SUSY breaking scale when the AD mechanism
works as described in eq. (2.17). It is also dependent on the saxion decay rate which is
determined by the saxion mass (soft SUSY scale), the u-term and the PQ breaking scale
as shown in egs. (2.29) and (2.30). Therefore, by requiring ng/s ~ 1071 we can obtain
the relation between the lightest neutrino mass and p-term.

Figure 1 shows illustrative contours of neutrino masses which produce the desired
baryon asymmetry, ng/s = 10710 for given values of f, and . In the left panel, we take
my = bu for which saxion decays into Higgsino states are allowed while in the right panel,
we take m, = p/5 for which saxion can decay only into SM particles. In order to maintain

In models with radiative PQ symmetry breaking [29-34], SUSY breaking leads to PQ symmetry break-
ing via RG running, and thus the p-term generated by PQ symmetry breaking is related to the soft SUSY
scale. In this work, however, we are agnostic as to the origin of the PQ scale f in eq. (2.2).
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Figure 1. Contours of m,; [eV] on the (u, f,) plane to reproduce the observed baryon asymme-
try. In the left (right) panel we have taken m, = bu (ms = p/5) while meoe = my = 10m,
(Msoft = Mg = 50m,,). The light (dark) red shaded region corresponds to T, < 10GeV (1GeV)
and the grey shaded region is excluded by the KamLAND-Zen experiment. The light-gray shaded
region is constrained by Planck+BAO [37]. The light-purple shaded region indicates bound from
SN1987A [38]. The blue shaded region corresponds to p = (0.01-1) f2/Mp.

the generated lepton asymmetry, mgoie = mg = 10m, and mger; = my = 50m, are taken
respectively for each case. The gray shaded region shows parameter space where the lightest
neutrino mass is larger than the KamLAND-Zen bound [36]. We also show a bound from
Planck+BAO constraint on the sum of neutrino masses, (> m,) < 0.17eV [37]. The light-
purple shaded region shows the bound from SN1987A [38]. The (light-)red shaded region
shows parameter space where the saxion decay temperature is smaller than 1 GeV (10 GeV).
The blue shade indicates the region for which p = (0.01-1)f2/Mp. We consider fixed
Tr = 10° GeV since larger Txr does not change or does suppress ng/s (see eq. (2.28)). In
the case where np/s is suppressed, it requires a smaller neutrino mass that is less attractive.

From the figure, it is clearly shown that neutrino mass is large for large p and small f,
while it becomes smaller for small p and large f,. This feature stems from the saxion decay
temperature. The saxion decay temperature is enhanced by the p-term while suppressed by
fa- Tt is also of great importance that small f, is good for obtaining a flatter direction during
< 109 GeV, our

~

lepton number generation as shown in eq. (2.6). For pu 2 1TeV and f,
model predicts a rather large neutrino mass so that it is constrained by recent neutrinoless
double beta decay (0vfSf3) experiment. For this constraint, we take a conservative bound
from KamLAND-Zen, m, < 0.48eV [36]. From the lower-right corner (u ~ 105 GeV,
fa ~ 10 GeV) to the upper-left corner (u ~ 102GeV, f, ~ 10'2GeV), the resulting
neutrino mass scans over 1071-10"8eV.

For large f, ~ 10'2 GeV, in order to obtain a natural value of the lightest neutrino
mass, ~ 107*eV in cases of both m, = 5u and m, = u/5, the pu-term is required to be
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tens of TeV. In such cases, the fine-tuning in the electroweak symmetry breaking is of
permyriad (10~%) order. For a smaller PQ scale, f, ~ 10'° GeV, u can be a few hundred
GeV to achieve m,1 ~ 107* eV, so the model is much less fine-tuned. If we constrain the -
term to make fine-tuning better than a percent level, i.e. 100 GeV< 1 < 300 GeV, 107 %eV<
m,1 < 107* eV can be achieved for 10'° GeV< f, < 10! GeV. This region is well-matched
with the parameter space where p can be determined by the Planck suppressed interaction,
eq. (2.21). Moreover, it is good for the mized axion-higgsino dark matter scenario [23, 39).
Before closing this section, it is worth noting that the saxion decay temperature can
be smaller than 1-10 GeV for small i and large f, as indicated by red shaded regions in
figure 1. The region with T, < 10 GeV may cause the saxion to decay after freeze-out of
weakly interacting massive particle (WIMP) dark matter and thus such late decay affects
the WIMP dark matter density due to entropy production and/or non-thermal dark matter
production, although it is not possible to make a concrete analysis without a specific SUSY
spectrum. Moreover, for the region with T, < 1GeV, the saxion decays after coherent
oscillation of axion commences, so it affects the axion dark matter density, too.

5 Cosmological implications of Peccei-Quinn sector

In this section we discuss some cosmological implications related to the PQ sector: axion
isocurvature perturbation and axino production.

5.1 Axion isocurvature perturbation

There is a (nearly) massless Goldstone boson from the spontaneous breakdown of the
U(1)pq symmetry, the axion, which can also be interpreted as a massless majoron in our
model [16]. Such a massless boson potentially causes several cosmological problems [40].

In our setup, the PQ symmetry is already broken during inflation and is not restored
thereafter. Thus there is no axionic domain wall problem.” The PQ scalar X obtains a large
VEV of ~ Mp in our setup, hence the PQ scale during inflation is much higher than that in
the present universe. It significantly suppresses the axion isocurvature perturbation [42-45].
Since the massless axion mode almost consists of the phase component of X for | X| > f,
the effective PQ scale during inflation is simply given by | X| = Xiu ~ Mp.®

The magnitude of CDM isocurvature perturbation is then given by

Hing 2
Pscom = r? (WXinf6a> ’ (5.1)

where Hi¢ denotes the Hubble scale during inflation, 8, denotes the initial misalignment
angle of the axion and r denotes the fraction of present axion energy density in the matter
energy density: r = (2,h2)/(Qmh?). The final axion density is given by [48-53]
fa/Npw ) 1

(5.2)

O h% ~0.186% | 2oL 20
. (1012 GeV

"Domain wall formation in a SUSY axion model similar to the present one was discussed in ref. [41],

although it is not clear what is the necessary condition for the domain wall formation.
8If H, or Hy has a larger field value than X, the effective PQ scale is given by |H,| or |Ha| [46, 47].
This is not the case in our model.

~13 -



Here we have assumed that there is no dilution of the axion density due to the saxion
decay. The Planck constraint on the uncorrelated isocurvature perturbation [54] reads

102 GeV\ " / Xy
Ho <7x108GeVot L 5.3
f e Va Ja/Npw Mp (53)

This constraint is easily satisfied for most inflation models since X+ = Xg ~ Mp in our

scenario.

5.2 Axino production

The axino is the fermionic superpartner of the axion, consisting of the fermionic components
of X and Y with a small mixture of higgsino. It obtains a mass of mg = 7 (Z) ~ mg. It
has a relatively long lifetime if it is not the lightest SUSY particle (LSP) [55-57]. Its decay
width is approximately given by

2 M2ma
SN

which is comparable to the saxion. Thus the axino can have significant impacts on

s~ (5.4)

cosmology.

The dominant axino production process is the thermal one.” The axino thermal pro-
duction in the DFSZ model comes from the combination of higgsino decay/inverse decay,
scatterings of Higgs and weak gauge bosons and also top/stop scatterings [55-57]. There
it was found that the production is dominated at T" ~ mg.g in general and the abundance
is independent of the reheating temperature T as long as Tr > Mmgof;.

In our case, the saxion decay temperature T, can be lower than mg.p and hence there
is a dilution of the preexisting axino abundance. First, let us consider the case T, > mgqf.
One of the main contributions may be the heavy Higgs decay into the higgsino plus axino
with the partial decay rate Ty ~ pu?mpy /(47 f2) where the heavy Higgs mass is assumed to
be my ~ mgoi. The axino abundance is then estimated as

12 2
Y; ~ <nHFH> ~ 1077 <10GreV> . (5.5)
s H Tr~mgopt fa

In the opposite case T, < mgof;, we must take the dilution factor into account. Noting that
T* ~T?HMp o a~3/2? during saxion domination, the resultant axino abundance is given by

rH> <a(msoft)>3 1 _7<1012GeV>2< T, )7
Ya ~ - ~ 10 . 5.6
<nH H T~mgoft a(TU) S(TU) fa Megoft ( )

Due to the dilution, the axino abundance can be suppressed. When the axino decays into

LSP (e.g. neutralinos), the LSP density is determined by its re-annihilation rate [58],

where Tj is the axino decay temperature. Thus the dark matter density from axino decay
highly depends on details of the axino decay as well as upon its annihilation rate at Tj.

9The direct saxion decay into the axino pair can be kinematically forbidden for ms, < 2ma.

— 14 —



6 Conclusions

In this paper we have reconsidered the AD leptogenesis in a scenario where the RHN mass
is dynamical. If the RHN mass is generated by the PQ field, it naturally takes hierarchically
different values between the early universe and the present epoch. In particular, the PQ
scalar can be stabilized at the Planck scale in the early universe until the lepton asymmetry
is generated, which makes leptogenesis much more efficient than in the ordinary scenario.
The predicted lightest neutrino mass to reproduce the observed baryon asymmetry can
be close to the neutrino mass differences known from the neutrino oscillation data. It
significantly relaxes the problem of the ordinary AD leptogenesis scenario in which the
lightest neutrino mass should be hierarchically smaller than the other two neutrinos.

In order to realize this scenario, we have considered the DFSZ model which provide a
solution to the strong C'P problem and generates the u-term and the RHN mass. Since the
final baryon asymmetry depends on the saxion decay, it is related to the p-term and to the
electroweak fine-tuning. As a result, a comparatively large mass of the lightest neutrino,
1076-10"%eV, is predicted for 10'°GeV< f, < 10" GeV and 100 GeVS p < 300GeV.
In this model, therefore, it is possible to accommodate successful AD leptogenesis with a
natural neutrino mass and natural electroweak symmetry breaking. In addition, due to the
very large PQ scale during inflation, the axion isocurvature perturbation is suppressed.
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