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We revisit the implications of the R-invariant new inflation model to the supersymmetric standard
model in light of recent discussion of gravitino production processes by the decay of the inflaton and the
supersymmetry breaking field. We show that the models with supergravity mediation do not work well
together with the R-invariant new inflation model, where the gravitino abundance produced by the decay
of the inflaton and the supersymmetry breaking field significantly exceeds the bounds from cosmological
observations without fine-tuning. We also show that the models with gauge mediation can go together with
the R-invariant new inflation model, where the dark matter abundance and the baryon asymmetry of the
universe are consistently explained without severe fine-tuning.
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L. INTRODUCTION

The supersymmetric standard model (SSM) is consid-
ered as one of the most promising candidates for physics
beyond the standard model, which will be tested at the
coming Large Hadron Collider experiments. Once the
supersymmetric particles are discovered, the next impor-
tant task will be to determine how the supersymmetry
(SUSY) breaking occurs and how the breaking effects are
mediated to the SSM sector. So far, variety of mediation
mechanisms have been proposed, and they are roughly
classified into three categories. The first class is called
models with ““gravity mediation (SUGRA),” where the
communications between a SUSY breaking sector and
the SSM sector are suppressed by the Planck scale (Mpy)
[1,2]. The second class is called models with “gauge
mediation (GMSB),” where the breaking effects are me-
diated at the lower energy scale than Mp; via gauge inter-
actions of the SSM [3-6]. The third class is models with
“anomaly mediation (AMSB)” in which the breaking
effects mediated to the SSM sector are suppressed by
more than My, [7,8]. Since the characteristic scale of the
SUSY breaking (or the size of the gravitino mass) is differ-
ent among the above categories, the SUSY breaking scale
(or of the gravitino mass) can represent the mediation
mechanisms.

Fortunately, there are already some evidences that con-
strain the size of the gravitino mass from cosmology. For
example, the late time decay of the unstable gravitino
produced after inflation may spoil the success of the big
bang nucleosynthesis (BBN) depending on the reheating
temperature of the universe T (for recent works, see [9,10]
and references therein). On the other hand, the abundance
of stable gravitino is also constrained not to exceed the
observation of the dark matter density [11-14].
Furthermore, recent works on the gravitino abundance
produced by the decay of moduli [15-18] and inflaton
[19-23] have shown that there are much more severe
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constraints on the gravitino mass depending on models of
inflation.

In this paper, we further pursue the constraints on the
mediation mechanisms (i.e., the sizes of the gravitino
mass) based on a class of the new inflation model which
is dubbed R-invariant new inflation model [24,25]. The
R-invariant new inflation model has many attractive fea-
tures. A most attractive feature is the simpleness of the
model. The model consists of only one chiral superfield,
and the inflation dynamics are determined by only three
parameters. Another attractive feature is that it predicts the
spectral index n; of the cosmic microwave background
radiation as n; = 0.95 in a large parameter space [26,27],
which is well consistent with the Wilkinson Microwave
Anisotropy Probe observation [28]. Finally, the most inter-
esting feature from the viewpoint of the SSM model build-
ing is that the gravitino mass is determined by the energy
scale of the inflation, i.e., the Hubble parameter during
inflation.

In Ref. [27], we showed that the R-invariant new infla-
tion model is well compatible with the SUGRA models
li.e., m3/, = O(1) TeV], while providing the right amount
of the baryon asymmetry of the universe by leptogenesis
[29] via the decay of the inflaton into right-handed (s)neu-
trinos [24,30-32]. In Ref. [33], we also showed that the
R-invariant new inflation model eludes the Polonyi-
induced gravitino problem in the SUGRA models. As we
will show, however, such compatibility with the SUGRA
model is tainted by a large amount of gravitino produced
by the decay of the inflaton and the SUSY breaking field.
On the other hand, we also show that the R-invariant new
inflation model can work well together with GMSB models
even if we take into account the gravitino production by the
decay of the inflaton and the SUSY breaking field.

The construction of this paper is as follows. We sum-
marize relevant features of the R-invariant new inflation
model in Sec. II. In Sec. III, we study the consistency of the
inflation model with the SSM based on the SUGRA model,
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in light of the gravitino production from the decay of the
inflaton and the SUSY breaking field. In Sec. IV, we study
the gravitino production for the gravitino mass scale char-
acteristic for GMSB.

II. R-INVARIANT NEW INFLATION MODEL

Let us summarize the R-invariant new inflation model
considered in Refs. [24,25]. The model is defined by the
following superpotential and Kihler potential of an infla-
ton chiral superfield ¢,

8
W . = 2 4 n+1’ 1
inf v ¢ n+ 1 ¢ ( )
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King = | 9] +4—l|¢| +oee (2

Here, v? denotes a dimensionful parameter, g and k di-
mensionless coupling constants, and 7 is the integer. We
can take the parameters v? and g positive without loss of
generality. Hereafter, we use the unit where the reduced
Planck scale, Mp; ~ 2.4 X 10'® GeV, equals to one unless
we specify. The above superpotential is generic under a
discrete Z,, R symmetry with ¢’s charge 2.

By taking account of supergravity effects, the effective
scalar potential of the inflaton ¢ = +2Re[¢] is well ap-
proximated by
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during the inflationary period (i.e., ¢ ~ 0). The potential
becomes very flat for n = 3 and |k| < 1, and it serves as a
new inflation potential with the Hubble parameter H;,; =
v%/+/3 for k> 0. From the cosmic background explorer
normalization of the amplitude of the primordial density
fluctuation, the Hubble parameter can be expressed as a
function of g for k < 1072,
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Hig = 1080 GeV X ——,  (n =5), (5)
g
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Hig 2= 10% GeV X —,  (n = 6), (6)
g

and H;,; increases for larger n. Here, we are also assuming
that the e-folding number N, at the horizon crossing to be
50, although our discussion barely depends on this assump-
tion as long as N, = O(10). The dependence of H,; on k is
also weak as long as k < 1072 (see Ref. [27] for details).

The remarkable feature of the present model is that the
inflation scale H;,; (or v) is directly related to the gravitino
mass [24]. After inflation, the inflaton settles to its vacuum
expectation value (VEV) at ¢, = (v?/g)"/". Hence, the
expectation value of the superpotential Eq. (1) is also
nonvanishing at the vacuum, i.e., (W;,;) # 0. Notice that
we cannot add a large constant term to the superpotential,
since the constant term of O((Wi,)) results in a small e-
folding number, i.e., N, < O(10). Thus, the VEV of the
total superpotential is given by (Wi,) and the gravitino

mass is
nv? (v\1/n
n+1<g> ’

Therefore, the gravitino mass has a one-to-one correspon-
dence with the Hubble parameter, Hi,; = v?/+/3 [see
Egs. (4)~(6)].

The left-hand panel of Fig. 1 shows the g dependence of
the gravitino mass for a given value of n. From the figure,
we see that the predicted gravitino mass for n = 5 is too
large for all mediation mechanisms listed in the
Introduction, while the gravitino mass for n = 4 is com-
patible with all three mediation mechanisms. Notice that it
is rather difficult to obtain the spectral index n, which is
consistent with the observed spectral index, n, =
0.951+3913 [28] for n = 3. Thus, we do not pursue the
case with n = 3 further. For these reasons, we concentrate
on the case of n = 4 in the following argument, where the
gravitino mass can be well approximated by
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(Left) The g dependence of the gravitino mass for a given value of n. The shaded regions represent the typical

gravitino mass regions for GMSB (m3;; <30 GeV), SUGRA [m;;; = 0(100) GeV-0O(1) TeV], and AMSB [m;), =
0(10)-0(100) TeV]. (Right) The g dependences of the mass and the VEV of the inflaton for n = 4.
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1
ms3, =300 GeV X —— 7 (8)

8

In the right-hand panel of Fig. 1, we also plot the g
dependences of the mass and the VEV of the inflaton field
¢ for n = 4, which are given by

8
©)
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<¢>—7€00—<g>/n—2>< 101 GeVX%, (10)

respectively. From the figure, we see that mg, ~
108719 GeV and (¢) = 10'*16 GeV for a wide range of
parameter space.

Before closing this section, we comment on the possible
range of the parameter g. Since the Kihler potential re-
ceives radiative corrections, we need to require at least g <
0O(10) to keep perturbativity of the model. Thus, in the
following argument, we simply assume g =< 10 which
corresponds to

ms, = 10 GeV. (11)

We should, however, keep in mind that we need some
degree of fine-tuning between the tree level contribution
and the radiative corrections to the quartic coupling in the
Kéhler potential in Eq. (2) to keep the effective quartic
coupling small, i.e., |k| = 1072, when the coupling con-
stant g is O(1).

ITI. GRAVITINO PRODUCTION IN SUGRA MODEL

The most distinguished property of the SUGRA models
is that they require SUSY breaking fields which are neutral
under any symmetries to obtain gaugino masses of the
SSM comparable to the sfermion masses. One problem
caused by singlet SUSY breaking fields is so-called
Polonyi problem [34,35] and Polonyi-induced gravitino
problem [33]. In the paper [33], we showed that, thanks
to its relatively small Hubble parameter, the R-invariant
new inflation model is free from those two problems as
long as the mass of the SUSY breaking sector fields is
heavy enough.

The existence of singlet SUSY breaking fields, however,
causes another cosmological problem: the enhancement of
the branching ratio of the inflaton into a pair of gravitinos
[19]. When the SUSY breaking fields are singlets, the
inflaton can be significantly mixed with the SUSY break-
ing fields via supergravity effects, which results in an
unacceptable production rate of the gravitino in the inflaton
decay. In our case, the relevant terms which enhance the
decay rate of inflaton into a pair of gravitinos are

Knix = (CTZ + CZD@)> + -+, (12)
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Woix = Cov?pZ + Cs ¢>5Z + - (13)

Here, Z is a SUSY breaking field which has a nonvanishing
F term, C; (i = 1,2, 3) are constant parameters, and the
ellipses denote the higher dimensional terms. Since we
have no symmetry to suppress the constants C;, we naively
expect them to be of the order of 1. Through the super-
gravity effects, these terms lead to a considerable mixing
between the SUSY breaking field Z and inflaton field ¢.
The mixing between the inflaton and the SUSY breaking
field leads to an effective coupling of the inflaton to grav-
itinos, GSI*, with which the decay rate of the inflaton into a
pair of the gravitinos is given by
|Geff|2 mS
32 = S8 i (4
3/2MpPL

According to the analysis given in Ref. [18], the effective
coupling resulting from Eqs. (12) and (13) is approxi-
mately given by

Kﬂv3wﬂq+—WﬁfﬂT

m% 2
max[m2, m%]> '
(15)

Here, m; denotes the mass of the SUSY breaking field,
which is expected to range from my; = O(mj3),) to m; =

O(/m3)3).

Assuming that the inflaton decays mainly into the SSM
particles with the reheating temperature Ty, we obtain the
gravitino-entropy ratio (yield) as

F';/z 3TR
FR 4m¢

~ 4.5|Ge!]2 my  \4/1 TeV\2/107 GeV
=4.5|G% (1()9 GeV) < ms ) ) ( Tg >

:23><10’6C2( ($) )2< Mg )4(1 TCV>2
' 10 Gev) \10° Gev) \ my 5

107 GeV
N et
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where C is defined by C = |C; + (C, + C3)/16]. In the
second equality, we have used Eq. (14) and the relation
between the reheating temperature and the total decay rate
of the inflaton I'g,

772g* 1/2 »
'z —( 10 > T;. (17)

Here g. denotes the effective number of massless degrees
of freedom during the reheating process, and we use g, =
230 which corresponds to the number of the SSM particles.

As we saw in the previous section, the VEV and the mass
of the inflaton can be expressed in terms of the gravitino
mass. Thus, the above yield of the gravitino is determined

yif =222

>min[m§/m3,), 12 (16)
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by three parameters: the gravitino mass ms,, the mass of
the SUSY breaking field m,, and the reheating temperature
Tg. Since the successful BBN requires T < 1097 GeV
for m3/, = O(1) TeV to suppress the unstable gravitino
abundance produced by the thermal scattering processes
[9], we fix the reheating temperature T = 107 GeV in the
remainder of this section.

In Fig. 2, we show the yield of the gravitino produced by
the inflaton decay as a function of the mass of the SUSY
breaking field as solid (red) lines. As we see from the
figure, the yield of the gravitino is suppressed for m, <
m, while m; dependence disappears for my < mj.

In order not to spoil the success of the BBN, the grav-
itino abundance must satisfy the constraints given in
Refs. [9,36],

yupper

Yspp = Y3,

(18)

1 X10716-5x 10714
=J2X1074-5x10"14
3X10742x 10713

X (B, = 1073),

for ms3;, ~0.1-1 TeV

for m3/, ~1-3 TeV

for m3;, = 3-10 TeV
(19)

upper
Y3 /2

where we have taken the hadronic branching ratio of the
gravitino decay to be B, ~ 1073 for conservative discus-
sion. The solid (red) lines in Fig. 2 show that we need to
require the coefficient C in Eq. (16) to be very small, i.e.,
C < 1, to satisfy the above constraints unless the mass of
the SUSY breaking field is much smaller than the mass of
inflaton, i.e., m, <K M.

Unfortunately, however, the latter option, m; < mg,
causes the other cosmological problem: the Polonyi-
induced gravitino problem [33]. Since the SUSY breaking
field is neutral under any symmetries, there is no reason to
forbid a linear term in the Kihler potential,

Kain(Z2) = CYZ + CyZt, (20)

with the coefficient C of the order of 1. As discussed in
Ref. [33], the above linear term leads to a large linear term
in the scalar potential of the SUSY breaking field during
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inflation,
V(Z) = m2|Z|* + 3H2(CJZ + Cozt) + -+, (21)

where we have assumed that H,;; << my. By this linear
term, the SUSY breaking field is shifted from its VEV by
3H::Cy

2 ’

(Zinp) = —5—
mz

(22)

during inflation, and it begins the coherent oscillation after
inflation with an amplitude of O((Z;,)).

Once the SUSY breaking field begins this coherent
oscillation, it dominantly decays into gravitinos. By solv-
ing the Boltzmann equation, we obtain the yield of the
gravitino from the SUSY breaking field as

3 Tg my(Zint)*

Yhidden ~Z K
32 " 2my,  3HZ,
4/3 10 3
~ 1.4 x 107y a2 P10 GeV
1 TeV my
Ty
X|—=——) 23
(107 GeV) 23)

where we have expressed Hj,¢ in terms of m3, by using the
result of the previous section. The dashed (blue) lines in
Fig. 2 show the yields of the gravitino produced by the
decay of the SUSY breaking field. As we expected, the
yield increases when the mass of the SUSY breaking field
gets smaller.

As a result, we find that in order not to spoil the success
of the BBN, the parameters C and C, must be suppressed,
ie., C,Cy = 107*. We find, therefore, that the R-invariant
new inflation model is not successful with the SUGRA
models without severe fine-tuning of parameters.

Before closing this section, we comment on some pos-
sible solutions for this problem. It is logically possible to
assume that only the gaugino mass terms break a symmetry
under which the SUSY breaking field is charged, while the
terms in Egs. (12), (13), and (20) are suppressed at the tree
level by the symmetry (see Ref. [37] for related discus-
sion). Even in this case, however, the constants C, and C;
are generated via at least one- and two-loop diagrams,
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FIG. 2 (color online).

Log |, [mz/GeV]

The yield of gravitinos for mj,, = 1 TeV (left), 100 GeV (right). Solid (red) lines denote the yields of

gravitinos produced by the inflaton decay in Eq. (16) and dashed (blue) lines denote the yields produced by the decay of SUSY
breaking field in Eq. (23). Here, we have taken C and C, to be 1 and T to be 107 GeV.

035009-4



R-INVARIANT NEW INFLATION MODEL VERSUS ...

respectively, in which the SSM particles circulate. Thus,
for the SUGRA models with mg,yging = Mgcalar = M3/, We
obtain Cy = 0(0.1) and C; = 0(0.01) via the SSM-loop
effects. Therefore, if we try to solve the fine-tuning prob-
lem of Cy and C, by this assumption, we further need to
assume that the gaugino masses are much smaller than the
scalar masses, although the hierarchy between the gaugino
masses and the scalar masses requires another fine-tuning
in the electroweak symmetry breaking.'

IV. GRAVITINO PRODUCTION IN GAUGE
MEDIATION

In this section, we consider the GMSB models, where
the gravitino is the lightest supersymmetric particle (LSP)
and stable. As we discussed in the previous section, the
gravitino cannot be much lighter than O(10) GeV due to
the perturbativity of the inflation model. Hence, in the
following, we concentrate on the case of m3,, = 10 GeV
as an example. Besides, we also assume that the SUSY
breaking field is charged under some symmetries, since
there is no need to assume it to be neutral in the GMSB
models. (For a neutral SUSY breaking field, we have
checked that the gravitino abundance produced by the
inflaton decay significantly exceeds the observed dark
matter abundance for ms3,, = 10 GeV.)

Before discussing the gravitino abundance, let us make
an assumption about the reheating process of the new
inflation model. Although there are many possibilities for
the reheating mechanism, the R-invariant new inflation
model has an attractive reheating scenario which leads to
nonthermal leptogenesis [27]. By introducing the interac-
tion between the inflaton and the right-handed neutrino
N’s,

h
Wneutrino = g ¢3N2’ (24)

we can make the inflaton mainly decay into the right-
handed neutrino with the reheating temperature,

T ~ ( 102FR>1/4 ~ 1.5 X 10%g 54 GeV.  (25)
8T

The attractive feature of this reheating process is built-in
nonthermal leptogenesis. In Refs. [33,42], we showed that
this reheating mechanism reproduces the observed baryon
asymmetry of the universe for Ty = 107 GeV. Thus, for
the purpose of finding a cosmologically consistent sce-
nario, we assume this reheating mechanism with the re-

"The above assumption of “soft”” symmetry breaking by only
the gaugino mass terms might work in the large cutoff super-
gravity proposed in Ref. [38]. In the large cutoff supergravity
hypothesis, the gaugino masses are suppressed compared with
the scalar masses while the fine-tuning in the electroweak
symmetry breaking is not required, thanks to the focus point
mechanism [39-41].
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heating temperature Tx = 107 GeV. We should also
mention that this mechanism also provides the Majorana
masses of the right-handed neutrinos which are required
for the seesaw mechanism [43],

h h
my = §<¢>3 = @mdr (26)

The reheating temperature, Ty = 1057 GeV, is, how-
ever, not high enough to explain the observed dark matter
density by the thermally produced gravitino of ms/,, =
10 GeV [11-14]. Therefore, to obtain the right amount of
gravitino dark matter, we need other sources of gravitino,
such as inflaton and the SUSY breaking field as discussed
in the previous section.

First, let us consider the gravitino production from the
decay of the SUSY breaking field Z. Notice that there is no
linear term in the Kéhler potential as in Eq. (20), since we
are assuming that the SUSY breaking field is charged
under some symmetries. The dynamics of inflation, how-
ever, still shifts the value of the SUSY breaking field during
inflation via gravitational effect, when the SUSY breaking
field has a nonvanishing VEV. During inflation, the SUSY
breaking field obtains a so-called Hubble mass term around
its origin,

V(Z) =~ m%|Z —(Z)|* + 3H?

1n!

dZP+- @)

while it also has a mass term around the VEV (Z). Hence,
the field value of the SUSY breaking field is shifted from

(Z) by

34?2 .
=m (2 (28)
3H2, + m2

inf

AZ

during inflation.” As we discussed in the case of SUGRA
models, the SUSY breaking field starts to oscillate around
(Z) after inflation and produces gravitino when it decays.
By assuming that the SUSY breaking field dominantly
decays into gravitinos,” we obtain the yield of gravitinos,

§ TR m%AZz

Yhidden ~
5 -
2 my 3Hinf

32

(29)

Here, we are assuming that the oscillation of the SUSY
breaking field does not dominate the energy density of the
universe, which is the case for the not so large value of (Z)
(see also Ref. [44] for the case where the coherent oscil-
lation dominates the energy density of the universe).

The above yield of the gravitino is again determined by
the gravitino mass, the mass of the SUSY breaking field,
the reheating temperature, and the size of the VEV (Z),

%A quartic term |Z|?|¢|? in the Kihler potential changes the
coefficient of the Hubble mass term in Eq. (27), although it does
not change our discussion for a wide parameter space.

3In a class of the GMSB models, the SUSY breaking field can
dominantly decay into the SSM particles via the interaction for
the gauge mediation [44].
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FIG. 3 (color online). (Left) The size of the VEV of the SUSY breaking field, (Z) = (m} M7 3)1/5 which we take as an example.
(Right) The mass density parameter of the gravitino dark matter, ()3 /zhz, produced by the decay of SUSY breaking field. The shaded
region corresponds to the density parameter for T = 1057 GeV. The solid (red) horizontal line shows the observed dark matter
density Qh? = 0.1050*9304)(10) [28]. In both panels, we have taken m3/, = 10 GeV.

since the Hubble parameter during inflation can be deter-
mined for a given gravitino mass. As discussed above, we
take the reheating temperature Tz = 1057 GeV, which is
suitable for nonthermal leptogenesis in the R-invariant new
inflation model. As for the VEV of the SUSY breaking
field, it is not easy to obtain a large VEV while keeping the
mass of the SUSY breaking field much larger than that of
the gravitino. In our discussion, we take (Z)=
(m5 /2m§3)1/ > as an example by thinking of the dynamical
SUSY breaking sector discussed in Refs. [45—-47] where
the SUSY breaking field may have a VEV of the order of
the dynamical scale, (m} M7 3)1/5 while the mass of the
SUSY breaking field can be high up to O( /7133).

Altogether, we obtain the mass density parameter of the
gravitino as

. m 7/3/10° GeV\3 T
Qhiddenp2 — () 1 3/2 R
3/2 <10 GeV my 107 GeV
Z) 2
X =]
(10'25 GeV>

(30)

for m, > H;,. In the right-hand panel of Fig. 3, we plot
the mass density parameter of the gravitino for (Z) =
(m3 /zmgl)l/ 3. We also take T = 107 GeV for the sake
of the baryon asymmetry of the universe. From the figure,
we find that the gravitino produced by the SUSY breaking
field can explain the observed dark matter density Qh> =
0.105070:0040(10) [28]. The R-invariant new inflation,
therefore, is not only well consistent with the GMSB
models (m3/, = 10 GeV), but also naturally provides the
dark matter abundance and the baryon asymmetry at the
same time for a certain parameter range.

Next, let us check that the gravitino abundance produced
by the inflaton decay does not exceed the observed dark
matter density. Since the SUSY breaking field is not neu-
tral, the leading interaction between the SUSY breaking
field and the inflaton in the Kihler potential is given by

Kin = bl9?1ZI%. 3D

In this case, the mixing between SUSY breaking field and
the inflaton is much suppressed compared with the
SUGRA models [17]. As a result, the effective coupling
of the inflaton to gravitinos is also suppressed. For (Z) = 0,
it is given by

2
mz

2
mg

2
G =001~ b2 )2. (32)

max[m3, m}]

Through this effective coupling, the gravitino is produced
at the reheating process of the inflaton. The resulting mass
density parameter of the gravitino is given by

=2X1077(1 - b)2<]01<5¢c>;ev>2<1(l)ngzv>

2 6
) (10 GeV) min[m3/m, 1.

Tk
(33)

Qi3n/f2h2

My
X
<109 GeV

Here we have used the yield in the first equality in Eq. (16).
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FIG. 4 (color online). The mass density parameter of gravitino
produced by the decay of the inflaton for m3,, = 10 GeV, Ty =
1077 GeV, and b = 0. For simplicity, we have assumed (Z) =
0.
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In Fig. 4, we plot the gravitino mass density parameter
from the inflaton decay for mj, = 10 GeV, Ty =
1077 GeV, and b = 0. From the figure, we see that the
gravitino produced by the decay of the inflaton is much
smaller than the observed dark matter density. Thus, the
gravitino produced by the inflaton decay with the above
specific reheating process is subdominant compared with
the gravitino produced by the decay of the SUSY breaking
field.

For (Z) # 0, the above expression of the effective cou-
pling in Eq. (32) is changed and becomes complicated. We
have checked, however, that the gravitino dark matter
density cannot be supplied by the decay of the inflaton as
long as the VEV of the SUSY breaking field is within the
order of (m§/2m§1)1/5.4

As a result, we find that the R-invariant new inflation
model can be consistent with the GMSB models with
ms3, = 10 GeV. The observed dark matter density, further-
more, can be explained by the gravitino abundance pro-
duced by the decay of the SUSY breaking field,” while the
baryon asymmetry is provided by the nonthermal lepto-
genesis which is naturally embedded into the R-invariant
new inflation model.

“It may be possible to consider a dynamical SUSY breaking
model with the VEV much larger than we considered here. In
such cases, the gravitino abundance produced by the inflaton
decay may explain the observed dark matter density.

5The gravitino abundance produced by the decay of the next to
LSP can also contribute to the dark matter density depending on
the details of SSM spectrum [48—53], which can be a solution to
the small scale structure problem of cold dark matter cosmology
[54-59].
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V. SUMMARY

In this paper, we revisited the R-invariant new inflation
model in light of the recent argument about the gravitino
production from the inflaton and the SUSY breaking field.
As a result, we found that SUGRA models with the
R-invariant new inflation model suffer from a severe
fine-tuning problem where we should have two small
parameters of O(10™*) which are expected to be O(1)
without fine-tuning. On the other hand, we found that the
gravitino production from the SUSY breaking field is
useful in the GMSB models within the reheating tempera-
ture which is consistent with nonthermal leptogenesis. As
we have also shown in Ref. [42], the gravitino production
in the inflaton decay naturally explains the wino dark
matter density in the AMSB models, while nonthermal
leptogenesis works properly. We conclude, therefore, that
the success of the R-invariant new inflation model to
predict the spectral index [26,27] strongly suggests that
the SSM is not realized by the SUGRA where we need a
singlet SUSY breaking field, but by models with mediation
mechanisms where we do not require a singlet SUSY
breaking, field, such as gauge mediation with m3/, =
O(10) GeV  or anomaly mediation with mj/, =
0(10-100) TeV.

ACKNOWLEDGMENTS

The authors would like to thank T. T. Yanagida for useful
discussion at the early stage of the project. Y. S. thanks the
Japan Society for the Promotion of Science for financial
support. The authors would also like to thank E. Chism for
proofreading the manuscript. This work was supported by
the U.S. Department of Energy under Contract No. DE-
AC02-76SF00515.

[1] A.H. Chamseddine, R. Arnowitt, and P. Nath, Phys. Rev.
Lett. 49, 970 (1982); R. Barbieri, S. Ferrara, and C. A.
Savoy, Phys. Lett. B 119, 343 (1982).

[2] L.J. Hall, J.D. Lykken, and S. Weinberg, Phys. Rev. D 27,
2359 (1983).

[3] M. Dine, W. Fischler, and M. Srednicki, Nucl. Phys. B189,
575 (1981); S. Dimopoulos and S. Raby, Nucl. Phys.
B192, 353 (1981); M. Dine and W. Fischler, Phys. Lett.
B 110, 227 (1982); Nucl. Phys. B204, 346 (1982); C.R.
Nappi and B. A. Ovrut, Phys. Lett. 113B, 175 (1982); L.
Alvarez-Gaume, M. Claudson, and M.B. Wise, Nucl.
Phys. B207, 96 (1982); S. Dimopoulos and S. Raby,
Nucl. Phys. B219, 479 (1983).

[4] M. Dine and A.E. Nelson, Phys. Rev. D 48, 1277 (1993).

[5] M. Dine, A.E. Nelson, and Y. Shirman, Phys. Rev. D 51,
1362 (1995).

[6] M. Dine, A.E. Nelson, Y. Nir, and Y. Shirman, Phys. Rev.

D 53, 2658 (1996).

[7] L. Randall and R. Sundrum, Nucl. Phys. B5§57, 79 (1999).

[8] G.F. Giudice, M. A. Luty, H. Murayama, and R. Rattazzi,
J. High Energy Phys. 12 (1998) 027.

[9] M. Kawasaki, K. Kohri, and T. Moroi, Phys. Rev. D 71,
083502 (2005).

[10] K. Jedamzik, Phys. Rev. D 74, 103509 (2006).

[11] T. Moroi, H. Murayama, and M. Yamaguchi, Phys. Lett. B
303, 289 (1993); A. de Gouvea, T. Moroi, and H.
Murayama, Phys. Rev. D 56, 1281 (1997).

[12] M. Bolz, A. Brandenburg, and W. Buchmuller, Nucl. Phys.
B606, 518 (2001).

[13] J. Pradler and F.D. Steffen, Phys. Rev. D 75, 023509
(2007); Phys. Lett. B 648, 224 (2007).

[14] V.S. Rychkov and A. Strumia, Phys. Rev. D 75, 075011
(2007).

[15] M. Endo, K.Hamaguchi, and F. Takahashi, Phys. Rev.

035009-7



M. IBE AND Y. SHINBARA

[16]
[17]

(18]

Lett. 96, 211301 (2006).

S. Nakamura and M. Yamaguchi, Phys. Lett. B 638, 389
(2000).

M. Dine, R. Kitano, A. Morisse, and Y. Shirman, Phys.
Rev. D 73, 123518 (20006).

M. Endo, K. Hamaguchi, and F. Takahashi, Phys. Rev. D
74, 023531 (2006).

M. Kawasaki, F. Takahashi, and T. T. Yanagida, Phys. Lett.
B 638, 8 (2006); Phys. Rev. D 74, 043519 (2006).

T. Asaka, S. Nakamura, and M. Yamaguchi, Phys. Rev. D
74, 023520 (2006).

M. Endo, M. Kawasaki, F. Takahashi, and T. T. Yanagida,
Phys. Lett. B 642, 518 (2006).

M. Endo, K. Kadota, K. A. Olive, F. Takahashi, and T.T.
Yanagida, J. Cosmol. Astropart. Phys. 02 (2007) 018.

M. Endo, F. Takahashi, and T.T. Yanagida, Phys. Lett. B
658, 236 (2008); Phys. Rev. D 76, 083509 (2007).

K. Kumekawa, T. Moroi, and T. Yanagida, Prog. Theor.
Phys. 92, 437 (1994).

K.I. Izawa and T. Yanagida, Phys. Lett. B 393, 331
(1997).

K.I. Izawa, Phys. Lett. B 5§76, 1 (2003).

M. Ibe, K. 1. Izawa, Y. Shinbara, and T. T. Yanagida, Phys.
Lett. B 637, 21 (2006).

D.N. Spergel et al. (WMAP Collaboration), Astrophys. J.
Suppl. Ser. 170, 377 (2007).

M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45
(1986); For a review, W. Buchmuller, R. D. Peccei, and
T. Yanagida, Annu. Rev. Nucl. Part. Sci. 55, 311 (2005).
B. A. Campbell, S. Davidson, and K. A. Olive, Nucl. Phys.
B399, 111 (1993).

T. Asaka, K. Hamaguchi, M. Kawasaki, and T. Yanagida,
Phys. Lett. B 464, 12 (1999); Phys. Rev. D 61, 083512
(2000).

M. Ibe, T. Moroi, and T. Yanagida, Phys. Lett. B 620, 9
(2005).

M. Ibe, Y. Shinbara, and T. T. Yanagida, Phys. Lett. B 639,
534 (20006).

G.D. Coughlan, W. Fischler, E. W. Kolb, S. Raby, and
G.G. Ross, Phys. Lett. 131B, 59 (1983).

T. Banks, D. B. Kaplan, and A. E. Nelson, Phys. Rev. D 49,
779 (1994)

K. Kohri, T. Moroi, and A. Yotsuyanagi, Phys. Rev. D 73,
123511 (2006).

M. Endo, F. Takahashi, and T.T. Yanagida, Phys. Rev. D
76, 083508 (2007).

M. Ibe, K.I. Izawa, and T. Yanagida, Phys. Rev. D 71,

[39]

[40]
[41]

[42]

[43]

[44]
[45]
[46]
[47]
(48]
[49]
[50]
[51]
[52]
[53]
[54]

[55]
[56]

[57]
(58]

[59]

035009-8

PHYSICAL REVIEW D 77, 035009 (2008)

035005 (2005).

R. Barbieri and G.F. Giudice, Nucl. Phys. B306, 63
(1988).

J.L. Feng and T. Moroi, Phys. Rev. D 61, 095004 (2000).
J.L. Feng, K. T. Matchev, and T. Moroi, Phys. Rev. Lett.
84, 2322 (2000); Phys. Rev. D 61, 075005 (2000).

M. Ibe, Y. Shinbara, and T. T. Yanagida, Phys. Lett. B 642,
165 (2006).

T. Yanagida, in Proceedings of the Workshop on the
Unified Theory and Baryon Number in the Universe,
edited by O. Sawada and A. Sugamoto (KEK Report
No. 79-18, 1979), p. 95; M. Gell-Mann, P. Ramond, and
R. Slansky, in  Supergravity, edited by P.
van Nieuwenhuizen and D.Z. Freedman (North-Holland,
Amsterdam 1979), p. 315.

M. Ibe and R. Kitano, Phys. Rev. D 75, 055003 (2007); J.
High Energy Phys. 08 (2007) 016.

K.I. Izawa and T. Yanagida, Prog. Theor. Phys. 94, 1105
(1995).

K.I. Izawa and T. Yanagida, Prog. Theor. Phys. 95, 829
(1996).

K. A. Intriligator and S. D. Thomas, Nucl. Phys. B473, 121
(1996).

J.L. Feng, A. Rajaraman, and F. Takayama, Phys. Rev.
Lett. 91, 011302 (2003); Phys. Rev. D 68, 063504 (2003).
M. Fujii, M. Ibe, and T. Yanagida, Phys. Lett. B 579, 6
(2004).

J.R. Ellis, K. A. Olive, Y. Santoso, and V. C. Spanos, Phys.
Lett. B 588, 7 (2004).

J.L. Feng, S.f. Su, and F. Takayama, Phys. Rev. D 70,
063514 (2004).

J.L. Feng, S. Su, and F. Takayama, Phys. Rev. D 70,
075019 (2004).

L. Roszkowski, R. Ruiz de Austri, and K. Y. Choi, J. High
Energy Phys. 08 (2005) 080.

S. Borgani, A. Masiero, and M. Yamaguchi, Phys. Lett. B
386, 189 (1996).

M. Kaplinghat, Phys. Rev. D 72, 063510 (2005).

J.A.R. Cembranos, J.L. Feng, A. Rajaraman, and F.
Takayama, Phys. Rev. Lett. 95, 181301 (2005).

K. Jedamzik, M. Lemoine, and G. Moultaka, J. Cosmol.
Astropart. Phys. 07 (2006) 010.

T. Bringmann, F. Borzumati, and P. Ullio, arXiv:hep-ph/
0701007.

J.L. Feng, B. T. Smith, and F. Takayama, Phys. Rev. Lett.
100, 021302 (2008).



