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We study an inflection point inflation scenario where a flat direction of the minimal super- 
symmetric standard model (MSSM) is identified with the inflaton. We focus on the case 
where the flat direction (inflaton) has nonzero baryon number, and consider a nonthermal 
baryo genesis scenario w here the decay of the infla ton a t the rehea ting directly genera tes 
baryon asymmetry of the uni v erse. Specifically, we consider a ud d flat direction that is lifted 

by a superpotential operator of dimension 6, and show that inflection point inflation with 

the ud d flat direction can be compatible with cosmological observations and can account 
for the baryon asymmetry of the uni v erse. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Subject Index C10, E81 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2024/11/113C

01/7826786 by D
eutsches Elektronen Synchrotron D

ESY user on 18 N
ovem

ber 2024
1. Introduction 

The nature of the inflaton that drove the primordial inflation [ 1 ], and the origin of the matter–
antimatter asymmetry of the uni v erse [ 2 ], are two major mysteries of particle physics and cos-
mology. 

A lot of inflation scenarios and inflaton candidates have been proposed. One of the attracti v e
scenarios is so-called inflection point inflation [ 3 –14 ], since it easily satisfies the constraints from
cosmological observations. Also, supersymmetric (SUSY) extension of the Standard Model
is a viable candidate for physics above the TeV scale, because SUSY can stabilize the large
hierarchy between the Planck scale and the electroweak scale. The minimal SUSY standard
model (MSSM) exhibits an interesting property that certain combinations of scalar fields have
vanishing triple and quartic couplings [ 12 ]. Such combinations are called “flat directions.” The
flat directions are a natural candidate for the inflaton of inflection point inflation [ 3 –6 ]. 

In this paper, we study the scenario where a flat direction in the MSSM is identified with
the inflaton that induces quasi–inflection point inflation. In this model, the first deri vati v e of 
the inflaton potential is small but of nonzero value, which allows the scalar spectral index n s 

to be within the observed range unlike in a bona fide inflection point inflation model [ 3 , 15 ].
We concentrate on the case where the inflaton, which is an MSSM flat direction, has nonzero
baryon number, and investigate nonthermal baryogenesis from its decay at the reheating. 
© The Author(s) 2024. Published by Oxford University Press on behalf of the Physical Society of Japan. This is an Open Access article distributed under the 
terms of the Creati v e Commons Attribution License ( https://creati v ecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, and 
reproduction in any medium, provided the original work is properly cited. 
Funded by SCOAP 3 
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Specifically, we consider the case where a ud d flat direction is lifted by a superpotential op-
erator of dimension 6, which can be compatible with the Planck/BICEP data and multi-TeV
squark masses [ 15 ]. We present a benchmark parameter set with sparticle masses in the range
of 2000–4000 GeV that successfully explains the observed scalar power spectrum amplitude 
P ζ (k ∗) and the scalar spectral index n s , satisfies the bound on the tensor-to-scalar ratio r , and
moreov er e xplains the observ ed bary on number density through nonthermal bary ogenesis. 

This paper is organized as follows: In Section 2 , we describe the model where the MSSM is
extended by the dimension 6 operator that lifts the ud d flat direction, and deri v e the poten-
tial for this direction that can realize inflection point inflation. In Section 3 , we construct a
quasi–inflection point inflation model by introducing a slight deviation α to the mass relation
equation for a bona fide inflection point inflation that leads to a nonzero first deri vati v e of the
potential at the inflection point. We then deri v e the e xpressions for the slow-roll parameters η,
ε, the scalar power spectrum amplitude P ζ (k ∗) , and the Hubble rate during and at the end of 
inflation. In Section 4 , we investigate the reheating of the uni v erse through the decay of the
radial component of the ud d direction, which is identified with the inflaton. In Section 5 , we
show that the decay mode of the flat direction decaying into a quar k/antiquar k and a Higgsino
generates baryon number asymmetry, and explicitly calculate the CP asymmetry parameter and 

the baryon number yield. In Section 6 , a benchmark parameter set is shown which meets the
constraints on cosmological observables and accounts for the baryon number of the uni v erse.
Section 7 concludes the paper. 

2. Model 
The superpotential of the model is gi v en by 

W = W MSSM 

+ 

λ

2 M 

3 
p 

(
U 

c 
i D 

c 
j D 

c 
k 

)2 
, (1) 

where W MSSM 

denotes the superpotential of the MSSM, and the second term is a higher-
dimensional term. Here U 

c , D 

c respecti v ely denote the isospin-singlet up-type and down-type
quark superfields, i, j, k are flavor indices, λ is a coupling constant that is taken to be real posi-
ti v e, M p is the reduced Planck mass (2.44 ×10 

18 GeV), and the color indices are summed in the
bracket (...). Additionally, the squarks possess soft SUSY breaking masses and a soft SUSY
A -term that are proportional to the higher-dimensional term as 

V soft ⊃ m 

2 
˜ u i ̃  u 

c † 
i ˜ u 

c 
i + m 

2 
˜ d j 

˜ d 

c † 
j 

˜ d 

c 
j + m 

2 
˜ d k 

˜ d 

c † 
k 

˜ d 

c 
k − A 

λ

2 M 

3 
p 

(
˜ u 

c 
i 

˜ d 

c 
j 

˜ d 

c 
k 

)2 
+ h . c . , (2) 

where ˜ u 

c , ˜ d 

c respecti v ely denote the scalar components of U 

c , D 

c . 
We consider a ud d flat direction in the MSSM, gi v en by 

(
˜ u 

c 
i 

)α = 

1 √ 

3 

�, 
(

˜ d 

c 
j 

)β

= 

1 √ 

3 

�, 
(

˜ d 

c 
k 

)γ

= 

1 √ 

3 

�, (3) 

where α, β, γ are color indices, and � is a complex scalar field that parametrizes the flat di-
rection. The flatness constraints require α � = β � = γ � = α and j � = k. The potential for the flat
dir ection r eads 

V(�) = m 

2 
�| �| 2 − A 

λ

54 M 

3 
p 
�6 − h . c . + 

λ2 

81 M 

6 
p 
| �| 10 , (4) 
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where m 

2 
� = (m 

2 
˜ u i 

+ m 

2 
˜ d j 

+ m 

2 
˜ d k 

) / 3 . We rewrite the flat direction as � = φe i θ/ 

√ 

2 , where φ de-

notes the radial component that is real. Then the potential is recast into 

V(�) = V(φ, θ ) = 

m 

2 
�

2 

φ2 − |A| λ

216 M 

3 
p 
φ6 cos (6 θ + θA 

) + 

λ2 

2592 M 

6 
p 
φ10 , (5) 

where θA 

is the phase of A . This potential is minimized for θ satisfying cos (6 θ + θA 

) = 1 . When
θ is stabilized at such a value, the potential for φ becomes 

V(φ) = 

m 

2 
�

2 

φ2 − |A| λ

216 M 

3 
p 
φ6 + 

λ2 

2592 M 

6 
p 
φ10 . (6) 

We assume that the SUSY particle masses have the following hierarchy: 

(Higgsino and gaugino masses) < (isospin - singlet squark masses) 

< (isospin - doub let squar k masses) . (7) 

As a result, the squarks that constitute the flat direction decay into a gaugino + a
quar k/antiquar k and a Higgsino + a quar k/antiquar k. The latter decay mode realizes nonther-
mal baryogenesis. The parameters relevant to nonthermal baryogenesis are the quark Yukawa
couplings, μ-term, and quark A -terms, defined as follows: 

W MSSM 

⊃ y 

u 
ji Q j H u U 

c 
i + y 

d 
ji Q j H d D 

c 
i + μ H u H d , (8) 

V soft ⊃ A 

u 
ji ˜ q j H u ̃  u 

c 
i + A 

d 
ji ˜ q j H d 

˜ d 

c 
i , (9) 

where Q denotes the isospin-doublet quark superfields, ˜ q their scalar components, and H u , H d 

r epr esent both the Higgs superfields and their scalar components. 

3. Inflection point inflation 

In the rest of the paper, we focus on the case with 9 |A| / (10 λM p ) < 1 . 
To realize the inflection point infla tion, the infla ton potential ( 6 ) should have a quasi–

inflection point. The condition for the existence of a quasi–inflection point is 

m 

2 
� = 

|A| 2 
20 

(1 + α) , (10) 

where | α| � 1 . We define the quasi–inflection point, φ = φ0 , as the point satisfying V 

′′ (φ0 ) = 0
and V 

′ (φ0 ) ∝ α. Also, without loss of generality, we consider only the positi v e quasi–inflection
point φ0 > 0 . Gi v en Eq. ( 10 ), it is obtained as 

φ0 = 

√ 

2 

( 

9 |A| M 

3 
p 

10 λ

) 

1 
4 (

1 − α

32 

)
+ O (α2 ) . (11) 

The potential and its first and third derivatives at φ = φ0 read 

V( φ0 ) = 

2 

75 

|A| 2 
( 

9 |A| M 

3 
p 

10 λ

) 

1 
2 

+ O ( α) , (12) 

V 

′ (φ0 ) = α
1 

10 

√ 

2 

|A| 2 
( 

9 |A| M 

3 
p 

10 λ

) 

1 
4 

+ O (α2 ) , (13) 

V 

′′′ ( φ0 ) = 

8 

5 

√ 

2 

|A| 2 
( 

9 |A| M 

3 
p 

10 λ

) − 1 
4 

+ O ( α) . (14) 

We restrict ourselves to the case with α > 0 so that V 

′ (φ0 ) > 0 holds. 
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In the inflection point inflation, φ slow-rolls from the vicinity of the quasi–inflection point, to
φ = φend at which the slow-roll condition is violated and inflation ends. The number of e-folds
as a function of φ is calculated as 

N(φ) = 

1 

M 

2 
p 

∫ φend 

φ

d φ
V(φ) 

−V 

′ (φ) 
	 

1 

M 

2 
p 

∫ φend 

φ

d φ
V(φ0 ) 

−V 

′ ( φ0 ) − 1 
2 ( φ − φ0 ) 2 V 

′′′ (φ0 ) 

= N 0 

[
arctan 

(
N 0 η(φ) 

2 

)
− arctan 

(
N 0 η(φend ) 

2 

)]
, (15) 

where N 0 is a quantity defined and calculated as 

N 0 ≡ 1 

M 

2 
p 

√ 

2V(φ0 ) 2 

V 

′ ( φ0 )V 

′′′ ( φ0 ) 
= 

2 

15 

α− 1 
2 

(
9 |A| 

10 λM p 

) 1 
2 

. (16) 

Since the term inside [...] in Eq. ( 15 ) is smaller than π , we need N 0 � 1 to have a sufficient
number of e-folds. Hence, α should be fine-tuned as 

α � 9 |A| 
10 λM p 

. (17) 

The slow-roll parameters as functions of φ are calculated as 

η(φ) = M 

2 
p 

V 

′′ (φ) 
V(φ) 

	 M 

2 
p 

V 

′′′ (φ0 ) 
V(φ0 ) 

(φ − φ0 ) = 30 

√ 

2 

⎛ 

⎝ 

10 λ

9 |A| M 

1 
3 
p 

⎞ 

⎠ 

3 
4 

(φ − φ0 ) , (18) 

ε(φ) = 

M 

2 
p 

2 

(
V 

′ (φ) 
V(φ) 

)2 

	 

M 

2 
p 

2 

( 

V 

′ ( φ0 ) + 

1 
2 ( φ − φ0 ) 2 V 

′′′ (φ0 ) 

V(φ0 ) 

) 2 

= 

1 

14400 

(
9 |A| 

10 λM p 

) 3 
2 
(

4 

N 

2 
0 

+ η(φ) 2 
)2 

. (19) 

Using the above results, the scalar power spectrum amplitude, the scalar spectral index, and the
tensor-to-scalar ratio at the pivot scale k ∗ are computed as 

P ζ (k ∗) = 

V(φ∗) 
24 π2 M 

4 
p ε(φ∗) 

	 

V(φ0 ) 
24 π2 M 

4 
p ε(φ∗) 

= 

16 

π2 

10 λ|A| 
9 M p 

(
4 

N 

2 
0 

+ η(φ∗) 2 
)−2 

, (20) 

n s = 1 − 6 ε(φ∗) + 2 η(φ∗) , and r = 16 ε(φ∗) , respecti v el y, w here φ∗ is the inflaton vacuum expec-
tation value (VEV) when the pivot scale exited the horizon. 

Let us determine φend . The slow-roll condition is violated when | η(φ) | = 1 or ε(φ) = 1
holds. Equations ( 18 ) and ( 19 ) gi v e that | η(φ) | = 1 holds before ε(φ) = 1 holds because
9 |A| / (10 λM p ) < 1 and N 0 � 1 . Hence φend is determined by the relation η(φend ) = −1 , which
yields 

φend − φ0 = − 1 

30 

√ 

2 

⎛ 

⎝ 

9 |A| M 

1 
3 
p 

10 λ

⎞ 

⎠ 

3 
4 

. (21) 

Note that | φend − φ0 | is much smaller than φ0 because there holds 

| φend − φ0 | 
φ0 

	 

1 

60 

(
9 |A| 

10 λM p 

) 1 
2 

� 1 . (22) 
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As a result, the Hubble rate at the end of inflation, H (φend ) , is approximated by that during
inflation, H inf , and is calculated as 

H (φend ) 	 H inf 	 

√ 

V (φ0 ) 
3 M 

2 
p 

= 

√ 

2 

15 

|A| 
(

9 |A| 
10 λM p 

) 1 
4 

. (23) 

4. Reheating 

The decay of the radial component of the flat direction φ reheats the uni v erse. To gain insight
into the process of reheating, we compare the Hubble ra te a t the end of inflation H (φend ) with
the total width of φ. 

For simplicity, hereafter we focus on the case where the squarks comprising the flat direc-
tion are the superpartners of light flavor quarks. Since their Yukawa couplings are small, and
gi v en the SUSY particle mass spectrum hierarchy in Eq. ( 7 ), the main decay channel of φ is
the decay into a gluino and a quar k/antiquar k. Thus, the total width of φ, denoted by �φ, is
estimated as 

�φ ∼ 1 

6 

{ 
�
(

˜ u 

c 
i → u 

† 
i ˜ g 

)
+ �

(
˜ d 

c 
j → d 

† 
j ˜ g 

)
+ �

(
˜ d 

c 
k → d 

† 
k ̃  g 

)
+ �

(
˜ u 

c † 
i → u i ̃  g 

)
+ �

(
˜ d 

c † 
j → d j ̃  g 

)
+ �

(
˜ d 

c † 
k → d k ̃  g 

)} 

= 

1 

48 π

⎧ ⎪ ⎨ 

⎪ ⎩ 

m ˜ u i 

( 

1 − M 

2 
˜ g 

m 

2 
˜ u i 

) 2 

+ m ˜ d j 

⎛ 

⎝ 1 − M 

2 
˜ g 

m 

2 
˜ d j 

⎞ 

⎠ 

2 

+ m ˜ d k 

( 

1 − M 

2 
˜ g 

m 

2 
˜ d k 

) 2 
⎫ ⎪ ⎬ 

⎪ ⎭ 

8 g 

2 
s 

3 

, (24) 

where M ˜ g denotes the gluino mass and g s the quantum chromodynamics (QCD) gauge cou-
pling. Here the quark masses are neglected. 

If there is no hierarchy among m ˜ u i , m ˜ d j 
, m ˜ d k 

, the total width is approximated by 

�φ ∼ m �

16 π

( 

1 − M 

2 
˜ g 

m 

2 
�

) 2 
8 g 

2 
s 

3 

, (25) 

where m � is the mass of the flat direction. On the other hand, H (φend ) in Eq. ( 23 ) can be
rewritten with m � through Eq. ( 10 ) as 

H (φend ) 	 

2 

√ 

10 

15 

m �

(
9 |A| 

10 λM p 

) 1 
4 

. (26) 

If 9 |A| / (10 λM p ) is sufficiently small such that 

1 

16 π

( 

1 − M 

2 
˜ g 

m 

2 
�

) 2 
8 g 

2 
s 

3 

� 2 

√ 

10 

15 

(
9 |A| 

10 λM p 

) 1 
4 

, (27) 

then the total width of φ far exceeds the Hubble rate. It follows that cosmic expansion during
the process of reheating is negligible and rehea ting tempera ture T R 

satisfies, by energy conser-
vation, 

π2 

30 

g eff T 

4 
R 

	 3 M 

2 
p H (φend ) 2 , (28) 

where g eff is the effecti v e relati vistic degree of freedom at temperature T = T R 

. Also, the scale
factor at the reheating is approximated by that at the end of inflation. 
5/12 
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Fig. 1. The Feynman diagram for the decay case : ˜ u 
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i → Q 
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5. Nonthermal baryogenesis 
φ also decays into a Higgsino + a quar k/antiquar k, but the branching ratio is subdominant.
Howe v er, this decay mode gi v es rise to the baryon number asymmetry of the uni v erse through
nonthermal baryogenesis, as we discuss below. 

There is a small difference in the partial widths of φ decaying into a Higgsino and a quark,
and a Higgsino and an antiquark. This difference comes from the combination of the CP phase
and the strong phase [ 16 ]. Here, the CP phase is provided by those of the squark A-terms and μ-
term, whereas the strong phase is provided by the 1-loop diagrams involving the squark–Higgs
boson–quark loop and the quark–Higgsino–squark loop depicted in Fig. 1 . 

Let us denote by Q 

u 
l , Q 

d 
l the up-type and down-type isospin-doub let quar ks with flavor l ,

and denote by 

˜ H 

0 , ˜ H 

± the neutral and charged components of Higgsinos. The difference be-
tween the ˜ u 

c 
i → Q 

u † 
l + 

˜ H 

0 † and ˜ u 

c † 
i → Q 

u 
l + 

˜ H 

0 partial widths is calculated by the following
formula [ 17 , 18 ] (we have analogous formulas for the decays involving a chargino and the de-
cays of ˜ d 

c 
i ): 
6/12 
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�( ̃ u c i → Q 

u † 
l + 

˜ H 

0 † ) − �( ̃ u c † i → Q 

u 
l + 

˜ H 

0 ) 

= 

1 
16 πm ˜ u i 

( 
1 − | μ| 2 

m 

2 
˜ u i 

) 
| μ| 
[ 

3 ∑ 

r =1 

2 i 
{ 

y u ∗l i 

(
y d y d† 

)
lr 

(
A 

u 
ri − μ∗y u ri 

)− y u l i 

(
y d y d† 

)∗
lr 

(
A 

u ∗
ri − μ y u ∗ri 

)} 

×
⎧ ⎨ 

⎩ 

∫ 
d 4 � 

(2 π ) 4 
(2 q · � − 2 q 2 )(−iπ ) 2 δ

(
� 2 − m 

2 
H 

)
δ
(

(� − q ) 2 
)

P 
1 

(� − p) 2 − m 

2 
˜ Q r 

(29) 

+ 

∫ 
d 4 � 

(2 π ) 4 
(2 q · � − 2 q 2 )(−iπ ) 2 P 

1 

� 2 − m 

2 
H 

δ
(

(� − q ) 2 
)

δ
(

(� − p) 2 − m 

2 
˜ Q r 

)
(30) 

+ 

∫ 
d 4 � 

(2 π ) 4 
(2 q · � − 2 q 2 )(−iπ ) 2 δ

(
� 2 − m 

2 
H 

)
P 

1 
(� − q ) 2 

δ
(

(� − p) 2 − m 

2 
˜ Q r 

)} 
(31) 

+ 

3 ∑ 

s =1 

2 i 
{ 

y u ∗l i y d ls (y 
d† y u ) si μ − y u l i y 

d∗
ls (y d† y u ) ∗si μ

∗
} 

×
{ ∫ 

d 4 � 
(2 π ) 4 

(−2 q · � + 2 q · p)(−iπ ) 2 δ
(
� 2 − | μ| 2 

)
δ
(

(� − q ) 2 − m 

2 
˜ d s 

)
P 

1 
(� − p) 2 

(32) 

+ 

∫ 
d 4 � 

(2 π ) 4 
(−2 q · � + 2 q · p)(−iπ ) 2 P 

1 
� 2 − | μ| 2 δ

(
(� − q ) 2 − m 

2 
˜ d s 

)
δ
(

(� − p) 2 
)

(33) 

+ 

∫ 
d 4 � 

(2 π ) 4 
(−2 q · � + 2 q · p)(−iπ ) 2 δ

(
� 2 − | μ| 2 

)
P 

1 

(� − q ) 2 − m 

2 
˜ d s 

δ
(

(� − p) 2 
)⎫ ⎬ 

⎭ 

⎤ 

⎦ , (34) 

where P indicates the principal value, m ˜ Q r 
, m ˜ d s 

respecti v ely denote the soft SUSY breaking mass

of isospin-doub let squar k 

˜ Q r and isospin-singlet down-type squark 

˜ d s ( r, s are flavor indices),
m H 

denotes the mass of a Higgs boson, and p, q, p − q ar e r especti v ely the four-momentum of 
the e xternal squar k, quar k, and Higgsino. Here the mass of the internal quark is neglected. We
choose the unitary gauge so that we do not need to consider Goldstone bosons propagating in
the loop. Still, the multiple physical Higgs bosons of the MSSM, which have different masses
and couplings, propagate in the loop, and we sum over them. This summation is understood
implicitly in the above expression. Each integral is calculated as 

( 29 ) = − m 

2 
H 

32 π
(

m 

2 
˜ u i 

− | μ| 2 
) log 

∣∣∣∣∣∣∣
{ (

m 

2 
˜ Q r 

− | μ| 2 
)(

m 

2 
˜ u i 

− | μ| 2 
)

+ | μ| 2 m 

2 
H 

} 
M 

2 
u l 

m 

2 
H 

(
m 

2 
˜ u i 

− | μ| 2 
)2 

∣∣∣∣∣∣∣ , (35) 

( 30 ) = − 1 

32 π
(

m 

2 
˜ u i 

− | μ| 2 
)

| μ| 2 

{ ∣∣∣m 

2 
˜ Q r 

− | μ| 2 
∣∣∣ (m 

2 
˜ u i − | μ| 2 )

− Sgn 

(
m 

2 
˜ Q r 

− | μ| 2 
)

| μ| 2 m 

2 
H 

log 

∣∣∣∣∣∣1 + 

(
m 

2 
˜ Q r 

− | μ| 2 
)(

m 

2 
˜ u i 

− | μ| 2 
)

| μ| 2 m 

2 
H 

∣∣∣∣∣∣
} 

, (36) 

( 31 ) = 

1 

32 π
(

m 

2 
˜ u i 

− | μ| 2 
)

m 

2 
˜ u i 

{ 
F 

(
m H 

, m ˜ Q r 
, m ˜ u i 

) (
m 

2 
˜ u i − | μ| 2 )

− m 

2 
˜ u i m 

2 
H 

log 

∣∣∣∣∣∣∣
(

m 

2 
˜ u i 

− m 

2 
˜ Q r 

+ m 

2 
H 

)
− F 

(
m H 

, m ˜ Q r 
, m ˜ u i 

)
− 2 m 

2 
˜ u i 

m 

2 
H 

m 

2 
˜ u i 
−| μ| 2 (

m 

2 
˜ u i 

− m 

2 
˜ Q r 

+ m 

2 
H 

)
+ F 

(
m H 

, m ˜ Q r 
, m ˜ u i 

)
− 2 m 

2 
˜ u i 

m 

2 
H 

m 

2 
˜ u i 
−| μ| 2 

∣∣∣∣∣∣∣
⎫ ⎪ ⎬ 

⎪ ⎭ 

, (37) 
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( 32 ) = 

m 

2 
˜ u i 

+ m 

2 
˜ d s 
− 2 | μ| 2 

32 π
(

m 

2 
˜ u i 

− | μ| 2 
) Sgn 

(
m 

2 
˜ d s 
− | μ| 2 

)

× log 

∣∣∣∣∣∣∣
(

m 

2 
˜ u i 

+ m 

2 
˜ d s 
− 2 | μ| 2 

)(
m 

2 
˜ u i 
m 

2 
˜ d s 
− | μ| 4 

)
M 

2 
u l (

m 

2 
˜ u i 

− | μ| 2 
)2 (

m 

2 
˜ d s 
− | μ| 2 

)2 

∣∣∣∣∣∣∣ , (38) 

( 33 ) = 

1 

32 π
(

m 

2 
˜ u i 

− | μ| 2 
)

| μ| 2 

{ ∣∣∣m 

2 
˜ d s 
− | μ| 2 

∣∣∣ (m 

2 
˜ u i − | μ| 2 )

− Sgn 

(
m 

2 
˜ d s 
− | μ| 2 

)
| μ| 2 

(
m 

2 
˜ u i + m 

2 
˜ d s 
− 2 | μ| 2 

)

× log 

∣∣∣∣∣∣1 + 

(
m 

2 
˜ d s 
− | μ| 2 

)(
m 

2 
˜ u i 

− | μ| 2 
)

| μ| 2 
(

m 

2 
˜ u i 

+ m 

2 
˜ d s 
− 2 | μ| 2 

)
∣∣∣∣∣∣
} 

, (39) 

(34) = − 1 

32 π
(

m 

2 
˜ u i 

− | μ| 2 
)

m 

2 
˜ u i 

×

⎧ ⎪ ⎨ 

⎪ ⎩ 

(
m 

2 
˜ u i − | μ| 2 )2 + m 

2 
˜ u i 

(
2 | μ| 2 − m 

2 
˜ u i − m 

2 
˜ d s 

)
log 

∣∣∣∣∣∣∣1 −
(

m 

2 
˜ u i 

− | μ| 2 
)2 

| μ| 4 − m 

2 
˜ u i 
m 

2 
˜ d s 

∣∣∣∣∣∣∣
⎫ ⎪ ⎬ 

⎪ ⎭ 

, (40) 

where F(a, b, c ) = 

√ 

| a 

4 + b 

4 + c 4 − 2 a 

2 b 

2 − 2 b 

2 c 2 − 2 c 2 a 

2 | , Sgn stands for the sign function,
and M u l denotes the mass of the final-state up-type quark. Here M u l is neglected unless it ap-
pears in logarithm and gi v es a large contribution. 

We define the CP-violation parameter for the φ decay, εφ, as 

εφ = 

1 

�φ

3 ∑ 

l=1 

1 

6 

{ 
�
(

˜ u 

c 
i → Q 

u † 
l 

˜ H 

0 † 
)

+ �
(

˜ d 

c 
j → Q 

d† 
l 

˜ H 

0 † 
)

+ �
(

˜ d 

c 
k → Q 

d† 
l 

˜ H 

0 † 
)

+ �
(

˜ u 

c 
i → Q 

d† 
l 

˜ H 

−
)

+ �
(

˜ d 

c 
j → Q 

u † 
l 

˜ H 

+ 

)
+ �

(
˜ d 

c 
k → Q 

u † 
l 

˜ H 

+ 

)
− �

(
˜ u 

c † 
i → Q 

u 
l 

˜ H 

0 
)

− �
(

˜ d 

c † 
j → Q 

d 
l 

˜ H 

0 
)

− �
(

˜ d 

c † 
k → Q 

d 
l 

˜ H 

0 
)

− �
(

˜ u 

c † 
i → Q 

d 
l 

˜ H 

+ 

)
− �

(
˜ d 

c † 
j → Q 

u 
l 

˜ H 

−
)

− �
(

˜ d 

c † 
k → Q 

u 
l 

˜ H 

−
)} 

, (41) 

where �φ is the total width gi v en in Eq. ( 24 ). 
The decay of φ nonthermally generates the baryon number of the uni v erse. The baryon num-

ber yield from φ decay, n B 

/s | from φ decay , is gi v en by 

n B 

s 

∣∣∣
from φ decay 

= −1 

3 

εφ

n �

s 

∣∣∣∣
at φ decay 

, (42) 

where n B 

denotes baryon number density, s entropy density, and n � the number density of the
particle corresponding to the flat direction �. Here n �/s at the time of φ decay is expressed
with the reheating temperature T R 

and the mass term of the flat direction m � as 

n �

s 

∣∣∣
at φ decay 

= 

3 

4 

g eff 

g ef f , S 

T R 

m �

, (43) 
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where g ef f , S is the effecti v e entropy degree of freedom a t tempera ture T = T R 

. The sphaleron
process alters the baryon number yield and the value at present is gi v en by [ 19 , 20 ]: 

n B 

s 

∣∣∣
present 

= 

8 

23 

n B 

s 

∣∣∣
from φ decay 

. (44) 

6. Numerical analysis 
We present a benchmark parameter set that successfully explains the observed power spectrum
amplitude P ζ (k ∗) and the scalar spectral index n s , satisfies the bound on the tensor-to-scalar
ratio r , and further explains the observed baryon number density through nonthermal baryo-
genesis discussed in Section 5 . 

The benchmark is given as follows: The flat direction is assumed to consist of isospin-singlet
up, down, and strange squarks, i.e. i = 1 , j = 1 , and k = 2 . Also, the relevant parameters take
the following values: 

λ = 3 . 87 , 

m ˜ u 1 = m ˜ u 2 = m ˜ u 3 = m ˜ d 1 
= m ˜ d 2 

= m ˜ d 3 
= 3000 GeV , 

m ˜ Q 1 
= m ˜ Q 2 

= m ˜ Q 3 
= 4000 GeV , 

M ˜ g = 2000 GeV , 

μ = e −i 0 . 0000850 · 2000 GeV , 

A 

u = A 

d = 0 , 

m H 

± = m H 

0 = m A 

= 4000 GeV , 

tan β = 3 , 

φ∗ − φ0 

φ0 
= −1 . 07 × 10 

−11 , (45) 

where m H 

±, m H 

0 , m A 

respecti v ely denote the masses of the charged, heavy CP-e v en, and CP-
odd Higgs bosons. The Yukawa coupling constants y 

u , y 

d and the QCD gauge coupling g s are
computed from experimental data as in Ref. [ 21 ] at the renormalization scale of 2000 GeV. It is
easy to confirm that Eq. ( 27 ) holds with the above parameter values. Ther efor e, the number of 
e-folds since the pivot scale exited the horizon is calculated with Eq. ( 28 ) along with Eq. ( 23 )
and Eq. ( A.4 ) in the Appendix. 

For the above benchmark, the cosmological observables are predicted as 

P ζ (k ∗) = 2 . 1 × 10 

−9 , 

n s = 0 . 9649 , 

r = 9 . 3 × 10 

−31 , 

n B 

s 

∣∣∣
present 

= 8 . 7 × 10 

−11 . (46) 

The above predictions are all consistent with the current data [ 22 , 23 ]. This proves that our
scenario of inflection point inflation and nonthermal baryogenesis that utilizes the MSSM ud d 

flat direction is viable. 
We discuss the reheating temperature and its implications. For the above benchmark, the

rehea ting tempera ture T R 

is found to be 

T R 

= 3 . 4 × 10 

8 GeV . (47) 
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With such a high reheating temperature, the gravitino problem [ 24 , 25 ] can occur. Howe v er, the
se v erity of the gravitino problem depends on the soft SUSY breaking mechanism that we do
not specify, and so this issue is beyond the scope of the present paper. 

Since the reheating temperature is much higher than the soft SUSY breaking masses, the
MSSM particles, including the one-particle states of squark fields that have constituted the
inflaton φ, reach thermal equilibrium after the reheating. Because the interactions of MSSM
particles conserve baryon and lepton numbers, the baryon number yield created from the φ de-
cay is not washed out by these interactions. The difference between the interactions of MSSM
particles that conserve baryon and lepton numbers, and the decay of the inflaton φ that cre-
ates the baryon number, comes from the fact that φ is a superposition of a squark field and
an antisquark field. As a result, φ decays into both a quark + gaugino/Higgsino and an anti-
quark + gaugino/Higgsino, and asymmetry in the partial widths of the quark decay mode and
the antiquark decay mode induces a nonzero baryon number. Conversely, such a superposition
state cannot be created from the interactions of MSSM particles, and it should be pr epar ed as
an initial condition. 

7. Conclusion 

We have proposed a scenario where a ud d flat direction of the MSSM serves as the inflaton of 
inflection point inflation, and its decay at the reheating directly generates the baryon asymmetry
of the uni v erse. We hav e deri v ed the expressions for the cosmological parameters, and further
calculated the CP asymmetry parameter and the baryon number yield for the decay of the
inflaton. We have confirmed that this scenario is compatible with the Planck/BICEP data on
P ζ (k ∗) , n s and the constraint on r , and successfully explains the observed baryon number density
of the uni v erse. 
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3 . 

Appendix 

In order to solve the horizon problem, the total number of e-folds N total should satisfy the
following bound: 

1 

H inf 
e N total 

a (t rh ) 
a (t end ) 

a 0 

a (t rh ) 
> 

1 

H 0 
, (A.1) 

where H inf is the Hubble rate during inflation, t end , t rh respecti v ely denote the time at the end
of inflation and at the reheating, a 0 is the scale factor at present, and H 0 = 67 km/s/Mpc is
the Hubble rate at present [ 26 ]. If the entropy is conserved from t = t rh to the present, we have
a 0 /a (t rh ) = (g eff T 

3 
R 

/g S, eff , 0 T 

3 
0 ) 

1 / 3 , where T R 

is the reheating temperature, g eff is the effecti v e rel-
ativistic degr ee of fr eedom at the reheating, T 0 = 2 . 73 K is the cosmic microwave background
(CMB) tempera ture a t present, and g S, eff , 0 = 43 / 11 is the effecti v e entrop y degr ee of fr eedom
at present. By inserting the above values, the condition for solving the horizon problem is recast
10/12 
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into 

N total > 68 − log 

a (t rh ) 
a (t end ) 

+ log 

H inf 

1 GeV 

− log 

T R 

1 GeV 

− 1 

3 

log g eff . (A.2) 

Here a ( t rh ) /a ( t end ) depends on details of the reheating process. 
The number of e-folds since the comoving scale k ∗ exited the horizon until the end of inflation

N(φ∗) satisfies 

H inf 	 H (φ∗) = 

k ∗
a (t ∗) 

= 

k ∗
a 0 

a 0 

a (t rh ) 
a (t rh ) 
a (t end ) 

e N(φ∗ ) . (A.3) 

For k ∗/a 0 = 0 . 05 Mpc −1 , we get 

N(φ∗) = 62 − log 

a (t rh ) 
a (t end ) 

+ log 

H inf 

1 GeV 

− log 

T R 

1 GeV 

− 1 

3 

log g eff . (A.4) 

For this k ∗, the condition for solving the horizon problem is r e-expr essed as 

N total > 6 + N(φ∗) . (A.5) 
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