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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
baryogenesis scenario where the decay of the inflaton at the reheating directly generates
baryon asymmetry of the universe. Specifically, we consider a udd flat direction that is lifted
by a superpotential operator of dimension 6, and show that inflection point inflation with
the udd flat direction can be compatible with cosmological observations and can account
for the baryon asymmetry of the universe.

Subject Index C10, E81

1. Introduction

The nature of the inflaton that drove the primordial inflation [1], and the origin of the matter—
antimatter asymmetry of the universe [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 attractive
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 derivative of
the inflaton potential is small but of nonzero value, which allows the scalar spectral index 7,
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 i1s 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 Creative Commons Attribution License (https://creativecommons.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?

¥20Z 48qWaA0N g UO Jesn ASTJ U0.J0IYouAS usuoue|3 sayosined Aq 98/928/2/L0DE L L/L L/i¥Z0Z/eone/deid/woo dnoolwspede)/:sdiy woll pepeojumo(d


mailto:s199824@matsu.shimane-u.ac.jp
https://creativecommons.org/licenses/by/4.0/

PTEP 2024, 113C01 N. Haba et al.

Specifically, we consider the case where a udd 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, (k) and the scalar spectral index n;, satisfies the bound on the tensor-to-scalar ratio r, and
moreover explains the observed baryon number density through nonthermal baryogenesis.

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 udd flat direction, and derive 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 « to the mass relation
equation for a bona fide inflection point inflation that leads to a nonzero first derivative of the
potential at the inflection point. We then derive the expressions for the slow-roll parameters 7,
€, the scalar power spectrum amplitude P (k,), and the Hubble rate during and at the end of
inflation. In Section 4, we investigate the reheating of the universe through the decay of the
radial component of the udd direction, which is identified with the inflaton. In Section 5, we
show that the decay mode of the flat direction decaying into a quark/antiquark 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 universe.
Section 7 concludes the paper.

2. Model
The superpotential of the model is given by

W = Watssw + %M; (vipiny)’ (1)
where Wyssm denotes the superpotential of the MSSM, and the second term is a higher-
dimensional term. Here U¢, D¢ respectively denote the isospin-singlet up-type and down-type
quark superfields, i, j, k are flavor indices, A is a coupling constant that is taken to be real posi-
tive, M, is the reduced Planck mass (2.44 x 10'® 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

. .t~ .t~ ~ ~\2
Viet D m i + m d5'dl 4 mid it df — s (adsdy) + b, @)

i (
3
2M;
where i, d° respectively denote the scalar components of U¢, D.
We consider a udd flat direction in the MSSM, given by

o 1 ~\B 1 ~\V 1
) =—@, (dfY) =—=@, (d]) =—=09, 3
@) =70 (4) = (&) = 3
where «, 8, y are color indices, and @ is a complex scalar field that parametrizes the flat di-
rection. The flatness constraints require o # 8 # vy # « and j # k. The potential for the flat
direction reads

A 22
®° — h.c. + |10

V() = m3| D) — —
(@) =mol®F = A5y 8TMS

: (4)
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where m3, = (m2 + mfl + mfl )/3. We rewrite the flat direction as ® = ¢e’? //2, where ¢ de-
1 ] /‘,
notes the radial component that is real. Then the potential is recast into
A 22
60 + 6
216Mg¢ cos(66 -+ 6.4) + 2592M¢

where 64 is the phase of .A. This potential is minimized for 6 satisfying cos(60 + 6,4) = 1. When
0 is stabilized at such a value, the potential for ¢ becomes
A A2
¢’ +
216 M ; 2592 M 1(3
We assume that the SUSY particle masses have the following hierarchy:

9", Q)

mz
V(®)=V(¢,0) = 7%2 — A

2
V(g) = Z2¢" — A ?". ©)

(Higgsino and gaugino masses) < (isospin-singlet squark masses)
< (isospin-doublet squark masses). (7

As a result, the squarks that constitute the flat direction decay into a gaugino+a
quark/antiquark and a Higgsino+a quark/antiquark. The latter decay mode realizes nonther-
mal baryogenesis. The parameters relevant to nonthermal baryogenesis are the quark Yukawa
couplings, u-term, and quark 4-terms, defined as follows:

Wwmssm D V5 Q;HUS + y?,- Q;H,D + u H,H,, ®)

Vit D A% @ H,i5 + A §;Hady, ©)
where Q denotes the isospin-doublet quark superfields, § their scalar components, and H,, H,
represent 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|/(10AM),) < 1.

To realize the inflection point inflation, the inflaton potential (6) should have a quasi-
inflection point. The condition for the existence of a quasi-inflection point is

2 _ A2
my = (1 + a0, (10)

where |o| <« 1. We define the quasi—inflection point, ¢ = ¢, as the point satisfying V’(¢¢) = 0
and V'(¢o) o a. Also, without loss of generality, we consider only the positive quasi—inflection
point ¢y > 0. Given Eq. (10), it is obtained as

IAMN* )
¢0_¢§( o (1—3—2)+0(a ). )
The potential and its first and third derivatives at ¢ = ¢, read
2 (9AIM; :
V(¢o)—%|«4l< L)+ 0@, (12)
, Y CL AN
V(d)O)_alOﬁ'A' < Ton + O(a”), (13)
V(o) = —— AP AN, K 0 14
@0 = 554 (Tt +ow. (14)

We restrict ourselves to the case with « > 0 so that V/'(¢y) > 0 holds.
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In the inflection point inflation, ¢ slow-rolls from the vicinity of the quasi-inflection point, to
¢ = ¢ena at which the slow-roll condition is violated and inflation ends. The number of e-folds
as a function of ¢ is calculated as

1 Pend V(¢) 1 /¢cnd V(d)o)
N(p) = — d >~ — d
@ M; /¢ ¢_V/(¢) M; Jy ¢—V’(¢o) — 1(¢ — )2V (o)

N [arctan (No Z(¢>)> aretan (W)} , (15)

where N is a quantity defined and calculated as

=

1] V@ 2
M2\ V'(¢o)V"(do) — 15

=

Ny =

9] Al
(0w, a9

Since the term inside [...] in Eq. (15) is smaller than 7, we need Ny >> 1 to have a sufficient

number of e-folds. Hence, o should be fine-tuned as
9IA|

10AM),

(02 (17)

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

Vi) V() n )
= M>*—"1 ~ P — o) = 30V2 — o), 18
1(9) = My 5 = My <5056 = d0) = 30V2 (MM;) @—90),  (18)

M; (V/(¢))2 M (V/(¢o) + 1 - ¢0)2VW(¢0)>2

“0=7 V) =2 V(o)

1 [ 91A] \} /[ 4 )\
= — — . 19
14400 (10AM,,) (Ng (o) (15
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

V@) Vi) 161044) ( 4

Pr(k,) = ~ =
¢ () 2472 Me(p.) ~ 24m Mie(d) 72 IM, \N]

)
+ n(¢*)2> L)

ng = 1 — 6e(ps) + 2n(ps), and r = 16e(¢,), respectively, where ¢, is the inflaton vacuum expec-
tation value (VEV) when the pivot scale exited the horizon.

Let us determine ¢¢,q. The slow-roll condition is violated when [n(¢)| =1 or &(¢) =1
holds. Equations (18) and (19) give that |n(¢)| = 1 holds before £(¢) = 1 holds because
9|A|/(10AM,) < 1 and Ny > 1. Hence ¢eng is determined by the relation 1(¢eng) = —1, which
yields

1 (oang )
¢end¢0—30\/§( 10 ) . (21)

Note that |¢eng — ¢o| 1s much smaller than ¢y because there holds

|Gend — B0l 1 ( 9| A| )2 <1

¢ 60 \10AM,

(22)
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As a result, the Hubble rate at the end of inflation, H (¢enq), is approximated by that during
inflation, Hj,¢, and is calculated as

Ve VE 94l
meo_mﬁ_/3M;—lgm(mM@). (23)
4. Reheating

The decay of the radial component of the flat direction ¢ reheats the universe. To gain insight
into the process of reheating, we compare the Hubble rate at the end of inflation H (¢enq) with
the total width of ¢.

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
given the SUSY particle mass spectrum hierarchy in Eq. (7), the main decay channel of ¢ is
the decay into a gluino and a quark/antiquark. Thus, the total width of ¢, denoted by I'y, is
estimated as

Ty ~é{r(ﬁ;‘—> ulg) + 1 (d — dig) + 1 (d — df2)

+T (ﬁfT — u,g) +T (J;T — d,g) +T (J]:T — dkg)}

2

2 2
1 ( M%) M? MZ\"| 82
=—dm [1— =) +m; [1 -] +m; (1 -2 =5 (24)
uj 2 dj 2 d 2 ’
487 n; mJ/ k my 3

where M; denotes the gluino mass and g, the quantum chromodynamics (QCD) gauge cou-
pling. Here the quark masses are neglected.
If there is no hierarchy among m;,, m AL the total width is approximated by

) 2
F¢N@<1_%> 8¢ (25)

where mg 1s the mass of the flat direction. On the other hand, H(¢eng) in Eq. (23) can be
rewritten with mg¢ through Eq. (10) as

2710 9JA| \3
H(¢end): 15 md>(10LA|4 ) .
)4

If 91A|/(10A M) is sufficiently small such that
2 1
1 M;\"8 210 /9 3
(o Me) s 2VI0(OIALY @7)
167 z 3 15 10AM,

Mg
then the total width of ¢ far exceeds the Hubble rate. It follows that cosmic expansion during
the process of reheating is negligible and reheating temperature 7y satisfies, by energy conser-
vation,

(26)

7.[2

30
where ger 1s the effective relativistic degree of freedom at temperature 7' = T. Also, the scale
factor at the reheating is approximated by that at the end of inflation.

et T = 3My H (ena)’, (28)
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( tree ) Q}L

(Wii) Fyut

( 1-loop )

Fig. 1. The Feynman diagram for the decay case : i — Q;’T + HOT,

5. Nonthermal baryogenesis

¢ also decays into a Higgsino+a quark/antiquark, but the branching ratio is subdominant.
However, this decay mode gives rise to the baryon number asymmetry of the universe through
nonthermal baryogenesis, as we discuss below.

There is a small difference in the partial widths of ¢ 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 -
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 Oy, Q;" the up-type and down-type isospin-doublet quarks with flavor /,
and denote by A°, H* the neutral and charged components of Higgsinos. The difference be-
tween the & — O/ + A and &' — Q¥+ H° 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;"):
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@ — o' + A" ~ 1@ - 0f + H”)

= 16nlmﬁ,- ( ] )Iu [22: {y ( g dT) (A% =y — ot (ydyd'> (4 —uy?i")}

d*e o 1
x [ ) 2q-€ —2q°)(—im) 8( —mH) ((E —q) ) W (29)
d*e
+ | 572q- € =24 (—im)*P 8 ((€—q)?)8(€—py —m} 30
[ e aremrr oo -) &
d* 1
+ / (2n§4 Qg - € —24*)(—in )*8 (zz - mi,) P ((z — Py - ma)} (31)
+ 2 v 0= i 0 )
d* 1
x [/(2n§4(—2q~i+2q~p)(—i7r)25 (52— |lt|2> ((5—4)2—’”‘2{) —pp (32)
2 1 2
[ a2 peimrp o (a2 - ) (- o) (33)
d*e 1
+ | G )4< 26424 i (€ = ) P o (- p)z)” (34)
ds

where P indicates the principal value, m o M. respectively denote the soft SUSY breaking mass
of isospin-doublet squark O, and isospin-singlet down-type squark d, (r, s are flavor indices),
my denotes the mass of a Higgs boson, and p, g, p — g are respectively the four-momentum of
the external squark, quark, 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

o 10 8 )
(29) = — T log ; .69
32 (2, — Il iy (m2 = 1l
1
(30) = - [ i3 = 1P| (3, = 1)
32 (w2 = ) 12 L
(2, = 1) (2 = 1P
— Sgn () — 1) iy log |1+ ~—2—— .06
| ] =my;
1
(31 = {F (i mg,ma,) (2, = 1)
327 (mi — I;le) m;
2m% m?
(mi — m% —i—mi,) —F(mH,mQ_,ml;,.) — A
B 5 5 1 i X T mﬁ’._lul 37
MMy 108 2m2 m?, ’ (37)
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mi 4+ m%: —2|ul?
(32)= ———= Sen (m? — |ul?)
32 (mzl — |/,L|2) !
(2 + 2 =20 ) (23 = ul*) M2

2 2 ’ 2 2 ’
(2 = 1P) " (m2 = 1)

2 = 1P| (2, = IneP)

x log ) (38)

1
327 (2 = 1nl?) P

— Sgn (%, — |ul?) 1l (m}, + 0y = 21P?)

(mz - |M|2> (mﬁl_ — |M|2> } o)

(33) =

x log |l +
e (mgl_ +m? — 2|M|2>
(34) = - 1

327 (mil — |M|2) méi

2

2 2
2 2\2 2 2 2 2 (ma[ —Iul )
{3, = 1) 4 (21l =, = ) log |1~ = | @

where F(a, b, ¢) = /|a* + b* + ¢4 — 2a?b> — 2h2c2 — 2c2a?|, Sgn stands for the sign function,
and M,, denotes the mass of the final-state up-type quark. Here M,, is neglected unless it ap-
pears in logarithm and gives a large contribution.

We define the CP-violation parameter for the ¢ decay, €4, as

= %Zé [r (@~ of'a”) +r (& - of' i) +r (& — o ")
4T <u - Q;“FI—) 4T (ci;f - Q7*FI+) 4T (d}i — Qﬁ‘*ﬁﬁ)
-1 (& > orf*) -1 (4 > of ")~ (d - of ")

T (a;‘T = Q;’Eﬁ) -r (J;T = Q;'ﬁ*) -r (J,j* - Q;'Fl*)} , 41)

where I'y, is the total width given in Eq. (24).
The decay of ¢ nonthermally generates the baryon number of the universe. The baryon num-
ber yield from ¢ decay, np/5|from ¢ decay» 1S glven by

ng 1 no

: (42)

at ¢ decay

S Ifrom ¢ decay 3 N

where np denotes baryon number density, s entropy density, and ne the number density of the
particle corresponding to the flat direction ®. Here ng /s at the time of ¢ decay is expressed
with the reheating temperature 7 and the mass term of the flat direction mg as

ne _ 3 gt Tk

S lat¢ decay 4geff,S Wkp’

(43)
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where g s 1s the effective entropy degree of freedom at temperature 7 = Tx. The sphaleron
process alters the baryon number yield and the value at present is given by [19,20]:
"5 _ 3 m . (44)
S Ipresent 23 s from ¢ decay
6. Numerical analysis
We present a benchmark parameter set that successfully explains the observed power spectrum
amplitude P;(k,) and the scalar spectral index n,, 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:

A= 3.87,

mﬁ] = mﬁz = Wl;,3 = mzil = mtiz

= m; = 3000 GeV,

I’I/lQ1 = }’}’IQ2 = I’}’lQ3 = 4000 GCV,

M; = 2000 GeV,

w= e—i0.0000850 . 2000 GCV,

A=A =0,

mpy= = myo = my = 4000 GeV,

tan 8 = 3,

D= _ 107x 107, (45)

0
where my+, myo, my respectively denote the masses of the charged, heavy CP-even, and CP-

odd Higgs bosons. The Yukawa coupling constants 1%, ¢ and the QCD gauge coupling g, 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. Therefore, 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

Py (k) =2.1 x 1077,

ny = 0.9649,
r=9.3x 107",
15 —87x 107, (46)
S Ipresent

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 udd
flat direction is viable.

We discuss the reheating temperature and its implications. For the above benchmark, the
reheating temperature 7% is found to be

Tr = 3.4 x 10® GeV. (47)
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With such a high reheating temperature, the gravitino problem [24,25] can occur. However, the
severity 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 ¢, reach thermal equilibrium after the reheating. Because the interactions of MSSM
particles conserve baryon and lepton numbers, the baryon number yield created from the ¢ 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 ¢ that cre-
ates the baryon number, comes from the fact that ¢ is a superposition of a squark field and
an antisquark field. As a result, ¢ 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 prepared as
an initial condition.

7. Conclusion

We have proposed a scenario where a udd 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 universe. We have derived 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;(k,), nyand the constraint on r, and successfully explains the observed baryon number density
of the universe.
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Appendix
In order to solve the horizon problem, the total number of e-folds N, should satisfy the
following bound:

U Mo @) @0 1
I_Iinf a(tend) a(trh) HO '

(A.1)

where Hj,r is the Hubble rate during inflation, 7.4, ;1 respectively denote the time at the end
of inflation and at the reheating, ay is the scale factor at present, and Hy = 67 km/s/Mpc is
the Hubble rate at present [26]. If the entropy is conserved from ¢ = ¢, to the present, we have
ao/altm) = (gerr T3 /gs.err0 Ty )"/, where Tk is the reheating temperature, g is the effective rel-
ativistic degree of freedom at the reheating, 7y = 2.73 K is the cosmic microwave background
(CMB) temperature at present, and ggerr.0 = 43/11 is the effective entropy degree of freedom
at present. By inserting the above values, the condition for solving the horizon problem is recast
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into
a(tm) Hiyg R 1
1 — — — =1 ) A2
ag) 8T Gev [Gev 3 JB&dr (A-2)
Here a(t,,)/a(tenq) 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(¢,) satisfies

Ntotal > 68 — 10g

log

ke _ ki ag a([rh) eN(¢*)

Hyp ~ H(¢,) = —_ A3
FE IO = 000 T o attm) ) (A9
For k, /ag = 0.05 Mpc™!, we get
a(trh) Hinf R 1

N(¢,) =62 —1 1 —log—— — =1 . A4
(¢+) I tlog =y ~loe ey — 31088 (A4)

For this k,, the condition for solving the horizon problem is re-expressed as
Niotal > 6 + N(os). (A.5)
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