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1 Introduction

The observed Cosmic Microwave Background (CMB) not only strongly supports the existence
of inflation in the early universe, but also constrains many inflation models via curvature
and tensor perturbations [1]. The Higgs inflation [2] and the Starobinsky (R2-) inflation
models [3-5] have attracted a lot of attention as successful minimal extensions of the
Standard Model (SM) for inflation. In the Higgs inflation, the SM Higgs boson plays the
role of inflaton with a non-minimal coupling to the Ricci scalar. In the Starobinsky inflation,
the general relativity is modified with an R? term, which gives rise to a dual scalar field
(scalaron) as the inflaton. Both of these inflation models predict similar types of scalar
potential, in perfect agreement with the observed data.

The unitarity problem occurs due to the large non-minimal coupling in the original
Higgs inflation [6-9], so there is a need of introducing an extra degree of freedom below
the unitarity scale [10-18]. In this regard, the possibility of combining the Higgs and
Starobinsky models has been revisited due to the presence of the dual scalar field, scalaron,
in the Starobinsky model [19-22]. Indeed, it has been shown that the scalaron or sigma
field in the linearized action, in the Starobinsky model, unitarizes the Higgs inflation up



to the Planck scale [23-27]. There are more general sigma models unitarizing the Higgs
inflation [27] beyond the Starobinsky model.

In this article, we construct a Next-to-Minimal Supersymmetric Standard Model
(NMSSM) extension of the Higgs inflation in R?-supergravity and its dual-scalar supergravity
framework. There are a variety of motivations for low-energy supersymmetry (SUSY) such as
solutions to the hierarchy problem, gauge coupling unification, vacuum instability problem,
natural candidates for dark matter, etc. However, there has been no convincing evidence for
supersymmetric particles at the Large Hadron Collider (LHC) or precision measurements,
so there might be a little hierarchy between the weak scale and the superparticle masses.
Nonetheless, for the consistency of non-supersymmetric models at high energies and the
quantum theory of gravity, it is necessary to develop supergravity extensions of the inflation.

As it comes to a supersymmetric extension of inflation models, there is a question
on the influences of extra scalar fields on the inflatonary trajectory. For instance, the
Minimal Supersymmetric Standard Model (MSSM) for the Higgs inflation has been studied
in the framework of Jordan frame supergravity. In this case, the Higgs potential stems
from D-terms, so it vanishes along the D-flat direction for which the second Higgs field is
stabilized [28]. As a result, the model has been extended to the NMSSM where a singlet
chiral multiplet .S provides an additional Higgs potential. Even in this case, however, the
singlet scalar S becomes tachyonic during inflation, destablizing the Higgs inflation [29].
Therefore, it is necessary to extend the minimal frame function by a quartic term for the
singlet scalar S [30, 31] (See also refs. [32-34]). The lesson here is that it is important
to check the consistency in every extension of the minimal inflation models. A similar
discussion is also applied for the supergravity extension of the Starobinaky inflation [35-41]:
additional scalar fields required for supersymmetry lead to a tachyonic instability and
would destabilize the inflation [39]. Therefore, we also study these stability issues in the
R?-supergravity extensions of the Higgs-sigma field inflation.

We also discuss the importance of the equivalent frames describing the same physics,
because some symmetries and critical problems can be made more clear in one frame than
in the other. In the sigma-model frame for Higgs inflation where the conformal symmetry
is manifest, the Higgs kinetic term can be recast into a non-linear model type [25, 27], so
the unitarity problem can be seen clearly from the non-canonical form of the Higgs kinetic
terms [8, 10]. Moreover, in the presence of the R? term in the Higgs inflation, the dual-scalar
field for the R? term, called the sigma field, appears to respect the conformal symmetry and
internal symmetries in the sigma-model frame, so unitarity becomes manifest [25, 27]. We
introduce the equivalent frames for the Higgs-sigma inflation in a manifestly supersymmetric
way in conformal supergravity [42-46], thanks to a large gauge symmetry.

In our setup, we pursue a comprehensive description of the early Universe in a supergrav-
ity inflation model, from the inflationary dynamics towards the low-energy phenomenology
after SUSY breaking in the vacuum. We show the important roles of dual chiral superfields
appearing in the dual description of R2-supergravity, such as the UV completion of the
supersymmetric Higgs inflation with a large non-minimal coupling as well as the stability of
the slow-roll inflation. We also address the effects of the extra chiral multiplets for SUSY
breaking and its mediation to the visible sector.



The paper is organized as follows. First, in section 2, we introduce the supersymmetric
generalization of the Higgs and Starobinsky models where both a non-minimal gravity
coupling for the NMSSM Higgs fields and an R? term are explicitly introduced in R2-
supergravity. Next, we derive the dual-scalar Lagrangian at the supergravity level where the
supersymmetric R? term is converted to extra singlet chiral multiplets. Then, in section 3,
we present the bosonic Lagrangians for NMSSM in the dual-scalar supergravity, in equivalent
frames, such as Jordan, Einstein and sigma-model frames. In section 4, we continue to
study the effective action for inflation in our model and check the stability of heavy scalars
for consistency. In section 5, we consider the mechanisms for SUSY breaking in the presence
of higher curvature terms or an extra singlet chiral multiplet, and discuss the mediation of
SUSY breaking to the visible sector. Finally, conclusions are drawn.

2 RZ-supergravity and dual description

We provide the model setup for the NMSSM Higgs inflation in R2?-supergravity with
superconformal symmetry and consider the dual-scalar description of R?-supergravity in
terms of two singlet chiral superfields, 7" and C.

2.1 RZ?-supergravity and NMSSM

In order to include the R? term and the non-minimal coupling for Higgs fields in 4D
supergravity, we consider the action in superconformal setup [42-46],! as follows,

S = [|X°P0 (=, 55)}]3 + (X)W ()] o+ [ fAB(za)v’vAwB]F +[a@RR]p,  (2.1)

where [...]p  denote the superconformal D- and F-term formulae, which are applicable for
real and chiral multiplets with (Weyl weight, chiral weight)= (2,0) and (3, 3), respectively.
Here, X© is a chiral compensator multiplet with (1,1), and X0 is its conjugate with (1, —1).
2% and 77 are chiral and anti-chiral matter multiplets with (0,0), which will be identified
as NMSSM chiral superfields later.  is a real function of matter multiplets, called the
frame function, and it is related to the Kéhler potential by K = —31log (—%) W and f are
the superpotential and the gauge kinetic function, respectively, which are the holomorphic
functions of z®. W4 denotes a gauge field-strength multiplet with A being the gauge indices.

The last term of eq. (2.1) contains a curvature multiplet R [46] with weights (1,1),
which is defined as

R = (X°)"'9(X0), (2.2)

where 3 is a chiral projection operator. The coefficient of the last term, «, is a real
parameter and is taken to be positive for stability reason. When a = 0, the action (2.1) is
reduced to the standard superconformal action up to second derivatives. In our case, we
take a nonzero « for which the R? term and some new dynamical degree of freedoms are
included [35].

'We mostly follow the conventions of ref. [47].



In the superconformal construction, the compensator multiplet X° is an unphysical
degree of freedom which would be eliminated by the superconformal gauge fixing conditions.
We impose the dilatation gauge condition by X° = 1 on the lowest scalar component of
X% multiplet,? in order to obtain the action with the field-dependent Einstein term from the
product of Q and R (i.e., Jordan frame action). Then, after integrating out some auxiliary
fields, we obtain the following bosonic part of the Lagrangian:

~ 3 ~ ~ 2 ~
L/V=g = —0,50,2°0"2" + (=i€8,2° A" + c.c.) + Q (—A2 +|F| ) + (3F°W +c.c.)

Q 22
+ <_6+§|F0|2+§A2> R+ ;R2+a<A2+ 7| ) + oV, AR)?

— alo.F° - 3iAuF0‘2 = 000 (Qu B0+ W) (QF° + W)
- %(Re 1) HABG, KGO h (2.3)
where A% = A, A" and F? is the F-term component of X°. While F? is an auxiliary field
in the standard supergravity, it becomes a propagating degree of freedom, due to derivative
terms. €, and W,, etc, denote the derivatives with respect to 2z or 2%, and Q8 = (QQB)_l.
The derivatives on z® should be understood as the covariant derivatives including gauge
connections if z¢ are charged under some gauge groups, but we omit them for simplicity in
the following discussion. k9 are the Killing vectors defined by the gauge transformations of
chiral superfields, dz% = 0’4]{72‘1, with a transformation parameter #4. In the second line of
eq. (2.3), we find that the Lagrangian contains the non-minimal couplings between matter
chiral multiplets and the Ricci scalar, Q(z%, 2*)R, and R? as desired for the supersymmetric
extension of the Higgs-R? inflation.

In NMSSM, the Higgs sector is composed of
2% ={S,Hy, Hyq}, (2.4)

where S is the singlet chiral superfield, and H,, and Hy are SU(2), doublet Higgs superfields,

given by
HF H?
H,=| %), H;= d) . (2.5)
' (HS > <Hd

Then, we choose the frame function and the superpotential, respectively, as [28, 29, 31],

3
(:%,5%) = =3+ S + [ + [ + (S, Ha+he.) (2.6)

jel!

W (%) = ASH, - Hy + gs?’, (2.7)

where |H,|? = H} H,, etc, H, - Hy=—HYH+ H;} Hy, and the frame function is related
to the Kahler potential by Q(z%,z%) = —3 exp( — (2%, z%)/3), and x, A and p are chosen
to be real parameters.

2We sometimes use the same characters for superfields and their lowest scalar components.



Therefore, in R? supergravity, eq. (2.3) for the NMSSM describes a supergravity
embedding for the system with the non-minimal coupling of the Higgs fields as well as R?
term. The kinetic terms of the NMSSM Lagrangian in R?-supergravity are explicitly given by

1 1, 0 1,5 1 ., (1 )}
V=g=14-—=|8?-Z|H,* - ~|H, —-xH,-H;+h.c.
£/v=g= {5~ §ISP =GP ~ G + (<. Ha+he ) | R
10~ OuH P — 10 Hal® + 5B + - (2.8)

where the ellipsis denotes the terms containing A,,, F’ 0 and the scalar potential. Compared
to the non-supersymmetric case, we have several additional scalar fields including S and
multi-Higgs fields. We are not going to pursue the above form of the R?-supergravity any
longer, but instead we rely on the dual-scalar description of the R2-supergravity in the next
subsection.

2.2 Dual-scalar Lagrangian

In this section, we derive a dual Lagrangian for eq. (2.1) by transforming the higher
derivative terms such as R? to dynamical scalar fields including the scalaron. We perform
the analysis in a supersymmetric way without imposing a gauge fixing condition on X for
dilatation. Fixing X© at a special value corresponds to identifying a frame of the system. In
the next section, we define equivalent frames in a unified manner by fixing X appropriately.

Here we derive the master action without specifying X°, following the duality procedure
of ref. [35] (See also refs. [41, 48]). To do so, note that the last term of eq. (2.1) can be
rewritten as

[@RR]p = [aCCp + [T(C — R)]r, (2.9)
where T and C' are chiral multiplets with weights (2,2) and (1, 1), respectively. The EOM
of T leads to C' = R, and then we can see the equality of eq. (2.9). On the other hand, the

second term in the right-hand side of eq. (2.9) can be transformed as

[T(C =R = [TC = S(T(X°) 7 XO)]
= [TCp — [T(X°) ' X° + c.c.]p, (2.10)

up to total derivative. Therefore, we obtain the following total action,
S = [yx0|2(maéc—(T+T))}D+ [(X0)3(W+To)}F+ [fAB(za)VvAwB}F, (2.11)

where we redefined T — T'(X?)? and C — CX" so that T and C are weightless.
Comparing eq. (2.11) to the standard supergravity,

S = [IX°Pa!, 27 )}D + {(XO)B’W(ZI)}F +| fAB(zf)VvAWB}F , (2.12)



we can define new frame function 2 and superpotential W,

Q' 2) = Q= 2P+ |C2 = (T +T)
3 _
= 3+ |S]+ |Hu, > + |Ha)* + <2><Hu - Hy +h.c.> +|CP = (T+T), (2.13)
I\ — 11/7( 1 P a3 1
= —_TC = \SH,, - Hy+ £8* + —1C, 2.14
W (=) W(z)—I—\/&C AS d+3s+ﬂc (2.14)
faB(z") = fap(z®), (2.15)

where we redefined C — C/y/a, and the Kihler potential is defined by (2! 2)) =
—3exp(— K", z/ )/3). In this expression, the higher derivative term aRR disappears, but
instead there appear two additional chiral superfields, 7" and C, in the standard supergravity
action. When a = 0, C appears only in the superpotential, which becomes a Lagrange
multiplier forcing T' = 0. Then, we recover the original NMSSM inflation model [28, 29, 31].

We now derive the bosonic Lagrangian in the general scalar-dual supergravity in detail
for the later convenience. After imposing the superconformal gauge fixing except for
dilatation,® and integrating out some auxiliary fields, we obtain

. i 2
L/V=9 =~ (X°VQR - Q(0,X°) - X°0"X° (0,2 + 29,2") + (X°) A7
— (X°)2Q, 50, 012 v, (2.16)
where

i

(Buz"u — 0,2707) . (2.17)
The scalar potential V = VI + VP is given by

=)' (= 2) (=) (=2 g () o

0 Q 0
4 H _ _
= (X)X KT (W W) (W + KW ) =3[ (2.18)
0\4 _
VP = (XQ) (Ref) 1 PQakSGQ5kE, (2.19)

where K17 is an inverse of Kihler metric. We note that the above results hold for the
general forms of Ké&hler potential (frame function) and the superpotential independently of
our choice egs. (2.13)-(2.15).

For NMSSM in the dual-scalar description of R?-supergravity, henceforth, we use the
following notations for the extended Higgs sector,

2 ={S H, HyC,T}, (2.20)
2 ={S,H,, Hy,C}, (2.21)
2 ={S, H, Hy}. (2.22)

3In particular, X° = X0 is imposed as A-gauge [47].



Then, from egs. (2.13) and (2.14), the Kéhler metric and its inverse are simplified due to
Q5 = 6;; and Q1 = 0, so they are explicitly given by

R N ETEE S A RT ar oYy (2.23)
77 Q) % _L ) 3\ —Q+ M0 ) '

Then, we find that the F-term scalar potential can be rewritten as
4o~ - - -
VI = (X°) [09W, W5 + (Wid T Wr = 3WrW + e.c) — (@ = 690,05) [Wrf2] . (2.24)
Therefore, in the absence of the chiral superfields T" and C, the above F-term potential
takes the same form as in the NMSSM with global SUSY when we take X° = 1 (Jordan

frame). Otherwise, the scalar potential deviates from the one in the NMSSM and there
appears an important contribution from 7" for inflation as will be shown in the later sections.

3 Dual-scalar supergravity for NMSSM

In this section, we introduce equivalent frames by choosing certain gauge conditions for
superconformal symmetry and discuss the universal properties of Higgs- R? supergravity
in more detail. After the dual transformation of the R? term in superspace, we introduce
three different kinds of frames (Jordan frame, Einstein frame, and linear sigma frame). We
put the equivalent frames in the unified fashion and distinguish our work from the previous
ones by theoretical constraints such as perturbative bounds on the parameters, unitarity,
and inflation dynamics, etc.

3.1 Jordan frames

We first take X = 1 in eq. (2.16), for which the bosonic Lagrangian becomes
1 -
Li/v/—g=— EQR—QIjauZIaMZJ—VJ, (3.1)

where we omit the term with Au-4 Again, this expression holds for a general system with
frame function and superpotential independently of our setup. Then, if the frame function
takes a form,

Q=—3¢"% = -3+6,72'2 + J(2) + J(2), (3.2)
where J is an arbitrary holomorphic function, the scalar fields have canonical kinetic
terms [29, 31], and we call this frame as a canonical Jordan frame.®> However, we note that
there is a slight difference between eq. (3.2) and the frame function in eq. (2.13): the dual
scalar field T appears as T + T in €, so it does not have a kinetic term in the Jordan frame.
Although the T-dependent frame function in eq. (3.2) are specific to the R? supergravity,
we keep the terminology, “Jordan frame”, in this paper, in order to refer to the matter part
of the frame function.

4In the most of situations, this term vanishes at the inflation background.

5Moreover, when J = 0 and the superpotential contains only cubic terms, the scalar potential becomes the
same as that of the global supersymmetric theory. This kind of model is named as “canonical superconformal
supergravity” [31].

5We remind ourselves that T is introduced as a Lagrange multiplier in the dual process.



Higgs-R? supergravity

l Dualscalar T& C =R

Master action (X°,

0 — o
X0 =1 — ok X'=1+ NG
w/ field redefinitions

Jordan frame Einstein frame Sigma-model frame

Figure 1. Relation between different frames.

Taking egs. (2.13) and (2.14) in Jordan frame, we obtain the following bosonic part of
the Lagrangian:

1 1 1 1 1 1 1
Li/vV—g=13=—=|S> = Z|H,* — Z|Hg|* — =|C|? (— H, H h..) RT}R
sV=g = {5 = §ISP = GIHP ~ GIHAP — GICP + (=M Ha+he.) + ghe
—|0,SI* — [0 Hul* — |0, Hal* — [0,C* + QA2 — V. (3.3)
Here, the scalar potential V; = Vf + VJD is given by
2 1
VI = |\Hy - Hy+ pS%| + N[ (IHu* + | Hal) + ~|TP

3 v _ _
+ 2 X2 (SC + 5C)(|Hyl? + |Hal?)

2Va
1 2 3 9 2 2 2
VP =% (1 = |HaP)" + 5 ((H) #Ho + (H) ' 7Ha) (3.5)

where 7;(i = 1,2, 3) are Pauli matrices. For the D-term scalar potential, we took fap = dap
and kept the part for U(1)y and SU(2);, groups with the corresponding gauge couplings, ¢’
and g, respectively. Therefore, we have obtained the generalized NMSSM inflation model
in Jordan frame with additional two complex fields (C and T'). We note that there is a
non-minimal coupling for ReT with R, but not for Im7'.

We now consider the limit of @ — 0, for which the Starobinsky corrections disappear.
After redefining C' — /aC and T'— /aT, and taking the limit « — 0, C' and T do not
appear in the frame function, so they become auxiliary fields. Then, after integrating out
them by using the equations of motion, we obtain

SXAS (| Hul* + |Ha|?)

T:07 C: 3 9 )
-3+ (—§XHu -Hy+ C.C.) — ZX2 (|Hu’2 + ’Hd|2)

(3.6)



Then, plugging the above relations back to eq. (3.5), we get

VJF|aﬁ\O = ‘)\Hu “Hg + PS2‘2

(3.7)
34+ <—%XHu -Hy+ c.c.)
—34+ <_%XHu -Hy+ c.c.) — %Xz (|Hul? + ’Hd‘Q)’

which reproduces the result of refs. [29, 31]. On the other hand, if « is sizable, the
additional scalar fields C,T become dynamical, so we need to take them into account

+ NS (|Hal® + [ Hal)

for inflationary dynamics. For a conformal coupling for the Higgs fields, i.e. x = 0, the
NMSSM sector is decoupled from the scalaron, so we recover the pure Starobinsky inflation
in supergravity [35]. Otherwise, our model interpolates between Higgs and Starobinsky
inflation models in supergravity.

We remark that setting X0 = /=3/Q = €*/6 in eq. (2.16) leads to the dual-scalar
Lagrangian for NMSSM in Einstein frame, as follows,

1 —
LE/v=g= SR=K; o orzT — Vg, (3.8)
where the scalar potential Vg is related to V; as
9
VE :@VJ

We note that the kinetic term for 7" is contained in eq. (3.8), unlike the canonical Jordan
frame in eq. (3.3).
3.2 Sigma-model frames

Next we introduce “linear sigma frame”, where it is easy to see the recovery of unitarity
problem. To do so, we redefine the matter multiplets as

2= X% T = (X%, (3.9)
with 2* = {S, H,, Hy,C}. Then, the frame function and the superpotential can be rewritten as

IXOPQ(, ) = =3|X°1 + | + | A + | Hol® + 1O

3y (H, H;X° TX0
+ o <)(0 +h.c. | — X0 +h.c. ], (310)
A A A ~ 1 .4
XOP3W (1) = ASH, - Hy+ L83+ ——_7C. 311
(XD)°W(=) at 35+ 5 (3.11)

After imposing gauge fixing conditions except for the dilatation and integrating out auxiliary
fields, equation (2.11) produces the following bosonic terms,

Lrs/vV—g= { (X20)2

A 1 - 1 1 A
8 — Sl Auf? — 2 1Al - LICP

=

1 o~ 1 .
+ (—4xHu -Hg + h.c.) + 3ReT}R
2 A A N
+ ((alog XO) + Olog X0> (—3(){0)2 + (gxﬂu -Hy+ h.c.) — 2ReT>

(0,8 — 10 B> — |0, Haf? — 0,0 + QAL — Vi, (3.12)



where
A ~ N N ~ ~ 1 -
Vi = |NH,, - Hy+ pS?|> + NS (|Hu|> + |Hy?) + E|T]2
+ S22 (SC+ SO)(|Hu|* + | Hyl?)

S
I A 9 o A . .
- E!C|2 {—3()(0)2 — x(Hy-Hy+cc.)— ZX?(yHuy? + |Hgl?) + 2ReT} , (3.13)

N W

/2 R R 2 2 R . R . 9
VB = 5 (P = 1) + % ()70, + () 7). (3.14)

Here, we note that A, in the sigma-model frame is shown explicitly in the new basis, as
follows,

A = =5 (X (9300 ((20)7'5) 4 X000, (XN7*) ). @19)

Now, we fix the dilatation gauge by X? =1+ 750 where o is a function of 2/ and 37. In
particular, we choose o so that it satisfies the followmg constraint [27],

(X0)21A21A21A21A2<1A . >1A
— =|S|* — =|Hy|* — =|Hq4|* — =|C ——xH, - Hy+ h.c. —ReT
1 1,4 1 A 1, A 1 ~ 1
=~ — |82 = | H,? - Z|Hy* — Z|C)? — =02, 3.16
or equivalently
1 \? 1 .~ 2 . 1

By this equation, X° (or ¢) can be expressed in terms of only physical fields 27. Instead
of doing so, we use the equation to eliminate ReT regarding ¢ as a new dynamical field.
Then, we obtain

1 1, 4 1 1
Lus/v=g =5 (1- 315 - 3P - 5HaP - ZICF - 5o ) R
N ~ ~ A 1
10— 0B~ |l ~ 10,0 - L0007 + 042~ Vis,  (3.18)
where the scalar potential (3.13) becomes
VEs = INHy - Hy + p82% + NS (|l + | Hal?)
1 2 3 2 ) 2
+ —(0®>+ V60 — ( =xH,-Hy+h.c.
a
A\ 2 S XA (4 P PPN - A9
+3 7 (SC+8C) (1,* + | A4?)

|0\2{3+2fg+ o +9X (|H 2+ | Hy? )} (3.19)

Taking into account the extra kinetic terms coming from AZ with eq. (3.15) in eq. (3.18),
we find that all the scalar fields including Im 7T turn out to be dynamical and there is no

~10 -



unitarity violation up to the Planck scale after the field redefinitions, as will be discussed
shortly below. Indeed, as shown in ref. [27], it is obvious that the scalaron o plays a role of
a sigma field in the linear sigma model, which pushes up the unitarity bound to the Planck
scale. Moreover, the local conformal invariance is respected in eq. (3.18), except for the
Planck mass and the scalar potential.

Before closing the section, we remark on the angular part of the complex scalar fields
and the unitarity problem in more detail. As commented above, in the sigma-model frame,
the kinetic terms for the angular part of the complex scalar fields come from QA/% in
eq. (3.18) with eq. (3.15). We enumerate them in the following,

4 ~ z A 2
QA2 = _ L (xop [( X0 (20,8 + Q70,T) + (0, (X 7Y (42" + 20,7 — C.c.]
1 N N =~ A S A = A
-5 [( X0)1((C0,C + 80,8 + Hudu ly + a0, Hy — c.c) — 2i0,b)

2
— 4ib 6M(X0)_1} . (3.20)

Here, we have redefined 7' — T in terms of a real scalar field b as
~ ~ 3 N N = = .
T—T—-3x (Hu-Hd—HU-Hd) = 2ib, (3.21)

and we note that the frame function can be written with the constraint in eq. (3.16) as

1 1 4 1 1 - 1 A 1
Q:—6X0_2<—5’2—H2—H2—C2—2). 3.22
(X0 (5 = <8P = Sl = Sl - S = o (3.22)

Therefore, the mass term for ImT in the scalar potential (3.19) becomes

2
Vi D é(ImT)Q = ;<b— %’ (Hu -H,—H, - Hd)> . (3.23)
As a result, in the resulting Lagrangian in the sigma-model frame, the non-minimal coupling
x for the Higgs fields appearing in QAi has been moved to the scalar potential so there
is no large coupling in the kinetic terms. This is similar to the previous observation that
the constraint for 7'+ 7" in eq. (3.16) is imposed in the sigma-model frame for eliminating
the non-minimal coupling appearing in the frame function €2. In this case, we only have to
impose the perturbativity bounds on the couplings between b and the Higgs fields from the
redefined mass term, as follows,

SIS

X2
<1, Xsu (3.24)
[0

Moreover, as will be shown in the next section, the angular parts of the complex scalar
fields are decoupled during inflation, so they are not relevant for our inflation discussion.
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4 Higgs-sigma inflation

We now apply our results on dual-scalar description of Higgs- R? supergravity and apply
them for Higgs-sigma inflation. We first derive the effective action for a slow-roll inflation
in the Higgs-sigma system and then show the necessary conditions for the stability of the
inflationary trajectory.

4.1 Effective action for inflation

First we consider the effective action for inflation in Jordan frame supergravity, written in
terms of the original variables used in section 3.1. To that, keeping only the scalaron ReT
and the neutral Higgs field h from H? — %h and H 3 — %h, and setting all the other fields
to zero, we obtain the following Lagrangian in the Einstein frame:

1 1
3 (1+&h2 + 2ReT)?

1 (L4 (1466 + 3ReT)
2 (1+&h% + 2ReT)?
2h

- 8,hd"ReT — V (h, ReT), 41
(1+&n? + ZRer)2 M7 (h, ReT) (41)

(8uh)? (0uReT)”

LIV = 4R

where the effective non-minimal coupling for the Higgs field is given by

1 x
=__ 42 4.2
E=—5t7 (4.2)
and the Einstein frame scalar potential is
V(h, ReT) = ! <1)\2h4 + 1(ReT)2> (4.3)
’ ~ (1+&h2+ ZReT)2 \16 o ‘ '

The obtained Lagrangian is equivalent to the one in the non-supersymmetric Higgs- R?
inflation in refs. [21, 25, 27].

We can take the alternative basis for fields in sigma model frame, written in terms
of the rescaled fields, 2* = X%2% and 7' = (X%)2T, introduced in section 3.2. Then, using
h =X = (1 + %O’) h and redefining Re7’ in terms of the o field satisfying eq. (3.17),

we can rewrite the Lagrangian in Einstein frame as

11 1 o2\ . s h?

ﬁ/\/jziR—i — 2[(1—(3) (8Mh)2+<1—6> (0u0)?
(1_6h2_602)
1. .« .
+ 3h08uh8“01 —V(h,0), (4.4)
where
) 1 Ao, 1 1\ 5y 2\
V(h,o) = s | =kt +— (3(é+ <) h +\/50+0'> : (4.5)
_lAQ_l 2 16 40{ 6
(1 gh 60)

The inflationary dynamics in this picture is studied in ref. [27], and we adopt the above
basis for inflation in the following discussion.
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As a result, we find that a non-minimal coupling for the Higgs fields contributes to the
extra quartic coupling for the Higgs fields and the mixing quartic coupling between the
Higgs and sigma fields, so we only have to impose the perturbativity bounds on them,’
as follows,

A9 1\? 1 6 1

4—|—a(£—|—6) <1, 0<a§1, a(f"‘G)Sl- (4.6)
Therefore, even for a large non-minimal coupling for the Higgs fields in the Jordan frame
supergravity, the unitarity can be ensured up to the Planck scale due to the sigma field
couplings [25, 27].

In order to obtain the effective inflaton potential for o, we integrate out h. Thus,
ignoring the kinetic terms for the Higgs fields and using the equation of motion, we obtain
a solution for h [27] as

1 1
P2 Lo(o+1/6) (J—3<§+6) (0—\/6)) n
] [ CRFT e [V

Then, plugging the above solution back to the potential in eq. (4.5), we obtain the effective

scalar potential for inflaton o,
-1

veffw)—waz[A?w—m%i(a—s(f+é)<a—¢6>ﬂ s

4o 4

In terms of the approximate canonical field for inflaton, ¢, related to the sigma field by

o ~ —V/6tanh <j/%) , (4.9)

we finally reach the effective potential for inflaton,

Ao

2 27!
o 14 L (6§ + e_\/5¢) ] . (4.10)

V(@) = (1)

As a consequence, we can recover the pure R? inflation for % < A2 or the Higgs inflation

for % > A2, in the following way,
2
% (1 — 6_2¢/\/6> , j < )\2

A2 VYN S 2

Vet (0) = (4.11)

We note that we used the approximations for the fields during inflation, for which egs. (4.9)
and (4.7) become

o~ 6 (1 - 2e¢26¢> : (4.12)

) 1445 2
A2 4+ 65 (6 +1)

"We can compare with the parameters in ref. [27] by o — 1/k1 and A — 2v/A. We note that in NMSSM,
the Higgs quartic coupling in the vacuum not only contains A, but the electroweak gauge couplings, g and g’.
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Figure 2. The region allowed by perturbativity on A, &, and a. We used the CMB normalization to
express a()) in terms of the other parameters on the left (right) figure.

These approximations are taken for ¢ > 1. Thus, it is justified that the contribution of the
Higgs field to the kinetic term for o is negliglble for both R2-like inflation and Higgs-like
inflation.

During inflation (for ¢ > 1), the inflaton potential in eq. (4.10) becomes very flat, so
the slow-roll inflation with a single field is realized. Then, the inflationary observables, ng
and r, are given in terms of the number of efoldings IV and the parameters in the inflaton
potential [27], as follows,

and 19
r = 16€, = NI (4.15)
The results agree with the Planck data within 1o [1]. Moreover, from the inflation scale,
o~ m = 3H?, (4.16)

we also impose the CMB normalization of the power spectrum to get the following constraint
on the model parameters,
T =225 x 10%. 4.17
In figure 2, eliminating one of the parameters among A, a, and &, with eq. (4.17) and
taking into account the perturbativity conditions (4.6), we show the allowed parameter space
for the remaining parameters. From the results, we find the representative values for the
parameters, (A, &, a) ~ (0.5,10%,10%) and (A, &, a) ~ (4 x 1072,1,102), which correspond
to the R%-like and Higgs-like inflations, respectively.
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Comments on reheating in our scenario is in order. It is important to understand the
reheating dynamics for determining the reheating temperature and for the production of
dark matter, etc. There have been recent discussions on the reheating in the context of
pure Starobinsky inflation with supergravity [49] or without supergravity [24] or in the
non-supersymmetric Higgs-R? inflation [23, 50]. So, it would be interesting to compare our
model with those in the literature and discuss the effects of extra scalars and supersymmetric
particles during reheating.

4.2 Decoupling of heavy scalars

In the previous subsection, we assumed that all the fields other than the radial components
of neutral Higgs fields and the scalaron are stabilized at the origin with sufficiently large
masses. In this subsection, in order to ensure the stability of the inflaton, we check the
decoupling of non-inflaton fields explicitly by analyzing the full scalar potential in the
Einstein frame. We use 2’ and o as fundamental variables, and omit the hat in this
subsection.

We first parametrize the MSSM Higgs fields in the following,

1 . 1 .
H® = ﬁhcosﬁ e HY = \ﬁhsinﬁ e'%2 (4.18)

where h, 3,012 are all real. Then, the scalar potential in Einstein frame can be rewritten as

.
Vi = LS 5 (4.19)

(1= 3ISI2 — §h2 — §IHL P — §1H; 12 = §IC12 - §o?)

where the scalar potential in the sigma model frame is

1 , 2 1
Vig = ‘—4/\h2 sin28e + ANH,f Hy + pS?| + \?|S|? (2h2 + ‘Hj

2 N ‘Hd_‘2)

1 3 3 21
+ - <a2 + V60 + me sin 23 cosy — QX(HJHJ + c.c.)) + = (ImT)?
0} (e

3 XA, = 1.5
22 )= HY
+2\/a(SC+cc)(2h + |
1 3.5 9 ,/1 2
+ &'C’Q {3 +2V60 + 502 + ZXQ (2h2 + ’H;( + |Hd‘|2>}

2 _ 2
- 1)

2 2 1 .
sin? 8 + ‘Hd_‘ cos? B + <2HJHd_ sin 28e” " + c.c.) } ,  (4.20)

2
+|Hy \2)

2, 12
1
+ gtg <2h2 cos2f3 + ‘Hj

8

2
9 ;2 +
+4h{‘Hu

where 7 = 61 4+ d2. Note that the scalar potential depend on the phases in the particular
combination, v = &1 + &2, while the other combination identified as the would-be neutral
Goldstone boson does not appear in the potential.

Then, we consider a minimization of the potential with respect to all fields other than
o and h, which are treated as the background.® From the expression (4.19) with eq. (4.20),

8We assume that o and h are slowly varying so that their time dependence are negligible.

~15 —



one can find that a point,
Hf=H; =S=C=ImT =v=0, and §=r7/4, (4.21)

satisfies a stationary condition. To see the stability of this extrema, we expand the fields
around the extrema as

ﬁ:%+5, X =0+X, with X ={HS, H;,S,C,ImT,~} (4.22)

up to quadratic order. The tilde on the fields denote the fluctuations. In the following, we
discuss the stability of the fields individually.

Stabilization of 8. At the quadratic order, 3 decouples from the other sectors, with the
corresponding Lagrangian of the following form,

_’i(a B2 — Ly, (4.23)
A\ 9 BBE '
where
Aoy 3xh? [, 3xh? 9%+ g% 4| 2
h2 2
Az1—€—%. (4.25)

Here, Vg is a second derivative of the potential with respect to (.
Substituting the explicit form of the background (4.12) and (4.13), a canonically
normalized mass of § is given by

A2 2 2
3; + 9(9/ + g )%
2
A2+ 365

m? = —a? (14 57 + ). (4.26)

)\2

where we used eq. (4.16). Thus, since the 8 direction gets a mass larger than the Hubble
scale for £(g”% + ¢g2)/A? > 1, it is stabilized and decoupled during inflation.

Stabilization of charged Higgs. The quadratic Lagrangian for the charged Higgs sector
is summarized as

1. =~ 1 . -~ - Vii Voo Ht
o H+ 2 - HT 2 H—I—* HT ++ V4 u 4.9
RIOWHS P = <10, Hy P = (8", d)<v+_ v ) e
where
2V g 5] 1
B A5 3x 9 3xh2 92 o 1
V+_—[ YR ( + V60 + e A (4.29)

~16 —



and V is the effective scalar potential during inflation, which is given by”

2
Aoy, 3xh?

1

(4.30)

Taking into account a canonical normalization and diagonalizing the mass matrix, we find
that the mass eigenvalues are given by

32 4 9g28 2
0, Sa e g (14398 (4.31)
A2 4 365 A2
The massless field is the would-be Goldstone boson eaten by the charged gauge boson. We

also find that the massive charged Higgs gets a mass of order the Hubble scale or beyond
for g?6A% > 1, so it is stabilized and decoupled safely during inflation.

Stabilization of v and Im7T. Next, we investigate the decoupling of v and Im7T'(= 1),
which also have a kinetic mixing in the following quadratic Lagrangian,

1 . . fac o+~ 1 o 1 -9
_5 (auf'}/7 8NT) (C b) (8“%) — 5‘/77"}/ — 5‘/;—7—7' s (432)
where
h? h? 3x\ 2 2 h? 3x
=iz s (%) | b= gar =g (175 )0 ()
3xh? 3xh?\ 1 2
Vi ==y ("2 Voo = | R V= (A (4.34)

Since ab — ¢? = 6}% > 0 and a + b > 0, there is no ghost mode at the background. The
kinetic matrix of eq. (4.32) can be canonically normalized by

\/g 1/2 g 1/2
(ST o

=
\/%-‘rc \/@—c
Note vab — ¢ > 0. Then, we obtain
1, 2 1, ,9 1, ., Vi, 0 '
-3 0.7)" — 3 (0,7)" — 3 %, 7y M <OW v ) M (f,) : (4.36)

Then, after the diagonalization of the mass terms again, we obtain the mass eigenvalues as

2
1Vyb+Vira 1 ¢\’ /b \/a
2 ol T
= = + - - 7T\ 7.
ME= 9" wh—2 2 (ab—cz) (VW a+V b)
971/2

1 b a
— - - — . 4.
+ ab — 02 < VW”/\/; + VT’T\/;) ( 37)

follows:

9This is exactly same as eq. (4.5).
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Substituting the background values (4.12) and (4.13) into the above expressions, we make
a further simplification of the results as

3+ 18¢ 36¢£2
2 . 2
mi = ——— = 4(6€ + 1) (1 + 5 H?, (4.38)
2
2o Ny (4.39)

M- T2 1 3662

We find that both of mass eigenvalues in the v and ImT sector are larger than the Hubble
scale.

Stabilization of S and C. Finally, we discuss the decoupling of the S-C sector containing
a mass mixing. The corresponding quadratic Lagrangian is given by

Looce Lia s zo 1 ~ - N
_Zyaﬂsﬁ—Z|a#012—vsg\512—§V55(52+c.c.)—Vsé(sc +e.c)=VealCP,  (4.40)

where
N2, 2V 1 Ap s XA,
- | Al — - — q = — 4.41
Vss [zh 3 ]A?’ Vss = —gaahs Vse 4\/&A2h’ (441)
1 3 5 9x?h? 2V 1
~=|= 2 = Al . 4.42
1% [a <3+ \/éa+2a += | T3 Az (4.42)

Similarly to the previous cases, we introduce canonically normalized fields, S’ and C,
and divide them into real and imaginary components, as follows,

1 1

. _ ~ 1 - - - -
Then, in the above basis, we obtain the following mass matrices,
Loz o~ [ Vg + Vss Ve ReS’
—= (ReS,ReC’) | 5% SC 1A ~ 4.44
5 ( €o , e ) <Vsé VCC‘« ReC/ ; ( )
and
1 ~ ~ I _ o
> (Im§’, Im) Vss = Vss Vsc | o (05} (4.45)

Therefore, after diagonalizing the mass matrices in egs. (4.44) and (4.45), we obtain
the mass eigenvalues, respectively, as

A
mi? =5 |:VS§ +Vss + Vo £ \/(ng + Vgs — VCC‘,)Q + 4V5?C:| , (4.46)
and
2 _ A 2 2
m3 4 = 5 |:VS§ —Vss + Vo £ \/(ng —Vss = Vea)™ + 4VSC’:| . (4.47)
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Figure 3. The squared mass eigenvalues for the lighter states of singlet scalars, S and C, as a
function of the singlet self-coupling p: m3 (yellow) and m3 (orange). We took the parameters as
(A, € ) = (0.5,10%,1019) for R2-like inflation on left and (\, &, a) = (4 x 1072,1,102) for Higgs-like
inflation on right.

The above expressions are explicitly written down in the following,

2. — 18E(6E(6E + 1) + aA(A — p)) £3f(\, . &, p)

12 200 (aX? 4 36£2) ’ (4.48)
m§74 = miZ with p — —p, (4.49)
where
FOn €, p) = [QW(W + A — 6£p)% + T2aA(6€ + 1)E2(6AE 4 A + 6¢p)
1/2
+1296(6¢ + 1)%¢*] . (4.50)

In figure 3, we depict the behavior of the mass eigenvalues (normalized by H?) in the
S-C' sector. First, in two benchmark examples, one for R?-like inflation and the other for
Higgs-like inflation, we find that the heavier mass eigenvalues (m? and m3) are always
positive definite. However, we find that one of the lighter mass eigenvalues, namely, m%
(yellow) and m3 (orange), take negative values, independent of the parameter p, so there
appears a tachyonic instability destabilizing the inflationary trajectory.

The aforementioned tachyonic mass problem is well known in the Higgs and Starobinsky
inflation models in supergravity [29, 31, 39]. One of the natural solutions for the tachyonic
mass problem is to add quartic couplings for .S and C' to the frame function, thus strongly
stabilizing the tachyonic direction above the Hubble scale [30, 31, 39]. Therefore, the
required higher order terms in the frame function are

AQ = —G|S|" = ClCI" = Gl SPICP (4.51)
with (s, . and (s being real parameters. In particular, —(.|C|* corresponds to adding
~[¢a®| X°|*(RR)?]p, (4.52)

to eq. (2.1) in the dual picture. It was shown that the extra quartic couplings can be
originated from the renormalizable couplings of S or C' to vector-like heavy multiplets [30].
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Figure 4. The same as figure 3 but the quartic couplings in the frame function included. For both
the R2-like inflation on left and the Higgs-like inflation on right, we took ((s,¢.) = (3,0.4), and the
canonical inflaton field value as ¢ = 10.

The net effects of the extra quartic couplings in eq. (4.51) are encoded in the modi-
fications of Vg and V& in eqgs. (4.41) and (4.42), respectively, and Vgz and its complex
conjugate, after the quadratic expansion of the potential with the extra couplings. As a
result, the corrections to the mass terms for S and C' are explicitly given in the following,°

CSA2 h4 o -2

AVgg =222 (1 + \/6> , (4.53)
.1 -2 h2\?

AVpe = CEF (1 + \;6) <02 + V6o + 3>1 ) : (4.54)

-2 2
AVgs = 2%;%22 (1 + %) h2 <a2 + V6o + 3? ) . (4.55)

As a result, we show in figure 4 that the effective squared masses for the lighter states
of S and C' (m3 and m3) in the presence of the quartic terms with ((s, () = (3,0.4) and
(sc = 0. Thus, the otherwise tachyonic states of S and C' can now take positive squared
masses during inflation. Furthermore, in figure 5, we also show the parameter space for (s
and (. satisfying mo > H for p = 0.1 and (5. = 0, and the canonical inflaton field value
with ¢ = 10. We note that a large value of (. is undesirable because it tends to lower two
of the eigenvalues (m3 in eq. (4.46) and m32 in eq. (4.47)). Therefore, we can conclude that
it is sufficient to introduce a nonzero &5 in the frame function for the stability of the S-C'
sector. However, as will be discussed in the next section, a nonzero (. is desirable for the

SUSY breakdown in the local vacuum with a vanishing small cosmological constant.

5 SUSY breaking from dual superfields

We consider some phenomenological implications of the model in the low energy after the
inflation. In the minimal setup for inflation in our model, the VEVs for sigma and Higgs
fields vanish in the vacuum, so SUSY would be unbroken in our model. Thus, we introduce
several extensions of the model for supersymmetry breaking and its transmission to the
NMSSM, and discuss the effects of the hidden sector fields on them.

9More general discussion on the mass corrections can be found in refs. [51-53].
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Figure 5. Parameter space for ¢, and (. satisfying mo > H. We took (X, &, a) = (0.5,10%,10'°) for
R2-like inflation on left and (), &, ) = (4 x 107°,1,102) on right for Higgs-like inflation. In both
figures, we fixed p = 0.1 and ¢ = 10.

5.1 Higher curvature terms for SUSY breaking

As a possible extension of our model without introducing an extra hidden sector for SUSY
breaking, we introduce extra curvature terms [54], as follows,

S =[X"Pf(R/X°,R/X)p, (5.1)
where
f=-3+aR/X P~ yoar (R/X" 4+ cc.) = Ca?[R/ X" (5.2)

We note that the effects of (. for the stability of inflation were discussed already introduced
in eq. (4.51), although it is not necessary. But, for SUSY breaking, we need not only (.
but also a linear term 7, in R. In general, a function of the curvature multiplet R does
not produce higher order terms of the Ricci scalar RF with & > 3 in components, so the
Starobinsky structure with ~ R? is preserved.

In the dual description for higher curvature terms, we have the modified frame function
and the unmodified superpotential in the C' and T sector as follows,

Q=-3+(T+T)+|CP>—(C+0C)—¢|C, (5.3)
1

Here, we performed the same duality transformation as discussed in section 2.2.
From the scalar potential for 7" and C superfields, we can identify the local Minkowski
minimum with SUSY breakdown [54] at

1
€)= 510 (1+ VI+321C) = co, (5.5)
(T) = ~eco + (1 = 6¢ec) = to, (5.6)
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subject to the conditions,
2 1
- _ 214+ 262 5.7
Ye co + 0 ( + 300> (5.7)

and 9 — 36(.c2 > 0. We note that the latter condition is satisfied for (. < 0.48 while we need
(e > 0.15 for ¢g < 1. In this case, the linear coupling in the frame function is constrained to
1.7 < v, < 2.5.

As a result, we obtain nonzero F-terms for C' and T superfields by

FC = —eK2KCC (Dt — K2 KCT (D), (5.8)
FT = —KP2KTT(Dpw)t — K2 KTC (DWW, (5.9)
with
1 246 — 192¢o + 55c3 + 27¢3
DeW = — (34 ¢ 0 0) 5.10
C 9\/6( +Co)( 66—56(2) ) ( )
1 39 — 14¢3
DrW = 0 5.11
T 9\/56()(66—56%)’ (5:11)

and the gravitino mass is given by

243 [6  co(3+c3)'/?
e B VAR 5.12
"32= 787V T (66 — 5c2)3/ (5:.12)
Here, ¢ is constrained by ¢y < /66/5. Therefore, we find that the F-terms are of order
F¢ ~ FT ~ Mpmg/ and the gravitino mass is mg/; ~ Mp/\/a. Since perturbativity
constrains o < 10'°, the gravitino mass is given by msg /22 10'3 GeV, so a high-scale SUSY
breaking is favored.

5.2 O’Raifeartaigh model for SUSY breaking

Instead of higher curvature terms, we consider an alternative possibility for SUSY breaking
where another singlet chiral superfield ® is introduced, with the following frame function
and the renormalizable superpotential of O’Raifeartaigh type, as follows,

Q=-3—(T+T)+|CP+ |2 —~|®, (5.13)
1

W = NG TC+Kk®+ gdC? + 2\ + £/C + ¢/®*C + N C? (5.14)
(6%

where k, g, \,k’,¢’, N are the extra parameters in the superpotential and ~ is the quartic
coupling of ® in the frame function. Here, we remark that the Z4r R-symmetry can ensure
the above form of the superpotential, with R-charge assignments, R[®] = R[C] = 42 and
R[T] = 0. We note that the dual scalar superfield T is neutral under the Z, R-symmetry,
because the corresponding frame function takes the form of 7'+ T.

First, for simplicity, as in the standard O’Raifeartaigh model, we set A = &' = X =
¢’ = 0. Then, there is a minimum with C = T' = 0, for which we obtain a nonzero F-term,
Fg = Kk, and Fo = Fr = 0. We note that ® would be a pseudo-flat direction for v = 0
in the frame function in eq. (5.13), but it can be stabilized by loop corrections [55, 56] or
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higher order terms [33] in the Kéhler potential. That is, for v # 0, we obtain the squared
mass for ¢ as mé = 4yk?/M3. In this model, the coupling between ® and C gives rise to a
mass splitting in the T" and C' sector, with mass eigenvalues for scalars and the fermion
mass, respectively, given by

M?
mzi = TP + 2g~, (5.15)
Mp

As a result, the SUSY breaking effects are controlled by &, so it is possible to get a low-scale

(5.16)

SUSY breaking for an appropriate choice of k in this case. We also note that the condition
for a vanishing cosmological constant in supergravity gives rise to the gravitino mass as
msy = |Fol/(V3Mp) = k/(V/3Mp).

We also comment on the effects of the general couplings in the superpotential in
eq. (5.14). In this case, the local minimum is shifted to C' = 0, T = —/ax/, due to a
nonzero x/, and the would-be pseudo-flat direction can be still stabilized at ® = 0 due
to the extra quartic term for ® in the frame function. Then, we obtain Fo = Fp = 0
and Fp = kK, as in the case with A = ' = X = ¢’ = 0. Taking the couplings in the
superpotential in eq. (5.14) to be real and including a nonzero quartic correction for ® in the
frame function, we find that the squared mass matrices for (Re C, Re ®) and (Im C,Im @)
are given, respectively, by

M2 , M2 ,

M}Q% _ (G t295 29k MIQ _ [ 295 29k (5.17)
20’k 6Ak+md )’ —2¢'k  —6Ak +m3

with

(5.18)

Here, we note that for ¢ = A = 0 and v = 0, the former result in eq. (5.15) is recovered,
namely, the C field is stabilized at C' = 0, and the ® field becomes a flat direction. But, for
general extra couplings, we obtain the mass eigenvalues for (Re C, Re ®) and (Im C,Im ®),
respectively, as

1| M2 M2 ?
m§1’82:§ 7P+2(g+3/\)m+m%,i <ap+2(g—3/\)n—m<2b> +16g72k2|, (5.19)

1| M2 M2 ’
m§3784:§ TP—Q(Q—FB/\)/@—Fm%i (;—2(9—3/\)#;—7)131,) +16g2k2| . (5.20)

Therefore, as far as the following conditions are satisfied,

M3 2
—= > 2gKk, mg > 6Ak, (5.21)
o

and )
M
<o¢P — 2gm> (mgb = 6)\/‘1) > 49" K2, (5.22)
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2

m§37 s4 are positive definite, and m3; ., are also necessarily positive. In particular, the second

condition in eq. (5.21) corresponds to
3M?
T 20%p

A 2k
In this case, there appear a stable local minimum for SUSY breaking, which is still controlled

(5.23)

by k, as far as the above stability condition for x and the dimensionless parameters, v and
A, is satisfied.

5.3 Comments on soft masses in the visible sector

In the presence of a non-minimal coupling to the Higgs fields in NMSSM and the dual
superfields from R?-supergravity, there are extra contributions to the x term proportional
to the gravitino mass [30], in addition to the tree level contribution in NMSSM, as follows,

-~ 3 1 -7
= MS) + 5 xmsy2 — 5XKI—FI. (5.24)

Here, we have rescaled the superfields in the NMSSM Higgs sector in Einstein frame by
Fde = K/ 6Hu7d and S = ¢X/6S, etc. The second term is due to the non-minimal coupling
x as found in Jordan frame supergravity in ref. [30] and the third term is a new Giudice-
Masiero contribution [57], coming from the contact interactions between the dual superfields
and the Higgs superfields in the Kéhler potential, IC D % xZH,H; with Z = /3 where
Ko is the part of the Kéhler potential containing the SUSY breaking fields, such as C,T or
®. Thus, not only the VEV of the NMSSM singlet S but also the gravitino mass and the
SUSY breaking scale determine the p term at a naturally small value. For a large x, the p
term is typically much larger than the gravitino mass [30].

Next we remark on the transmission of SUSY breaking to the visible sector that
is applicable to both mechanisms for SUSY breaking via higher curvature terms or an
O’Raifeartaigh model. In our construction for Jordan frame supergravity, the visible sector
and the hidden sector composed of T',C and ® are sequestered in the frame function [58],
so soft masses in NMSSM vanish at tree level. However, anomaly mediation is always
present [58, 59], so the soft masses in the visible sector are at least loop-suppressed as
compared to gravitino mass. In order to cure the problem with tachyonic slepton masses,
we can introduce gravity mediation by adding the contact terms between the visible sector
and the hidden sector in the frame function,

Qeontact = C&ﬁXTXZ;Z/B +c.c (525)

where X = C,®, and 2, are NMSSM superfields, and Cag are the coupling parameters.
However, for Cag # d0ap, gravity mediation would cause dangerous flavor problems [60].
Instead, we can consider alternative mediation mechanisms such as gauge mediation, U(1)’

mediation, etc.

6 Conclusions

We proposed a new supergravity construction for the Higgs- R? inflation as a UV completion
of the Higgs inflation. A nontrivial Higgs potential during inflation requires the NMSSM
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extension in the visible sector, whereas the supersymmetric R? term gives rise to dual
chiral superfields, T" and C, in the dual-scalar supergravity. We introduced equivalent
frames (namely, Jordan frame, Einstein frame and sigma model frame) for the supergravity
Lagrangian in the superconformal framework, among which the sigma model frame makes
the conformal symmetry and the validity of unitarity up to the Planck scale more manifest.

We have shown that the slow-roll inflation can be realized from the mixture of the
SM Higgs and the real part of 7" (scalaron or sigma field), and ensured the stability of the
slow-roll inflation from the decoupling conditions for extra scalar fields in the model. Then,
we found that not only all the MSSM scalars but also the directions of the NMSSM singlet
scalar S and the spectator dual scalar C' are decoupled during inflation, at the expense of
introducing the extra quartic coupling for S in the frame function.

As low-energy remnants of the Higgs- R? supergravity, we have suggested the possibilities
for SUSY breaking in the vacuum, in the presence of either modified higher curvature terms
or an extra singlet chiral superfield of O’Raifeartaigh type. We found that the non-minimal
coupling to the Higgs fields and the couplings between the dual superfields and the Higgs
fields in the frame function give rise to naturally small contributions to the p term after
SUSY is broken. We also pointed out that soft SUSY breaking terms in the visible sector
vanish at tree level due to the sequestered form of the frame function in Jordan frame
supergravity, but they can be generated by anomaly mediation, subject to generically
flavor-violating gravity mediation as well as other mediation mechanisms.
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