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We propose a supergravity model with a constrained curvature multiplet, which realizes the Starobinsky
inflation and the de Sitter vacuum in the present Universe simultaneously. Surprisingly, at the vacuum, the
soft supersymmetry-breaking scale for the minimal supersymmetric standard model sector becomes the
TeV scale; however, the gravitino mass scale becomes much higher than that of soft supersymmetry
breaking. Such a hierarchical structure, which naturally avoids the gravitino problem, appears without

introducing a new scale other than the inflation scale.
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I. INTRODUCTION

The realization of the de Sitter vacuum is one of the
important issues in supergravity (SUGRA), because the
cosmological constant tends to be negative without super-
symmetry (SUSY) breaking [1]. The positive cosmological
constant, which is required to explain the accelerated
Universe we observe, can be realized with the SUSY-
breaking multiplets. It is known that SUSY breaking is
simply realized with a nilpotent superfield X, which
satisfies X> =0 and leads to the nonlinearly realized
SUSY [2-8]. Such a nilpotent multiplet has received
renewed interest in recent years from the viewpoint of
inflation [9-14] and the de Sitter vacuum in SUGRA
[15-23] and the realization of de Sitter vacua in superstring
theory (see Refs. [24,25] and references therein). The
component the action of a constrained multiplet coupled
to SUGRA has also been constructed in Refs. [26-29].

Recently, it was found that the simplest de Sitter SUGRA
model, in which a single nilpotent multiplet X couples
to SUGRA, is equivalent to the pure supergravity with a
constrained curvature multiplet R [30,31]. In the conformal
SUGRA formalism [32-38], the action is written as

S = =3[S0So]p + [SFWolF (1)

with a constraint

R 2
—=4] =0, 2
<So ) @
where we have used the notation in Ref. [38], [- -], - are

superconformal D- and F-term formulas respectively, S is
the chiral compensator multiplet, R = %ﬁ‘)) where 2 is a
chiral projection operator, is a scalar curvature multiplet

whose F-term contains the Ricci scalar R, and 4 and W, are
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constants. With a specific choice of W, and 4, the de Sitter
vacuum with a tunable cosmological constant is realized.

To realize the inflationary Universe in such a simple de
Sitter SUGRA model, we consider a simple extension of
the model (1) by adding a higher-curvature term 2RR],
where a is a real parameter characterizing the inflation
scale. Such a higher-curvature extension is known as the
Starobinsky model in old minimal SUGRA, which was first
constructed in Ref. [39] and developed in Refs. [40-44].
The term leads to the higher-curvature term R? where R is
the Ricci scalar. From the minimalistic viewpoint, we
choose the parameter in Eq. (2) as 4 =a. As we will
show in this paper, such a simple extension solves some
problems in SUGRA inflation models and shows interest-
ing features. 1. Inflation is realized with the Starobinsky-
type potential, which predicts cosmological parameters
consistent with the latest Planck results. 2. The de Sitter
vacuum 1is realized as in the original model. 3. The
destabilization problem in the SUGRA Starobinsky model
is absent due to the constraint. 4. A TeV-scale soft SUSY
breaking for the minimal SUSY standard model (MSSM)
sector is unexpectedly realized; however, 5. an extremely
heavy gravitino is simultaneously realized by which we
can avoid the gravitino problem [45] which prevents the
successful big bang nucleosynthesis (BBN) after inflation.

We note that in the SUSY Starobinsky models, the
SUSY-breaking vacuum has been studied so far [46-48].
However, the vacuum structures in such models are differ-
ent from our model discussed below. The model in
Ref. [48] realizes the SUSY-breaking vacuum with an
unconstrained curvature multiplet. The resultant SUSY-
breaking scale in the model is the same as the inflation
scale. Such a difference originates from the constraint on R
we impose in our model.

The remaining parts of this paper are as follows. First,
we show the higher-curvature action with a constrained
curvature multiplet, and also show the dual action which
contains an inflaton multiplet 7" and a constrained multiplet
S. Then, we discuss the vacuum structure and inflation in
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Sec. III. After that, in Sec. IV, we calculate the vacuum
expectation values (VEVs) of F-terms, which are important
for the spectra of the soft SUSY-breaking parameter for the
MSSM sector. Finally, we conclude in Sec. V.

II. MODEL

The action of the gravity sector is

§=-3 {SOSO —éRﬁL + [S§<W0 +L(SEO—01>2>L,
(3)

where W, is a constant and L is a Lagrange multiplier chiral
multiplet whose equation of motion leads to the constraint
(SE0 —a)?> = 0. We can rewrite the action (3) by using a

Lagrange multiplier 7" as
_ 1 - 3
S:—3 S()S() 1——SS +[SE)W0]F
a D

+ [S3L(S — a)?]p + {SSST(S - SEO)] .4

The equation of motion of 7 gives S =7R/S,, which
reproduces the action (3). By using the identity [39],
[TSoZ(So)]r = [SoSo(T + T)]p, we can rewrite the action
(4) as

+ [S3(BTS + Wo)p
D

+[S{L(S = a)*] . (5)

_ _ 1 -
S:—3[SOSO<1+T+T——SS>}
a

For simplicity of the following discussion, we rescale S and
Las$ — \/gS and L — %, and define M = v/3a. Then the
action (5) becomes

_ 1
S=—3[SOSO<1 +T—|—T——SS>]
3 D
+[SHMTS + Wo)lp + [SFL(S = M)?] . (6)
After superconformal gauge fixing with conventional con-
ditions [36], we find that this system is the standard

SUGRA action with Kihler potential K and superpotential
W given by

- ISP
K:—310g 1+T+T—T s (7)

W =MTS+ W,, (8)
and S satisfies a SUSY constraint

(S—M)?=0. (9)
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Here and hereafter, we use the Planck unit convention
Mp(~2.4 x 10" GeV) = 1. As we will show in Sec. III,
the value of W, is set to be W, ~ M?/6 to realize the de
Sitter vacuum with an almost vanishing cosmological
constant. Then, we notice that the action contains only
two mass scales, the Planck scale Mp = 1 and M which
corresponds to the inflaton mass scale as we will see below.

III. INFLATION AND VACUUM STRUCTURE

Let us discuss the structure of the scalar potential in the
model (6) in this section. Before starting the discussion, we
have to solve the constraint (9). This constraint is almost the
same as one of the nilpotent multiplets, and leads to

S,.S
Wy
s=M+—, 10
7S (10)

where s, w®, and FS are the scalar, the fermion, and the
auxiliary field of S. Then, the scalar s disappears in the
physical system. Therefore, the instability problem of s can
be solved as in Ref. [15].

Taking the condition (10) into account, we can calculate
the scalar potential as

V = eK(KVD,WD;W = 3|W[?)|,_y

M2 ~ M22 M4 M2
" (14 2Rel - £) H 1 B R

3 9 3

(11)

where 7 is the scalar component of 7.
First, to realize a vanishing cosmological constant, we
choose W, as

M M?

Then the scalar potential takes a simpler form:

M2 2

(1 4 2ReT —

- M?
3

(13)

M2\2
T)
The potential minimum is located at T = MTZ, and the
cosmological constant vanishes at the point. Therefore,
with W, = W, — e where € < 1, the positive cosmological
constant A can be realized around 7' ~ M{ with

2M?
ANWE. (14)
3

Thus, we can confirm that the de Sitter vacuum with a small
cosmological constant is realized in this model. In the
following discussion, we neglect the cosmological constant
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because the observed value of A is O(107'?%) in
Planck units.

Next, let us discuss the inflation. Neglecting A, the scalar
potential becomes one in Eq. (13). We identify the inflaton
as ReT =1, and ImT is stabilized at Im7 = 0 during and
after inflation. As we will see below, M is set to be
M ~ O(1075), and then we can approximate the potential
(13) as

M?¢

V=——. 15

(1+21)? (15)

The kinetic term of T is given by —K TTa,,Taﬂ? =

3

_m (6,,t(’9”t) + .-
kinetic term of the imaginary part of 7. In terms of the
canonically normalized inflaton ¢ = \/glog(l + 21),

the scalar potential (15) becomes

where the ellipsis denotes the

MZ

V=0 — V)2, (16)
which predicts the cosmological parameters consistent with
the Planck 2015 results [49]. The observed amplitude of the
scalar power spectrum requires that M ~ 1075,

IV. SPECTRA OF SOFT SUSY-BREAKING
PARAMETERS AND THE GRAVITINO PROBLEM

In this section, we discuss the spectra of soft SUSY-
breaking parameters in this model. The soft breaking
parameters are determined by the VEVs of F-terms and
the couplings between matter multiplets, 7, and S. We can
evaluate the VEVs of the F-terms of 7" and S as

b= () = P | e

1+ 22 a3
R
(1+%) V3

= ks ) =2

where we have used F!/=—eiK"D;W, (T)=%2,
(S) =M, and M ~ 107> < 1. In the same way, the grav-
itino mass is evaluated as

M2 1+M M2
My, = (W) = ———3 v, (19)

6
(1 + M43

To discuss possible matter couplings to 7" and S, let
us return to the original higher-curvature action (3). The
matter coupled extension of the action (3) is

PHYSICAL REVIEW D 92, 105027 (2015)

R R
S =SSN (=, =, 0,
5 (5522)],

: R
4 [%fAB (Q', S—O) WAWB] , (20)

where Q' is a matter chiral multiplet, A is an arbitrary real
function of SEO , 0" and their conjugates, and W, and f 5 are

holomorphic functions of the arguments. As in the pro-
cedure performed in Egs. (4)—(6), we can derive the dual
action of Eq. (20) as

S=-3 {SOSO <T+ T—%N(s, S,0, Q7)>}
D
+ [SAMTS + SiW,,(S, Q") + S3L(S — M)?]

+[3rte swome]. @)

where N'(S.5,0',07) =N (3MS iMS.0",07), W, (S.0")=
Wm(%MS’QI)’ and fu5(S. Q') = fAB(%MS’ o).

The most important feature is the form of the couplings
between T and Q. Those couplings in Eq. (21) take the
so-called conformal sequestering form [50,51], with
which the SUSY-breaking effect by 7 is never mediated
to the matter sector Q'. After superconformal gauge
fixing, we find that the action (21) becomes the standard
SUGRA action with the following Kihler and super
potentials,

K——3log<T+T—%./\/>, (22)

W=MTS+W,, (23)

and S satisfies the constraint (9). For concreteness of
the discussion, we assume the functions N, W,,, and

Sfap as

N ==34ISP+ 3201076~ clIsP). (24)
1J

A 1 N
Wy =Wy + Zg vk +IuxS)Q' 07 0%

K
1 ~
+ ZE(/‘H + i1y 8)0' 0’ (25)
7]
Sap
fap =—5 (1 =2h,5), (26)

i
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where Yk, Vx> His» iy and h, are complex-valued
constants, ¢;7 and g, are real constants, W, is one in
Eq. (12), and &/, 6,45 are Kronecker symbols.

The soft SUSY-breaking terms of the MSSM sector are
given by

1 1 o~
Lot = — (5 M o240 + gaIJKQIQJQK

| R ~ 2]
+5B,0'0" + h.c.) -mpQ'Q’ (27)
where A% is a gaugino, and Q' is a scalar component of Q’.
Let us consider the soft parameters in our case. By using the
soft SUSY parameter formulas [52], we obtain the follow-
ing set of soft SUSY-breaking parameters:

My~(|F|)ha, (28)
a~{|F*)J k. (29)
b~ ([F>)iy. (30)
mp~(|F3))2e ;. (31)

As we discussed below Eq. (21), the soft parameters do not
depend on FT due to the conformal sequestering structure
of the Kéhler potential, which is always realized even if we
choose different N and W,,.

Let us compare the scale of the soft SUSY-breaking
terms and that of the gravitino mass. From Eqgs. (28)—(31),
we find that the scale of the soft SUS Y-breaking parameters
is determined by (|F5|) ~M3; on the other hand, the
gravitino mass scale is mj3/, ~ M? in Planck units. As
we discussed in Sec. III, the order of M should be O(107)
due to the normalization of the cosmic microwave back-
ground power spectrum. Therefore, surprisingly enough,
the scales of the gravitino mass and the soft parameters are
predicted as

Mg ~M? = O(1071%) = O(1) TeV,  (32)
msp ~ M2 = O(1071%) = O(10°) TeV.  (33)

Because of the large gravitino mass, one may think that
the anomaly mediation [50,51] dominates the soft SUSY
parameters; however, we find that the anomaly mediation is
much smaller than the S-mediated SUSY breaking for the
following reason. It is known that the scale of anomaly
mediation is characterized by the F-term of the compensa-
tor FS [53]. In our case, the VEV of F5 is evaluated as

1 & K= apm
FS\ = {( |=¢6 KF1+3e?W>‘>—7,, 34
o)l =( |3 s O
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which is much smaller than (|F5|) ~ M?3 and, therefore, we
can neglect the anomaly-mediated SUSY-breaking effects.
The suppression of F*% is realized by the so-called no-scale
structure of the Kahler potential. Indeed, the largest F-term
is that of T as shown in Egs. (17) and (18).

Finally, we briefly discuss the reheating processes in
this model. Unlike the case in Ref. [54], the inflaton T
dominates the SUSY breaking, and then we can regard the
inflaton as the sgoldstino, which mostly decays into the pair
of gravitinos w3/, with the decay rate (see e.g. Ref. [55])
K|DWPm, M

28871 mg‘/z 96"

F(T = W3+ W) ~ (35)

After the reheating by the inflaton, the Universe is
dominated by the energy density of the gravitino. Such a
scenario was studied in Ref. [55] and called a gravitino
rich universe. Next, the produced gravitinos decay into the
MSSM sector with the decay rate,

193,

F(l[/3/2 - MSSM) ~ @m3/2.

(36)

The temperature at the gravitino decay is given by

1

A g\ 7
T3/2—(90> fr~1506ev(%> . (37)

where g, is the relativistic degrees of freedom at 7' = T3 ,.
The decay temperature (37) is much higher than the one at
the BBN and, therefore, the successful BBN can be realized
in our setup. Further investigation of the cosmological
history of this scenario will be shown in future work.

V. SUMMARY

We have investigated a simple model which realizes
inflation consistent with the Planck result, the de Sitter
vacuum with a tunable cosmological constant, a heavy
gravitino not leading to the problematic thermal history,
and a TeV-scale soft SUSY breaking of the MSSM sector
solving the gauge hierarchy problem.

We assumed a simple higher-curvature action (3) with a
constraint on the scalar curvature multiplet R, which is
equivalent to the one in Eq. (6). From the requirement of the
almost vanishing cosmological constant, a parameter W, in
Eq. (6) is fixed to the value (12) as discussed in Sec. IIL.
Therefore, our model contains only one dimensionful
parameter M, which is fixed to the value M ~
O(1073)-O(10"%) GeV by the Planck normalization of
the scalar power spectrum. However, at the vacuum, two
new scales appear: the gravitino mass scale ms/, ~

O(10°) TeV and the soft SUSY-breaking scale
Mg ~ O(1) TeV. They originate from the nontrivial
vacuum in our model as shown in Sec. IV.
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To confirm the model, the following issues remain. 1. We
have to investigate a more detailed thermal history of our
scenario, which can be done by determining the couplings
in Egs. (24)-(26). We also have to construct the component
action with the nontrivial condition (10). The action under
such a nontrivial constraint was studied recently in
Refs. [26-29]. 2. To test the model with the forthcoming
collider experiments, such as LHC Run2, the study of
particle phenomenology is also required. 3. The origin of

PHYSICAL REVIEW D 92, 105027 (2015)

the constraint on R is nontrivial; however, the under-
standing of it is important to realize our model in a UV
theory.
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