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Physics contains many hierarchies of mass scales, start-
ing from the Planck scale MP ∼ 1019 GeV at which
the effects of quantum gravity must become important,
through the energy scale of cosmological inflation, which
is . 1013 GeV, through the electroweak scale ∼ 100 GeV
down to the energy scale of dark energy, a.k.a. the cos-
mological constant, which is ∼ 10−3 eV. What are the
origins of these hierarchies, and how can they be stabi-
lized in a natural way despite the depredations of quan-
tum corrections? Diverse origins have been proposed,
and this paper does not claim any progress in elucidat-
ing this aspect of the hierarchies. Instead, we focus on
the question of how they can be accommodated within
a simple framework that incorporates a mechanism for
stabilizing hierarchies of mass scales.

That framework is provided by supersymmetry,
which could stabilize the electroweak hierarchy if the
supersymmetry-breaking scale is . 1 TeV [1], and could
also stabilize the parameters of an inflationary scalar po-
tential at some scale�MP [2]. On the other hand, sim-
ple supersymmetry is insufficient by itself to render natu-
ral the small magnitude of the cosmological constant, and
it would need to be supplemented by dynamical mecha-
nisms to generate the hierarchies of mass scales. In the
context of cosmology, supersymmetry must be combined
with general relativity within some form of supergravity
theory [3]. For this we advocate no-scale supergravity
[4, 5], since it does not have any of the deep O(M4

P ) anti-
de Sitter (AdS) ‘holes’ in the effective potential that are
endemic in other supergravity theories with matter fields.
Moreover, no-scale supergravity appears generically in
compactifications of string theory [6], which we regard
as the most promising candidate for a quantum theory
of gravity. One may anticipate that string theory is the
UV completion of the model presented below, though our
model does require specific knowledge of string theory
other than this recognition that no-scale supergravitiy is

a generic consequence of string models [6].

No-scale supergravity has been shown to yield
Starobinsky-like models of inflation [7], under suitable
conditions on the theoretical parameters [8], and we have
recently characterized general conditions under which de
Sitter (dS) vacua can be accommodated within no-scale
supergravity [9]. Upgrading such models to something
resembling the Standard Model (SM) in a more realis-
tic way requires a deeper discussion on how matter fields
should be incorporated, that should also include a mech-
anism for supersymmetry breaking. Previously, this has
often been done by invoking some variant of the Polonyi
model in which supersymmetry breaking originates dy-
namically within a hidden sector [10–14].

In this paper we build upon [9, 15], generalizing the
characterization of de Sitter (dS) no-scale supergrav-
ity models with SU(2,1)/SU(2)×U(1) Kähler manifolds.
Without extending the field content, we introduce a
mechanism that allows for a transition between two dS
vacua, one that can accommodate Starobinsky-like infla-
tion and one with an amount of vacuum energy that could
be very small, like the present cosmological constant
(dark energy), without invoking any external mechanism
such as uplifting by fibres [16]. As we show, this class
of models also allows for supersymmetry breaking with
a magnitude suitable for stabilizing the electroweak hier-
archy, without invoking any hidden sector à la Polonyi.
Additionally, a mechanism proposed previously [17, 18]
can be used to fix the compactification modulus of the
SU(2,1)/SU(2)×U(1) model.

We recall that a supergravity theory is described by
a Kähler function G ≡ K + lnW + lnW †, where K
is a Hermitian Kähler potential and W is a holomor-
phic superpotential. The scalar kinetic terms of the
Lagrangian are given by Lkin = Kij∗∂µΦi∂

µΦ∗j , where

Kij∗ ≡ ∂2K/∂µΦi∂
µΦ∗j is the Kähler metric, and the
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effective scalar potential is given by

V = eG

[
∂G

∂Φi
Kij∗

∂G

∂Φ∗j
− 3

]
, (1)

where Kij∗ is the inverse of the Kähler metric.

Our model is characterized by the following Kähler po-
tential:

K = −3α ln

[
T + T † − φφ†

3
− XiX†i

3

+ b(T + T † − 2d)4 + c(T − T †)4
]
, (2)

where α is a curvature parameter (hereafter we set d =
1/2 for definiteness) and the superpotential W can be
written as follows:

W = WI(T, φ) +WSM (X,φ) +WdS(T, φ) (3)

where WI is responsible for inflation, WSM contains
Standard Model interactions (possibly with the inflaton
for reheating), and Wds will provide both supersymmetry
breaking and dark energy. More specifically, these are

WI = M

(
φ2

2
− φ3

3
√

3

)
, (4)

WSM = µXiXj + λXiXjXk + yφXiXj , (5)

and

WdS = a1

(
2T − φ2

3

)n−
− a2

(
2T − φ2

3

)n+

. (6)

Eqs. (2) - (6) fully define our model. While inflation
based on Eq. (4) was first introduced in [8], combining
this with WSM and WdS in Eq. (3) is the key novel fea-
ture in the model considered below. In particular, adding
WdS to WI preserves Starobinky-like inflationary evolu-
tion while breaking supersymmetry and leaving residual
vacuum energy suitable for dark energy today. This is ac-
complished in a remarkably simple form without the ne-
cessity of addition field content. We now preview the in-
terpretations of these expressions, before discussing them
in more detail in the bulk of the paper.

The complex field T can be interpreted as a volume
modulus of compactification, and φ as another gauge-
singlet modulus acting as the inflaton. Together they pa-
rameterize the no-scale SU(2,1)/SU(2)×U(1) coset mani-
fold [15, 19], while Xi represent gauge-non-singlet matter
fields such as those appear in the SM. The quartic terms
in (2) fix T [17, 18], WI in (4) fixes the inflaton φ and
enables Starobinsky-like inflation with an energy scale
O(M) (other forms for WI are also possible: see [15, 18]),
and WSM in (5) contains bilinear and trilinear terms of
the generic forms appearing in SM-like superpotentials
as well as a coupling of the inflaton to matter to allow

for reheating. The novel terms in (3) are those in (6)
with coefficients a1,2, which have functional forms that
are holomorphic versions of the corresponding Hermitian
terms of the gauge singlets in the Kähler potential (2).
Taken alone, WdS leads to a de Sitter solution for all real
values of φ and T . The couplings a1 and a2 determine
the magnitudes of soft supersymmetry breaking and the
cosmological constant, which are O(a1−a2) and O(a1a2),
respectively. Choosing a1 = O(10−16) and a2 � a1 (or
vice versa) would yield a cosmological constant and soft
supersymmetry breaking of the desired magnitudes. No-
scale supergravity theories derived from string models
have, in general, additional moduli such as the dilaton
and complex structure moduli. For simplicity, we assume
that these are already fixed at scales above the inflation-
ary scale. Throughout, we work in units of the reduced
Planck mass, MP = 1/(8πGN ) ≈ 2.4× 1018 GeV.

We consider now in more detail the dS/dark energy
sector WdS (6). Constructions of dS vacua with multiple
moduli in SU(1, 1)/U(1) x U(1) no-scale supergravity
were discussed in [9], and can be extended to general
SU(N, 1)/SU(N) x U(1) Kähler coset manifolds via the

Kähler potential K = −3α ln
[
T + T † − φiφ

†
i

3

]
. We find

that dS vacua solutions can be obtained from a superpo-
tential WdS of the form (6) with φ → φi and exponents
given by n± = 3

2 (α±
√
α) [9, 20, 21]. Holomorphy of

the superpotential requires α ≥ 1, and the no-scale case
K corresponds to α = 1 [22]. We assume that the imag-
inary parts of the moduli fields are fixed to 〈Im T 〉 = 0
and 〈Im φi〉 = 0, which can be realized by introducing
higher-order terms in the Kähler potential such as those
in the second line of (2), as was shown in [17, 18], or
(in some cases) by the dynamics of the potential. Spe-
cializing to the SU(2, 1)/SU(2) x U(1) no-scale case and
inserting the expressions (2) and (6) into (1), we find the
following effective scalar potential at the minimum:

V = 12 a1 a2 , (7)

for all values of ReT and Reφ, which corresponds to a
de Sitter vacuum when a1 and a2 are of the same sign.
Thus the dS/dark energy superpotential WdS yields
a cosmological constant (7) following the end of inflation.

Combining WdS with a suitable inflationary super-
potential WI , we can incorporate soft supersymme-
try breaking without adding an additional Polonyi sec-
tor [10, 11] or introducing other possible dynamics [16].
To this end, we consider an inflationary superpotential
WI that vanishes when the complex scalar fields T and
φi are fixed at the potential minimum, i.e., we do not
induce supersymmetry breaking through WI , which typi-
cally has a mass scale of the order of the inflationary scale
∼ 1013 GeV. When the volume modulus T is stabilized
through the quartic terms in Eq. (2) so that ReT = 1/2
and ImT = 0, the inflaton is stabilized so that Imφ = 0
throughout inflation and Reφ = 0 at the end of infla-
tion. Supersymmetry breaking is generated through an
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F -term for T , which is given (for α = 1) by

FT = −eG/2Kij∗G
j = −m3/2(KT +WT /W )/3

= (a1 + a2) 6= 0 (8)

at the minimum, and is independent of the inflationary
scale M . The gravitino mass is simply given by m3/2 =
a1 − a2 [23].

Supersymmetry breaking with a Minkowski vacuum
would be obtained if either a1 or a2 vanishes, but we
are interested here in models with a1,2 6= 0. Specifi-
cally, we choose a1 − a2 = O(10−16) in order that the
gravitino mass be O(1) TeV [24]. If we also choose
a2 = O(10−104), we would obtain a value of the dark en-
ergy density (cosmological constant) comparable to the
present value, O(10−120). However, this is not the ap-
propriate choice, since we expect other contributions to
the present vacuum energy density, specifically from elec-
troweak gauge symmetry breaking and confinement in
QCD, which are estimated to be O(m4

W ) ∼ O(10−68)
and O(Λ4

QCD) ∼ O(10−80), respectively. These can be
accommodated together with the present value of the
dark energy density by choosing a1 = O(10−16) and
a2 = O(10−52) with the values finely-tuned to cancel
the electroweak and QCD contributions so that the net
value of the dark energy is O(10−120). It is also possible
that a2 = O(10−20) if the residual vacuum density is can-
celed by a grand unified theory (GUT) phase transition
of order m2

3/2M
2
GUT [25]. The couplings a1 and a2 are

radiatively stable, but the required fine-tuning is inele-
gant. We have no suggestion on how it may be achieved
dynamically in a natural way, but it does provide an ef-
fective framework for the different relevant mass scales
without additional fields or resorting to uplifting with
additional string dynamics.

One expects that the mass of the inflaton may be of
order M ∼ O(10−5), in which case we can safely ignore
the mixing terms between a1,2 and M during inflation
because a2 � a1 � M , so the constants a1,2 do not af-
fect the slow-roll inflationary dynamics. As was shown
in [8, 18], the Starobinsky inflationary potential can be
recovered in no-scale SU(2,1)/SU(2) x U(1) supergrav-
ity from the Wess-Zumino-like superpotential WI in (4),
and we recall briefly some of the results. For simplic-
ity, we consider the Kähler potential (2) with two mod-
uli fields φ and T , and set the curvature parameter to
α = 1. We assume that the scalar field T is fixed by
the quartic terms in Eq. (2), acquiring a vev 〈T 〉 = 1/2.
The couplings b and c are expected to both be � 1,
corresponding to inverse mass scales b, c ∝ 1/Λ2

T , with
ΛT �MP , similar to strong stabilization in some Polonyi
models [12, 13, 26–32]. In the limit a2 → 0, if b = c, the
two real fields associated with T acquire the same mass.
However, in the absence of supersymmetry breaking both
remain massless [18], and only acquire a mass when su-

persymmetry is broken, mReT = 4
√

3ba1 ' 4
√

3bm3/2,

mImT = 4
√

3ca1 ' 4
√

3cm3/2.

Although the mass of T is significantly below the infla-
ton mass, there is no Polonyi-like problem [33] associated
with T . As in the strongly-stabilized Polonyi system, the
dominant decay mode for T is into a gravitino pair [12],
with a decay rate proportional to m3

3/2M
3
P /Λ

5
T [34]. The

problem of entropy production is easily evaded here. For
ΛT . 10−4, the modulus decays before the inflaton and
plays little role in subsequent reheating processes. As a
result, there is no additional constraint from the over-
production of gravitinos (and ultimately the lightest su-
persymmetric particle). Since our stabilization term in
the Kähler potential should be thought of as an effec-
tive interaction, consistency would require ΛT > mT or
ΛT > (48)1/4(m3/2MP )1/2. Thus there is a substantial
range of values for ΛT for which there is no moduli prob-
lem: see [12] for further details. It is interesting that
ΛT = M lies within the allowed range.

With the modulus fixed at 〈T 〉 = 1/2 and Imφ = 0
(which minimizes the potential), so that Re φ = φ, we
can write the scalar potential as

V = 12a1a2 + 12a2M

(
φ2

2
− φ3

3
√

3

)
+ 3M2

(
φ√

3 + φ

)2

. (9)

The first term is the cosmological constant, and the sec-
ond term is a perturbation of the inflaton potential that
has a negligible effect on the inflationary dynamics, be-
cause a2 � M . We then make the following field redefi-
nition to obtain a canonical kinetic term for Reφ:

Reφ =
√

3 tanh
(
x/
√

6
)
, (10)

With this field redefinition and dropping terms propor-
tional to a1 and a2, we obtain the Starobinsky potential
along the Reφ direction:

V =
3

4
M2

(
1− e−

√
2/3x

)2
. (11)

The first two terms in Eq. (9) can be written as

∆V = Λ + 6a2M tanh2(x/
√

6)
(

3− 2 tanh
(
x/
√

6
))

,

(12)
where we have defined the cosmological constant Λ =
12a1a2. We note that, at large x, ∆V adds a relatively
small amount 6a2M to the Starobinsky plateau value of
(3/4)M2.

To visualize slow-roll inflation in the Re φ - Re T plane,
we use the following field redefinition:

ReT =
1

2
e−
√

2
3ρ, (13)

together with the field redefinition Reφ → x (10). The
scalar potential acquires a complicated form in terms of
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(x, ρ) that we do not display here, which reduces to the
form V + ∆V given by (11) and (12) when ρ = 0. We
assume that the number of e-folds until inflation ends
is N = 55, which is realized with the nominal choice of
x = 5.35 and ρ = 0, yielding the tensor-to-scalar ratio
r = 0.0035 and the spectral tilt ns = 0.965 [35, 36]. The
potential in the x - ρ plane is shown in Fig. 1. The field
x exits the dS plateau and rolls down towards a potential
barrier on the left, located at x = 0, ρ ≈ 0.34 ΛT . Then
the field ρ evolves slowly towards the global minimum,
located at x = 0, ρ = 0, and starts spiraling about the
minimum with initial amplitude 〈ρ〉Min ≈ 0.34 ΛT and
〈x〉 ≈ MP until ρ (or T ) decay which occurs well before
reheating when the inflaton decays.

FIG. 1. Realization of the Starobinsky inflationary potential
with the initial values of x(0) = 5.35, ρ(0) = 0. The amplitude
of the oscillation and the location of the barrier is given by
〈ρ/ΛT 〉Min ∼ 0.34.

Finally, we consider the full model with SM-like fields
characterized by the Kähler function (2), and the full
superpotential W = WdS + WI + WSM (3). After the
modulus acquires its vacuum expectation value, 〈T 〉 = 1

2 ,
and as the inflaton settles to its minimum, the reheating
process begins. The coupling yφXiXj provides a decay
channel for the inflaton and, assuming instantaneous re-
heating, the reheat temperature is TR ∼ y(MMP )1/2.

At the minimum, 〈T 〉 = 1/2 and 〈φ〉 = 0, and the po-
tential for the SM-like fields Xi can be written as follows
in the limit MP →∞:

VSM =
∑
i

|WXi |2+2a2µ
(
XiXj + h.c.

)
+12a1a2 , (14)

where WXi ≡ ∂W/∂Xi. The first term in (14) is simply
a (global) supersymmetric potential term for the Stan-
dard Model fields Xi in no-scale supergravity. The sec-
ond term is generated from supersymmetry breaking and
appears as an effective supersymmetry-breaking bilinear

term, B0 = 2a2. The third term is, again, our cosmo-
logical constant. Gaugino masses can be generated if the
gauge kinetic function, fαβ is a function of T , so that

m1/2 ' FT |f†T /f |/2 ∝ m3/2.

As an alternative to (2), one could also consider the
case of twisted matter fields, where the kinetic term XX†

is taken out of the logarithm in Eq, (2). In such a model,
additional soft mass terms are generated as the scalar
potential becomes

VSM =
∑
i

|WXi |2 + (a1 − a2)2
∑
i

|Xi|2

+ (2a1 + 4a2)µ(XiXj + h.c.)

+ 3(a1 + a2)
[
λXiXjXk + yφXiXj + h.c.

]
+ 12a1a2 , (15)

where we see soft scalar masses with m0 = (a1 − a2) =
m3/2, a bilinear term, B0 = (2a1 + 4a2) and trilinear
A-terms, A0 = 3(a1 + a2).

We have outlined in this paper a simple no-scale su-
pergravity framework for sub-Planckian physics capa-
ble of including modulus fixing, Starobinsky-like infla-
tion at a scale O(1013) GeV, supersymmetry breaking
at a scale O(103) GeV, and a small positive cosmolog-
ical constant (dark energy density). This model should
not be regarded as fundamental, but rather as an effec-
tive field theory that should, we believe, ultimately be
derived from a suitable variant of string theory. In a
more complete study of the dynamics of this model, the
renormalization-group evolution of the supersymmetry-
breaking terms would be able to drive the effective Higgs
mass-squared negative, triggering electroweak symmetry
breaking [37] and the corresponding change in the vac-
uum energy density. As mentioned earlier, the param-
eters a1,2 should be chosen such that the dark energy
density takes its physical value O(10−120) after this con-
tribution is included. Thus the electroweak scale could
be generated dynamically in this framework, though we
have no new suggestions to offer concerning the origins
of the inflationary, supersymmetry-breaking or dark en-
ergy scales. Finally, we note that it would be interest-
ing to explore the extension of this scenario to include
grand unification [38] and related issues such as neutrino
masses and mixing [25]. However, such topics lie beyond
the scope of this paper.
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[25] J. Ellis, M. A. G. Garćıa, N. Nagata, D. V. Nanopou-
los and K. A. Olive, JCAP 1611 (2016) no.11, 018
[arXiv:1609.05849 [hep-ph]]; JCAP 1707 (2017) no.07,
006 [arXiv:1704.07331 [hep-ph]]; JCAP 1904, no. 04, 009
(2019) [arXiv:1812.08184 [hep-ph]].

[26] M. Dine, R. Kitano, A. Morisse and Y. Shirman, Phys.
Rev. D 73, 123518 (2006) [hep-ph/0604140]; R. Ki-
tano, Phys. Lett. B 641, 203 (2006) [hep-ph/0607090];
R. Kallosh and A. D. Linde, JHEP 0702, 002 (2007)
[hep-th/0611183]; H. Abe, T. Higaki and T. Kobayashi,
Phys. Rev. D 76 (2007) 105003 [arXiv:0707.2671 [hep-
th]]; J. Fan, M. Reece and L.-T. Wang, JHEP 1109, 126
(2011) [arXiv:1106.6044 [hep-ph]].

[27] E. Dudas, C. Papineau and S. Pokorski, JHEP 0702,
028 (2007) [hep-th/0610297]; H. Abe, T. Higaki,
T. Kobayashi and Y. Omura, Phys. Rev. D 75, 025019
(2007) [hep-th/0611024].

[28] R. Kallosh, A. Linde, K. A. Olive and T. Rube, Phys.
Rev. D 84, 083519 (2011) [arXiv:1106.6025 [hep-th]];
A. Linde, Y. Mambrini and K. A. Olive, Phys. Rev. D
85, 066005 (2012) [arXiv:1111.1465 [hep-th]].

[29] E. Dudas, A. Linde, Y. Mambrini, A. Mustafayev and
K. A. Olive, Eur. Phys. J. C 73, no. 1, 2268 (2013)
[arXiv:1209.0499 [hep-ph]].

[30] J. L. Evans, M. Ibe, K. A. Olive and T. T. Yanagida,
Eur. Phys. J. C 73, 2468 (2013) [arXiv:1302.5346 [hep-
ph]]; J. L. Evans, K. A. Olive, M. Ibe and T. T. Yanagida,
Eur. Phys. J. C 73, no. 10, 2611 (2013) [arXiv:1305.7461
[hep-ph]].

[31] K. Nakayama, F. Takahashi and T. T. Yanagida, Phys.
Lett. B 718, 526 (2012) [arXiv:1209.2583 [hep-ph]].
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