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We present a minimal SU(2, 1)/SU(2) x U(1) no-scale model that unifies modulus fixing, Starobinsky-
like inflation, an adjustable scale for supersymmetry breaking, and the possibility of a small cosmological

constant, a.k.a. dark energy.
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I. INTRODUCTION

Physics contains many hierarchies of mass scales, starting
from the Planck scale Mp ~ 10! 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 cosmological constant,
whichis ~1073 eV. What are the origins of these hierarchies,
and how can they be stabilized in a natural way despite the
depredations of quantum corrections? Diverse origins have
been proposed, and this paper does not claim any progress in
elucidating 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 stabi-
lizing hierarchies of mass scales.

That framework is provided by supersymmetry, which
could stabilize the electroweak hierarchy if the supersym-
metry-breaking scale is <1 TeV [1], and could also
stabilize the parameters of an inflationary scalar potential
at some scale <Mp [2]. On the other hand, simple
supersymmetry is insufficient by itself to render natural
the small magnitude of the cosmological constant, and it
would need to be supplemented by dynamical mechanisms
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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(M?$) anti—de Sitter “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 realistic
way requires a deeper discussion on how matter fields
should be incorporated, that should also include a mecha-
nism for supersymmetry breaking. Previously, this has often
been done by invoking some variant of the Polonyi model in
which supersymmetry breaking originates dynamically
within a hidden sector [10-14].

In this paper we build upon [9,15] generalizing the
characterization of dS no-scale supergravity models with
SU(2,1)/SU(2) x U(1) Kdhler manifolds. Without extend-
ing the field content, we introduce a mechanism that allows
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for a transition between two dS vacua, one that can
accommodate Starobinsky-like inflation and one with an
amount of vacuum energy that could be very small, like the
present cosmological constant (dark energy), without invok-
ing any external mechanism such as uplifting by fibers [16].
As we show, this class of models also allows for supersym-
metry breaking with a magnitude suitable for stabilizing the
electroweak hierarchy, without invoking any hidden sector
a la Polonyi. Additionally, a mechanism proposed previ-
ously [17,18] can be used to fix the compactification
modulus of the SU(2, 1)/SU(2) x U(1) model.

II. A UNIFIED SU(2, 1)/SU2) x U(1)
NO-SCALE MODEL

We recall that a supergravity theory is described by a
Kihler function G=K +InW + In W', where K is a
Hermitian Kéhler potential and W is a holomorphic super-
potential. The scalar kinetic terms of the Lagrangian are given
by ‘Ckin :K"jkaﬂq)iaf‘(l);, where K’j* EazK/aﬂchaﬂ(D; is
the Kéhler metric, and the effective scalar potential is given by

0G 0G
VZBG[%KUXW_3:|7 (1)
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where K;;- is the inverse of the Kéhler metric.
Our model is characterized by the following Kihler
potential

, Poxixl
K = -3aln T—l—TT—%— !
3 3
+b(T+ T =2d)* + (T - T")*|, (2)

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

W=W/(T,¢)+Wsm(X.0) +Wys(T. ), (3)

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

¢2 ¢3 )
W = M ~ < = 4
! ( 2 33 @
Wem = #X' X + AXTXIXE + ypX X7, (5)

and

2\ n_ 2\ n,
WdS = da; <2T—%> —a <2T—%> . (6)

Equations (2)—(6) fully define our model. While inflation
based on Eq. (4) was first introduced in [8], combining this

with Wy and W in Eq. (3) is the key novel feature in the
model considered below. In particular, adding W g to W;
preserves Starobinsky-like inflationary evolution while
breaking supersymmetry and leaving residual vacuum
energy suitable for dark energy today. This is accomplished
in a remarkably simple form without the necessity of
addition field content. We now preview the interpretations
of these expressions, before discussing them in more detail
in the bulk of the paper.

III. SUPERSYMMETRY BREAKING AND THE
COSMOLOGICAL CONSTANT

The complex field 7" can be interpreted as a volume
modulus of compactification, and ¢ as another gauge-
singlet modulus acting as the inflaton. Together they
parametrize the no-scale SU(2,1)/SU(2) x U(1) coset
manifold [15,19], while X' represent gauge-non-singlet
matter fields such as those appearing in the SM. The quartic
terms in (2) fix 7' [17,18], W; in (4) fixes the inflaton ¢ and
enables Starobinsky-like inflation with an energy scale
O(M) (other forms for W; are also possible: see [15,18]),
and Wgqy 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 a; »,
which have functional forms that are holomorphic versions
of the corresponding Hermitian terms of the gauge singlets in
the Kihler potential (2). Taken alone, W ;¢ leads to a de Sitter
solution for all real values of ¢ and T. The couplings a; and
a, determine the magnitudes of soft supersymmetry breaking
and the cosmological constant, which are O(a; — a,) and
O(a,a,), respectively. Choosing a; = O(107'%) and a, <
a; (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 inflationary scale.
Throughout, we work in units of the reduced Planck mass,
Mp =1/(82Gy) ~2.4 x 10" GeV.

We consider now in more detail the dS/dark energy
sector W g (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) Kihler coset manifolds via the

Kihler potential K = —3aln [T+ T7 — #2]. We find that
dS vacua solutions can be obtained from a superpotential
W s of the form (6) with ¢» — ¢; and exponents given by
ny =3 (a =+ +/a) [9,20,21]. Holomorphy of the superpo-
tential requires a > 1, and the no-scale case K corresponds
to @ = 1 [22]. We assume that the imaginary parts of the
moduli fields are fixed to (Im7) =0 and (Im¢;) =0,
which can be realized by introducing higher-order terms in
the Kéhler potential such as those in the second line
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of (2), as was shown in [17,18], or (in some cases) by the
dynamics of the potential. Specializing 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 = 12a,a, (7)

for all values of ReT and Re¢, which corresponds to a de
Sitter vacuum when a; and a, are of the same sign. Thus
the dS/dark energy superpotential W ;¢ yields a cosmologi-
cal constant (7) following the end of inflation.

Combining W ¢ with a suitable inflationary superpoten-
tial W;, we can incorporate soft supersymmetry breaking
without adding an additional Polonyi sector [10,11] or
introducing other possible dynamics [16]. To this end, we
consider an inflationary superpotential W; that vanishes
when the complex scalar fields 7 and ¢; are fixed at the
potential minimum; i.e., we do not induce supersymmetry
breaking through W;, which typically has a mass scale of the
order of the inflationary scale ~10'* GeV. When the volume
modulus 7' is stabilized through the quartic terms in Eq. (2)
sothatReT = 1/2 and ImT = 0, the inflaton is stabilized so
that Im¢ = O throughout inflation and Re¢ = 0 at the end
of inflation. Supersymmetry breaking is generated through
an F term for T, which is given (for o = 1) by

Fp= _eG/ZKU*Gj = —m3/2(KT + W /W)/3
— (a1 +a) £ 0 (8)

at the minimum, and is independent of the inflationary
scale M. The gravitino mass is simply given by ms3,, =
ap—ap [23]

Supersymmetry breaking with a Minkowski vacuum
would be obtained if either a; or a, vanishes, but we are
interested here in models with a;, # 0. Specifically, we
choose a; — a, = O(107'%) in order that the gravitino mass
be O(1) TeV [24]. If we also choose a, = O(1071%), we
would obtain a value of the dark energy density (cosmo-
logical constant) comparable to the present value, O(10712).
However, this is not the appropriate choice, since we expect
other contributions to the present vacuum energy density,
specifically from electroweak gauge symmetry breaking and
confinement in QCD, which are estimated to be O(mf,)~
O(107%) and O(Aycp) ~O(107%), respectively. These can
be accommodated together with the present value of the dark
energy density by choosing a; = O(107'%) and a, =
O(1075?) with the values finely tuned to cancel the electro-
weak and QCD contributions so that the net value of the dark
energy is O(107!2). Itis also possible that a, = O(10720) if
the residual vacuum density is canceled by a grand unified
theory (GUT) phase transition of order m3 ,, Mgy [25]. The
couplings a; and a, are radiatively stable, but the required
fine-tuning is inelegant. We have no suggestion on how it
may be achieved dynamically in a natural way, but it does

provide an effective framework for the different relevant
mass scales without additional fields or resorting to uplifting
with additional string dynamics.

IV. INFLATIONARY DYNAMICS

One expects that the mass of the inflaton may be of order
M ~ O(1073), in which case we can safely ignore the mixing
terms between a;, and M during inflation because
a, < a; <M, so the constants a;, do not affect 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) supergravity from the Wess-
Zumino-like superpotential W; in (4), and we recall briefly
some of the results. For simplicity, we consider the Kihler
potential (2) with two moduli fields ¢ and 7, and set the
curvature parameter to @ = 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 ¢ are expected to both be
> 1, corresponding to inverse mass scales b, ¢ o 1/AZ, with
Ay < Mp, similar to strong stabilization in some Polonyi
models [12,13,26-32]. In the limit a, — 0, if b = ¢, the two
real fields associated with 7 acquire the same mass.
However, in the absence of supersymmetry breaking both
remain massless [18] and only acquire a mass when
supersymmetry is broken, mg,; = 4v/3ba; ~ 4v/3bm; /25

My = 4\/%(11 ~ 4\/%71’!3/2.

Although the mass of 7 is significantly below the
inflaton mass, there is no Polonyi-like problem [33]
associated with 7. As in the strongly stabilized Polonyi
system, the dominant decay mode for 7 is into a gravitino
pair [12], with a decay rate proportional to m3,Mp/A;
[34]. The problem of entropy production is easily evaded
here. For A; <107*, the modulus decays before the
inflaton and plays a little role in subsequent reheating
processes. As a result, there is no additional constraint
from the overproduction of gravitinos (and ultimately the
lightest supersymmetric particle). Since our stabilization
term in the Kéhler potential should be thought of as an
effective interaction, consistency would require Ay > my
or Ay > (48)"4(m3/,,Mp)'/%. Thus there is a substantial
range of values for Ay for which there is no moduli
problem; see [12] for further details. It is interesting that
Ay = M lies within the allowed range.

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

2 3
V = 12a,a, + 12a2M<%—3(%)
+3M2< ¢ )2 9)
Vita)

The first term is the cosmological constant, and the second
term is a perturbation of the inflaton potential that has a
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negligible effect on the inflationary dynamics because
a, < M. We then make the following field redefinition
to obtain a canonical kinetic term for Re ¢:

Re ¢ = v/3tanh(x/V/6). (10)

With this field redefinition and dropping terms proportional
to a; and a,, we obtain the Starobinsky potential along the
Re ¢ direction:

V:%M2<1—e‘\/2/_3x)2. (11)

The first two terms in Eq. (9) can be written as
AV = A + 6a,Mtanh?(x/v/6)(3 — 2 tanh(x/V6)),  (12)

where we have defined the cosmological constant
A = 12a;a,. We note that, at large x, AV adds a relatively
small amount 6a,M to the Starobinsky plateau value
of (3/4)M>.

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

2

1
RCT:§€_ 5/), (13)

together with the field redefinition Re¢p — x (10). The
scalar potential acquires a complicated form in terms of
(x,p) that we do not display here, which reduces to the
form V 4+ AV given by (11) and (12) when p = 0. We
assume that the number of e-folds until inflation ends is
N =55, which is realized with the nominal choice of
x=15.35 and p =0, yielding the tensor-to-scalar ratio

FIG. 1. Realization of the Starobinsky inflationary potential
with the initial values of x(0) = 5.35, p(0) = 0. The amplitude of
the oscillation and the location of the barrier is given by

P/ Ar)ssin ~ 0.34.

r = 0.0035 and the spectral tilt n; = 0.965 [35,36]. The
potential in the x-p 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, p =~ 0.34A;. Then the
field p evolves slowly towards the global minimum located
at x =0, p =0, and starts spiraling about the minimum
with initial amplitude (p),;, ~ 0.34A7 and (x) ~ Mp until
p (or T') decay which occurs well before reheating when the
inflaton decays.

V. STANDARD MODEL INTERACTIONS

Finally, we consider the full model with SM-like fields
characterized by the Kéhler function (2), and the full
superpotential W = W, o+ W; + Wgqy (3). After the
modulus acquires its vacuum expectation value, (T) = %,
and as the inflaton settles to its minimum, the reheating
process begins. The coupling ypX'X/ provides a decay
channel for the inflaton and, assuming instantaneous
reheating, the reheat temperature is Tg ~ y(MMp)'/2.

At the minimum, (7) =1/2 and (¢) =0, and the
potential for the SM-like fields X’ can be written as follows
in the limit Mp — oo:

Vem = Z|fo|2 +2a,u(X'X) +He.) + 12aia,,  (14)

l

where Wy = OW/0X". The first term in (14) is simply a
(global) supersymmetric potential term for the Standard
Model fields X’ in no-scale supergravity. The second term is
generated from supersymmetry breaking and appears as an
effective supersymmetry-breaking bilinear term, By = 2a,.
The third term is, again, our cosmological constant. Gaugino
masses can be generated if the gauge kinetic function f 4 is a
function of T, so that m, , ~ FT|f;/f|/2 x M3),.

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

Vem = Z|Wx"|2 + (a; - az)ZZ\XiP
i i

+ (2a; +4a,)u(X'X/ + H.c.)

+3(ay + ay)AX'XIX* + ypX' X/ + H.c.]

+ 12a;a,, (15)
where we see soft scalar masses with my = (a; —a,) =mj s,
a bilinear term, By = (2a; + 4a,), and trilinear A terms,
Ao =3(a; + ay).

VI. SUMMARY

We have outlined in this paper a simple no-scale super-
gravity framework for sub-Planckian physics capable of
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including modulus fixing, Starobinsky-like inflation at a
scale O(10'%) GeV, supersymmetry breaking at a scale
O(10%) GeV, and a small positive cosmological constant
(dark energy density). This model should not be regarded
as fundamental, but rather as an effective 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 evolu-
tion 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 vacuum energy density. As mentioned earlier,
the parameters a;, should be chosen such that the dark
energy density takes its physical value O(1072%) after this
contribution 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 energy

scales. Finally, we note that it would be interesting 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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