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We consider F-term hybrid inflation and supersymmetry breaking in the context of a model that largely
respects a global U(1) R symmetry. The Kéhler potential parametrizes the Kéhler manifold with an
enhanced U(1) x (SU(1, 1)/U(1)) symmetry, where the scalar curvature of the second factor is determined
by the achievement of a supersymmetry-breaking de Sitter vacuum without ugly tuning. The magnitude of
the emergent soft tadpole term for the inflaton can be adjusted in the range (1.2-460) TeV—increasing with
the dimensionality of the representation of the waterfall fields—so that the inflationary observables are in
agreement with the observational requirements. The mass scale of the supersymmetric partners turns out to
lie in the region (0.09-253) PeV which is compatible with high-scale supersymmetry and the results of LHC
on the Higgs boson mass. The x parameter can be generated by conveniently applying the Giudice-Masiero
mechanism and assures the out-of-equilibrium decay of the R saxion at a low reheat temperature

Ty < 163 GeV.

DOI: 10.1103/PhysRevD.108.095055

I. INTRODUCTION

Among the various inflationary models (for reviews see
Refs. [1,2]), the simplest and most well-motivated one is
undoubtedly the “F-term hybrid inflation” (FHI) model [3].
It is tied to a renormalizable superpotential uniquely
determined by a global U(1) R symmetry, it does not
require fine-tuned parameters and trans-Planckian inflaton
values, and it can be naturally followed by a grand unified
theory (GUT) phase transition; see, e.g., Refs. [4-6]. In the
original implementation of FHI [3], the slope of the
inflationary path that is needed to drive the inflaton toward
the supersymmetric (SUSY) vacuum is exclusively pro-
vided by the inclusion of radiative corrections (RCs) in the
tree level (classically flat) inflationary potential. This
version of FHI is considered as strongly disfavored by
the Planck data [7] fitted to the standard power-law
cosmological model with cold dark matter (CDM) and a
cosmological constant (ACDM). A more complete treat-
ment, though, incorporates also corrections originating
from supergravity (SUGRA) that depend on the adopted
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Kéhler potential [8—11] as well as soft SUSY-breaking
terms [12-17]. Mildly tuning the parameters of the relevant
terms, we can achieve [18] mostly hilltop FHI fully
compatible with the data [7,19,20]; observationally accept-
able implementations of FHI can also be achieved by
invoking a two-step inflationary scenario [21] or a specific
generation [5,22,23] of the u-term of the minimal super-
symmetric standard model (MSSM).

Out of the aforementioned realizations of FHI we focus
here on the “tadpole-assisted” one [14,15] in which the
suitable inflationary potential is predominantly generated
by the cooperation of the RCs and the soft SUSY-breaking
tadpole term. A crucial ingredient for this is the specifi-
cation of a convenient SUSY-breaking scheme; see, e.g.,
Refs. [23-27]. Here, we extend the formalism of FHI to
encompass SUSY breaking by imposing a mildly violated
R symmetry introduced in Ref. [28]. Actually, it acts as a
junction mechanism of the (visible) inflationary sector (IS)
and the hidden sector (HS). A first consequence of this
combination is that the R charge 2/v of the Goldstino
superfield—which is related to the geometry of the HS—is
constrained to values with 0 < v < 1. A second by-product
is that SUSY breaking is achieved not only in a Minkowski
vacuum, as in Ref. [28], but also in a de Sitter (dS) one,
which allows us to control the notorious dark energy (DE)
problem by mildly tuning a single superpotential parameter
to a value of order 107'2. A third consequence is the
stabilization [24-27] of the sgoldstino to low values during
FHI. Selecting minimal Kihler potential for the inflaton

Published by the American Physical Society


https://orcid.org/0000-0002-6276-9021
https://orcid.org/0000-0003-3247-5935
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.095055&domain=pdf&date_stamp=2023-11-30
https://doi.org/10.1103/PhysRevD.108.095055
https://doi.org/10.1103/PhysRevD.108.095055
https://doi.org/10.1103/PhysRevD.108.095055
https://doi.org/10.1103/PhysRevD.108.095055
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

G. LAZARIDES and C. PALLIS

PHYS. REV. D 108, 095055 (2023)

and computing the suppressed contribution of the sgold-
stino to the mass squared of the inflaton, we show that the
problem of FHI can be elegantly resolved. After these
arrangements, the imposition of the inflationary require-
ments may restrict the magnitude of the naturally induced
tadpole term which is a function of the inflationary scale M
and the dimensionality Ng of the representation of the
waterfall fields. The latter quantity depends on the GUT
gauge symmetry G in which FHI is embedded. We
exemplify our proposal by considering three possible G’s
that correspond to the values Ng =1, 2, and 10. The
analysis for the two latter Ng values is done for the first
time. We find that the required magnitude of the tadpole
term increases with Ng.

For Ng = 1 the scale of formation of the B — L cosmic
strings (CSs) fits well with the bound [29] induced by the
observations [19] on the anisotropies of the cosmic micro-
wave background (CMB) radiation. These B — L CSs are
rendered metastable, if the U(1),_, symmetry is embedded
in a GUT based on a group with higher rank such as
SO(10). In such a case, the CS network decays generating a
stochastic background of gravitational waves that may
interpret [30,31] the recent data from NANOGrav [32]
and other pulsar timing array experiments [33]; see
also Ref. [34].

Finally, a solution to the y problem of MSSM—for an
updated review see Ref. [35]—may be achieved by
suitably applying [28] the Giudice-Masiero mechanism
[36,37]. Contrary to similar attempts [22,23], the u-term
here plays no role during FHI. This term assures [38—42]
the timely decay of the sgoldstino (or R saxion), which
dominates the energy density of the Universe, before the
onset of the big bang nucleosynthesis (BBN) at cosmic
temperature (2-4) MeV [43]. In a portion of the parameter
space with 3/4 < v < 1, nonthermal production of grav-
itinos (G) is prohibited and so the moduli-induced G
problem [44] can be easily eluded. Finally, our model
sheds light on the rather pressing problem of the deter-
mination of the SUSY mass scale 7z which remains open to
date [45] due to the lack of any SUSY signal in LHC (for
similar recent works see Refs. [46-51]). In particular, our
setting predicts 7 close to the PeV scale and fits well with
high-scale SUSY and the Higgs boson mass discovered at
LHC [52] if we assume a relatively low tan and stop
mixing [53].

We describe below how we can interconnect the infla-
tionary and the SUSY-breaking sectors of our model in
Sec. II. Then, we propose a resolution to the y problem of
MSSM in Sec. III and study the reheating process in
Sec. IV. We finally present our results in Sec. VI con-
fronting our model with a number of constraints described
in Sec. V. Our conclusions are discussed in Sec. VIL
General formulas for the SUGRA-induced corrections to
the potential of FHI are arranged in the Appendix.

II. LINKING FHI WITH THE
SUSY-BREAKING SECTOR

As mentioned above, our model consists of two sectors:
the HS responsible for the F-term (spontaneous) SUSY
breaking and the IS responsible for FHI. In Sec. I1 A, we
first specify the conditions under which the coexistence of
both sectors can occur and then, in Sec. I B, we investigate
the vacua of the theory. Finally, we derive the inflationary
potential in Sec. II C.

A. Setup

Here we determine the particle content, the superpoten-
tial, and the Kéhler potential of our model. These ingredients
are presented in Secs. IIA 1, I A2, and IT A 3. Then, in
Sec. IT A 4, we present the general structure of the SUGRA
scalar potential that governs the evolution of the HS and IS.

1. Particle content

As well known, FHI can be implemented by introducing
three superfields ®, ®, and S. The two first are left-handed
chiral superfields oppositely charged under a gauge group
G, whereas the latter is the inflaton and is a G-singlet left-
handed chiral supertfield. Singlet under G is also the SUSY-
breaking (Goldstino) superfield Z.

In this work we identify G with three possible gauge
groups with different dimensionality Ng of the representa-
tions to which ® and ® belong. Namely, we consider
(@) G = Gp_; with Gz_; = Ggy x U(1)g_,, where Ggy

is the Standard Model gauge group. In this case @ and
® belong [14] to the (1,1,0,—1) and (1,1,0,1)
representation of Gp_;, respectively, and so Ng = 1.

(b) G =G with G r=SU(3)cxSU(2), xSU(2)g %
U(1)p_;- In this case ® and ® belong [4,5] to the
(1,1,2,-1) and (1, 1,2, 1) representation of Gyg,
respectively, and so Ng = 2.

() G=Gs, with Gs, = SU(5) x U(1)y, the gauge
group of the flipped SU(5) model. In this case ®
and ® belong [6] to the (10, 1) and (10, —1) repre-
sentation of Gs_, respectively, and so Ng = 10.

In the cases above, we assume that G is completely
broken via the vacuum expectation values (VEVs) of ® and
® to Ggy;. No magnetic monopoles are generated during
this GUT transition, in contrast to the cases where
G=SU@4)cxSU2). xSU(2)g, SU(5), or SO(10).
The production of magnetic monopole can be avoided,
though, even in these groups, if we adopt the shifted [54] or
smooth [55] variants of FHI.

2. Superpotential

The superpotential of our model has the form

W =W\(S. @, D) + Wy(Z) + Weu(Z, @.®). (1)
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where the subscripts “T” and “H” stand for the IS and HS,
respectively. The three parts of W are specified as follows:
(a) Wi is the IS part of W written as [3]

Wy = kS(0D — M?), (2a)

where « and M are free parameters that may be made
positive by field redefinitions.
(b) Wy is the HS part of W, which reads [28]

Wy = mm3(Z/mp)". (2b)

Here mp = 2.4 x 10'® GeV is the reduced Planck
mass, m 1is a positive free parameter with mass
dimensions, and v is an exponent that may, in
principle, acquire any real value if Wy is considered
as an effective superpotential valid close to the non-
zero vacuum value of Z. We will assume though that
the effective superpotential is such that only positive
powers of Z appear.

(c) Wgy is an unavoidable term—see below—that mixes
Z with @ and ® and has the form

WGH = —xlmP(Z/mP)”CBCI), (20)

with 1 a real coupling constant.
W is fixed by imposing an R symmetry under which W
and the various superfields have the following R characters:

R(W)=R(S)=2, R(Z)=2/v. and R(®®)=0. (3)

As we will see below, we confine ourselves to the range
3/4 < v < 1. We assume that W is holomorphic in S and so
S appears with positive integer exponents v,. Mixed terms
of the form S$*sZ%: must obey the R symmetry and thus

vi+v/v=1=v, = (1-v), (4)

leading to negative values of v,. Therefore, no such mixed
terms appear in the superpotential.

3. Kahler potential

The Kéhler potential has two contributions,
K = K{(S,®, CT)) + Ku(2), (5)

which are specified as follows:

(a) Kjis the part of K that depends on the fields involved
in FHI [cf. Eq. (2a)]. We adopt the simplest possible
form

Ky = |SP + @] +|®f, (6a)
which parametrizes the U(1)¢ x U(1)q x U(1)g Kih-

ler manifold—the indices here indicate the moduli that
parametrize the corresponding manifolds.

(b) Ky is the part of K devoted to the HS. We adopt the
form introduced in Ref. [28] where

ZP = K224 /m
Ky = N (1 2= K22/ me . (6b
a= N (142502 (6b)

with Z, = Z £ Z*. Here, k is a parameter that mildly
violates R symmetry endowing R axion with phenom-
enologically acceptable mass. Despite the fact that
there is no string-theoretical motivation for Ky, we
consider it as an interesting phenomenological option
since it ensures a vanishing potential energy density in
the vacuum without tuning for

412

N=—,
3—4v

(7)
when v is confined to the following ranges:

§<y<§ for N <0 and 1/<§ forN>0. (8)
4 2 4

As we will see below, the same v — N relation assists
us to obtain a dS vacuum of the whole field system
with tunable cosmological constant. Our favored v
range will finally be 3/4 <v < 1. This range is
included in Eq. (8) for N < 0. Therefore, Ky para-
metrizes the (SU(1,1)/U(1)), hyperbolic Kéhler
manifold. The total K in Eq. (5) enjoys an enhanced
symmetry for the § and Z fields, namely,
U(l)g x (SU(1,1)/U(1)),. Thanks to this symmetry,
mixing terms of the form S$%Z*%: can be ignored,
although they may be allowed by the R symmetry
for U, = vy

4. SUGRA potential

Denoting the various superfields of our model as X* =
S,Z,®,® and employing the same symbol for their
complex scalar components, we can find the F-term (tree
level) SUGRA scalar potential Vi from W in Eq. (1) and K
in Eq. (5) by applying the standard formula [56],

Vi = K/ (KPD,WDyW* = 3|W[*/m}).  (9)
with K5 = 0xe0yiK, KK = &2, and
Do W = 0y W + WoyaK /m3. (10)

Thanks to the simple form of K in Egs. (5), (6a), and (6b),
the Kéhler metric K,; has diagonal form with only one
nontrivial element,
Ky = (Nmp — k*Z% + m3|Z|*)2m3N
x (mSN + 12NK*m$Z* + 4k*Z° + 3k°m3Z> Z7%).
(11)
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The resulting Vi can be written as

K

Ve=e"(|vs +|vol* +[va > + K7} |07 =3|ow ). (12)

where the individual contributions are

vg = k(®D — M?)(|S/mp|> + 1)

- §*7%/m& (mmp — 1DD), (13a)
Vg = KS(M*mz>®* — O(|®>mp% + 1))
+ Z'my (A0 (|®/mp)? + 1) — mmp' @), (13b)

vy = v(Z/mp)*~! (mmp — LOD)

+ N(Z*m} — 4k*Z3 ) (Nmjy — k*Z* + | Z|Pm3)~!

x ((Z/mp)* (mm} — 2D®) + kS(®D — M?)), (13c)
vy = kSmp! (OD — M?) + ZVmp* (mmp — AO®).  (13d)
Note that vg is obtained from v4 by interchanging @ with
®. Obviously, Eq. (7) was not imposed in the formu-
las above.

D-term contributions to the total SUGRA scalar potential
arise only from the G nonsinglet fields. They take the form

7 .
Vp = 3(Iq>l2 — D)%, (14)

where g is the gauge coupling constant of G. During FHI
and at the SUSY vacuum, we confine ourselves along the
D-flat direction

@] = |©

, (15)

which ensures that Vi = 0.

B. SUSY- and G-breaking vacuum

As we can verify numerically, Vg in Eq. (12) is
minimized at the G-breaking vacuum

[(@)] = [(®)] = M. (16)

It has also a stable valley along (#) = 0 and (0g/mp) = =,
with these fields defined by

Z=(z+1i0)/V2 and S=ce/™ /2. (17)

As we will see below, /mp = 7 holds during FHI and we
assume that it is also valid at the vacuum. Substituting
Eq. (17) in Eq. (12), we obtain the partially minimized Vg
as a function of z and o, i.e.,

Vk(z,0)

— 0= 1) o (Kug) <(,1M2 — mmp)*(z/mp)*

(2Nm3v + (v+ N)z%)? o’
x N2 -6+ 2
p p

v+1

(o LG ) )

The minimization of the last term implies
o = =202(M? + m3) — mmp)z*/ml . (19)
whereas imposing the condition in Eq. (7), we obtain [28§]

(2Nm3v + (v + N)Z%)?
szzml%

(322 — 8um3)?

—6=
161%2°m}

(20)

Substituting the two last relations into Eq. (18) we arrive at
the result

Vi(z) = elEn)/me (AM? — mmyp) 2%

" <(/1(M2+m12,)—mmp)2 . (8y2m%—3z2)2>

4(1+ 2(v+1
22DK_2mP( v) 25+”1/2z2mp(” )

(21

which is minimized with respect to ¢ too. From the last
expression, we can easily find that z acquires the VEV

(2) = 2/2/3|v|mp, (22)

which yields the constant potential energy density

160\ Y (AM? — mmp\ 2
V) = v
= (5) (™) o

X (A(M? 4+ m3) — mmp)?, (23)

with
w = eKn/Nms ~ 2(3 — 21 /3, (24)

given that M < myp. Tuning 1 to a value A ~ m/mp =~ 10712
we can obtain a postinflationary dS vacuum that corre-
sponds to the current DE density parameter. By virtue of
Eq. (19), we also obtain (o) ~0.

The gravitino (G) acquires mass [56]

KH
my, = (v Wyy) = 2¢372|u|V maN/2,

(25a)

Deriving the mass-squared matrix of the field system S —
®—®—Z at the vacuum, we find the residual mass
spectrum of the model. Namely, we obtain a common
mass for the IS
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Ky
my = "o/ 2(K2M? + (402 /3) (1 +4M%/mp?)m?)z, (25b)

where the second term arises due to the coexistence of the
IS with the HS (cf. Ref. [14]). We also obtain the
(canonically normalized) sgoldstino (or R saxion) and
the pseudo-sgoldstino (or R axion) with respective masses

(25¢)

3
mzzz—csmyz and m9:12ka)%m3/2.

Comparing the last formulas with the ones obtained in the
absence of the IS [28] we infer that no mixing appears
between the IS and the HS. As in the “isolated” case of
Ref. [28], the role of k in Eq. (6b) remains crucial in
providing 6 with a mass. Some representative values of the
masses above are arranged in Table I for specific k, v, and k
values and for the three G’s considered in Sec. [T A 1. We
employ values for M and the tadpole parameter ag
compatible with the inflationary requirements exposed in
Sec. V; for the definition of ag see Sec. II C 4. We observe
that m; turns out to be of order 10'> GeV (cf. Ref. [14]),
whereas mj3/,, m,, and my lie in the PeV range. For the
selected value v =7/8 > 3/4 the phenomenologically
desired hierarchy m_, <2mj3,, (see Sec. V) is easily
achieved. In the same table we find it convenient to
accumulate the values of some inflationary parameters
introduced in Secs. [IC4 and VI and some parameters
related to the p-term of the MSSM and the reheat temper-
ature given in Secs. III and IV.

Our analytic findings related to the stabilization of the
vacuum in Egs. (16) and (22) can be further confirmed by
Fig. 1, where the dimensionless quantity Vi/m’m3 in
Eq. (18) is plotted as a function of z and 6. We employ the
values of the parameters listed in column B of Table I. We
see that the dS vacuum in Eq. (22)—indicated by the black

m? mp?

0.0
o/M (107%)

0.0

FIG. 1. The (dimensionless) SUGRA potential Vg/m?m3 in
Eq. (18) as a function of z and ¢ for the inputs shown in column B
of Table I. The location of the dS vacuum in Eq. (22) is also
depicted by a thick point.

TABLE I. A case study overview.

Case A B C

Input parameters

k=5x10"*v="7/8 (N =—49/8), and k = 0.1

Ng 1 2 10
M(IO15 GeV) 1.4 1.9 3.6
m (PeV) * 0.5 1.15 6.3
A(10712) 0.2 1.7 2.6
HS parameters during FHI
(2)1(1073mp) 1.1 1.5 2.5
my3/n (TeV) 1.2 2.98 25
my, (EeV) 0.64 1.1 4.1
myy (EeV) 0.15 0.32 1.2
Inflationary parameters
ag (TeV) 2.63 6.7 56.3
H; (EeV) 0.25 0.4 1.6
ox/V2M 1.026 1.035 1.067
Nik 40.5 40.8 40.6
Aoy (%) 2.6 3.5 6.7
Aax (%) 2.9 3.9 7.3
Inflationary observables
n 0.967
—ag(1074) 2.3 2.5 29
r(10712) 0.9 3.1 39.7
Spectrum at the vacuum
my (102 GeV) 1.8 2.4 4.5
m, (PeV) 1.3 2.9 16
my (PeV) 0.8 1.8 10

Reheat temperature
For yu = m (4, = 0.69) and K = K,
Ty (GeV) 0.07 0.18 2.05
“Recall that 1 PeV = 10° GeV and 1 EeV = 10° GeV.

thick point—is placed at ((z), (¢)) = (1.43mp,0) and is
stable with respect to both directions.

C. Inflationary period
It is well known [2,3] that FHI takes place for sufficiently

large |S| values along an F- and D-flat direction of the
SUSY potential
=0 =0, (26)
where the potential in global SUSY,
Vsusy (® = 0) = Vig = &*M*, (27)

provides a constant potential energy density with corre-

sponding Hubble parameter H;=/Vy/3m3. In a
SUGRA context, though, we first check, in Sec. I C I,

095055-5
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z/mp (107°)

FIG.2. The SUGRA potential 10°(V/x>M* — 1) in Eq. (12) along the path in Eq. (26) as a function of z and & for § = 0 (left) or z and
0 for 6 = o, (right). In both cases, we take the parameters of column B in Table I. The location of ((z);, o, ) (left) or ((z);,0) (right) is

also depicted by a thick black point.

the conditions under which such a scheme can be achieved
and then we include a number of corrections described in
Secs. IIC2 and IIC3 below. The final form of the
inflationary potential is given in Sec. I C4.

1. Hidden sector’s stabilization

The implementation of FHI is feasible in our setup if Z is
well stabilized during it. As already emphasized [27], V|, in
Eq. (26) is expected to transport the value of Z from the
value in Eq. (22) to values well below myp. To determine
these values, we construct the complete expression for Vg
in Eq. (12) along the inflationary trough in Eq. (26) and
then expand the resulting expression for low S/mp values,
assuming that the @ =0 direction is stable as in the
vacuum. Under these conditions Vg takes the form

2v—1)(Q, 2,2 _ 2,22
< (58” mp —327)7) (28)
2 +vy2m12)1/

Kn

Ve(z) = €™ <K2M4 + m?

The extremum condition obtained for V(z) with respect to
z yields

mPmp ()7 (640 mb — 9(2)¥)

x (8(1 = v)v’mi + (3= v)(2)]) =27V, (29)

where the subscript I denotes that the relevant quantity is
calculated during FHI. Given that (z);/mp < 1, the equa-
tion above implies

(2); > (V3 x 227 VH Jmu/T = )P, (30)

which is in excellent agreement with its precise numerical
value. We remark that v < 1 assures the existence and the
reality of (z);, which is indeed much less than mp
since Hy/m < 1.

To highlight further this key point of our scenario, we
plotin Fig. 2 the quantity 10° (Vi/x?M* — 1) with Vg given

by Eq. (12) for fixed ® = ® = 0 [see Eq. (26)] and the
remaining parameters listed in column B of Table L. In the
left panel of Fig. 2, we use as free coordinates z and
o with fixed 6 =0. We see that the location of
((2)1,04) = (1.5 x 1073mp, 1.4637M), where o, is the
value of ¢ when the pivot scale crosses outside the horizon
and is indicated by a black thick point, is independent from
o as expected from Eq. (30). In the right panel of this figure,
we use as coordinates z and 6 and fix ¢ = 6,. We observe
that ((z);,0) = (1.5 x 1073 mp, 0)—indicated again by a
black thick point—is well stabilized in both directions.

The (canonically normalized) components of sgoldstino
acquire masses squared, respectively,

mi, ~6(2—v)H} and mjy~3H;}
4v(1-v)m3+ (1 -96k*v)(z)}

—m?(8v°m3 —3(z)?)
" : 2 Hrym ()3

El

(31a)
whereas the mass of G turns out to be

misya = (W(1 = 0) 202 \3H)YC. (31b)
It is evident from the results above that m, > H; and
therefore (z); is well stabilized during FHI, whereas
mye ~ H; and gets slightly increased as k increases. We
do not think that this fact causes any problem with
isocurvature perturbations since these can be observatio-
nally dangerous only for myy < H;. As verified by our
numerical results, all the masses above display no S
dependence and so they do not contribute to the inclination
of the inflationary potential via RCs; see Sec. II C 3 below.

2. SUGRA corrections

The SUGRA potential in Eq. (9) induces a number of
corrections to Vy, originating not only from the IS but also
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from the HS. These corrections are displayed in the
Appendix for arbitrary Wy and Ky. If we consider the
Wy and Ky in Egs. (2b) and (6b), respectively, the v’s in
Eq. (AS5) are found to be

vy = 2kM?my3 (2 — v —3(2)}/8um3),  (32a)
vy = K*M*(2)7/2m, (32b)
v3 = kM?myzpp(1 —v=3(z)i/8ums),  (32c)
vy = K*M*(1 + (2)7/m3) /2. (32d)

Since (z); < mp we do not discriminate between x and its
rescaled form following the formulas of the Appendix.
Despite the fact that v, and v, receive contributions from
both IS and HS, as noted in the Appendix, here the IS does
not participate in v, thanks to the selected canonical Kihler
potential for the S field in Eq. (6a). This fact together with
the smallness of (z)? assists us to overcome the notorious 7
problem of FHIL

3. Radiative corrections

These corrections originate [3] from a mass splitting in
the ® — @ supermultiplets due to SUSY breaking on the
inflationary valley. To compute them, we work out the mass
spectrum of the fluctuations of the various fields about the
inflationary trough in Eq. (26). We obtain 2Ng Weyl
fermions and 2N pairs of real scalars with mass squared,
respectively,

m? =S and mi =«k*(S7 £ M?), (33)
with S; = [S| = 4{Z)Ym}™ /k. SUGRA corrections to these
masses are at most of order M*/m3 and can be safely
ignored. Inserting these masses into the well-known
Coleman-Weinberg formula, we find the correction

2N m?
Ve =1, ——=Vp <Zm In2E — 2 ln@> (34)

where Q is a renormalization scale. Assuming positivity of
m?, we obtain the lowest possible value S, of S which
assures stability of the direction in Eq. (26). This critical

value is equal to
[Sel = M + KZ)imp™ /x. (35)
Needless to say, the mass spectrum and |S.| deviate slightly

from their values in the simplest model of FHI [3] due to the
mixing term in W [see Eq. (2¢)].

4. Inflationary potential

Substituting Eqgs. (32a)-(32d) into Vg in Eq. (AS),
including Vg from Eq. (34), and introducing the canoni-
cally normalized inflaton

the inflationary potential V| can be cast in the form
Vi= V(1 + Cre + Cssg + Csucra) (37)

where the individual contributions are specified as follows:
(a) Cgrc represents the RCs to V;/V}, which may be
written consistently with Eq. (34) as [2]

2N 2002
Cre = 5o <8 1n’<Q2 + fRC(x)>, (38a)
with x = (6 — V2A(Z)Ymb™ /x)/M > /2 and
fre(x) = 8x*tanh™!(2/x?) — 4(In4 + x* Inx)
+ (4 +xM) In(x* —4). (38b)

(b) Cggp is the contribution to Vy/ V|, from the soft SUSY-
breaking effects [12] parametrized as follows:

Cssp = mi3,0° 2V — asa/\/2Vyo,  (38¢)

where the tadpole parameter reads

) (ot

(38d)

ag = 21—v/2

The minus sign results from the minimization of the
factor (S + S*) = v/26 cos(fs/mp) which occurs for
Og/mp = n( mod 2x); the decomposition of S is
shown in Eq. (17). We further assume that ¢ remains
constant during FHI; otherwise, FHI may be analyzed
as a two-field model of inflation in the complex
plane [15]. Trajectories, though, far from the real axis
require a significant amount of tuning. The first term in
Eq. (38c) does not play any essential role in our setup
due to low enough mj3/,’s (cf. Ref. [14]).

(¢) Csugra is the SUGRA correction to V;/Vyg, after
subtracting the one in Cggp. It reads

02 4

CsuGra = vt Ca—
y2m12> U4m‘}§’

(38e)

where the relevant coefficients
Eqgs. (32b) and (32d) and read

originate from

¢, =(2)i/2my and cy=(1+(2)i/m3)/2.  (38f)
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Note that in similar models (cf. Refs. [14,15]) without
the presence of a HS, c¢,, is taken identically equal to
zero. Our present setup shows that this assumption
may be well motivated.

ITII. GENERATION OF THE
p-TERM OF MSSM

An important issue, usually related to the inflationary
dynamics (see, e.g., Refs. [5,22,57]) is the generation of the
pu-term of MSSM. Indeed, we would like to avoid the
introduction by hand into the superpotential of MSSM of a
term puH ,H; with p being an energy scale much lower than
the GUT scale, where H,, and H, are the Higgs superfields
coupled to the up and down quarks, respectively. To avoid
this we assign R charges equal to 2 to both H, and H,,
whereas all the other fields of MSSM have zero R charges.
Although we employ here the notation used in a Gg_p
model, our construction can be easily extended to the cases
of the two other G’s considered; see Sec. I A 1. Indeed, H,,
and H, are included in a bidoublet superfield belonging to
the representation (1, 2,2, 0) in the case of Gy g [5]. On the
other hand, these superfields are included in the represen-
tations (5,2) and (5,-2) in the case of Gs_ [6].

The mixing term between H, and H; may emerge if we
incorporate (somehow) into the Kéhler potential of our
model the following higher order terms:

*2U

K” :/I”WHMHLI+H.C., (39)
P

where the dimensionless constant 4, is taken real for
simplicity. To exemplify our approach (cf. Ref. [28]) we
complement the Kéhler potential in Eq. (5) with terms
involving the left-handed chiral superfields of MSSM
denoted by Y, witha =1, ...,7, e,

Y,=0.L,d u‘ e ,H;, and H,,

where the generation indices are suppressed. Namely, we
consider the following variants of the total K:

K1:KH+KI+Kﬂ+|Ya

1 [(|Z> = k*Z* ) m
K2:Nm12,ln <1+ﬁ<|—2/P+Kﬂ>>

2, (40a)

mp
1+ |Z)> = K*Z% m3 + |V,
Nmg

+Ki+K,. (40¢c)

1|Z]> = k*Z4 /md +|Y,]*> K
K, =Nmiln(1+— P al K
4 mp n< +N Nm]% + N

+ K. (40d)

Expanding these K’s for low values of S, ®, ®, and Y,
we can bring them into the form

K~Ku(Z)+ K +K(2)D |V,

a

Z*Zu
+lﬂ<CH—2yHqu+H.C.>, (41)
mp

where K is determined as follows:

1 for K = K|, K4,
K= _ = 42
(1 +7\z\2 kzzi/mg> for K = K,, K3, (42)

mf,N
whereas cy is found to be

1 fOfK:K],K3,

= ezt ) ! 43
H <1+M> for K = Ky, K, )

2
mpN

Consistent with our hypothesis about the enhanced sym-
metry of K in Sec. II A 3, we do not consider the possibility
of including K in the argument of the logarithm of Ky as
we have done for K, and/or |Y,|.

Applying the relevant formulas of Refs. [28,37], we find
a nonvanishing p-term in the superpotential of MSSM,

,uHquv (44)

where ¥, = (K)'/2Y, and the y parameter reads

(5-4v) for K =K,
42\ v 3(4v—1)/4v for K=K,

|u| :/1”<V> N E AT > )
s, 3 (5-4v)w for K = K5,

3w(dv—1)/4v for K =K,.

Moreover, in the effective low-energy potential, we obtain a
common soft SUSY-breaking mass parameter 772, which is

. 1 for K = K, and K>,
m = l’)’l3/2 X (46)
(3/2v—1) for K = K5 and Kj.

Therefore, 77 is a degenerate SUSY mass scale that can
indicatively represent the mass level of the SUSY partners.
The results in Egs. (45) and (46) are consistent with those
presented in Ref. [28], where further details of the
computation are given.
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A%

FIG. 3. The ratios |u|/4,mp, for K = K, K>, K3, and K,
(solid, dashed, dot-dashed, and dotted line, respectively) versus v
in the range 0.75-1.

The magnitude of the y’s in Eq. (45) is demonstrated in
Fig. 3, where we present the ratios |u|/4,m5,, for K = K,
(solid line), K, (dashed line), K5 (dot-dashed line), and K4
(dotted line) versus v for 3/4 < v < 1. By coincidence all
cases converge at the value |u|/4,m3/, ~ 1.6 for v = 3/4.
For 4,’s of order unity, the |u| values are a little enhanced
with respect to mj3/, and increase for K = K, and K, or
decrease for K = K; and K3 as v increases.

IV. REHEATING STAGE

Soon after FHI, the Hubble rate H becomes of the order
of their masses and the IS and z enter into an oscillatory
phase about their minima and eventually decay via their
coupling to lighter degrees of freedom. Note that  remains
well stabilized at zero during and after FHI and so it does
not participate in the phase of dumped oscillations. Since
(z) ~mp [see Eq. (22)], the initial energy density of its
oscillations is p, ~m?(z)%. It is comparable with the
energy density of the Universe at the onset of these
oscillations p, = 3m3H? ~3mim? and so we expect that
z will dominate the energy density of the Universe until
completing its decay through its weak gravitational inter-
actions. Actually, this is a representative case of the
infamous cosmic moduli problem [38,39] where reheating
is induced by long-lived massive particles with mass
around the weak scale.

The reheating temperature is determined by [58]

Trh = (72/5”29rh*)1/4réz/2m113/25 (47)

where ¢y, ~ 10.75-100 counts the effective number of the
relativistic degrees of freedom at 7,,. Moreover, the total
decay width I's, of the (canonically normalized) sgoldstino,

~

5z=(KY2)6z with 6z=z—(z) and (K,;.)= ()2,
(48)

predominantly includes the contributions from its decay
into pseudo-sgoldstinos and Higgs bosons via the kinetic
terms Kyy-0,X0"X* where X = Z, H,, and H,; [39-42] of

the Lagrangian. In particular, we have
F5Z ~ re + F;l’ (49)

where the individual decay widths are given by

i S e 2 /m? (50a)
o~ —4mg/ms ,,
327zm}2> 07773/2
with 1y = —(z)/Nmp = (4v — 3)//6v, and
32u+l 2 .3
r; = 207 4 (50b)

_24v+1 H 471'1’}1%

Other possible decay channels into gauge bosons through
anomalies and three-body MSSM (s)particles are subdomi-
nant. On the other hand, we kinematically block the decay

of (SAZ into G’s [39,44] in order to protect our setting from
complications with BBN due to possible late decay of the
produced G and problems with the abundance of the
subsequently produced lightest SUSY particles. In view
of Egs. (25¢) and (25a), this aim can be elegantly achieved
if we set v > 3/4.

Taking « and m, values allowed by the inflationary part
of our model (see Sec. VI) and selecting some specific K
from Egs. (40a)—-(40d), we evaluate T, as a function of «
and determine the regions allowed by the BBN constraints
in Egs. (59a) and (59b); see Sec. V below. The results of
this computation are displayed in Fig. 4, where we design
allowed contours in the k — T, plane for the various Ng’s
and v = 7/8. This is an intermediate value in the selected
margin (3/4 —1). The boundary curves of the allowed
regions correspond to . = 7 or 4, = 0.65 (dot-dashed line)
and y = 37 or A, = 1.96 (dashed line). The |u|/im — A,
correspondence is determined via Eq. (45) for a selected K.
Here we set K = K. Qualitatively similar results are
obtained for an alternative K choice. We see that there is
an ample parameter space consistent with the BBN bounds
depicted by two horizontal lines. Since the satisfaction of
the inflationary requirements leads to an increase of the
scale m with Ng and m heavily influences m, and
consequently T, [see Eq. (47)], this temperature increases
with Ng. The maximal values of Ty, for the selected v are
obtained for 4 = 3/ and are estimated to be

Th™~14, 33, and 49 GeV, (51)
for Ng = 1, 2, and 10, respectively. Obviously, reducing u

below 7, the parameters 4, I's;, and so T}, decrease too
and the slice cut by the BBN bound increases. Therefore,
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FIG. 4. Allowed strips in the k — Ty, plane compatible with the
inflationary requirements in Sec. V for ng = 0.967 and various
Ng values indicated in the graph. We take K = K;, v = 7/8, and
1 = im (dot-dashed lines) or u = 37 (dashed lines). The BBN
lower bounds on T, for hadronic branching ratios B, = 1 and
0.001 are also depicted by two thin lines.

our setting fits better with high-scale SUSY [53] and not
with split [53] or natural [39] SUSY, which assume y < 7.

V. OBSERVATIONAL REQUIREMENTS

Our setup must satisfy a number of observational
requirements specified below.

(a)

(b)

The number of e-foldings that the pivot scale k, =
0.05/Mpc undergoes during FHI must be adequately
large for the resolution of the horizon and flatness
problems of standard big bang cosmology. Assuming
that FHI is followed, in turn, by a decaying-particle,
radiation and matter dominated era, we can derive the
relevant condition [7,18]

Ox dG VI 2
Ni, = ——~194+-1
Ix /,7 m3 Vi +3 n

1/4
vyt
o
1Gev 3"

Trh
1GeV’

(52)

f

where the prime denotes derivation with respect to o,
o, is the value of ¢ when k, crosses outside the
inflationary horizon, and oy is the value of ¢ at the end
of FHI. The latter coincides with either the critical
point o, = v/2|S,| [see Eq. (33)] or the value of & for
which one of the slow-roll parameters [1]
e:mg(v;/\fzvl)z or n=mgVi/Vi (53)
exceeds unity in absolute value. For 1~ 107'? as
required by the cosmic coincidence problem, see
below, we obtain (s) ~0, which does not disturb
the inflationary dynamics since (¢) < o..
The amplitude A, of the power spectrum of the
curvature perturbation generated by ¢ during FHI
and calculated at k, as a function of ¢, must be
consistent with the data [19], i.e.,

(©)

(d)
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1
VA, = ~ 4.588 x 107°.
" 2V3amg [Vilos))

(54)

The observed curvature perturbation is generated
wholly by o since the other scalars are adequately
massive during FHI; see Sec. I1C 1.
The scalar spectral index ng, its running a,, and the
scalar-to-tensor ratio » must be in agreement with the
fitting of the Planck TT, TE, EE + lowE + lensing,
BICEP/Keck Array, and BAO data [7,20] with the
ACDM + r model, which approximately requires that,
at 95% confidence level (C.L.),
ng=0.967+0.0074 and r<0.032, (55)
with |a| << 0.01. These observables are calculated
employing the standard formulas

ng =1—6¢, +2n,, (56a)

ay =2(4n% — (ng—1)%)/3=2&,, and r=16¢,,
(56b)

where &~ m{V{V{’/Vi and all the variables with the
subscript x are evaluated at 6 = o,.

The dimensionless tension G, of the B — L CSs
produced at the end of FHI in the case G = Gp_;,
is [59]

G 1/ M\?2 () with e(re) 24
~— | — Fes) Wi Feg) =——"
/’tCS 2 mP €CS (&) €CS Ccs 11](2/7‘05)

(57)

Here G = 1/8zxm3 is the Newton gravitational con-
stant and 7, = k*/2¢*> < 1072 with g~ 0.7 being the
gauge coupling constant at a scale close to M. G, is
restricted by the level of the CS contribution to the
observed anisotropies of CMB radiation reported by
Planck [29] as follows:

Gies <2.4x 1077 at 95% C.L. (58a)

On the other hand, the primordial CS loops and
segments connecting monopole pairs decay by emit-
ting stochastic gravitational radiation, which is mea-
sured by the pulsar timing array experiments [32,33].
If the CS network is stable, the recent observations
require [31]

Gues S2x 10719 at 95% C.L. (58b)
However, if the CSs are metastable, due to the
embedding of Gp_; into a larger group Ggyr whose
breaking leads to monopoles that can break the CSs,
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(e)

®

(€3]

the interpretation [31] of the recent observations
[32,33] dictates

108 <Gue $2x1077 for82=\/rme27.9  (58¢)

at 20, where the upper bound originates from Ref. [34]
and is valid for a standard cosmological evolution and
CSs produced after inflation. Here r,, is the ratio of
the monopole mass squared to y.. Since we do not
specify further this possibility in our work, the last
restriction does not impact our parameters.
Consistency between theoretical and observational
values of light element abundances predicted by
BBN imposes a lower bound on 7', which depends
on the mass of the decaying particle z and the hadronic
branching ratio B,,. Namely, for large m, ~ 10° GeV,
the most up-to-date analysis of Ref. [43] entails

T4 >4.1 MeV for B, =1 (59a)

and T, >2.1MeV for B, =102  (59)

The BBN bound is mildly softened for larger m,
values. Moreover, the possible production of G from
the z decay is mostly problematic [39] since it may
lead to overproduction of the lightest SUSY particle
(LSP), whose nonthermally produced abundance from
the G decay can drastically overshadow its thermally
produced one. As a consequence, the LSP abundance
can easily violate the observational upper bound [19]
from CDM considerations. This is the moduli-
induced [44] LSP overproduction problem via the G
decay [39]. To avoid this complication, we kinemat-
ically forbid the decay of z into G selecting v > 3/4,
which ensures that m, < 2mj3,, [see Eq. (25¢)].

We identify (V) in Eq. (23) with the DE energy
density, i.e.,

(VE) = Qppeo = 7.2 x 1072 (60)

where Q, = 0.6889 and p.y = 2.4 x 107'2°h2mj with
h = 0.6732 [19] are the density parameter of DE and
the current critical energy density of the Universe,
respectively. By virtue of Eq. (23), we see that Eq. (60)
can be satisfied for A~ m/mp. Explicit values are
given for the cases in Table L.

Scenarios with large 7, although not directly acces-
sible at the LHC, can be probed via the measured value
of the Higgs boson mass. Within high-scale SUSY,
updated analysis requires [52,53]

3x10° <m/GeV <3 x 10, (61)

for degenerate sparticle spectrum u and tanf in the
ranges m/3 < u < 3mand 1 < tanf < 50 and varying
the stop mixing.

VI. RESULTS

As deduced from Secs. IT A 1-IT A 3 and III, our model

depends on the parameters

Ng.x,M,m,A,v,k, and 4,

[recall that N is related to v via Eq. (7)]. Let us initially
clarify that A can be fixed at a rather low value as explained
below Eq. (60) and does not influence the rest of our
results. Moreover, k affects my and myy via Egs. (25¢)
and (31a) and helps us to avoid massless modes. We take
k = 0.1 throughout our investigation.

As shown in Ref. [ 14], the confrontation of FHI with data
for any fixed Ng requires a specific adjustment between k or
M and the ag which is given in Eq. (47) as a function of m, v,
Kk, and M [see Eq. (30)]. Obviously, a specific ag value can be
obtained by several choices of the initial parameters v and m.
These parameters influence also the requirement in Eq. (52)
via Ty, which is given in Eq. (47). However, to avoid
redundant solutions, we first explore our results for the IS in
terms of the variables x, M, and ag in Sec. VI A taking a
representative T, value, e.g., Ty, ~ 1 GeV. Variation of T,
over 1 or 2 orders of magnitude does not affect our findings
in any essential way. Therefore, we do not impose in
Sec. VI A the constraints from the BBN in Eqgs. (5§9a) and
(59b). In Sec. VI B, we then interconnect these results with
the HS parameters v and m.

A. Inflation analysis

Enforcing the constraints in Eqs. (52) and (54) we can
find M and o, for any given Ng, as functions of our free
parameters k and ag. Let us clarify here that for N = 1 the
parameter space is identical to the one explored in
Ref. [14], where the HS is not specified. As explained
there, see also Ref. [15], observationally acceptable values
of ng can be achieved by implementing hilltop FHI. This
type of FHI requires a nonmonotonic Vy with o rolling from
its value o,,,x at which the maximum of Vj lies down to
smaller values. As for any model of hilltop inflation, V{ and
therefore € in Eq. (53) and r in Eq. (56b) decrease sharply
as Ny, increases [see Eq. (52)], whereas V{” (or 7) becomes
adequately negative, thereby lowering n, within its range
in Eq. (55).

These qualitative features are verified by the approxi-
mate computation of the quantities in Eq. (53) for 6 < 0.«
which are found to be

€~ mp?(Che + Cesp)?/2 and n=miChe,  (62)

where the derivatives of the various contributions read
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C/SSB o~ —as/\/ 2V10, (63&)
/ Ngr’x -1 2 2 4

Che =730 (4tanh™ (2/2) + 2 In(1 - 4/x)).  (63b)
% Ngx? -1 2 2 4
RCzW(Manh (2/x*)+3x*In(1 —4/x%)). (63c)

The required behavior of V; in Eq. (37) can be attained, for
given Ng, thanks to the similar magnitudes and the
opposite signs of the terms Cr. and Cggyp in Eqgs. (63a)
and (63b), which we can obtain for carefully selecting x and
ag. Apparently, we have Cggp < 0 and Ci > 0 for o, <
Omax Since |[4tanh™! (2/x%)| > [x*In(1 —4/x*)|. On the
contrary, Cgc <0, since the negative contribution
3x%In(1 —4/x*) dominates over the first positive one,
and so we obtain 5 < 0, giving rise to acceptably low ng
values.

We can roughly determine o,,,x by expanding Cg for
large o and equating the result with Cyyp. We obtain

NGK2 B ag
8720 /2KkM?

(64)

Needless to say, Vy turns out to be bounded from below for
large o’s since in this regime Cgygra Starts dominating over
Crc generating thereby a (Ng-independent) minimum at
about

asmé

1/3
Omin = | —7=—— | - 65
<\/§C4yKM2) ( )

For ¢ > 6, V1 becomes a monotonically increasing
function of ¢ and so the boundedness of Vj is assured.

From our numerical computation we observe that, for
constant Ng, &, and ag, the lower the value for n, we wish to
attain, the closer we must set o, to 6,,,. Given that o,
turns out to be comparable to o, and the hierarchy o, <
0, < Omax has to hold, we see that we need two types of
mild tunings in order to obtain successful FHI. To quantify
the amount of these tunings, we define the quantities

- Cmax — Ox
Soand Ay = ——— . (66)
GC Gmax

The naturalness of the hilltop FHI increases with A, and
ALax «- TO get an impression of the amount of these tunings
and their dependence on the parameters of the model, we
display in Table I the resulting A, and A, x together with
M, ag, a,, and r for x = 0.0005 and n, fixed to its central
value in Eq. (55). In all cases, we obtain Ny, ~40.5 from
Eq. (52). We notice that A, « > A., and that their values
may be up to 10% increasing with Ng (and ag). Recall that
in Ref. [14] it is shown that A_, and A, x increase with k
(and M). From the observables listed in Table I we also

T |_1_oﬁ§ T T T T T
o3 -1.0490 p
-1.2F o, max E
—_ -1.0491
'._ -13F -1.0492 E
e -14F 3
-N\p493
Z 15F PV 3
> N40 145 150 1.55 1.60 1.
-~ -1.6F 3
o -1.7F 3
-
-1'8 3 Gmin E
'1 -9 wd 1 1 1 1 1 1 1 -

5 10 15 20 25 30 35 40 45
o/M

FIG. 5. Vj as a function of ¢ in units of M for the parameters
given in column B of Table I. The values o4, 6, Gax, and oy, of
o are also depicted.

infer that |a| turns out to be of order 107*, whereas r is
extremely tiny, of order 107!, and therefore far outside the
reach of the forthcoming experiments devoted to detecting
primordial gravity waves. For the preferred ng values, we
observe that r and || increase with ag.

The structure of V; described above is visualized in
Fig. 5, where we display a typical variation of V| as a
function of 6/M for the values of the parameters shown in
column B of Table I. The maximum of V; is located at
Omax/M = 1.52{1.38}, whereas its minimum lies at
Omin/M = 29.1{29.5}; the values obtained via the approxi-
mate Egs. (64) and (65) are indicated in curly brackets. The
values of o, /M ~1.4637 and o;/M ~1.41421 are also
depicted together with o,,,,/M in the inset of this figure.
We remark that the key o values for the realization of FHI
are squeezed very close to one another and so their accurate
determination is essential for obtaining reliable predictions
from Egs. (56a) and (56b). Moreover, Ny, in Eq. (52) can
only be found numerically taking all the possible contri-
butions to V| from Egs. (63a) and (63b), and thus 6, cannot
be expressed analytically in terms of Ny,. For these
reasons, the results presented in the following are exclu-
sively based on our numerical analysis.

)
>
[
[t
A
(7]
m .
1 ',/ / —= N, =1 |3
/7 — N, =2
/ - - N, =10
10-1 1 1 1 1

8 9 101112131415 16
k (10

FIG. 6. Values of ag allowed by Eqgs. (52) and (54) versus « for
various Ng’s and fixed n, = 0.967.
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We first display in Fig. 6 the contours that are allowed by
Egs. (52) and (54) in the x — ag plane, taking n, = 0.967
and Ng = 1 (dot-dashed line), Ng = 2 (solid line), and
Ng = 10 (dashed line). The various lines terminate at x
values close to 1073, beyond which no observationally
acceptable inflationary solutions are possible. We do not
depict the very narrow strip obtained for each Ng by
varying ng in its allowed range in Eq. (55), since the
obtained boundaries are almost indistinguishable. From the
plotted curves, we notice that the required ag’s increase

Working in the same direction, we delineate in Fig. 7 the
regions in the M — ag plane allowed by Egs. (52), (54),
and (55) for the considered G’s. In particular, we use
Ng =1, 2, and 10 in Figs. 7(a)-7(c), respectively. The
boundaries of the allowed areas in Fig. 7 are determined by
the dashed (dot-dashed) lines corresponding to the upper
(lower) bound on n in Eq. (55). We also display by solid
lines the allowed contours for ny = 0.967. We observe that
the maximal allowed M’s increase with Ng. The maximal
r’s are encountered in the upper right end of the dashed
lines, which correspond to n, = 0.974, with the maximal
value being r = 6.2 x 107! for Ng = 10. On the other
hand, the maximal || s are achieved along the dot-dashed
lines and the minimal value of a is —3.2 x 107* for
Ng = 10 too. Summarizing our findings from Fig. 7 for
the central ng value in Eq. (55) and Ng =1, 2, and 10,
respectively, we end up with the following ranges:

0.07 <M/10'5 GeV <2.56 and 0.1 <ag/TeV < 100,
(67a)

0.82 < M/lO15 GeV <3.7 and 0.09 Sag/TeV <234,
(67b)

122 <M/10'5 GeV <4.77 and 0.2 <ag/TeV <460.
(67¢)

Within these margins, A, ranges between 0.5% and 20%
and A, ranges between 0.4% and 12%. The lower
bounds of these inequalities are expected to be displaced to
slightly larger values due to the postinflationary require-
ments in Egs. (59a) and (59b), which are not considered
here for the shake of generality. Recall that precise
incorporation of these constraints requires the adoption
of a specific K from Egs. (40a)—(40d) and corresponding
u/m relation from Eq. (45).

In the case G = Gp_;, CSs may be produced after FHI
with Gue = (6.5—89) x 10™° for the parameters in
Eq. (67a). Therefore, the corresponding parameter space
is totally allowed by Eq. (58a) but completely excluded by
Eq. (58b), if the CSs are stable. If these CSs are metastable,
the explanation [30] of the recent data [32,33] on stochastic
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FIG.7. Regions (shaded) allowed by Egs. (52), (54), and (55) in
the M — ag plane for Ng = 1 (a), Ng = 2 (b) and Ng = 10 (c).
The conventions adopted for the various lines are also shown.

gravity waves is possible for M =9 x 10'* GeV in
Eq. (67a), where Eq. (58c) is fulfilled. No similar restric-
tions exist if G = Grg or Gs,, which do not lead to the
production of any cosmic defect. On the other hand, the
unification of gauge coupling constants within MSSM
close to Mgyr = 2.86 x 10' GeV remains intact if
G = Gp_;, despite the fact that M < Mgyt for M given
in Eq. (67a). Indeed, the gauge boson associated with the
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U(1)g_, breaking is neutral under Ggy and so it does not
contribute to the relevant renormalization group running. If
G = Gir or Gs, we may invoke threshold corrections or
additional matter supermultiples to restore the gauge
coupling unification; for G = Gs,, see Ref. [60].

B. Link to the MSSM

The inclusion of the HS in our numerical computation
assists us to gain information about the mass scale of the
SUSY particles through the determination of i ~ mj3, [see
Eq. (46)]. Indeed, ag, which is already restricted as a
function of « or M for given Ng in Figs. 6 and 7, can be
correlated to m via Eq. (38d). Taking into account Eq. (30)
and the fact that (z);/mp ~ 1073 (see Table I), we can solve
analytically and very accurately Eq. (38d) with respect to
m. We find

Let us clarify here that in our numerical computation we
use an iterative process, which converges quickly, in order
to extract consistently m as a function of x and M. This is
because the determination of the latter parameters via the
conditions in Egs. (52) and (54) requires the introduction of
a trial m value that allows us to use as input the form of V;
in Eq. (37). Thanks to the aforementioned smallness of (z);
in Eq. (38d), m turns out to be 2-3 orders of magnitude
larger than ag, suggesting that /1 lies clearly at the PeV
scale via Eqgs. (46) and (25a). In fact, taking advantage of
the resulting m for fixed v in Eq. (68), we can compute m3,
from Eq. (25a) and m, and m, from Eq. (25¢). All these
masses turn out to be of the same order of magnitude—see
Table 1. Then /m and T, can be also estimated from
Egs. (46) and (47) for a specific K from Egs. (40a)—(40d).
The magnitude of 7z and the necessity for u ~ i, estab-
lished in Sec. IV, hints toward the high-scale MSSM.

To highlight numerically our expectations, we take
K = K, and fix initially v = 7/8, which is a representative
value. The predicted 7z as a function of « is depicted in
Fig. 8 for the three Ng’s considered in our work. We use the
same type of lines as in Fig. 6. Assuming also that u =
we can determine the segments of these lines that can be
excluded by the BBN bound in Eq. (59b). In all, we find
that 7z turns out to be confined in the ranges

034 <m/PeV <136 forNg=1,  (69a)
021 < 7/PeV <329 for Ng =2,  (69b)
0.58 < /m/PeV <46.8 for Ng =10.  (69¢)

Allowing v and p to vary within their possible respective
margins (0.75—1) and (1 —3)/, we obtain the gray

102 L rls = 0.967 o

FIG. 8. Region in the x — /1 plane allowed by Egs. (52) and (54)
for K =K,y =rm,n, =0967,and 1 <Ng <10,3/4 <v < 1.
The allowed contours for v = 7/8 are also depicted. Hatched is
the region excluded by BBN for B, = 0.001.

shaded region in Fig. 8. We present an overall region for
the three possible Ng’s, since the separate ones overlap
each other. Obviously the lower boundary curve of the
displayed region is obtained for Ng = 1 and v ~0.751,
whereas the upper one corresponds to Ng = 10 and
v ~0.99. The hatched region is ruled out by Eq. (59b).
All in all, we obtain the predictions

1.2 <ag/TeV <460 and 0.09 <m/PeV S253  (70)

and 77" ~ 71, 139, and 163 GeV for Ng = 1, 2, and 10,
respectively, attained for ¢ = 3/ and v ~ 0.99. The derived
allowed margin of /i1, which is included in Eq. (61), and the
employed u values render our proposal compatible with the
mass of the Higgs boson discovered in LHC [52] if we
adopt as a low-energy effective theory the high-scale
version of MSSM [53].

VII. CONCLUSIONS

We considered the realization of FHI in the context of an
extended model based on the superpotential and Kihler
potential in Egs. (1) and (5), which are consistent with an
approximate R symmetry. The minimization of the SUGRA
scalar potential at the present vacuum constrains the
curvature of the internal space of the Goldstino superfield
and provides a tunable energy density that may be
interpreted as the DE without the need of an unnaturally
small coupling constant. On the other hand, this same
potential causes a displacement of the sgoldstino to values
much smaller than mp during FHI. Combining this fact
with minimal kinetic terms for the inflaton, the n problem is
resolved, allowing hilltop FHI. The slope of the inflationary
path is generated by the RCs and a tadpole term with a
minus sign and values that increase with the dimensionality
of the representation of the relevant Higgs superfields.
Embedding Gg_; into a larger gauge group Ggyr which
predicts the production of monopoles prior to FHI that can
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eventually break the CSs allows the attribution of the
observed data on the gravitational waves to the decay of
metastable B — L CSs.

We also discussed the generation of the y-term of MSSM
following the Giudice-Masiero mechanism and restricted
further the curvature of the Goldstino internal space so that
phenomenologically dangerous production of G may be
avoided. This same term assists in the decay of the
sgoldstino, which normally dominates the energy density
of the Universe, at a reheat temperature that can be as high
as 163 GeV provided that the ¢ parameter is of the order of
the G mass, i.e., of order PeV. Linking the inflationary
sector to a degenerate MSSM mass scale /i we found that 77
lies in a range consistent with the Higgs boson mass
measured at LHC within high-scale SUSY.

The long-lasting matter domination obtained in our
model because of the sgoldstino oscillations after the
end of FHI leads [61] to a suppression at relatively large
frequencies (f > 0.1 Hz) of the spectrum of the gravita-
tional waves from the decay of the metastable CSs. This
effect may be beneficial for spectra based on Gu., values
that violate the upper bound of Eq. (49) from the results of
Ref. [34]. Since we do not achieve such Gy, values here
we do not analyze further this implication of our scenario.
On the other hand, the low reheat temperature encountered
in our proposal makes difficult the achievement of baryo-
genesis. However, there are currently attempts [62] based
on the idea of cold electroweak baryogenesis [63] that may
overcome this problem. It is also not clear which particle
could play the role of CDM in a high-scale SUSY regime.
Let us just mention that a thorough investigation is needed,
including the precise solution of the relevant Boltzmann
equations as in Ref. [58], in order to assess if the abundance
of the lightest SUSY particle can be confined within the
observational limits in this low-reheating scenario.
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APPENDIX: SUGRA CORRECTIONS TO THE
INFLATIONARY POTENTIAL OF FHI

As shown in Sec. II C 2, the presence of Wy and Ky in
Egs. (2b) and (6b), respectively, transmit (potentially
important) corrections to the inflationary potential. We
present here, for the first time to the best of our knowledge,
these corrections without specifying the form of these
functions. The corrections from the IS are also taken
into account.

In particular, we consider the following superpotential
and Kihler potential resulting from the ones in Egs. (1)
and (5) by setting ® and ® to zero:

W=Wi(S)+Wu(Z) and K=K;(S)+Ky(Z), (Al)
where W} and K are given by
Wy = —&kM?S and K;= K{(|S]?) (A2)

[cf. Egs. (2a) and (6a)]. We also assume that K can be
reliably expanded in powers of |S|/mp as follows:

ky |SI* | ke |S|°
K12|S|2+iu+iu+....

A3
4mi 9 m (A3)

Under these circumstances, the inverse Kéahler metric reads

K$S" 1 —ky|S|PmE + (kg2 —ko)|S|*/mE+--+ (Ada)

and the exponential prefactor of Vg in Eq. (9) is well
approximated by

NE n 1+ 2ky |S|*

Ky/m> ~ = =
ey ~ 1 4 + .
m3 2 mp

(Adb)

Taking into account the two last expressions and
expanding Vg in Eq. (9) with W and K from Eq. (Al)
up to the fourth power in |S|/mp, we obtain the quite
generic formula below,

VE = 09 +my 5 |S]* + (0,8 + c.c.) + 0o S|P /mp

+ (138 +c.c.)|S]?/md + vy|S|*/mb+ -, (AS)
where the various »’s are found to be

vy = K>*M*, (A6a)
vy = kM?mp (2 — K 0,Gu)ys (A6b)
vy = KCMHKE|0,Kul*/mp — ka)y. (A6e)
v3 = kMPmyz (1 4 ky/2) = KE7 0,Gy)p, - (A6d)
vy = K2M*(1/2 + ky(dky —7) /4 — kg

+ (K& |02 Kul*/mp)y). (Abe)

Here « is the rescaled coupling constant k after absorbing
the relevant prefactor eK11/27» in Eq. (9) and we used the
definition of the G mass,

2
myyy = (eKu/2me Wy /m3),,

and the Kéhler invariant function (see, e.g., Ref. [56]),
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Gy = Ku/m + In [Wy/mg|*. (A7)

From these results we see that v, and v, generically
receive contributions from both the IS and HS, whereas v,
and w3 exclusively from the HS—-cf. Refs. [8,10].
Specifically, from Eq. (A6c), we can recover the miracu-
lous cancellation occurring within minimal FHI [4,14],

where the HS is ignored and k; = kg = 0 in Eq. (A3).
Switching on Ky and noticing that

ky = 0203.K(S = §* = 0), (A8)

we can also see that Eq. (A6c) agrees with that presented in
Ref. [8]. The applicability of our results can be easily
checked for other HS settings [23,24,26] too.
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