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Abstract

We have realized non-minimal Higgs inflation and standard hybrid inflation
in the supersymmetric flipped SU (5) model with U(1) g symmetry using the no-
scale form of the Kéhler potential. In non-minimal Higgs inflation the waterfall
Higgs field plays the role of inflaton, and in standard hybrid inflation the gauge
singlet field S is employed as an inflaton. The predictions of both models are in
good agreement with the Planck 2018 data. For numerical calculations we have
fixed the gauge symmetry breaking scale, M, around 2 x 10'® GeV. In both
models the inflaton field values are constrained below mp. The tensor to scalar
ratio 7 in non-minimal inflation is of the order of 10~3 and for standard hybrid
inflation r is tiny, of order 107 — 10~*. The scalar spectral index in both
cases lie within the Planck 1-o bounds, and the running of the scalar spectral
index lies in the range, —dns/dInk ~ 6 x 10~* for non-minimal model and
1072 — 1073 for the standard hybrid model. A realistic scenario of reheating
and non-thermal leptogenesis is employed with reheat temperature T} ~ 109
GeV for non-minimal model and 10 —10'° GeV for standard hybrid model. The
R-symmetry plays a vital role in forbidding rapid proton decay, but at the same
time it also suppresses terms responsible for generating right handed neutrino
masses. A realistic scenario of right handed neutrino masses is obtained by
considering effective R symmetry breaking at the nonrenormalizable level with
adequate suppression of rapid proton decay.
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1 Introduction

Supersymmetric grand unification has a number of well-known attractive features that
makes it a compelling extension of the Standard Model (SM). Although LHC Run-2
has not found any evidence for low scale supersymmetry, we remain optimistic that
some evidence will appear in the near future, perhaps at the LHC Run-3. Supersym-
metry (susy) also provides an attractive framework for implementing the inflationary
scenario. A prominent example of this is minimal supersymmetric hybrid inflation
in which inflation is associated with the breaking of some local gauge symmetry G
[1, 2, B, 4L B, 6]. In the simplest example based on G = U(1)p_p, say, the temper-
ature fluctuation (67'/T) is roughly proportional to (M/mp)? [1], where M and mp
respectively denote the gauge symmetry breaking and reduced Planck scales. The
inclusion in the inflationary potential of both radiative corrections and soft super-
symmetry breaking terms [4, 5] ensure that the predictions of this model are fully
compatible with the Planck 2018 results |7, 8]. Since M in the simplest inflationary
models with minimal superpotential and Kéahler potential turns out to be comparable
in magnitude to the supersymmetric grand unification scale Mg = 2 x 10'® GeV, they
have been extended to include realistic supersymmetric groups including SU(5) [9]
and flipped SU(5) |10, 11].

An inflation model with a scalar field non-minimally coupled to gravity is equiv-
alent to the Starobinsky R? model [12], which is in good agreement with the Planck
2018 results |7, §]. Non-minimal Higgs inflation in non-supersymmetric models is
discussed in [I3, 14, [I5, 16, (7, I8, 19, 20, 21, B2, 23], and non-minimal SM-like
Higgs inflation in the next to minimal supersymmetric standard model (NMSSM) is
discussed in [24] 25 26]. This idea is generalized to canonical superconformal su-
pergravity (SUGRA) models in [27]. For studies employing supersymmetric grand
unified theory (GUT) Higgs fields to realize this idea, see [28] 29].

Supersymmetric GUT Higgs inflation can be realized in the standard hybrid frame-
work by employing a non-minimal Kéhler potential while inflating either below the
vacuum expectation value (vev) or above the vev. However, a successful realization
of below the vev inflation requires an extra 7, symmetry with a nonrenormalizable
superpotential [30, 31, B2]. On the other hand, above the vev inflation can be realized
with a renormalizable superpotential but with a special form of the Kdhler potential
usually employed in no-scale supergravity. A realization of the Starobinsky model in
no-scale supergravity [33], 34}, 35] is discussed in [36]. For some recent papers on GUT
based inflation in no-scale supergravity framework,S see [37, [38] 39).

Our goal for this paper is twofold. We implement both supersymmetric hybrid
inflation as well as non-minimal Higgs inflaton in the flipped SU(5) model based on
a no-scale supergravity framework. We show that in both cases the basic inflationary
predictions are compatible with the Planck 2018 results |7, [8]. The models are realistic
since we discuss reheating followed by an explanation of how the observed baryon
asymmetry in the universe arises via leptogenesis. The inflaton field values in our
analysis are constrained to lie below the reduced Planck mass, mp, which makes it



possible to control the supergravity corrections. An attractive feature of R symmetric
flipped SU(5) model is that it naturally solves the doublet-triplet problem via the
missing partner mechanism [40] without assuming fine tunning. Since the electroweak
Higgs doublets remain massless, the Giudice-Masiero mechanism [41] is employed for
generating the MSSM p-term. The latter plays an important role in p-hybrid inflation,
see [42, 43, 144, [45], [46]. The R symmetry also forbids rapid dimension-four and also
dimension-five proton decay operators [47].

The paper is organized as follows. In section [2| we present the necessary basic
ingredients of the U(1)g symmetric flipped SU(5) model. Section [3|is devoted to
non-minimal Higgs inflation and its predictions. Section [4] deals with the reheat
temperature, non-thermal leptogenesis and gravitino constraint. Standard hybrid
inflation in the no-scale supergravity framework is studied in section [5] Rapid proton
decay in both models is discussed in section [6] and our conclusions are summarised
in section [7

2 U(1)g Symmetric Flipped SU(5) Model

In the flipped SU(5) model [10, 1T} 40] based on the gauge symmetry SU(5) x U(1)x,
the matter superfields (Q;, Uf, D¢, L;, Ef) of MSSM along with a right handed neu-
trino superfield (N¢) reside in 10;(Q;+D¢+N¥), 5;(Uf+L;) and 1;( Ef) representations,
while the Higgs sector consists of a 10-plet pair 105 (Qx+ D%+ N&) @105 (@H—l—ﬁiﬁ—
N,) and a 5-plet pair 5,(Dy, + Hy) ® 5,(Dy, + H,). Here, the superfields (Dy,, D)
represent the color triplet scalars, and (H,, Hy) are the MSSM Higgs doublets. The
X charge assignments of the various superfields are as follows:

X (104,104, 50, 51, 104,55, 1;) = (1,—1,-2,2,1, -3, 5). (1)

With an additional gauge singlet superfield S, we can write the U(1)r symmetric
superpotential of flipped SU(5) model as [48] 49|,

W = kS(105 10, — M?)
+ M 1051055, + A21051055),
+ 910,105, + y10,5,5, + y91,5,5,, (2)

ij ij ij
where the R charge assignments of the superfields are given in Table [I}

Here, ¢ is the R charge of 10y superfield which is arbitrary and can be taken
as ¢ = 1. The first term in W with coupling x is relevant for inflation with S and
the gauge singlet components (N, N;) of Higgs 10-plets playing the role of inflaton
respectively in standard hybrid and non-minimal Higgs inflation. The form of this
term requires that R(S) = R(W) = 1 and R(105) = —R(10g). Thus, it forbids
the dangerous S? and S® terms which could generate the well-known eta problem
commonly encountered in supergravity inflation models. However, as discussed later,
these terms can assist in the stabilization of S in non-minimal Higgs inflation with
natural values of the relevant parameters.



Table 1: R charge assignments of superfields

S| 10y | 104 Oh 5n 10; | 5 | L
1 q —q |1—=2¢|1+2q| q | —3q | 5¢q

The second and third terms with couplings A\; and Ay solve the doublet-triplet
splitting problem by mixing the color triplet Higgs pairs (Dy, Dj,) and (D5, D};) and
thereby providing them with GUT scale masses. These terms require that R(5,) =
1-2R(10g), R(5,) = 1+2R(105)) and R(5,5,) = 2 # R(W). Thus, the R symmetry
forbids the appearance of the term 5,5, and avoids potential GUT scale masses for
the MSSM doublets. However, to solve the MSSM p problem, the Giudice-Masiero
mechanism [41] is assumed. The remaining terms in the superpotential (Eq. ([2)) with
couplings yg»i), yg’") and yl(]e ) are Yukawa terms responsible for generating the masses of
quarks and leptons. The R charge assignments for these terms are R(10,) = R(10py),
R(5;) = —3R(10y) and R(1;) = 5R(10y).

The relation R(10;) = R(10g) forbids the term, 10510£10;10,/mp which is im-
portant for generating the light neutrino masses via the seesaw mechanism. Although
the light neutrino masses could be generated with non-minimal field contents [48], we
prefer to employ the minimal framework mentioned above and assume R symmetry
breaking at nonrenormalizable level in the superpotential (Eq. (2)) [50]. As discussed
in a later section, this term can also play an important role in proton decay, reheating
and baryogenesis via leptogenesis. Finally, the Z; subgroup of U(1)g cannot play the
role of R parity as R(10;) = R(10g). Therefore, an additional unbroken Z, symmetry
is assumed to ensure the stability of the lightest supersymmetric particle (LSP) which
can serve as a potential candidate for cold dark matter. Under this Z, parity, all mat-
ter superfields (10;, 5;, 1;) are odd whereas all Higgs superfields including S are even.
This symmetry also avoids many unwanted terms including 1055,5; D (N§)H,L;
and 1055,10; D (N§)D}; D¢ which can assign superheavy masses to H,, L; and D¢
[48].

3 Non-Minimal Higgs Inflation

In non-minimal Higgs inflation the SM gauge singlet component of the 10-plet Higgs
pair (along the D-flat direction) plays the role of inflaton. To realize non-minimal
Higgs inflation in flipped SU(5) with R symmetry, we assume the following no-scale
like form of the Kéahler potential,

1 _ _
K = —3log (1—§(|S|2+|10H|2+|10H|2+|5h|2+|5h|2

— — 1 — 1
H0: + [5:f* + [L°) + 5x(10#105 + h.c) + 291 S['+ - ) . ()



where we have assumed the stabilization of the modulus fields [51l 52] and utilized
units where the reduced Planck mass, mp = 1. The exact no-scale limit is obtained
with vanishing x and 7 couplings. The term with coupling x plays a crucial role in
non-minimal Higgs inflation, and the higher order term with ~ coupling is needed
to stabilize S during inflation [26]. However, as discussed later, the ~-term plays a
significant role in realizing standard hybrid inflation by employing the above form of
K. In order to obtain MSSM the 10-plet Higgs pair attains a non-zero vev along the
N, Nfg directions in the following global susy vacuum,

(10510g) = (N§Ny) = M?, and  (S) =0, (4)

where the gauge symmetry breaking scale M is taken to be the order of GUT scale,
Mg = 2 x 10'° GeV. It is interesting to note that no other gauge invariant bilinear
term appears in the Kahler potential mainly due to R-symmetry. This highlights
the importance of the term, 10510y + h.c, as a unique possibility in generating
the required nonminimal coupling in the present model. The realization of no-scale
inflation with R-symmetry breaking effects are discussed in [53, [54] with S field
inflaton and in [55] with sneutrino N¢ inflaton.
The scalar potential in the Einstein’ frame is defined as,
Vo= ¢ (GGG —3) + 506 (Tl (Ref ) GH Ty, (5)

a

where 9G 9G oG
G=K+log|W]*?, G = Gi=—, G =—— 6
+ Og | | ? 82’2 ) aZ;k Y 7 aZ,LOZj ) ( )
with z; € {S, 55,5, 10,105, -+ }, fa is the gauge kinetic function and T, are the
generators of the gauge group. After the stabilization of S, 55, 5, and the matter

fields in their appropriate vacua, the scalar potential in Einstein’ frame becomes,

K> |NI‘§N§{ - M2‘2
a - i
(1= L(NG[2 + [N [2) + X(Nj Ny, + hoc))

5 —c —c 27
2\5 (1= 5(NE? +Ny[?) + 3(NgNy + h.o))

Ve =

where we have rotated the 10-plet Higgs fields in the SM gauge singlet neutrino
direction using flipped SU(5) gauge invariance and set f,;, = d4. The gauge couplings
g5 and gx belong to the SU(5) and U(1)x gauge groups respectively. We can rewrite
the complex neutrino fields in terms of real scalar fields as

h — h =
N = —e"cosf8, N, =—=¢e""sinp, 8
where along the D-flat direction (|N§| = |Ny|) the phases, a, @ and 3 can be stabi-
lized at

f==1. a=a=0. 9)



Figure 1: The normalized scalar potential Vi = Vig(S, h)/Vy (left panel) and its S = 0
slice (right panel) for M = 0.0082, x = 15000,y = 9, x = 0.156. Here the field values
are written in Planckian units and Vi = x2M*.

The two-field scalar potential in Einstein’ frame along the D-flat direction becomes

K2 (b2 - 4M2)?
16 (1 — 495%)(1 + €h2)2

Ve(S, h) with & =

e P

(10)

=

This expression represents a good approximation of the exact scalar potential plotted
in Fig. [1| for typical values of the relevant parameters where the special role of the
higher order v-term in generating the S = 0 minimum is obvious. Finally, the single-
field scalar potential in Einstein frame takes the following form,

Vah) = K2 (h? = AM?)® K2 (R — M)’
P06 2 16 (14¢€h2)2 7

(11)

where the conformal scaling factor, ), relating the Einstein’ and Jordan’ frames is
given by

G = Wy = (1+ ER*) g, (12)
The Lagrangian in the Einstein’ frame is
1 1 yonsas .
Lr=+—9& §R(9E) ~59E 0uhd,h — Vi (h(h))| (13)

where h is the canonically normalized inflaton field defined as,

h [Q + 66272

=

=

Here R is the Riccei scalar.



The slow-roll parameters can be expressed in terms of h as

(h) = = (V’E(’”)Q, o =3 (- verm). o

22\ v, AN

2¢ (VZ(h
ey = Y2 (ED gy 1pi - vEerm). (16
J3 Vg
where primes denote the derivatives with respect to h. The scalar spectral index ng,
the tensor to scalar ratio r and the running of the scalar spectral index ddl?jk are given,
to leading order in slow-roll parameters, as
ns ~ 1—06€e(hg)+ 2n(ho), r =~ 16€(ho), (17)
dng
T E 16€(ho)n(ho) — 24€*(ho) — 2¢*(ho), (18)

where hg is the field value at the pivot scale as defined below. The analytic expressions
of the various inflationary parameters given below are approximated in the large |¢|
limit with |£|M? finite. For example, with 102 < [¢]| < 10* we obtain 0.007 < [£|M? <
1 for M = M.

The amplitude of the scalar power spectrum is given by

1 Va(h)

Au(ko) = ,
(ko) 2472 e(h) h(ko)=ho

(19)

which is normalized to be A, (ko) = 2.137 x 107 at the pivot scale ko = 0.05 Mpc ™
by the Planck 2018 data [8]. This normalization constraint can be used to express &

in terms of hgy as
N 167+ /2A, (ko) (1 + 4EM?) (1 + £h2)
"o €](hE — 2222)?

The last Ny number of e-folds from h = hy to the end of inflation at A = h, is

expressed as
ho
Noz/ dh ) (21)

V/2e(h)

The field value hy can now be expressed in terms of Ny as

o~ \/hg | ANo(1 +4EM?) )

. (20)

3¢ ’

where the field value h, is obtained from

2(1 + 4EM?)

5 (23)

e(he)=1 = he~ \/4M2—|—
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Figure 2: The non-minimal coupling £ and the inflaton field value hg at the pivot
scale versus the scalar spectral index n,. The lighter and darker blue bands represent
the Planck 1-0 and 2-0 bounds respectively.

For numerical predictions of the various inflationary parameters we use the following
expression for Ny [56],

1 T. 2 VEM
No~53+ -In|—t )4 Zm (Y20 24
0= oot g (109 Ge\/) 3w (1015 Gev)’ (24)

assuming a standard thermal history of Universe.
The scalar spectral index n, can be expressed in terms of hy as

(14 4EM?) [AM? — 3(1 + 4EM?)h2 — 12(1 + 8EM?)hi 4 1263h)
9&4nd (h2 — 4M2)° ’

ne~1-—2

(25)

For given Ny and M, the above analytic expressions of n, (in Eq. (25))) and hg (in
Eq. ) as a function of £ represent a valid approximation of the numerical results
displayed in Fig. 2] In the large ¢ limit with ||M? < 1, we obtain the well-known
results [13], 18],

1/4
(ho, he) — ( 2—]\?, (g) %) and ns —1— Nio' (26)

Requiring the inflaton field value to be sub-Planckian (i.e., hg < mp), we obtain a
lower bound on & < 4N,/3.
In the large € limit with || M? < 1, the tensor to scalar ratio, r, reduces to [13} 18]

12

~ 52 (27)

r

As displayed in the Fig. [3a] the value of r varies between 0.0035 and 0.0037 and is
consistent with the range Ny ~ 52.9 — 54.4 shown in the Fig. [3b] This range of N

8
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Figure 3: The tensor to scalar ratio r and the number of e-folds Ny versus the scalar

spectral index n,. The lighter and darker blue bands represent the Planck 1-c and
2-0 bounds respectively.
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Figure 4: Running of the scalar spectral index dInng/dk versus the scalar spectral

index n; (left panel), and x versus ¢ (right panel). The lighter and darker blue bands
represent the Planck 1-0 and 2-0 bounds respectively.

is obtained, via Eq. , with the reheating scenario discussed in next section. The
range of r obtained here is typical for non-minimal Higgs inflation in large £ limit.
The running of the scalar spectral index dn,/dIn k is approximately given as

dns ’I"(]_ —’I’LS) 12 -3
~ Y~ ~ ] 2
dink > ng = T (28)

in the large ¢ limit as shown in the Fig. [lal Finally, the variation of x with respect
to & is shown in the Fig. b In the large ¢ limit the following analytic expression of
k in terms of £ can be deduced from Eq. ,

(37T\/2A8>
ko~ | ——— | &,

" (29)

9



i.e., k is directly proportional to £. Therefore, for 77 < |£] < 2300 we obtain 0.0036 <
< 0.1, which matches with the numerical estimates shown in the Fig. [4b| For this
range of k, the radiative corrections in standard hybrid inflation play an active role.
However, as we have checked explicitly, the radiative corrections along with other soft
susy breaking terms are negligible in non-minimal Higgs inflation.

4 Reheat Temperature, Non-thermal Leptogenesis
and Gravitino Constraint
With inflation over, the inflaton starts oscillating about the susy minimum. During

this process the inflaton can decay into the lightest right handed neutrino, v;, via the
nonrenormalizable coupling v; in Eq. with the partial decay width given by [29],

1 (M, QY
64 \ M Jy

2
4M2
(1—12§M2)> Miney [ 1 — —2, (30)

T, =
Ming

where mi,s = V2 M /Q0Jy is the inflaton mass with,

1 682M2
Jo = —+£—2, Qo =1+ 4EM°. (31)

Here M,, represents the mass of the lightest neutrino (RHN) the inflation can decay
into. It can be seen that €2y and Jy are functions of &, and the coupling « is also
directly proportional to & (Eq. ) Fig. shows how the inflaton mass changes with
coupling k. Furthermore, from Eq. it can be seen that for almost constant mj,¢
the mass of the right-handed neutrino M,, depends on the factor (1 — 126M?)~!, so
that M,, — oo when 126 M? — 1, as can be seen in Fig. . The predicted range of the
RHN mass, M,, ~ 1.2 x 10! —10'3 GeV, with an inflaton mass, mi,s ~ 3 x 10'3 GeV,
is shown in Figs. [bal and where we cutoff the peak in Fig. near the bound,
Tint Z 2MV¢

The inflaton can also decay via the top Yukawa coupling, yég’")QngHu, in a
supergravity framework as described in [57, [58]. In no-scale like SUGRA models, this
decay width is given by the following expression [29],

2
3 (6692 (M (1)
Iy, = — Minf, (32)
12873 Jo mp mp
where 1y, = yég’y) is the top Yukawa coupling. In the large £ limit this decay width
becomes comparable to I'),, whereas in the minimal coupling limit, i.e., £ — 0, this

decay width is negligible. The reheat temperature 7, is related to the total decay
width of the inflaton I' namely

72 1/4\/_
T, = rB r=r,+r71,, 33
(52) T (33)

10
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Figure 5: The inflaton mass mjy,, the lightest right handed neutrino mass M,,, the
reheat temperature 7, and the ratio M,, /T, versus k.

where g, ~ 228.75 for MSSM. In the realization of supergravity based inflationary
models one has to face the gravitino overproduction problem [59, 60] which imposes a
severe constraint on the reheat temperature 7, in terms of the gravitino mass ms/,. In
gravity mediated susy breaking models for unstable gravitinos of mass 13/, 2 10 TeV,
the reheat temperature is almost independent of the gravitino mass, and for stable
gravitinos T, < 10 GeV [61, 62, 63]. Therefore, the predicted range of reheat
temperature T, ~ 6.6 x 108 — 2.0 x 10° GeV versus &, as depicted in Fig. [5d, is
consistent with the gravitino constraint.

The lepton asymmetry generated by inflaton decay is partially converted to baryon
asymmetry via sphaleron processes [64} [65]. In order to explain the observed baryon
asymmetry we consider the non-thermal leptogenesis scenario [66], where the ratio of
the lepton number to entropy density ny/s can be expressed as,

31, (T,
np/s ~ <—’) €1, (34)

2Tn’inf r

here €, is the CP asymmetry factor which is generated by the out of equilibrium decay

11



of the lightest right-handed neutrino ;. Assuming a normal hierarchical pattern for
the observed neutrinos yields [67]

3my, M,

€]
2
8T

Ocffs (35)
where 0.7y is the effective CP-violating phase, v, is vacuum expectation value of
up-type electroweak Higgs doublet and m,, is the mass of heaviest left-handed light
neutrino. Thus,

T, T, M, m
~3.9x 10710 (24 ) (L v I P
nifs 3.9 10 ( T ) <mmf) (106 Gev> <0.05 ev> f (36)

The effective CP-violating phase |der| < 1 and we take the mass of the heaviest
light neutrino m,, = 0.05 eV. To generate the required lepton asymmetry, ny /s ~
2.5 x 1071°, we assume a hierarchical neutrino mass pattern M, < M,, < M,, (with
M,, > T,). Suppression of the washout factor requires the ratio M,, /T, > 10. In our
calculations this ratio is large enough to safely ignore the washout effect as shown in

Fig.

5 No-scale Standard Hybrid Inflation

In this section we discuss the realization of standard hybrid inflation with a no-scale
like form of the Kéhler potential given in Eq. . The two-field scalar potential as
depicted in Fig. [6] along the D-flat direction takes the following form,

K2 (o 02, 252(q2 24 [ 2 1S1\?
V(b [Sl) = 15 (h* —4M?)" + Kn|S|* - k*M (5_40 (m_P)
5 14y |S| 4
M=+ =L 162 ) (2) -
+K ( 9+ 3 + 67) (mP> 7 (37)

assuming EM? < m3%. Next we can utilize the h = 0 valley for standard hybrid

inflation. Therefore, including the well-known radiative corrections and soft susy
breaking terms, the scalar potential can be expressed as,

2 4
V(r) ~ r*M*|1- 2—47 Mz + —§+14—7—|—16fy2 Mz
3 mp 9 3 mp

e () - (7)) 8

where x = |S|/M, a = 2|A — 2| cos [arg S + arg(l — A)] and

F(z) = i ((x4 + 1) log (xi; 1) + 222 log (wz i_ 1) + 2log (/12];221'2) — 3) . (39)

X
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Figure 6: The normalized scalar potential Vi = Vg(S,h)/Vy for v = 0 becomes
1— (2 — S?*)h? + h'. Here fields are written in units of M and V = k2 M.

Here, @ is the renormalization scale, ms/, is the gravitino mass, and A is the soft susy
breaking parameter. We assume suitable initial condition for arg S to be stabilized at
zero and take a to be constant during inflation. A detailed study of initial conditions
with nonzero arg S can be found in [6]. Note that the canonically normalized real
inflaton field is ¢ = v/2|S|. Therefore, to calculate the slow-roll predictions we use
the slow-roll definitions in Eqs.— and with h — o = 22 M , 2 — 1 and
J =1

The form of SUGRA correction in Eq. is similar to the one in standard hybrid
potential with non-minimal K&hler potential of power-law form [68, [69} [70] [71]. The
two non-minimal parameters kg and xgg in the latter case are related to the single
parameter v of our model in Eq. as,

Kg = ; — 4y, Kgg = g — 27. (40)
The single parameter v controlling the SUGRA corrections makes this model more
predictive compared to standard hybrid model with power-law non-minimal Kéahler
potential.
We are mainly interested in low reheat temperature (7, < 102 GeV) which can be
achieved in the small x limit as shown in [68]5]. In this limit the radiative corrections
are ignored and we can write v in terms of n, as

A (=) )

Here, we have assumed that the SUGRA quartic term is suppressed as compared to
quadratic term due to small field excursion, |Sy| < mp, as displayed in Fig. ([7a)).
Taking the central value of ny = 0.965 we obtain v = 0.162292 which is in excellent
agreement with the numerical estimate shown in the Fig. [7b]

13
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Figure 7: The field value xy = |Sp|/M and coupling « versus reheat temperature T,
with ny, = 0.965 and M = 2 x 10'¢ GeV.
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Figure 8: The gravitino mass ams/, versus x, and reheat temperature T, versus ans s
with ng = 0.965 and M = 2 x 106 GeV.

In order to see the dependence of the reheat temperature on x or ams, we first
need to relate K to ams/, from the expression of the amplitude of the scalar power
spectrum [68]. To obtain the right amplitude of the scalar power spectrum, the soft
susy breaking linear term competes with the quadratic SUGRA term with,

K

- _1ns) GWE/Q (EY (42)

M

For most of the range this linear relationship of x with ams/, is confirmed by our
numerical estimates as displayed in Fig. . Now using this expression of x in Eq.
we obtain a linear relation T, o< amsg)s, consistent with the numerical results depicted
in the Fig. Bbl ~ This linear relation is modified for large values of x when the
radiative correction becomes important. The predicted ranges of x and 7). correspond
to the number of e-folds, Ny ~ 47.8 — 54.5, via Eq. . As previously discussed,
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Figure 9: The inflaton mass, my,y, lightest RHN mass,M,,, and the ratio M,, /T, versus
the reheat temperature 7, with ny = 0.965 and M = 2 x 10'6 GeV.

the reheat temperature 7T, is usually constrained by the gravitino mass ms/, due to
gravitino overproduction. However, for unstable gravitinos with mass mg/, 2 10 TeV,
the reheat temperature is almost independent of the gravitino mass, and for stable
gravitinos 7, < 10'° GeV. Therefore, for the realistic range of ams /2 and T,. displayed
in Fig. |8b| the gravitino problem is avoided.

We assume the inflaton decay into the lightest right handed neutrino v; with
Mint 2, 2M,, and miys < M,, < M,,, along with the hierarchical neutrino mass

pattern M,, < M,, < M,,. With my,s 2 2M,,, we obtain the following lower bound
on the reheat temperature [70],

T, > 1.6 x 10° GeV, (43)

as shown in Fig. [9a] The upper bound on the reheat temperature, 7, < 1010 GeV, is
obtained from the bound, |Sy| < mp, as shown in Fig. [Tal The reheat temperature in
the above range leads to an inflaton mass, M >~ 7.6 x 10° — 8.1 x 10**, and the RHN
mass, M, ~ 3.8 x 10 — 6.9 x 10'° GeV. The large values of M,, /T, for a range of T,
values, as shown in Fig. [9D] justify the suppression of washout effects in non-thermal
leptogenesis.

Small values of the tensor to scalar ratio r and the running of the scalar spectral
index are generic features of standard hybrid inflation with negative quadratic and
positive quartic terms. This is shown in Fig. |10 where the tensor to scalar ratio and
the running of scalar spectral index vary in the limits 9.3 x 1071 <7 < 1.1x107* and
3.0x 1072 < |dn,/dink| < 1.8 x 1072 respectively, for reheat temperature, 1.6 x 10¢ <
T, < 9.7 x 107 GeV. It is important to note that the large r solutions, r > 1074,
obtained in [69, [70] are not applicable here due to the restricted form of the Kéhler
potential (Eq. ) leading to an interdependence of the two relevant parameters
given in Eq. , and due to choosing a single soft susy mass ms,o for both soft susy
breaking terms in the scalar potential (Eq. (38)).
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Figure 10: The tensor to scalar ratio r and running of the scalar spectral index
dng/dInk versus the reheat temperature 7, with n, = 0.965 and M = 2 x 10'® GeV.

6 Neutrino masses and rapid proton decay

In a typical supersymmetric model, proton decay includes mediation from color triplet
scalars and gauge bosons. With natural values of A\; and Ay in Eq. , the color
triplets in our model acquire masses of order My and, therefore, their contribution will
be suppressed compared to the gauge bosons. No rapid proton decay term endangers
our model with R symmetry intact. The contribution to the decay rate from gauge
bosons, although dominant, does not lie in observable range defined by the sensitivities
of future experiments like DUNE |72}, [73], JUNO [74] and Hyper Kamiokande [75]. An
interesting possibility of realizing observable proton decay mediated by color triplets
of intermediate masses is recently discussed in [76, 47, 32] for an R symmetric flipped
SU(5) model.

In the present section we shall briefly discuss proton decay arising from R sym-
metry breaking effects at the nonrenormalizable level. This is mostly discussed in
connection with generating right handed neutrino (RHN) masses which are required
to be heavy enough to explain the observed tiny neutrino masses via the seesaw mech-
anism. Dimension four (two fermions and one scalar) operators can arise effectively
from the following nonrenormalizable interactions,

10410;10, M

W > o (DIDSUL+ QDS L) (44)
This term has an odd number of matter superfields and thus it is forbidden by Z5
parity. In general, an odd number of matter superfields will not appear to all orders
due to Z, parity irrespective of the R symmetry. Thus, our model is safe from
dangerous dimension four proton decay operators to all orders. However, Zy parity
allows an even number of matter fields which include dimension five (two fermions,
two scalars) operators. For example, at the nonrenormalizable level, the following
terms with S field appear for the RHN masses and the dimension five proton decay
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operators,

(S) T0410410,10;,  (S)10:10,10,5  (S) 105,51, (45)

mp mp ’ mp mp mp mp

The S field acquires a non-zero vev, (S) ~ —mg/y/k, via the soft susy breaking terms
[77], and with the suppression factor, % ~4x 107 - 10712 (2 x 107®), somewhat
smaller value of the RHN mass M,, ~ 10° — 2 x 10° GeV (4 x 10® GeV) is achieved
for non-minimal Higgs inflation (no scale standard hybrid inflation). Although rapid
proton decay via dimension five operators is adequately suppressed, the RHN mass
is also suppressed compared to the predicted range with M, > 10° GeV. Therefore,
we search for a compromise between acquiring heavy RHN masses and suppressing
dimension five rapid proton decay.

Following [47], we assume explicit R symmetry breaking at the nonrenormalizable
level such that only terms with zero R charge are allowed. To leading order this
allows the following terms in superpotential,

LVD:@Cmmmw>+ﬂ<mﬂmv)+z(ummb«wm;v

4 mp 4 mp 4 mp
~vs (10410410157 ~, (10,10, 5 °1°
- + -
8 mp 8 mp
1010105 10551
(1005, (10551 »
mp mp

To avoid rapid proton decay via Planck scale suppressed dimension five operators
we need to consider small values of the relevant couplings, (71,7:) < 1077, Another
possibility of rapid proton decay comes from the interference of the nonrenormalizable
terms with ;3 4 couplings and the renormalizable interaction terms A\;10£1055;, and
A1051055y, as discussed in [47]. This mediation involves color triplets from the
5-plet and 10-plet Higgs fields. After integrating out these color triplets we obtain

following effective interaction terms,

MY 1 _
(ww) |, (d) ) —-1010105 47
(’VQ?J +y 73) (mp) My ’ ( )
M\ 1 .
(@) () ) —10551 48
(v3y™” + ¥ ) (mp> Mo ) (48)

where My = A\ o M is the color triplet mass. Absence of rapid proton decay via the
above interactions requires (72,73,74) < 107° [47]. The RHN mass, M,,, receives
contribution from both ~; and v, couplings via the following interaction terms,

170712 171 . 17}
n(mww>+y0wmw<mmm>3]mmw, (49)

4 mp 4 mp
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where

M, ~ ) (£> M. (50)

! 4 mp

Assuming 7o < 107° and 73 ~ 1072 — 107! (77 ~ 107° — 10™*) we can achieve the
range, M,, ~ 1.2 x 10" — 10" GeV (M,, ~ 3.8 x 10° — 6.9 x 10'° GeV) for the RHN
mass as predicted by non-minimal Higgs inflation (no scale standard hybrid inflation)
in section .

Finally, we present an improved version of the previous approach for finding an
optimized solution which can achieve the required suppression for rapid proton decay
while acquiring the correct range for the RHN mass as predicted by our models. We
introduce a gauge singlet field X with R charge, R(X) = 1/p, such that it gains a
non-zero vev, (X) ~ 1017 GeV, in the hidden sector after R symmetry breaking. The
RHN mass term can appear in the form,

(@)p[ﬂCm%;W)+z(<1o%§>-<1o%;ﬁ>)] S ML NN (51)

mp 4 mp 4 mp
where NP 172
M, ~ (1 + ) (< >) - (52)
4 mp mp
Similarly, the other terms relevant for dimension five rapid proton decay become,
X)\? 1010105 XH)\? L
m(< >> 5 m(< >> QRAL (53)
mp mp mp mp
XH)\? 10551 X)W\? DeUcUe E°
772(< >) ) 772(< >) . (54)
mp mp mp mp

p
With (91,12) ~ 1 and (<X>) < 1077, rapid proton decay is naturally suppressed for

mp

p = 7. However, for (y1,72) ~ 1 the RHN mass becomes

1 /(X)\" M2
M, ~ = (Q) — ~ 107GeV < 10°GeV, (55)

! 2 mp mp

which is inconsistent with the model predictions, M,, = 10° GeV. This inconsistency
is mainly due to the requirement of producing enough matter anti-matter asymmetry.

With successful leptogenesis, the predicted range of RHN mass, M,, ~ 1.2 x
10" — 101 GeV (M,, ~ 3.8 x 10° — 6.9 x 10! GeV), requires p=1—3 (p = 3 —5)
with 77 ~ 1 for non-minimal Higgs inflation (no-scale standard hybrid inflation).
This further requires 7, = 17, ~ 1076 =107 (g = m2 ~ 107 — 1072) and v, =
v3 =7 ~ 107" = 1072 (15 = 93 = 74 ~ 1072 — 1) to suppress rapid proton decay
discussed above. A comparison of the two approaches is summarized in Table [2]
where in the first approach, termed as A-I, only R charge zero terms are allowed
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Table 2: In the first approach, A-I, only R charge zero terms are allowed at the
nonrenormalizable level. The second approach, A-II, employs R symmetric terms
with a gauge singlet field X having R charge 1/p and v, ~ 1.

A-1
Model M, (GeV) " 1,72 Y2, Y35 V4
Non-Minimal Higgs | 5 g1 13 | 19-3_19-1 107 10-°
inflation
Standard hybrid | 3 o 100 59 1010 | 195101 107 103
inflation
A-II [with 1 ~ 1]
Model M,, (GeV) p n1, 12 Y2, Y3, V4
Non-Minimal Higgs | o qq11 13 1-3 10°6-10~4 | 10-4—10"2
inflation
Standard hybrid | 3 o 100 ¢ g 1010 3-5 1074-10"2 | 1072—1
inflation

at nonrenormalizable level, whereas in the second approach, called A-II, we use an
additional gauge singlet field X with R charge 1/p to effectively generate R charge
zero terms of A-I. It is clear that in the second approach, having more control on the
various terms, we obtain nearly natural values of the relevant parameters.

7 Conclusions

A successful realization of two inflationary models is discussed by employing a no-
scale Kéahler potential within an R-symmetric supersymmetric model based on flipped
SU(5) GUT. In the first model, known as non-minimal Higgs inflation, the waterfall
Higgs field h acts as an inflaton, whereas in the second model standard hybrid inflation
is implemented with a gauge singlet inflaton field S. For both models we set the gauge
symmetry scale, M = 2 x 106 GeV, and the predicted range of various inflationary
observables lie within the 1-0 bound of Planck 2018 data.

In the first model, for ng ~ 0.956 the predicted value of the tensor to scalar ratio
r ~ 0.0037 lies within the testable range of future experiments such as PRISM [7§],
LiteBIRD [79)], PIXIE [80] and CORE [81]. A detection of primordial gravitational
waves in future experiments would play an important role in distinguishing this model
from others predicting tiny values of » < 1073. Another important inflationary
observable is running of the scalar spectral index which lies in the range, dng/dInk ~
(6.4 — 6.6) x 107%. These predicted values correspond to x ~ 0.0036 — 0.1, the non-
minimal coupling & ~ 77 — 2300, and are consistent with the sub-Planckian field
values, 5 x 107 GeV < hg < mp. A realistic reheating scenario with non-thermal
leptogenesis requires the reheat temperature, 7. ~ 10° GeV with the number of e-
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folds, Ny ~ 52.9 —54.4, and the RHN mass in the range, M,, ~ 1.2 x 1011 — 103 GeV.

Flipped SU(5) is a good choice for realizing standard hybrid inflation since dan-
gerous topological defects such as magnetic monopoles do not arise in the breaking
of the gauge symmetry to MSSM. Furthermore, this model with a no-scale K&h-
ler potential is more predictive than the power series form normally employed for
the Kahler potential. The coupling v which is used to stabilize the S field in
the first model now takes an almost constant value, v ~ 0.162, in order to re-
produce the correct value of the scalar spectral index, n, ~ 0.965. Apart from
the SUGRA corrections parameterized by ~, the radiative corrections and soft susy
breaking term containing the gravitino mass mg/, also make important contribu-
tions in the predictions of other inflationary observables. This leads to rather small
predictions of the tensor to scalar ratio 7 ~ 9.3 x 107!® — 1.1 x 10~* and running
of the scalar spectral index dn,/dInk ~ 3.0 x 1072 — 1.8 x 1073 corresponding to
k~2.7x1077—28 x 1072 and amgj ~ 1.2 % 10* — 1.3 x 10'? GeV. A realistic re-
heating with non-thermal leptogenesis in this model requires the reheat temperature,
T, ~ 1.6 x 105 — 9.7 x 10° GeV, with the number of e-folds, Ny ~ 47.8 — 54.5, and
RHN mass in the range, M,, ~ 3.8 x 10° — 6.9 x 10'° GeV. Finally we discuss an
improved approach to realize the desired mass of the RHN with adequate suppression
of rapid proton decay operators.
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