
 

Axion inflation, proton decay, and leptogenesis in SUð5Þ × Uð1ÞPQ
Sofiane M. Boucenna1,2,* and Qaisar Shafi3,†

1Department of Physics, School of Engineering Sciences, KTH Royal Institute of Technology,
AlbaNova University Center, Roslagstullsbacken 21, SE10691 Stockholm, Sweden
2The Oskar Klein Centre for Cosmoparticle Physics, AlbaNova University Center,

Roslagstullsbacken 21, SE10691 Stockholm, Sweden
3Bartol Research Institute, University of Delaware, Newark, Delaware 19716, USA

(Received 8 January 2018; published 12 April 2018)

We implement inflation in a nonsupersymmetric SUð5Þ model based on a nonminimal coupling of the
axion field to gravity. The isocurvature fluctuations are adequately suppressed, axions comprise the dark
matter, proton lifetime estimates are of order 8 × 1034–3 × 1035 yr, and the observed baryon asymmetry
arises via nonthermal leptogenesis. The presence of low-scale colored scalars ensures unification of the
Standard Model gauge couplings and also helps in stabilizing the electroweak vacuum.
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I. INTRODUCTION

Successful inflation models based on SUð5Þ grand
unified theory (GUT) and employing a Coleman-
Weinberg potential with minimal coupling to gravity were
constructed some time ago [1] and, for values of the scalar
spectral index ns ∼ 0.96–0.97, the tensor-to-scalar ratio r is
≳10−2 [2]. In these models the inflaton field, an SUð5Þ
gauge singlet, evolves from the origin to its nonzero
vacuum expectation value, reaching trans-Planckian values
near its minimum during the last 60 or so e-foldings.
Identifying the SUð5Þ gauge singlet inflaton with the
axion [3,4] field is very attractive and was first done in
Ref. [5]. However, it turns out to be not very compelling
for this model because of the excessively large value
fa∼1019GeV imposed on the axion decay constant by infla-
tion [2]. Typically, an axion decay constant fa∼1011−12GeV
is the desired value for axion dark matter (DM).
It has been known for a while that primordial inflation

driven by a scalar quartic potential and based on non-
minimal coupling to gravity is fully consistent with the
Planck observations [6] for plausible values, say ξ≲ 10, of
the dimensionless nonminimal coupling parameter ξ. The
inflaton field in this case rolls down from trans-Planckian
values to its final minimum which can be sub-Planckian as
desired. The scalar quartic coupling λ during inflation in

this case turns out to be ≲10−8. This means that in order to
protect λ from unacceptably large radiative corrections, in
nonsupersymmetric GUTs the inflaton should again be
identified with a gauge singlet scalar field, as was done in
the SUð5Þ model mentioned above.
An axion model needed to resolve the strong CP

problem provides a compelling candidate to implement
successful inflation in GUTs using nonminimal coupling to
gravity. For the sake of simplicity, we will employ a Higgs
rather than the Coleman-Weinberg potential. The inflaton
(radial component of the axion field) in this case rolls down
from trans-Planckian values during inflation to its final
value fa ∼ 1011−12 GeV, thus yielding a viable scenario
with axion dark matter.
With trans-Planckian field values during inflation the

isocurvature fluctuations are adequately suppressed and
observable gravity waves corresponding to r ∼ few × 10−3

are predicted. The reheating process proceeds via the decay
of the inflaton into right-handed (RH) neutrinos. In turn, the
latter yield the observed baryon asymmetry via nonthermal
leptogenesis.
The realistic GUT model we propose successfully

addresses several problems of the standard model (SM)
at once, namely the existence and nature of dark matter,
the strong CP problem, baryogenesis, the stability of the
electroweak vacuum, the origin of the inflationary phase,
and the physics behind neutrino masses. All of these
issues have been previously studied in the literature in the
aim of providing unified schemes which tackle several of
them simultaneously; see e.g., Refs. [7–16]. Here we
show that a simple nonsupersymmetric GUT model
provides an elegant framework to solve all these prob-
lems, in addition to providing matter and gauge coupling
unification.
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This paper is organized as follows. We describe our
model and outline its most salient features in Sec. II. We
then analyze the constraints on gauge coupling unification
(GCU) and proton decay in Sec. III. These end up
predicting the presence of a colored octet scalar not far
from the TeV scale. Such a field also plays a critical role in
stabilizing the electroweak vacuum which we analyze in
Sec. IV. We then outline the main features of inflation based
on a quartic potential with nonminimal coupling of the
inflaton field to gravity in Sec. V, and derive the predictions
for the spectral index ns, the scalar-to-tensor ratio r, and the
running of the spectral index α. We also present constraints
on the magnitude of Yukawa couplings involving RH
neutrinos and estimate the reheat temperature taking into
account the requirement of axion dark matter. Next, in
Sec. VI we describe how leptogenesis is implemented in
this framework. Finally, in Sec. VII we show how the
inflaton coupling to the adjoint 24-plet ensures SUð5Þ
breaking during inflation so that the superheavy monopoles
are inflated away.

II. THE MODEL

The model consists of a simple extension of the original
SUð5Þ model [17]. The SM fermion fields are in the usual
10 (TL) and 5̄ (FL), and we add the singlet RH neutrinos νcL.
The scalar sector of the model involves 5 (H1), 5⋆ (H2),
24 (Φ), and finally 45⋆ ( χ, with χijk ¼−χjik for i; j; k ¼ 1–5).
In addition, we define a global Uð1ÞPQ symmetry to
implement the Peccei-Quinn (PQ) mechanism [18] solving
the strong CP problem and providing an invisible axion via
the Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) mechanism
[19,20]1; see Table I for the Uð1ÞPQ charges of the different
fields.
The relevant terms in the scalar potential of the model

read

V ⊃ −
1

2
M2

GUTTrðΦ2Þ −M2
σσσ

⋆ þ λσðσ⋆σÞ2

þ σσ⋆
X
ϕ

κϕϕ
⋆ϕþ λν½ðσ⋆Þ2H1H2 þ H:c:�: ð1Þ

Here ϕ ¼ ðH1; H2;Φ; χÞ and the dot product ϕ⋆:ϕ repre-
sents the SUð5Þ ×Uð1ÞPQ invariant contractions. And the
Yukawa part of the Lagrangian is given by the following
terms (family, gauge, and Lorentz indices are suppressed):

LYuk ¼ TL:Y10:TL:H1 þ TL:Y5:FL:H2

þ TL:Y45:FL:χFL:Yν:νcL:H1

þ 1

2
YNν

c
L:ν

c
L:σ þ H:c:; ð2Þ

where Yi are dimensionless 3 × 3 matrices. The PQ
symmetry is tightly related to lepton number in this scheme.
We can readily see that if λν ¼ 0, the Lagrangian is
invariant under Uð1ÞB−L symmetry after the breaking of
SUð5Þ and Uð1ÞPQ. Indeed, an accidental Uð1ÞX symmetry
(shown in Table I) combines with the usual hypercharge to
leave an unbroken Uð1Þ defined by X þ 4

5
Y ≡ B − L.

However, this symmetry is explicitly broken in the scalar
sector due to the presence of the λν term which is crucial for
generating the axion in the DFSZ model and cannot be set
to zero. Additionally, λν ≠ 0 allows us to get rid of the
Majoron Goldstone boson [22,23] since lepton number is
broken explicitly [7].
The representations involved in the model play crucial

roles in different phenomenological sectors.
(1) H1;2 and χ account for the SM charged fermion

masses and mixings in a renormalizable way. The
two-Higgs-doublet model consisting of H1;2 ensures
the implementation of the DFSZ mechanism. The
multiplet χ is also crucial for obtaining accurate
gauge coupling unification.

(2) hΦi breaks SUð5Þ to the SM.
(3) The phase of σ is the axion which solves the

strong CP problem and accounts for the DM of
the Universe, and the radial part drives inflation.

(4) hσi provides large Majorana masses for νcL via the
seesaw mechanism. After inflation the latter helps
generate the observed baryon asymmetry via non-
thermal leptogenesis.

In the next sections we will investigate in detail all these
aspects of the model.

III. FERMIONS MASSES, GAUGE COUPLING
UNIFICATION, AND PROTON DECAY

From Eq. (2), we obtain the following mass relations:

Me ¼ Y5
ThH2i − 6Y45

Thχi; ð3Þ
Md ¼ Y5hH2i þ 2Y45hχi; ð4Þ
Mu ¼ 4ðY10 þ Y10

TÞhH1i; ð5Þ

Mν ≃ Yν
T:YN

−1:Yν
hH1i2
hσi : ð6Þ

TABLE I. Summary of the quantum numbers of the different
fields of the model. q is an arbitrary number. Uð1ÞX is an
accidental symmetry of the model when the mixed term
ðσ⋆Þ2H1H2 is absent, i.e., in the limit λν → 0.

TL FL νcL H1 H2 σ Φ χ

SUð5Þ 10 5̄ 1 5 5̄ 1 24 45⋆
Uð1ÞPQ q=2 q=2 q=2 −q −q −q 0 −q
Uð1ÞX 1=5 −3=5 −1 −2=5 2=5 2 0 2=5

1For an early reference on an explicit SUð5Þ construction
solving the strong CP problem we refer to Ref. [21].
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In the last equation we have assumed the seesaw scaling
hσi ≫ hH1i for natural couplings. We define hχi≡ hχi151 ¼
hχi252 ¼ hχi353 ¼ −3hχi454 . It is clear from these expressions
that there is enough parameter freedom to fit the fermion
masses and cure the wrong predictions of minimal
SUð5Þ [24–26].
Next, we turn to the issue of GCU. In the minimal SUð5Þ

model, the gauge couplings do not properly unify at high
energy. However, the χ and Φ multiplets contain repre-
sentations which can alter the renormalization group (RG)
evolution in a favorable way [27]. In particular, we will use
R8 ≡ ð8; 2; 1=2Þ ∈ χ and R3 ≡ ð3; 3;−1=3Þ ∈ χ to obtain
precise GCU. Note that in the absence of the PQ symmetry
R3 can mediate proton decay leading to a lower limit on its
mass that was estimated to be around 1010 GeV [27,28].
However, in our scenario R3 cannot induce nucleon decay
due to the absence of the couplings TL:χ:H2 or TL:χ:H⋆

1

and thus it can be very light. This significantly enlarges the
parameter space consistent with GCU.
We solve the system of RG equations in order to

obtain successful GCU. The equations depend on three
parameters:MR3

,MR8
, andMGUT (for simplicity, we ignore

threshold effects). We require thatMGUT is large enough so
that gauge-mediated proton decay does not rule out the
model, i.e.,

τp ∼ α−2GUT
M4

GUT

mp
≳ 1034 yr; ð7Þ

where mp is the proton mass and the lower limit is the
current experimental bound on τpðp → eþπ0Þ [29]. After
combining these constraints, we find

MGUT ≈
�
MR8

TeV

�
−0.126

× 1016 GeV; ð8Þ

MR3
≈
�
MR8

TeV

�
0.05

× 6.1 × 107 GeV; ð9Þ

and

MR8
≲ 6 × 105 GeV: ð10Þ

The maximum proton lifetime is achieved for the
smallest possible R8 mass. For 1 TeV mass, we obtain
τp ≈ 2.4 × 1035 yr, which is around the expected sen-
sitivity of the Hyper-Kamiokande experiment [30]. We
display the gauge coupling unification in Fig. 1 for the case
where MR8

¼ 1 TeV.

IV. VACUUM STABILITY

It is well known that the vacuum instability problem
associated with the quartic coupling of the Higgs (see for
instance Ref. [31]) can be overcome with new physics
around the TeV scale. The GCU analysis in the previous
section revealed that the model predicts scalar representa-
tions which have to be lighter than ∼1010 GeV, more or
less the scale at which the quartic coupling becomes
negative. This is remarkable as such scalars will contribute
to the running of the quartic coupling and could positively
tilt it before it becomes negative. In this section we will
analyze the effect of these scalars on the stability of the
vacuum. For renormalization energy μ < MR8

, we use
the SM RG equations at the two-loop level to calculate
the evolution of the Higgs quartic coupling [32–37]. We
include the effects from the new particles R3 and R8 at
the one-loop level. These modify the first-order coefficients
bi of the SM, dgi

dlnμ ¼ bi
16π2

g3i , biðμÞ ¼ ð41
10
;− 19

6
;−7Þ þ

Θðμ −MR8
Þð2; 4

3
; 4
5
Þ þ Θðμ −MR3

Þð1
2
; 2; 1

5
Þ. In solving the

RGEs, we use the boundary conditions at the top quark
pole mass given in Ref. [31]. For the SUð3Þc coupling
constant and the top mass, we use αs ¼ 0.1184 and Mt ¼
173.34 GeV [38] respectively. The SM Higgs mass is fixed
at Mh ¼ 125.09 GeV [39]. We find in particular that R8,
being very light, induces a significant effect on the running
of the gauge couplings. The scalar R3 on the other hand has
a negligible effect on the running before the instability
scale. As we can see in Fig. 2, the quartic Higgs coupling is
indeed prevented from becoming negative by including the

FIG. 1. Evolution of the inverse coupling strengths with energy.
HereMR8

¼ 1 TeV,MR3
≈6.1×107 GeV, andMGUT≈1016 GeV.

The proton lifetime in this case is τp ≈ 2.4 × 1035 yr.
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R8 field at 1 TeVand R3 at 6.1 × 107 GeV. Remarkably, the
same fields which allow us to implement GCU also
stabilize the effective potential of the SM at high energies.
Finally, we can use this analysis to constrain the mass

of R8. Indeed, the heavier it is the less important is its effect
on the Higgs quartic coupling, and so we expect an upper
bound not far from the TeV region. We find that

MR8
≲ 104 GeV; ð11Þ

which is more constraining than the upper bound derived
from GCU considerations only. Using Eq. (8), this upper
bound translates as τp ≳ 7.8 × 1034 yr.

V. AXION INFLATION

We assume that inflation is driven by the radial part of
the complex singlet σ, ρ≡ ffiffiffi

2
p

ReðσÞ. Without loss of
generality, we take YN ¼ diagðYN1

;YN2
;YN3

Þ, with YNi

real and positive. The relevant terms of the Lagrangian of
the model are

Linf ¼
�X3

i¼1

YNi

2
ffiffiffi
2

p ρνciLν
c
iL þ H:c:

�
− Vinf; ð12Þ

Vinf ¼
1

4
λσðρ2 − f2aÞ2 þ

1

2
ρ2
X
ϕ

κϕϕ
⋆:ϕ; ð13Þ

where fa ≡
ffiffiffi
2

p hσi and for simplicity, we only consider real
couplings. We enforce κH1;2

> 0 to ensure that inflation is

driven by ρ. The couplings of the inflaton with νcL and the
scalar fields induce quantum corrections that can have
significant effects on the inflationary observables. These
effects induce an additional contribution to the potential
Vinf denoted as Vð1Þ,

Vð1Þ ¼ β

16π2
ρ4 ln

ρ2

μ2
; ð14Þ

where [40]

β ¼ 20λ2σ þ 2
X
ϕ

κ2ϕ þ 2λσ
X

y2Ni −
X

y4Ni:

We require that these radiative corrections are not signifi-
cant, i.e., jβj ≪ ð16π2Þjλσj. The most conservative limit we
can set on the couplings is [defining max ðYNi

Þ ¼ YN]:

yN ≲ 6 × 10−2
�

λσ
10−7

�1
4

: ð15Þ

For the rest of the paper we will suppose that κϕ ≪ yN and
impose Eq. (15).

A. ρ4 inflation with nonminimal coupling to gravity

We consider a scenario where ρ has a nonminimal
coupling to gravity. For simplicity, we assume that all
other scalars, including the SM Higgs, have quasiminimal
couplings. In the Jordan frame, the action of nonminimal ρ4

inflation is given by

StreeJ ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
−
�
1

2
ð1þ ξρ2Þ

�
Rþ 1

2
ð∂ρÞ2 − λσ

4
ρ4
�
:

ð16Þ

In the Einstein frame one finds,

SE ¼
Z

d4x
ffiffiffiffiffiffiffiffi
−gE

p �
−
1

2
RE þ 1

2
ð∂SÞ2 − VEðSðρÞÞ

�
; ð17Þ

where the canonically normalized scalar field S is written in
terms of the original scalar as

�
dS
dρ

�
−2

¼ ð1þ ξρ2Þ2
1þ ð6ξþ 1Þξρ2 : ð18Þ

The inflation potential now reads

VEðSðρÞÞ ¼
1
4
λσðtÞρ4

ð1þ ξρ2Þ2 ; ð19Þ

and the inflationary slow-roll parameters [41,42] in terms
of ρ are expressed as

FIG. 2. Vacuum stability of the Higgs potential. The red (upper)
line shows the running of the Higgs quartic coupling in the model
compatible with Fig. 1. We display in blue (lower line) its running
in the SM for comparison.
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ϵðρÞ ¼ 1

2

�
V 0
E

VES0

�
2

;

ηðρÞ ¼ V 00
E

VEðS0Þ2
−

V 0
ES

00

VEðS0Þ3
;

ζðρÞffiffiffiffiffiffiffiffiffiffiffi
2ϵðρÞp ¼ V 000

E

VEðS0Þ3
−

3V 00
ES

00

VEðS0Þ4
þ 3V 0

EðS00Þ2
VEðS0Þ5

−
V 0
ES

000

VEðS0Þ4
;

where a prime denotes a derivative with respect to ρ,
and we use units where the reduced Planck mass,
MPl ≃ 2.4 × 1018 GeV, is equal to unity unless otherwise
stated. The number of e-folds is given by

N ¼ 1ffiffiffi
2

p
Z

ρ0

ρe

dρffiffiffiffiffiffiffiffiffi
ϵðρÞp �

dS
dρ

�
: ð20Þ

The inflationary predictions for the scalar spectral index
ns, the tensor-to-scalar ratio r, and the running of the
spectral index α ¼ dns

d ln k are obtained after fixing N and ξ.
The quartic coupling λσ can be fixed using the amplitude of
density perturbations at some pivot scale [43],

Δ2
R ¼ VE

24π2ϵ

����
k⋆

¼ 2.196 × 10−9j0.05 Mpc−1 : ð21Þ

In Fig. 3 we show the predicted values of the quartic
coupling as a function of the minimal coupling ξ for
N ¼ 50 and N ¼ 60 e-foldings. ns is constrained to be
within the 68% confidence level of Planck’s measure-
ment [43].

For ξ≳ 0.1, the predicted values of ns, r, and α quickly
converge toward

ns r × 103 −α × 104

N ¼ 50 0.962 4 7.5
N ¼ 60 0.968 3 5.3

This implies that the Hubble expansion rate at the end of
inflation is

HI ≃ 2π × 1013 GeV: ð22Þ

B. Reheating

As can be seen in Eq. (15), the coupling of the inflaton
with νcL can be sizable, and this can be used to reheat the
Universe via the decays ρ → 2νcL. This is the dominant
process because our assumption that κϕ ≪ 1 makes reheat-
ing via the scalars inefficient. In order to do so, the mass of
at least one of the RH neutrinos MN ¼ yNfa=

ffiffiffi
2

p
must be

smaller than half the inflaton’s mass mρ ¼ Bfa, with
B ≃

ffiffiffiffiffiffiffi
2λσ

p
. This translates as

yN <
ffiffiffiffiffiffiffi
2λσ

p
: ð23Þ

Note that this condition is more stringent than the one
obtained in Eq. (15). Assuming an instantaneous conver-
sion of the inflaton’s energy density into radiation, at the
time when HðtÞ ≈ Γρ (decay rate of ρ), we can define the
reheating temperature as

TRH ¼
�

45

4π3g⋆

�
1=4 ffiffiffiffiffi

Γρ

p
∼ 0.1

ffiffiffiffiffi
Γρ

p
; ð24Þ

where

Γρ ¼
3 y2N
64π

mρ: ð25Þ

Using Eq. (23) we can derive the bound

TRH ≲ 3 × 108 GeV

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
λσ

10−7

��
fa

1012 GeV

�s
≡ Tmax

RH :

ð26Þ

C. Nonadiabatic primordial fluctuations of axions

Since inflation is driven by the radial part of the
axion field, the PQ symmetry is always broken during
inflation and the axion acquires isothermal (more precisely
isocurvature) fluctuations [44–49]. In general, these are
given by [50]

βiso ¼
�
1þ πf2a;⋆θ2i

ϵðρÞ
�−1

≤ 0.038; ð27Þ

FIG. 3. Correlation between the inflaton’s quartic coupling λσ
and the nonminimal coupling ξ for N ¼ 50 e-foldings (thick line)
and N ¼ 60 e-foldings (thin line). ns is within the 68% con-
fidence level of Planck’s measurement.
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with fa;⋆ being the effective scale of PQ symmetry
breaking and θi is the spatially averaged misalignment
angle. The upper bound is the current experimental limit
(95% confidence level) at k ¼ 0.05 Mpc−1 [43]. Assuming
that axion DM is produced via the misalignment mecha-
nism [51–53], θi enters as well in the expression of the
axion relic density:

Ωah2 ¼ 0.1199

�
θ2i
0.28

��
fa

1012 GeV

�
7=6

: ð28Þ

In the standard scenario where inflation is unrelated to
axions fa;⋆ ≡ fa, and the bound Eq. (27) favors a large PQ
breaking scale. However in our case the effective scale is
given by the inflaton field value during inflation, ρ⋆, which
is trans-Planckian for ξ≲ 102. Given that ρ⋆ ≫ fa, fa does
not have a direct impact on the isocurvature perturbations
and enters only indirectly via Eq. (28). Using Eqs. (27) and
(28) we obtain un upper bound on fa for a given ξ. In Fig. 4
we depict the predicted values of the maximal allowed
value of fa as a function of the minimal coupling ξ for
N ¼ 50 and N ¼ 60 e-foldings. As in Fig. 3, ns is con-
strained to be within the 68% confidence level of Planck’s
measurement [43]. The obtained limit on fa is compatible
with the natural parameter space of axion DM. Finally, note
that for our choice of parameters, namely fa ∼ 1012 GeV,
the PQ symmetry is not restored at the end of reheating
since TRH ≪ fa; see Eq. (26).

VI. BARYOGENESIS

In Eq. (26) we found that the maximum reheat temper-
ature obtained from the inflaton’s decays to RH neutrinos is
of order 108–109 GeV. This allows us to implement baryo-
genesis via nonthermal leptogenesis [54]. Assuming hierar-
chical RH neutrino masses, the lepton-to-entropy ratio [55]
is given by

ηL ≃ −10−5
�

TRH

109 GeV

��
MN

mρ

�
; ð29Þ

and the observed baryon asymmetry is related to ηL via the
usual relation ηB ≃ 10−10 ≃ − 8

23
ηL. This leads to

MN ≃ 0.3

�
107 GeV
TRH

�
mρ: ð30Þ

Since mρ ≃ Bfa, we find that for ξ ∼ 1 and
TRH ∼ 107 GeV, the heavy RH neutrino with mass of
the order of 108 GeV can give rise to the observed baryon
asymmetry via nonthermal leptogenesis.

VII. GUT MONOPOLES

The SUð5Þ symmetry breaks to the SM when the
effective mass-squared term of Φ, −M2

GUT þ κΦρ
2, in the

effective potential becomes of order −T2
H, with TH being

the Hawking-Gibbons temperature, TH ≡H=ð2πÞ. We
want to make sure that Φ is pushed away from its origin
during inflation. This must occur at the early stage of
inflation to ensure that monopoles are adequately inflated
away [1]. In the limit κΦ → 0, this translates as a lower
bound on the unification scale,

MGUT > ð1þ ξρ2i ÞTH ð31Þ

where ρi is the starting value of the inflaton field. ξρ2i
varies from ≈0 to ≈70 in the range ξ ∈ ½0; 100�. Using the
result in Eq. (22), we find that the equation above yields
MGUT ≳ 7 × 1014 GeV, which is less constraining than the
limit from the proton lifetime. If κΦ < 0 then this condition
is even easier to satisfy. However, in the case where κΦ > 0

we will have an upper limit on κΦ to ensure that ðM2
GUT −

jκΦjρ2i Þ > T2
H and monopoles are properly inflated away.

For realistic MGUT values, we find that κΦ ≲ 10−7 for
ξ ¼ 10−2 and κΦ ≲ 10−5 for ξ ¼ 102, which is in agreement
with our initial assumptions on the smallness of κϕ.

VIII. SUMMARY AND CONCLUSIONS

We have presented a realistic grand unified theory
based on SUð5Þ ×Uð1ÞPQ which consistently addresses
multiple outstanding beyond-the-SM problems. Fermion
masses and mixings were accounted for in a renormalizable
fashion, and precise gauge coupling unification was
achieved. With the unification scale predicted to lie around

FIG. 4. Upper bound on the PQ scale fa as a function of the
nonminimal coupling ξ due to isocurvature and DM relic
abundance constraints. The two lines are for N ¼ 50 e-foldings
(thick) and N ¼ 60 e-foldings (thin). ns is within the 68% con-
fidence level of Planck’s measurement.
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1016 GeV, the proton lifetime is predicted to be in the range
8 × 1034–3 × 1035 yr and should be accessible in the next-
generation detectors. The effective Higgs potential is
automatically stabilized thanks to the physics used to
implement gauge coupling unification.
The QCD axion is our candidate for the dark matter in

the Universe. The axion field plays several roles in our
model. The radial component of the axion field drives
inflation by exploiting a nonminimal coupling to gravity,
reheating proceeds from the axion field coupling to RH
neutrinos, and the observed baryon asymmetry arises via
nonthermal leptogenesis. The coupling with RH neutrinos
induces small neutrino masses via the seesaw mechanism.

The isocurvature fluctuations are adequately suppressed
and the axion decay constant fa lies in the desired range of
1011–1012 GeV. The model predicts a tensor-to-scalar
ratio r in an observable range, r ¼ few × 10−3. We finally
comment that the discussion can be extended to realistic
SOð10Þ models with a suitable intermediate scale such as
SUð4Þ×SUð2Þ×SUð2Þ or SUð3Þ×SUð2Þ×SUð2Þ×Uð1Þ.

ACKNOWLEDGMENTS

S. B. thanks the “Roland Gustafssons Stiftelse för
teoretisk fysik” for financial support. Q. S. is supported
in part by a DOE Grant No. DE-SC 0013880.

[1] Q. Shafi and A. Vilenkin, Inflation with SUð5Þ, Phys. Rev.
Lett. 52, 691 (1984).

[2] M. U. Rehman, Q. Shafi, and J. R. Wickman, GUT inflation
and proton decay after WMAP5, Phys. Rev. D 78, 123516
(2008).

[3] F. Wilczek, Problem of strong P and T invariance in the
presence of instantons, Phys. Rev. Lett. 40, 279 (1978).

[4] S. Weinberg, A new light boson?, Phys. Rev. Lett. 40, 223
(1978).

[5] S.-Y. Pi, Inflation without tears, Phys. Rev. Lett. 52, 1725
(1984).

[6] N. Okada, V. N. Senoguz, and Q. Shafi, The observational
status of simple inflationary models: An update, Turk. J.
Phys. 40, 150 (2016).

[7] P. Langacker, R. D. Peccei, and T. Yanagida, Invisible
axions and light neutrinos: Are they connected?, Mod.
Phys. Lett. A 01, 541 (1986).

[8] M. Shin, Light neutrino masses and strong CP problem,
Phys. Rev. Lett. 59, 2515 (1987); Erratum, Phys. Rev. Lett.
60, 383(E) (1988).

[9] H. Davoudiasl, R. Kitano, T. Li, and H. Murayama, The new
minimal standard model, Phys. Lett. B 609, 117 (2005).

[10] M. Shaposhnikov and I. Tkachev, The νMSM, inflation, and
dark matter, Phys. Lett. B 639, 414 (2006).

[11] S. M. Boucenna, S. Morisi, Q. Shafi, and J. W. F. Valle,
Inflation andMajoron dark matter in the seesawmechanism,
Phys. Rev. D 90, 055023 (2014).

[12] S. Bertolini, L. Di Luzio, H. Koleov, and M. Malinsk,
Massive neutrinos and invisible axion minimally connected,
Phys. Rev. D 91, 055014 (2015).

[13] J. D. Clarke and R. R. Volkas, Technically natural non-
supersymmetric model of neutrino masses, baryogenesis,
the strong CP problem, and dark matter, Phys. Rev. D 93,
035001 (2016).

[14] Y. H. Ahn and E. J. Chun, Minimal models for axion and
neutrino, Phys. Lett. B 752, 333 (2016).

[15] A. Salvio, A simple motivated completion of the Standard
Model below the Planck scale: Axions and right-handed
neutrinos, Phys. Lett. B 743, 428 (2015).

[16] G. Ballesteros, J. Redondo, A. Ringwald, and C. Tamarit,
Unifying inflation with the axion, dark matter, baryogenesis
and the seesaw mechanism, Phys. Rev. Lett. 118, 071802
(2017).

[17] H. Georgi and S. L. Glashow, Unity of all elementary
particle forces, Phys. Rev. Lett. 32, 438 (1974).

[18] R. D. Peccei and H. R. Quinn, Constraints imposed by CP
conservation in the presence of instantons, Phys. Rev. D 16,
1791 (1977).

[19] A. R. Zhitnitsky, On possible suppression of the axion
hadron interactions, Yad. Fiz. 31, 497 (1980) [Sov. J. Nucl.
Phys. 31, 260 (1980)].

[20] M. Dine, W. Fischler, and M. Srednicki, A simple solution
to the strong CP problem with a harmless axion, Phys. Lett.
B 104, 199 (1981).

[21] M. B. Wise, H. Georgi, and S. L. Glashow, SUð5Þ and the
invisible axion, Phys. Rev. Lett. 47, 402 (1981).

[22] Y. Chikashige, R. N. Mohapatra, and R. D. Peccei, Are there
real Goldstone bosons associated with broken lepton num-
ber?, Phys. Lett. B 98, 265 (1981).

[23] G. B. Gelmini and M. Roncadelli, Left-handed neutrino
mass scale and spontaneously broken lepton number, Phys.
Lett. B 99, 411 (1981).

[24] H. Georgi and C. Jarlskog, A new lepton-quark mass
relation in a unified theory, Phys. Lett. B 86, 297
(1979).

[25] P. Kalyniak and J. N. Ng, Symmetry breaking patterns in
SUð5Þ with nonminimal Higgs fields, Phys. Rev. D 26, 890
(1982).

[26] P. Eckert, J. M. Gerard, H. Ruegg, and T. Schucker,
Minimization of the SUð5Þ invariant scalar potential for
the fortyfive-dimensional representation, Phys. Lett. B 125,
385 (1983).

[27] I. Dorsner and P. Fileviez Perez, Unification versus proton
decay in SUð5Þ, Phys. Lett. B 642, 248 (2006).

[28] P. Fileviez Perez and C. Murgui, Renormalizable SUð5Þ
unification, Phys. Rev. D 94, 075014 (2016).

[29] C. Patrignani et al. (Particle Data Group), Review of particle
physics, Chin. Phys. C 40, 100001 (2016).

AXION INFLATION, PROTON DECAY, AND … PHYS. REV. D 97, 075012 (2018)

075012-7

https://doi.org/10.1103/PhysRevLett.52.691
https://doi.org/10.1103/PhysRevLett.52.691
https://doi.org/10.1103/PhysRevD.78.123516
https://doi.org/10.1103/PhysRevD.78.123516
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.52.1725
https://doi.org/10.1103/PhysRevLett.52.1725
https://doi.org/10.3906/fiz-1505-7
https://doi.org/10.3906/fiz-1505-7
https://doi.org/10.1142/S0217732386000683
https://doi.org/10.1142/S0217732386000683
https://doi.org/10.1103/PhysRevLett.59.2515
https://doi.org/10.1103/PhysRevLett.60.383
https://doi.org/10.1103/PhysRevLett.60.383
https://doi.org/10.1016/j.physletb.2005.01.026
https://doi.org/10.1016/j.physletb.2006.06.063
https://doi.org/10.1103/PhysRevD.90.055023
https://doi.org/10.1103/PhysRevD.91.055014
https://doi.org/10.1103/PhysRevD.93.035001
https://doi.org/10.1103/PhysRevD.93.035001
https://doi.org/10.1016/j.physletb.2015.11.067
https://doi.org/10.1016/j.physletb.2015.03.015
https://doi.org/10.1103/PhysRevLett.118.071802
https://doi.org/10.1103/PhysRevLett.118.071802
https://doi.org/10.1103/PhysRevLett.32.438
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1103/PhysRevLett.47.402
https://doi.org/10.1016/0370-2693(81)90011-3
https://doi.org/10.1016/0370-2693(81)90559-1
https://doi.org/10.1016/0370-2693(81)90559-1
https://doi.org/10.1016/0370-2693(79)90842-6
https://doi.org/10.1016/0370-2693(79)90842-6
https://doi.org/10.1103/PhysRevD.26.890
https://doi.org/10.1103/PhysRevD.26.890
https://doi.org/10.1016/0370-2693(83)91308-4
https://doi.org/10.1016/0370-2693(83)91308-4
https://doi.org/10.1016/j.physletb.2006.09.034
https://doi.org/10.1103/PhysRevD.94.075014
https://doi.org/10.1088/1674-1137/40/10/100001


[30] K. Abe et al., Letter of intent: The Hyper-Kamiokande
experiment—Detector design and physics potential—,
arXiv:1109.3262.

[31] D. Buttazzo, G. Degrassi, P. P. Giardino, G. F. Giudice, F.
Sala, A. Salvio, and A. Strumia, Investigating the near-
criticality of the Higgs boson, J. High Energy Phys. 12
(2013) 089.

[32] M. E. Machacek and M. T. Vaughn, Two loop renormaliza-
tion group equations in a general quantum field theory. 1.
Wave function renormalization, Nucl. Phys. B222, 83
(1983).

[33] M. E. Machacek and M. T. Vaughn, Two loop renormaliza-
tion group equations in a general quantum field theory.
3. Scalar quartic couplings, Nucl. Phys. B249, 70 (1985).

[34] C. Ford, I. Jack, and D. R. T. Jones, The standard model
effective potential at two loops, Nucl. Phys. B387, 373
(1992); Erratum, Nucl. Phys. B504, 551(E) (1997).

[35] H. Arason, D. J. Castano, B. Keszthelyi, S. Mikaelian, E. J.
Piard, P. Ramond, and B. D. Wright, Renormalization group
study of the standard model and its extensions. 1. The
standard model, Phys. Rev. D 46, 3945 (1992).

[36] V. D. Barger, M. S. Berger, and P. Ohmann, Supersymmetric
grand unified theories: Two loop evolution of gauge and
Yukawa couplings, Phys. Rev. D 47, 1093 (1993).

[37] M.-x. Luo and Y. Xiao, Two loop renormalization group
equations in the standard model, Phys. Rev. Lett. 90,
011601 (2003).

[38] ATLAS, CDF, CMS, and D0 Collaborations, First combi-
nation of Tevatron and LHC measurements of the top-quark
mass, arXiv:1403.4427.

[39] G. Aad et al. (ATLAS and CMS Collaborations), Combined
measurement of the Higgs boson mass in pp collisions atffiffiffi
s

p ¼ 7 and 8 TeV with the ATLAS and CMS Experiments,
Phys. Rev. Lett. 114, 191803 (2015).

[40] N. Okada and Q. Shafi, Observable gravity waves from
Uð1ÞB−L Higgs and Coleman-Weinberg inflation, arXiv:
1311.0921.

[41] A. R. Liddle and D. H. Lyth, COBE, gravitational waves,
inflation and extended inflation, Phys. Lett. B 291, 391
(1992).

[42] A. R. Liddle and D. H. Lyth, The cold dark matter density
perturbation, Phys. Rep. 231, 1 (1993).

[43] P. A. R. Ade et al. (Planck Collaboration), Planck 2015
results. XX. Constraints on inflation, Astron. Astrophys.
594, A20 (2016).

[44] M. Axenides, R. H. Brandenberger, and M. S. Turner,
Development of axion perturbations in an axion dominated
universe, Phys. Lett. B 126, 178 (1983).

[45] A. D. Linde, Generation of isothermal density perturbations
in the inflationary universe, Phys. Lett. B 158, 375 (1985).

[46] A. D. Linde, Axions in inflationary cosmology, Phys. Lett.
B 259, 38 (1991).

[47] A. D. Linde, Generation of isothermal density perturbations
in the inflationary universe, Pis’ma Zh. Eksp. Teor. Fiz. 40,
496 (1984) [JETP Lett. 40, 1333 (1984)].

[48] D. Seckel and M. S. Turner, Isothermal density perturba-
tions in an axion dominated inflationary universe, Phys.
Rev. D 32, 3178 (1985).

[49] M. S. Turner and F. Wilczek, Inflationary axion cosmology,
Phys. Rev. Lett. 66, 5 (1991).

[50] M. Fairbairn, R. Hogan, and D. J. E. Marsh, Unifying
inflation and dark matter with the Peccei-Quinn field:
Observable axions and observable tensors, Phys. Rev. D
91, 023509 (2015).

[51] J. Preskill, M. B. Wise, and F. Wilczek, Cosmology of the
invisible axion, Phys. Lett. B 120, 127 (1983).

[52] L. F. Abbott and P. Sikivie, A cosmological bound on the
invisible axion, Phys. Lett. B 120, 133 (1983).

[53] M. Dine and W. Fischler, The not so harmless axion,
Phys. Lett. B 120, 137 (1983).

[54] G. Lazarides and Q. Shafi, Origin of matter in the infla-
tionary cosmology, Phys. Lett. B 258, 305 (1991).

[55] T. Asaka, K. Hamaguchi, M. Kawasaki, and T. Yanagida,
Leptogenesis in inflaton decay, Phys. Lett. B 464, 12
(1999).

SOFIANE M. BOUCENNA and QAISAR SHAFI PHYS. REV. D 97, 075012 (2018)

075012-8

http://arXiv.org/abs/1109.3262
https://doi.org/10.1007/JHEP12(2013)089
https://doi.org/10.1007/JHEP12(2013)089
https://doi.org/10.1016/0550-3213(83)90610-7
https://doi.org/10.1016/0550-3213(83)90610-7
https://doi.org/10.1016/0550-3213(85)90040-9
https://doi.org/10.1016/0550-3213(92)90165-8
https://doi.org/10.1016/0550-3213(92)90165-8
https://doi.org/10.1016/S0550-3213(97)00532-4
https://doi.org/10.1103/PhysRevD.46.3945
https://doi.org/10.1103/PhysRevD.47.1093
https://doi.org/10.1103/PhysRevLett.90.011601
https://doi.org/10.1103/PhysRevLett.90.011601
http://arXiv.org/abs/1403.4427
https://doi.org/10.1103/PhysRevLett.114.191803
http://arXiv.org/abs/1311.0921
http://arXiv.org/abs/1311.0921
https://doi.org/10.1016/0370-2693(92)91393-N
https://doi.org/10.1016/0370-2693(92)91393-N
https://doi.org/10.1016/0370-1573(93)90114-S
https://doi.org/10.1051/0004-6361/201525898
https://doi.org/10.1051/0004-6361/201525898
https://doi.org/10.1016/0370-2693(83)90586-5
https://doi.org/10.1016/0370-2693(85)90436-8
https://doi.org/10.1016/0370-2693(91)90130-I
https://doi.org/10.1016/0370-2693(91)90130-I
https://doi.org/10.1103/PhysRevD.32.3178
https://doi.org/10.1103/PhysRevD.32.3178
https://doi.org/10.1103/PhysRevLett.66.5
https://doi.org/10.1103/PhysRevD.91.023509
https://doi.org/10.1103/PhysRevD.91.023509
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0370-2693(91)91090-I
https://doi.org/10.1016/S0370-2693(99)01020-5
https://doi.org/10.1016/S0370-2693(99)01020-5

