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We propose a SUð5Þ × Uð1ÞX × Uð1ÞPQ model, where Uð1ÞX is the generalization of the B − L (baryon
minus lepton number) gauge symmetry and Uð1ÞPQ is the global Peccei-Quinn (PQ) symmetry. There are

four fermions families in 5̄þ 10 representations of SUð5Þ, a mirror family in 5þ 10 representations, and
three SUð5Þ singlet Majorana fermions. The Uð1ÞX related anomalies all cancel in the presence of the
Majorana neutrinos. The SUð5Þ symmetry is broken atMGUT ≃ ð6–9Þ × 1015 GeV and the proton lifetime
τp is estimated to be well within the expected sensitivity of the future hyper-Kamiokande experiment,

τp ≲ 1.3 × 1035 years. The SUð5Þ breaking also triggers the breaking of the PQ symmetry, resulting in
axion dark matter (DM), with the axion decay constant fa of orderMGUT or somewhat larger. The CASPEr
experiment can search for such an axion DM candidate. The Hubble parameter during inflation must be
low, Hinf ≲ 109 GeV, in order to successfully resolve the axion domain wall, axion DM isocurvature and
SUð5Þ monopole problems. With the identification of the Uð1ÞX breaking Higgs field with the inflaton
field, we implement inflection-point inflation, which is capable of realizing the desired value for Hinf.
The vectorlike fermions in the model are essential for achieving successful unification of the SM gauge
couplings as well as the phenomenological viability of both axion DM and inflation scenario.

DOI: 10.1103/PhysRevD.104.055041

I. INTRODUCTION

A variety of well-established experimental results in
particle physics and cosmology have exposed some of the
inadequacies of the Standard Model (SM) of particle
physics [1]. These include the confirmation of the existence
of nonbaryonic dark matter (DM), observation of tiny but
nonzero masses for SM neutrinos, the observed asymmetry
between the matter and antimatter abundance in the
Universe, the necessity of cosmic inflation in the very
early stages of the Universe’s evolution, and the strong CP
puzzle. The SM must be supplemented with new physics to
account for these observations.
Among the various proposed extensions of the SM, the

models based on grand unified theory (GUT) are attractive
because they predict unification of the SM gauge inter-
actions and also explain the quantization of the electric
charges of the SM fermions [2]. An interesting grand

unification scenario utilizes the anomaly free gauged
Uð1ÞX extension of the SM, where the Uð1ÞX symmetry
[3] is the generalization of the B − L (baryon minus lepton
number) symmetry [4]. The generalized Uð1ÞX charge of
each particle is defined as a linear combination of its
hypercharge (QY) and B − L charge (QB−L), QX ¼
xHQY þQB−L, where xH is a free parameter [5]. For
xH ¼ −4=5 [6], the SM quarks and leptons are unified
in the 5̄ and 10 representations of SUð5Þ. The three SM
singlet Majorana neutrinos needed to cancel all the Uð1ÞX
related anomalies can explain the origin of observed
neutrino masses and flavor mixings via the type-I seesaw
mechanism [7]. The unification of the three SM gauge
couplings can be achieved by adding components of
vectorlike quark pairs from the 5 ⊕ 5̄ and 10 ⊕ 1̄0 repre-
sentations of SUð5Þ [6].
In this paper, we propose a model based on the symmetry

SUð5Þ × Uð1ÞX ×Uð1ÞPQ, where Uð1ÞPQ is the global
Peccei-Quinn (PQ) symmetry [8], which addresses all
the inadequacies of the SM discussed above. The PQ
symmetry solves the strong CP problem [9] and the
associated axion from the PQ symmetry breaking is the
DM candidate [10]. The SUð5Þ symmetry breaking also
triggers the breaking of Uð1ÞPQ, and so the DM physics is
intimately connected to the physics of grand unification.
In particular, the axion decay constant fa is comparable to
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the SUð5Þ GUT symmetry breaking scale, MGUT ∼
1015–1016 GeV. To resolve the SUð5Þ GUT monopole
problem [11] one may consider the low scale inflation
scenario with Hinf ≪ MGUT, where Hinf is the value of the
Hubble parameter during the inflation. See also Ref. [12].
However, in this case, the axion DM scenario suffers from
the cosmological fatal axion domain wall problem and
axion DM isocurvature problem (for a review see, for
example, Ref. [13]). With the axion decay constant
fa ≃MGUT, the resolution of the axion domain wall and
axion DM isocurvature problems require a low value for
Hinf ≲ 109 GeV [14]. Well-known inflationary scenarios
with the Coleman-Weinberg or Higgs potential with min-
imal coupling to gravity [15], and a quartic potential with
nonminimal coupling to gravity [16] predict a relatively
large Hinf ≃ 1013–14 GeV [17]. With the identification of
theUð1ÞX Higgs field with the inflaton field, we implement
the so-called inflection-point inflation scenario [18], which
can realize Hinf < 109 GeV. The new fermions in the
model are key to achieving successful unification of the
SM gauge couplings as well as the phenomenological
viability of both the axion DM and the inflection-point
inflation inflation scenario. The Majorana fermions gen-
erate the observed baryon asymmetry via leptogenesis [19].
We identify sets of model parameters such that the new
physics scenarios discussed above including proton decay
are phenomenologically viable.

II. MODEL

The particle content is listed in Table I. The model
includes four fermion families, ψ i

5̄ð10Þ (i ¼ 1, 2, 3, 4) in the
5̄ð10Þ representations of SUð5Þ, one mirror family, ψ̃5ð10Þ in

the 5ð10Þ representation, three SUð5Þ singlet Majorana
fermions, ðNcÞj (j ¼ 1, 2, 3), and four complex scalars

(Σ, S, H, and Φ). All fermions are in their left-handed
spinor representations and “c” denotes charge conjugation.
The Uð1ÞX related anomalies cancel in the presence
of Ncs. Since only the new fermions are charged
under the PQ symmetry, this model may be regarded as
the SUð5Þ ×Uð1ÞX realization of the Kim-Shifman-
Vainshtein-Zakharov axion model [20].1 See also Ref. [23].
In the following, we consider the spontaneous breaking

of SUð5Þ and Uð1ÞPQ symmetries, followed by the break-
ing of Uð1ÞX and the electroweak symmetry. The Higgs
potential for Σ and S fields is given by

VðΣ; SÞ ¼ −μ2ΣTr½Σ†Σ� þ λ1ðTr½Σ†Σ�Þ2 þ λ2Tr½ΣΣ�Tr½Σ†Σ†�
þ λ3Tr½Σ†ΣΣ†Σ� þ λ4Tr½Σ†Σ†ΣΣ�
− κ1ðTr½Σ†Σ†Σ�Sþ H:c:Þ þ κ2Tr½Σ†Σ�ðS†SÞ
− κ3ðTr½Σ†Σ†�S2 þ H:c:Þ
− μ2SðS†SÞ þ λSðS†SÞ2: ð1Þ

Here, the couplings parameters are all real and positive and
we have neglected mixed terms between Σ and S fields with
H=Φ, assuming that the associated couplings to be
adequately small because H=Φ fields not essential for
the breaking of SUð5Þ and PQ symmetries. The SUð5Þ and
Uð1ÞPQ symmetry breaking is accomplished by the Σ and S
fields vacuum expectation values (VEVs), namely,
hΣi¼vΣ=ð2

ffiffiffiffiffi
15

p Þdiagð−2;−2;−2;3;3Þ and hSi ¼ vS=
ffiffiffi
2

p
.

Solving the stationary conditions for the potential in Eq. (1)
we obtain

μ2Σ ¼ 1

60
ð−3

ffiffiffiffiffi
30

p
κ1vSvΣ þ 30ðκ2 − 2κ3Þv2S

þ 2ð30λ1 þ 30λ2 þ 7ðλ3 þ λ4ÞÞv2ΣÞ;

μ2S ¼
1

60vΣ
ð30κ2vSv2Σ − 60κ3vSv2Σ þ 60λSv3S −

ffiffiffiffiffi
30

p
κ1v3ΣÞ:

ð2Þ

Applying these results to evaluate the mass spectrum for the
scalar and gauge fields we obtain 12 superheavy massive
gauge bosons, 37 massive scalars and one massless scalar.
The details about the scalar mass spectrum is presented in
Appendix A. For concreteness, let vΣ ¼ ffiffiffiffiffi

30
p

κ1vS, with the
coupling parameters κ1¼κ2¼λ1¼λS¼0.3, λ2 ¼ −0.049,
λ3 ¼ λ4 ¼ 0.375, and κ3 ¼ −0.011, such the 35 scalar
masses are given by

TABLE I. Particle content of SUð5Þ × Uð1ÞX ×Uð1ÞPQ model.
It includes four fermion families, ψ i

5̄ð10Þ (i ¼ 1, 2, 3, 4), one

mirror family, ψ̃5ð1̄0Þ, three Majorana fermions, ðNcÞj (j ¼ 1, 2,
3), and four complex scalars (Σ, S, H, and Φ). All the fermions
are in their left-handed spinor representation and “c” denotes
charge conjugation.

SU(5) Uð1ÞX Uð1ÞPQ
ψ i
5̄

5̄ −3/5 0

ψ i
10

10 þ1=5 0

ψ̃5 5 þ3/5 1
ψ̃10 10 −1=5 1

ðNcÞj 1 þ1 0

Σ 24 0 −1
S 1 0 −1
Φ 1 −2 0
H 5 −2=5 0

1The symmetry group of the GUTmodel discussed in Ref. [14]
is also SUð5Þ × Uð1ÞPQ × Uð1ÞX . However, there are two key
differences between the two models: (i) The Higgs sector in
Ref. [14] includes two Higgs doublets and is effectively a Dine-
Fischler-Srednicki-Zhitnitsky-type axion model [21]. See also
Ref. [22]. (ii) The SUð5Þ adjoint field in Ref. [14] is a singlet
under PQ symmetry, and so there is no direct connection between
the SUð5Þ and PQ symmetry breaking scales.
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mð1Þ
1 ¼ 0.20vS; mð3Þ

2 ¼ 0.35vS;

mð8Þ
3 ¼ 0.42vS; mð8Þ

4 ¼ 0.71vS;

mð3Þ
5 ¼ 0.58vS; mð12Þ

6 ¼ 0.39vS;

mð1Þ
7 ¼ 0.57vS; mð1Þ

8 ¼ 1.1vS; ð3Þ
where the numbers in the exponents are the degeneracy of
each mass eigenvalue. The massless scalar field, which we
identify to be the axion, is given by

aðxÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2S þ v2Σ

p ðvSχSðxÞ þ vΣχΣðxÞÞ; ð4Þ

where χS (χΣ) is the imaginary component of S (Σ) that
acquires the VEV.
Following SUð5Þ × Uð1ÞPQ symmetry breaking, the

residual symmetry is SUð3Þc×SUð2ÞL×Uð1ÞY×Uð1ÞX.
In the following, we neglect the mixing between Φ and H
Higgs fields, which will be justified later. It allows us to
independently examine theΦ andH sector Higgs potential.
The VEV of Φ far exceeds the electroweak VEV of H,
and so the Uð1ÞX symmetry is primarily broken by Φ.
Setting

ΦðxÞ ¼ 1ffiffiffi
2

p ðϕðxÞ þ vXÞeiχðxÞ=vX ; ð5Þ

where vX denotes its VEV, the Φ potential is given by

VðΦÞ ¼ λϕ

�
Φ†Φ −

v2X
2

�
2

: ð6Þ

The breaking of the Uð1ÞX symmetry by the VEVofΦ also
generates masses for theUð1ÞX gauge boson Z0 and the real
component ϕ,

mZ0 ¼ 2gvX; mϕ ¼
ffiffiffiffiffiffiffi
2λϕ

q
vX; ð7Þ

respectively, where g is the Uð1ÞX gauge coupling. Finally,
the electroweak symmetry gets broken after the charge
neutral component of the SUð2ÞL doublet Higgs field in H
field acquires its VEV, vH ¼ 246 GeV.
Let us now consider fermion masses. We introduce the

Yukawa interactions only for ψ4
5̄ð10Þ and ψ̃5ð10Þ,

L ⊃ −ψ4
5̄
ðỹ45S − Ỹ4

5ΣÞψ̃5 − ψ4
10ðỹ410S − Ỹ4

10ΣÞψ̃10: ð8Þ

Because there is one copy of ψ̃5ð10Þ, only one linear

combination of the four ψ i
5̄ð10Þ obtain a nonzero mass from

the S and ΣVEVs. Here, without loss of generality wework
in a basis where ψ4

5̄ð10Þ and ψ̃5ð10Þ are the massive states.

The decomposition of the pairs under the SM gauge group
and their masses will be discussed in Sec. III.
The Yukawa interactions of the fermions with H are

given by

L ⊃ −
X4
i;j¼1

Yij
H1H

†ψ i
5̄
ψ j
10 −

X4
i;j¼1

Yij
H2Hψ i

10ψ
j
10: ð9Þ

In the following analysis we assume Yi4
H1;H2 ≪ 1 (i ¼ 1, 2,

3), so that ψ i
5̄;10

(i ¼ 1, 2, 3) are identified with the SM

fermions and the mixing between the SM fermions and
ψ4
5̄ð10Þ is nonzero but negligibly small. This is crucial to

ensure the decay of the exotic heavy fermions. The mass
spectrum of ψ4

5̄;10
will be discussed in Sec. III.

The Yukawa interactions involving the Majorana neu-
trinos are expressed as

L ⊃ −
X4
i¼1

X3
β¼1

Yiβ
DHψ i

5̄
ðNcÞβ

−
�
1

2

X3
β¼1

Yβ
MΦðNcÞβðNcÞβ þ H:c:

�
; ð10Þ

where we have used the mass basis for ψ̃ i
5̄
and a flavor-

diagonal basis for the Majorana neutrinos. After breaking
of the Uð1ÞX and the electroweak symmetry, the first and
second terms in Eq. (10) generate the Dirac and Majorana
type masses for the neutrinos

miβ
D ¼ Yiβ

Dffiffiffi
2

p vH; mNβ ¼ 1ffiffiffi
2

p Yβ
MvX: ð11Þ

III. GAUGE COUPLING UNIFICATION

In this section we evaluate the renormalization group
(RG) running of the SM gauge couplings including the
contribution from the new fermions and scalars which have
masses much smaller than the SUð5Þ symmetry breaking
scale vΣ. For the benchmark values used in the previous
section, all the new scalars in Eq. (3) have masses close to
vΣ. The new fermions in ψ4

5̄ð10Þ and ψ̃5ð10Þ obtain their

masses from the S and Σ VEVs in Eq. (8):

Lmass ⊃ −ψ4
5̄
ðỹ45hSi − Ỹ4

5hΣiÞψ̃5

− ψ4
10ðỹ410hSi − Ỹ4

10hΣiÞψ̃10; ð12Þ

The decompositions of ψ̃4
5̄;10

under the SM gauge group are
given by

ψ4
5̄
¼Dcð3�;1;−2=3Þ⊕Lð1;2;−1=2Þ;

ψ4
10¼Ucð3�;1;−2=3Þ⊕Qð3;2;1=6Þ⊕Ecð1;1;1Þ: ð13Þ

The SM decomposition of their partners, ψ̃5;10, are the
conjugate of the representations shown in Eq. (13).
Using the benchmark vΣ ¼ ffiffiffiffiffi

30
p

κ1vS, we evaluate masses
of the vectorlike pairs within the multiplets. For Oð1Þ
Yukawa coupling values, we find that the pairs in
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ψ4
5̄ð10Þ − ψ̃5ð10Þ may have a large mass splitting between

them. For example, if we fix the mass of Dc (Q) to be
Oð1Þ TeV, the masses of the remaining components in the
multiplet, without loss of generality, is approximately given
by Ỹ4

10ð5Þ × vΣ. The CMS collaboration for the LHC has set
the lower limit of around 1500 GeV [24] at 95% confidence
level for vectorlike quarks with hypercharge (−2=3) and the
vectorlike leptons doublets with hypercharge (−1=2) in the
mass range of 120–790 GeV [25] are excluded at 95% con-
fidence level.
In the following analysis of the RG running of the SM

gauge couplings, let us fix the Yukawa couplings such that
the lepton doublet L has mass ML ¼ 4.5 × 1012 GeV, the
quarks Dc and Q have degenerate mass MQ ¼ 5000 GeV,
and Uc and Ec have GUT scale masses. We numerically
solve the RG equations for SM gauge couplings listed in
Appendix B. The left panel of Fig. 1 shows our results for
the RG running of the SM gauge couplings as a function of
the energy scale μ. The solid lines labeled by αi ¼ g2i =4π
(i ¼ 1, 2, 3) denote the SM gauge couplings for Uð1ÞY,
SUð2ÞL, and SUð3Þc, respectively. For comparison, in
Fig. 1 we also show the RG running of the SM gauge
couplings in the absence of the new fermions which are
depicted by the dotted lines. In the former case, the
SM gauge couplings successfully unify at around
MGUT ≃ 7.54 × 1015 GeV with the unified coupling value
αGUT ¼ α1 ¼ α1 ¼ α3 ≃ 1=35.8. Using these values, the
proton lifetime from its decay mediated by the SUð5Þ GUT
gauge bosons can be approximated as [26]2

τp ≈
1

α2GUT

M4
GUT

m5
p

≈ 9.39 × 1034 years; ð14Þ

where mp ¼ 0.983 GeV is the proton mass. This is con-
sistent with the current experimental lower bound on
proton lifetime given by the super-Kamiokande with
τpðp → π0eþÞ≳ 1.6 × 1034 yr [28]. Importantly, the pre-
dicted lifetime is within the expected sensitivity reach of
future hyper-Kamiokande, τp ≲ 1.3 × 1035 yr [29]. The
color triplet scalar field contained in H can also mediate
proton decay; the super-Kamiokande experiments excludes
the colored scalar mass lighter thanOð1011Þ GeV [26]. The
validity of the proton lifetime estimate in Eq. (14) requires
the colored Higgs mediated proton decay to be suppressed,
particularly, the colored Higgs mass must to be greater than
1011 GeV. Consider the quartic interactions of H with S=Σ
fields, for instance, H†Σ†ΣH. Since both S and Σ have
VEVs close to MGUT, consistency of proton lifetime
estimate require these (positive) quartic couplings to be
greater than Oð10−11).
In the right panel of Fig. 1 we show the RG running of

the SM Higgs quartic coupling λh as a function of the
energy scale μ. The solid (dotted) curve depicts the RG
running with (without) the new fermions and the horizontal
dashed line denotes λh ¼ 0. With λhðμÞ > 0 for all values
of μ, the SM Higgs potential is stabilized in the presence of
the new fermions.
In the top left panel of Fig. 2 the blue (cyan) shaded

region denote the range for the new quarks mass, MQ, and
the new lepton mass, ML, to achieve the SM gauge
couplings unification with an accuracy of 5% (1%) or
less. We define the accuracy as a percentage difference
between the energy scales where the SM gauge couplings
α1;2 and α2;3 are unified (see, for example, the running of
couplings in Fig. 1). For reference, the yellow diagonal line

FIG. 1. For fixed masses of the new lepton doublet L and quarks (Dc and Q) with masses 4.5 × 1012 and 5000 GeV, respectively, the
plot shows the RG running of SM couplings. In the left panel the diagonal solid (dotted) lines labeled αi ¼ g2i =4π (i ¼ 1, 2, 3) depict the
SM Uð1ÞY , SUð2ÞL, and SUð3Þc gauge couplings with (without) new fermions, respectively, which are unified at
MGUT ≃ 7.54 × 1015 GeV. In the right panel, the solid (dotted) curve depicts the RG running of the SM Higgs quartic coupling
with (without) vectorlike fermions along with the horizontal dashed line depicting λh ¼ 0.

2For the discussion on the effects of threshold corrections on
gauge coupling unification and proton decay estimate, see, for
example, Ref. [27].
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depict the contours for fixed ML ¼ 5.8 × 108 GeV for
achieving the unification with 5% accuracy. For the new
fermion masses to the left of the solid black line, λhðμÞ > 0
for all values of μ, and hence the SM Higgs potential is
stabilized.
In the top right and bottom left panels of Fig. 2 we show

the unification scale MGUT and the value of the unified
coupling αGUT as a function of MQ, respectively, for the
new quarks and lepton masses identified in the top left
panel of Fig. 2. Here, MGUT is obtained by averaging the
energy scales satisfying α1 ¼ α2 and α2 ¼ α3. Requiring
these two values to be within 5% of each other, we find that
the values of the SM gauge couplings at MGUT are well
within a percent of each others value such that SM gauge
couplings effectively unify at a single point at MGUT. The
bottom right panel shows the proton lifetime where the gray
shaded region (τp ≤ 1.6 × 1035) denote the exclusion from
super-Kamiokande experiment. The horizontal dashed line
(τp ¼ 1.3 × 1035) is the expected reach of the future hyper-
Kamiokande experiment.

IV. AXION DARK MATTER

The relic abundance of axion DM is given by [13]

Ωah2 ≃ 0.12

�
θa

3.40 × 10−3

�
2
�

fa
1016 GeV

�
1.19

; ð15Þ

where fa ¼ vPQ=NDM is the axion decay constant, NDW is
the domain wall number, and θa is the so-called misalign-
ment angle. The observed DM relic abundance is Ωah2 ¼
0.120� 0.0012 [30], and the axion decay constant is
bounded from below by the measurement of the supernova
SN 1987A pulse duration, fa ≳ 4 × 108 GeV [31].

The axion/DM field fluctuation during inflation gener-
ates isocurvature density perturbations in the DM power
spectrum, Piso ¼ ð Hinf

πθmfa
Þ2, which is severely constrained by

the Planck measurements [32]

βiso ≡ Pisoðk�Þ
Pisoðk�Þ þ Padiðk�Þ

< 0.038; ð16Þ

2000 5000 104
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T
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]

FIG. 2. The blue (cyan) shaded region in the top left panel denote the range for the new quarksmass,MQ, and the new leptonmass,ML, to
achieve the SMgauge couplings unificationwith an accuracy of 5% (1%) or less (see text for details). For reference, the yellow diagonal lines
depict the contours for fixedML ¼ 5.8 × 108 GeV for achieving the unificationwithin 5%accuracy. For themassvalues to the left of the solid
black line, the SMHiggs potential is stabilized. For the newquarks and leptonmasses identified in the top left panels, top right, and bottom left
panels, respectively, show the unification scaleMGUT and the value of the unified coupling αGUT as a function ofMQ. The bottom right panel
shows the proton lifetime where the gray shaded region (τp ≤ 1.6 × 1035) in the bottom right panel denote the exclusion from super-
Kamiokande experiment. The horizontal dashed line (τp ¼ 1.3 × 1035) is the expected reach of the future hyper-Kamiokande experiment.
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where the adiabatic power spectrum Padiðk�Þ ≃ 2.2 × 10−9

with pivot scale k� ¼ 0.05 Mpc−1 [30]. We obtain

Hinf

fa
< 3.0 × 10−5θa: ð17Þ

In our model, vPQ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2Σ þ v2S

p
and NDW ¼ 3 [33] such

that fa ¼ vPQ=NDM ≃MGUT. From Eq. (15), θa ¼ 7.70 ×
10−3 is fixed to reproduce the observed DM in the
Universe. Together with Eq. (15), we obtain an upper
bound Hinf ≲ 5.73 × 108 GeV. Therefore, the value of the
Hubble parameter during inflation must be relatively low
for the viability of the axion DM scenario that we have
considered. For fa ¼ Oð1016Þ GeV and higher, the axion
mass is O≲ ð10−9Þ eV, which can be searched by the
CASPEr experiment [34].

V. INFLECTION-POINT INFLATION

The inflaton potential that exhibits an approximate
inflection point around ϕ ¼ M is given by

VðϕÞ ≃ V0 þ V1ðϕ −MÞ þ V2

2
ðϕ −MÞ2

þ V3

6
ðϕ −MÞ3; ð18Þ

where V0 ¼ VðMÞ, Vn ≡ dnV=dϕnjϕ¼M, and ϕ ¼ M is
identified as the horizon exit scale corresponding to the
pivot scale k� ¼ 0.05 Mpc−1 used in Planck measurements
[32]. Requiring the inflationary predictions to be consistent
with the Planck measurements [32] of the curvature
perturbation amplitude Δ2

R ¼ 2.099 × 10−9 and spectral
index ns ¼ 0.965, V1;2;3 can be expressed in terms of V0,M
and the number of e-folds during the inflation N as (see
Ref. [18] for details)

V1

M3
≃ 2.01 × 103

�
M
MP

�
3
�
V0

M4

�
3=2

;

V2

M2
≃ −1.73 × 10−2

�
M
MP

�
2
�
V0

M4

�
;

V3

M
≃ 6.83 × 10−7

�
60

N

�
2
�
M
MP

��
V0

M4

�
1=2

: ð19Þ

For the remainder of this paper, we set the e-folding
number N ¼ 60 to solve the horizon problem of big bang
cosmology.
We identify VðϕÞ in Eq. (18) with the RG improved

Uð1ÞX Higgs/inflaton potential

VðϕÞ ¼ λϕðϕÞ
�
Φ†Φ −

v2X
2

�
2

≃
1

4
λϕðϕÞϕ4; ð20Þ

where λϕðϕÞ is determined by solving the following RG
equations:

ϕ
dg
dϕ

¼ 1

16π2

�
264

25

�
g3;

ϕ
dYi

dϕ
¼ 1

16π2

�
Y2
i þ

1

2

X3
j¼1

Y2
j − 6g2

�
Yi;

ϕ
dλϕ
dϕ

¼ βλϕ : ð21Þ

Here, we have simplified the notation using Yi ≡ Yi
M to

denote the Majorana neutrino Yukawa couplings in
Eq. (11), and the beta function of λϕ is given by

βλϕ ¼
1

16π2

�
20λ2ϕ−48λϕg2þ2λϕ

X3
i¼1

Y2
i þ96g4−

X3
i¼1

Y4
i

�
:

ð22Þ

Using the RG improved inflaton potential together with the
RG equation for λϕ, V1;2;3 in Eq. (18) may be expressed as

V1

M3
¼ 1

4
ð4λϕ þ βλϕÞ

���
ϕ¼M

;

V2

M2
¼ 1

4
ð12λϕ þ 7βλϕ þMβ0λϕÞ

���
ϕ¼M

;

V3

M
¼ 1

4
ð24λϕ þ 26βλϕ þ 10Mβ0λϕ þM2β00λϕÞ

���
ϕ¼M

; ð23Þ

where the prime denotes derivatives with respect to ϕ.
Approximate inflection-point conditions at M,

V1=M3 ≃ 0 and V2=M2 ≃ 0 yields βλϕðMÞ ≃ −4λϕðMÞ
andMβ0λϕðMÞ ≃ 16λϕðMÞ. For concreteness, let us consider
Y1ðMÞ < Y2;3ðMÞ; gðMÞ, a choice which will be justified
shortly. For simplicity, we also set Y2ðMÞ ¼ Y3ðMÞ.
We later show that the inflection point conditions
require Y2;3ðMÞ and gðMÞ to be of the same order
and λϕðMÞ ∝ gðMÞ6. Using this we can approximate
M2β00λϕðMÞ ¼ −Mβ0λϕðMÞ þϕ d

dϕ ðϕβ0λϕÞjϕ¼M ≃−Mβ0λϕðMÞ,
where we have neglected ϕ d

dϕ ðϕβ0λϕÞjϕ¼M because it is a

polynomial of degree 8 in gðMÞ and Y2;3ðMÞ, whereas
Mβ0λϕðMÞ is a polynomial of degree 6. This simplifies the

last term in Eq. (23) to V3=M ≃ 16λϕðMÞ. Together with the
expression for V3=M in Eq. (19) and V0 ≃ ð1=4ÞλϕðMÞM4,
the quartic coupling is determined as

λϕðMÞ ≃ 4.56 × 10−16
�
M
MP

�
2

: ð24Þ

The Hubble parameter during inflation is given by

Hinf ≃

ffiffiffiffiffiffiffi
V0

M4
P

s
≃ 1.50 × 1010 GeV

�
M
MP

�
2

: ð25Þ
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Substituting Hinf ≲ 5.73 × 108 GeV, the upper bound on
Hubble parameter to solve the axion domain wall and
isocurvature problems is expressed as

M
MP

< 0.20

�
fa

1016 GeV

�
0.135

: ð26Þ

For Hinf ≲ 109 GeV, the inflationary prediction for the
tensor-to-scalar ratio r is tiny (Hinf¼2.47×1014GeV

ffiffiffi
r

p
).

To evaluate the masses of Z0 gauge boson, Majorana
neutrinos and inflaton, we now consider the low energy
values of the relevant couplings. For concreteness, let us
fix Y1ðMÞ ¼ ð ffiffiffi

2
p

=5ÞgðMÞ by setting the mass ratio
mZ0=mN1 ¼ 10 at ϕ ¼ M, and Y2ðMÞ ¼ Y3ðMÞ. The
inflection-point condition βλϕðMÞ ≃ 0 leads to

Y2;3ðMÞ ≃ 2.63gðMÞ: ð27Þ
Evaluating the other inflection-point condition,Mβ0λϕðMÞ≃
16λϕðMÞ, by using the RG equations in Eqs. (21) and (27),
we obtain

λϕðMÞ ≃ 2.56 × 10−3gðMÞ6: ð28Þ
We note that the contributions of the new fermions to
the beta function of g in Eq. (21) are key to obtaining
λϕðMÞ > 0 in Eq. (28), which is essential for the stability3

of the Uð1ÞX Higgs/inflaton potential. Equating the expres-
sions for λϕðMÞ in Eqs. (21) and (24), we find

gðMÞ ≃ 7.50 × 10−3
�
M
MP

�
1=3

: ð29Þ

Since the beta function of the quartic coupling in Eq. (22)
is dominated by the gauge and Yukawa couplings, the RG
equation for λϕ can be solved analytically, and its value for
ϕ ≪ M can be estimated as [18]

λϕðϕÞ ¼ λϕðMÞ þ 8λϕðMÞ
�
ln

�
ϕ

M

��
2

;

≃ 3.81 × 10−15
�
M
MP

�
2
�
ln
�
ϕ

M

��
2

: ð30Þ

In the left panel of Fig. 3, for fixed value of M ¼ 0.05MP,
we show the RG running of the inflaton quartic coupling λϕ
as a function of φ ¼ M. The dashed horizontal line
corresponds to λϕ ¼ 0. In the right panel of Fig. 3
we show the corresponding RG improved effective inflaton
potential with an approximate inflection point at φ ¼ M,
which is denoted by a vertical dashed-dotted line. The
masses of the inflaton, Z0 boson, and Majorana neutrinos in
Eqs. (7) and (11), evaluated at ϕ ¼ vX, are given by

mϕ ≃ 8.54 × 10−8vX

���� ln
�
vX
M

�����
�
M
MP

�
;

mZ0 ≃ 1.62 × 10−2
�
M
MP

�
1=3

;

mN1 ≃
mZ0

10
;

mN2;3 ≃ 0.93mZ0 ; ð31Þ

where we have used gðvXÞ ≃ gðMÞ and YiðvXÞ ≃ YiðMÞ.
Note that the new particle spectrum is determined by vX
and M in our model.

VI. THERMAL LEPTOGENESIS
AND REHEATING

To generate the observed baryon asymmetry we consider
thermal leptogenesis [19], which is the one of the simplest
realization of the scenario in models with type-I seesaw
mechanism. Since the Majorana neutrinos have nondegen-
erate masses, a successful thermal leptogenesis requires the
lightest Majorana neutrino mass, mN1 > 109–10 GeV with
reheat temperature TR > mN1 [35]. To prevent the Uð1ÞX
gauge interactions [36] and Yukawa interactions [37] from

FIG. 3. For fixed value ofM ¼ 0.05MP, the left panel shows the RG running of the inflaton quartic coupling λϕ as a function of ϕ=M.
The dashed horizontal line corresponds to λϕ ¼ 0. The right panel shows the RG improved effective inflaton potential with an
approximate inflection point at ϕ ≃M (vertical dashed-dotted line).

3The authors in Ref. [18] have examined Uð1ÞX Higgs
inflation without the vectorlike fermion pairs and pointed out
that λϕðMÞ < 0 for xH ¼ −4=5.
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keeping the Majorana neutrinos in thermal equilibrium
with the SM particles and suppressing the generation of
lepton asymmetry, we require these processes to decouple
before the temperature of the thermal plasma drops
to T ∼mN1 .
For mZ0 > mN1, the Z0 mediated process, ðNcÞ1ðNcÞ1 →

Z0 → fSMfSM, where fSM denote the SM fermions, is
effectively a four-Fermi interaction. For T > mN1, the
thermally averaged cross section for this process is given
by [38]

hσvi ≃ 11

1280π

T2

v4X
: ð32Þ

The annihilation/creation rate of ðNcÞ1 in the thermal
plasma ΓðTÞ ¼ neqðTÞhσvi, where neqðTÞ ≃ 2T3=π2 is
the equilibrium number density. This process decouples
at T ∼mN1 if Γ=HjT¼mN1

< 1, where HðTÞ ≃ πT2=MP is

the corresponding value of the Hubble parameter. It leads to
a lower bound on vX

vX > 3.48 × 1010 GeV

�
mN1

109 GeV

�
3=4

: ð33Þ

The thermally averaged cross section for the process
involving Yukawa interactions of N1

R, particularly,
NR

1N1
R ↔ ϕϕ, with mN1 > mϕ is approximated as [39]

hσvi ≃ 1

4π

mN1
2

v4X
: ð34Þ

Requiring Γ=H < 1 at T ¼ mN1 to avoid the suppression of
the generation of lepton asymmetry, we find

vX > 5.95 × 1010 GeV

�
mN1

109 GeV

�
3=4

; ð35Þ

which is slightly stronger than the lower bound obtained for
the Z0 mediated process in Eq. (33).
Let us fix M ¼ 0.05MP to be our benchmark for

consistency with the axion DM bound in Eq. (26) with
Fa ≃MGUT. Together with mN1 ¼ 109 GeV ¼ mZ0=10, we
find vX ≃ 1.70 × 1012 GeV which is consistent with the
above bound on vX. With these values, the mass of the
remaining Majorana neutrinos mN2;3 ≃ 9.30 × 109 GeV,
and the mass of the inflaton mϕ ≃ 8.10 × 104 GeV. As
we have discussed earlier, for successful thermal lepto-
genesis, the reheat temperature (TR) must satisfy
TR > mN1 . Assuming an instantaneous decay of the infla-
ton field, the reheat temperature can be estimated as

TR ≃
�

90

π2g�

�
1=4 ffiffiffiffiffiffiffiffiffiffiffiffi

ΓϕMP

p
; ð36Þ

where g� ≃ 100 and Γϕ is the total decay width of the
inflaton. To estimate Γϕ, we consider the following mixed
quartic interaction between Φ and the SM doublet Higgs
field H in the scalar potential:

V ⊃ 2λ0ðΦ†ΦÞðH†HÞ ⊃ λ0vXϕH†H: ð37Þ

The decay width of ϕ is approximated as

Γϕ ≃
λ02v2X
8πmϕ

; ð38Þ

and the reheat temperature is given by

TR ≃ 1010 GeV

�
λ0

9.86 × 10−9

�
: ð39Þ

Hence, TR > mN1 can be achieved with λ0 ≳ 9.86 × 10−9.

VII. SUMMARY

It is well known that SM needs to be supplemented with
new physics in order to address its inadequacies related to
DM physics, neutrino masses and mixings, baryon asym-
metry in the Universe, cosmic inflation, and the strong CP
problem. We have proposed an extension of the SM that is
based on SUð5Þ grand unification that accounts for all of
the above inadequacies.
Our model is based on SUð5Þ ×Uð1ÞX ×Uð1ÞPQ sym-

metry, where the Uð1ÞX gauge symmetry is the generali-
zation of the B − L symmetry, and Uð1ÞPQ is the global PQ
symmetry. It includes four fermion families in 5̄þ 10
representation of SUð5Þ, a mirror family in 5þ 1̄0 repre-
sentations, and three SUð5Þ singlet three Majorana fer-
mions. The Uð1ÞX related anomalies cancel in the presence
of the Majorana neutrinos. The scalar sector includes four
complex scalars, Σ, S, H, and Φ. The new fermions are
essential for achieving a successful unification of the SM
gauge couplings. We have shown that the SM gauge
couplings unify at MGUT ≃ ð6–9Þ × 1015 GeV for a wide
range of new fermion masses, and the proton lifetime τp is
estimated to be well within the expected sensitivity of the
future hyper-Kamiokande experiment, τp≲1.3×1035years.
The new fermions also stabilize the SM Higgs potential at
high energies. The SUð5Þ adjoint scalar Σ is also charged
under the PQ symmetry, and hence the spontaneous
breaking of the SUð5Þ also triggers the breaking of the
PQ symmetry, resulting in axion dark matter. The axion
decay constant fa is of the same order as the SUð5Þ
symmetry breaking scale MGUT or somewhat greater. For
fa ∼ 1016 GeV and higher, the mass of the axion DM mass
is Oð10−9Þ eV and smaller, which can be searched by the
CASPEr experiment. The value of the Hubble parameter
during inflation must be low, Hinf ≲ 109 GeV, in order to
successfully resolve the axion domain wall, axion DM
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isocurvature, and SUð5Þ monopole problems. With the
identification of the Uð1ÞX Higgs field with the inflaton
field, we have implemented the low-scale inflection-point
inflation, which is capable of realizing the desired value for
Hinf . The new fermions are also essential for the phenom-
enological viability of both the axion DM and inflation
scenarios. We have also shown that the inflaton decay after
the end of inflation can reheat the Universe to a sufficiently
high temperature such that the Majorana fermions generate
the observed baryon asymmetry in the Universe via
leptogenesis.
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APPENDIX A: SCALAR MASS SPECTRUM

Expanding the Higgs potential in Eq. (1) around the
potential minimum along with the stationary conditions in
Eq. (2), we obtain the following nonzero mass eigenvalues
after the diagonalization of the scalar mass matrix:

mð1Þ
1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðv2S þ v2ΣÞð120κ3vS þ

ffiffiffiffiffi
30

p
κ1vΣÞ

120vS

s
; ðA1Þ

mð3Þ
2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

120
ð−3

ffiffiffiffiffi
30

p
κ1vSvΣ þ 120κ3v2S þ 4ð−30λ2 þ λ3 þ λ4Þv2ΣÞ

r
; ðA2Þ

mð8Þ
3 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

120
ð7

ffiffiffiffiffi
30

p
κ1vSvΣ þ 120κ3v2S − 6ð20λ2 þ λ3 þ λ4Þv2ΣÞ

r
; ðA3Þ

mð8Þ
4 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

24
vΣð2ðλ3 þ λ4ÞvΣ þ 3

ffiffiffiffiffi
30

p
κ1vSÞ

r
; ðA4Þ

mð3Þ
5 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

24
vΣð8ðλ3 þ λ4ÞvΣ − 3

ffiffiffiffiffi
30

p
κ1vSÞ

r
; ðA5Þ

mð12Þ
6 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

60
ð

ffiffiffiffiffi
30

p
κ1vSvΣ þ 60κ3v2S þ ð−60λ2 þ 12λ3 − 13λ4Þv2ΣÞ

r
; ðA6Þ

mð1Þ
7 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

240vS
ðf1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f21 − 16vSvΣ × f2

q
Þ

s
; ðA7Þ

mð1Þ
8 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

240vS
ðf1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f21 − 16vSvΣ × f2

q
Þ

s
; ðA8Þ

where the terms in exponents for each mi mass eigenvalues indicate the degeneracy of the masses and

f1 ¼ vΣð4ð30λ1 þ 30λ2 þ 7ðλ3 þ λ4ÞÞvSvΣ −
ffiffiffiffiffi
30

p
κ1ð3v2S − v2ΣÞÞ þ 120λSv3S;

f2 ¼ −
ffiffiffiffiffi
30

p
κ1ð−90ðκ2 − 2κ3Þv2Sv2Σ þ 90λSv4S − ð30λ1 þ 30λ2 þ 7ðλ3 þ λ4ÞÞv4ΣÞ − 90κ21vSv

3
Σ

þ 60v3SvΣð2ð30λ1 þ 30λ2 þ 7ðλ3 þ λ4ÞÞλS − 15ðκ2 − 2κ3Þ2Þ:

For simplicity, we fix vΣ ¼ ffiffiffiffiffi
30

p
κ1vS and λ3 ¼ λ4 in the

following analysis. Requiring positive mass eigenvalues for
our benchmark parameters, Eq. (A1) leads to κ3 > −κ21=4
while Eqs. (A4) and (A5) lead to λ4 > 3=16. Defining
κ3 ¼ ð−1þ rÞκ21=4 with r > 0, and requiring m2

i ði ¼
1; 2; ::; 6Þ > 0 leads to constraint on the other coupling

parameters, namely, λ2 < ð1=120Þðr − 4þ 8λ4Þ for λ4 ≤
1=2 and λ2 < ð1=120Þðrþ 6 − 12λ4Þ for λ4 > 1=2. One
needs to explicitly evaluate masses for the ofm7;8 to ensure
that they are positive. For example, with r ¼ 0.5 and κ1 ¼
κ2 ¼ λS ¼ κ1 ¼ 0.3, λ2 ¼ −0.049, λ3 ¼ λ4 ¼ 0.375, and
κ3 ¼ −0.011, the scalar mass spectrum is given by
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mð1Þ
1 ¼ 0.20vS; mð3Þ

2 ¼ 0.35vS; mð8Þ
3 ¼ 0.42vS; mð8Þ

4 ¼ 0.71vS;

mð3Þ
5 ¼ 0.58vS; mð12Þ

6 ¼ 0.39vS; mð1Þ
7 ¼ 0.57vS; mð1Þ

8 ¼ 1.1vS: ðA9Þ

APPENDIX B: RENORMALIZATION GROUP EQUATIONS

The RG equations for the SM gauge couplings (g1;2;3), Yukawa coupling (yt), and the Higgs coupling (λh) in the presence
of the new quarks (Q and Uc) and the new lepton (L) and their vectorlike partners are given below. In the following we
consider the contribution of the SM particles and the new fermions to the RG equations at one-loop order in perturbation
while at the two-loop order we only consider contributions of the SM particles.

μ
dg1
dμ

¼ g31ðβ1−loopg1 þ β2−loopg1 ðSMÞÞ; ðB1Þ

where

β1−loopg1 ¼ 1

16π2

�
41

10
þ 2

5
× θðμ −MQÞ þ

2

5
× θðμ −MLÞ

�
;

β2−loopg1 ðSMÞ ¼
�

1

16π2

�
2
�
199

50
g21 þ

27

10
g22 þ

44

5
g23 −

17

10
y2t

�
;

andMQ is the common mass (for simplicity) of the new vectorlike quarks andML is the mass of the new vectorlike lepton
doublet.

μ
dg2
dμ

¼ g32ðβ1−loopg2 þ β2−loopg2 ðSMÞÞ; ðB2Þ

where

β1−loopg2 ¼ 1

16π2

�
−
19

6
þ 2 × θðμ −MQÞ þ

2

3
× θðμ −MLÞ

�
;

β2−loopg2 ðSMÞ ¼
�

1

16π2

�
2
�
9

10
g21 þ

35

6
g22 þ 12g23 −

3

2
y2t

�
:

μ
dg3
dμ

¼ g32ðβ1−loopg3 þ β2−loopg3 ðSMÞÞ; ðB3Þ

where

β1−loopg3 ¼ 1

16π2
ð−7þ 2 × θðμ −MQÞÞ;

β2−loopg3 ðSMÞ ¼
�

1

16π2

�
2
�
11

10
g21 þ

9

2
g22 − 26g23 − 2y2t

�
:

μ
dyt
dμ

¼ ytðβ1−loopyt þ β2−loopyt ðSMÞÞ; ðB4Þ

where

β1−loopyt ¼ 1

16π2

�
−
17

20
g21 −

9

4
g22 − 8g23 þ

9

2
y2t

�
;

β2−loopyt ðSMÞ ¼
�

1

16π2

�
2
�
11

10
g21 þ

9

2
g22 − 26g23 þ

�
1

5
g21 þ 3g32 þ 38g23

�
− 2y2t

�
:

μ
dλ
dμ

¼ ytðβ1−loopλ þ β2−loopλ ðSMÞÞ; ðB5Þ
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where

β1−loopλ ¼ 1

16π2

�
12λ2 −

�
9

5
g21 þ 9g22

�
λþ 9

4

�
3

25
g41 þ

2

5
g21g

2
2 þ g42

�
þ 12y2t λ − 12y4t

�
;

β2−loopλ ðSMÞ ¼
�

1

16π2

�
2
�
−78λ3 þ 18

�
3

5
g21 þ 3g22

�
λ2 −

�
73

8
g42 −

117

20
g21g

2
2 −

1887

200
g41

�
λ

× 3λy4t þ
305

8
g62 −

289

40
g21g

4
2 −

1677

200
g41g

2
2 −

3411

1000
g61 − 64g23y

4
t −

16

5
g21y

4
t −

9

2
g42y

2
t

þ10λ

�
17

20
g21 þ

9

4
g22 þ 8g23

�
y2t −

3

5
g21

�
57

10
g21 − 21g22

�
y2t − 72λ2y2t þ 60y6t

�
:
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