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A scalar field having the Coleman-Weinberg type effective potential arises in various contexts of particle
physics and serves as a useful framework for discussing cosmic inflation. According to recent studies based
on the Markov chain Monte Carlo analysis, the coefficients of such an effective potential are severely
constrained by the cosmological data. We investigate the impact of this observation on the physics beyond
the Standard Model, focusing on an inflationary model based on the Uð1ÞX-extended Standard Model as a
well-motivated example. We examine the parameter region that is not excluded by the Large Hadron
Collider (LHC) run-2 at 139 fb−1 integrated luminosity, and show that the model parameters can be further
constrained by the high-luminosity LHC experiments in the near future. We also comment on the possible
reheating mechanism and the dark matter candidates of this scenario.
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I. INTRODUCTION

Cosmic inflation was originally proposed in the context
of grand unified theories (GUTs) [1–3] and gravitational
effective theories [4,5]. As the simple models based on the
GUT scenario turned out to be unsuccessful, and as the
quantum generation mechanism of the primordial fluctua-
tions seeding the large scale structure of the Universe was
found to be enormously successful, inflationary cosmology
has become a major paradigm of modern physics in its own
right, not necessarily associated with its particle physics
origin. This, of course, does not mean search of the particle
physics responsible for inflation is unimportant. With the
rapidly growing data from cosmological precision mea-
surements and collider experiments, the time may now be
ripe for discussing a coherent picture of the early Universe
based on particle physics.
The Coleman-Weinberg mechanism [6] is a natural

realization of spontaneous symmetry breaking as a conse-
quence of radiative quantum corrections. While the mecha-
nism is not directly relevant within the electroweak
symmetry breaking of the Standard Model, it can be, in
principle, responsible for symmetry breaking in theories
beyond the Standard Model [7,8]. It is natural to suppose

that the Coleman-Weinberg mechanism may have played
some role in the early Universe, as cosmic inflation may
well be realized by some Higgs-like scalar field that existed
in the early Universe. Indeed, the inflationary model based
on the Coleman-Weinberg effective potential,

Veff ¼
λ

4
ϕ4

�
1þ b ln

�
ϕ

μ

��
; ð1Þ

where λ, b are dimensionless constants, μ is the renorm-
alization scale and ϕ is a scalar field (inflaton), has been
widely studied, although its original model is known to be
disfavored by the recent cosmic microwave background
(CMB) observations by more than 2-σ (e.g., [9]). At high
energies, a scalar field can nonminimally couple to the
Ricci scalar. Taking the nonminimal coupling into account,
it is known that the inflationary model with the Coleman-
Weinberg effective potential (1) assumed in the Jordan
frame gives the spectrum of the CMB consistent with
the present observations within 1-σ [10]. Moreover, it has
been pointed out recently [11] that the Markov chain
Monte Carlo (MCMC) analysis constrains the coefficient
b to be positive definite by more than 3-σ. Although the
paper [11] focuses on the type I and type II seesaw
mechanisms and concludes that the type II mechanism is
favored, the implication of this observation is profound and
extends beyond the seesaw model; if this claim is sub-
stantiated by further observational data, many interesting
cosmological scenarios would be severely constrained or
ruled out. In this paper, we discuss the implication of
nonzero b in a simple particle physics model beyond the
Standard Model, namely the Uð1ÞX-extended Standard
Model. It is shown, by a straightforward renormalization
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group (RG) analysis, that the breaking scale of the Uð1ÞX
symmetry is obtained from the cosmological input, and the
model parameters are constrained by the current and future
Large Hadron Collider (LHC) experiments.

II. INFLATION IN Uð1ÞX-EXTENDED
STANDARD MODEL

As an example of a simple particle physics model having
the Coleman-Weinberg effective potential (1), we consider
theUð1ÞX-extended Standard Model [12]. The gauge group
of this model is SUð3Þc × SUð2ÞL ×Uð1ÞY × Uð1ÞX, that
is, the Standard Model gauge group extended with an extra
Uð1ÞX. The non-Abelian groups do not mix with other
groups due to gauge invariance, but the Abelian groups do
mix among them; even if Uð1ÞY and Uð1ÞX are diagonal at
some energy scale, a mixing term is generated by quantum
effects. The Uð1Þ gauge couplings may be organized into
the form of a triangular matrix [13], and the covariant
derivative with the gauge group connections is written

Dμ ¼ ∂μ − ig3TαGα
μ − ig2TaWa

μ

− ig1YBμ − iðg̃1Y þ gXXÞZ0
μ; ð2Þ

whereGα
μ,Wa

μ, Bμ, Z0
μ are the gauge fields, g3, g2, g1, gX are

the gauge couplings, and Tα, Ta, Y, X are the correspond-
ing generators and charges of the SUð3Þc, SUð2ÞL, Uð1ÞY ,
Uð1ÞX gauge groups. The coupling g̃1 arises as mixing of
the two Uð1Þ’s.
Besides the Standard Model particles, three singlet

fermions (right-handed neutrinos) Ni
R and one complex

scalar Φ are introduced; the former are necessary for the
theory to be free from gauge and gravitational anomalies,
and the latter is responsible for breaking the Uð1ÞX
symmetry and generating Majorana masses of the singlet
fermions. The particle contents of the Uð1ÞX-extended
Standard Model are summarized in Table I. Requiring
the absence of gauge and gravitational anomalies, the
Uð1ÞX charges are determined up to two real parameters

xH and xΦ. As the overall scale of xΦ may be absorbed into
a redefinition of gX, we shall set xΦ ¼ 1. The remaining xH
is a real constant parameter of the model. The special case
xH ¼ 0 corresponds to the Uð1ÞB−L-extended Standard
Model, whereas xH ¼ −4=5 and xH ¼ −2 correspond to
the standard and flipped SUð5Þ × Uð1ÞX that may be
embedded in the SOð10Þ GUT. In this paper, we leave
xH as a free parameter. The Yukawa terms are

LYukawa ¼ −yiju q̄iLH̃ujR − yijd q̄
i
LHdjR

− yijDl̄
i
LH̃Nj

R − yije l̄i
LHejR

−
1

2
yiMΦN̄ic

RN
i
R þ H:c:; ð3Þ

where H̃ ≡ iσ2H�, and we work in the basis of diagonal
Majorana Yukawa matrix yM. This model is a well-
motivated extension of the Standard Model, as the small
nonzero neutrino masses are generated by the seesaw
mechanism, the mechanism of baryogenesis via lepto-
genesis is readily incorporated, andΦ is a natural candidate
of the inflaton field, as we now explain.
In the Higgs sector, we assume the classically conformal

potential,

V ¼ λΦðΦ�ΦÞ2 þ λHðH†HÞ2 þ λ̃ðΦ�ΦÞðH†HÞ; ð4Þ

where λΦ and λH are the dimensionless self-couplings of
the singlet Higgs Φ and the doublet Higgs H. For
simplicity, the mixed coupling λ̃ will be assumed to be
small (jλ̃j ≪ 1) below so that the Φ and H sectors may be
studied separately (this can be done consistently; see, e.g.,
[7]). We will be interested in symmetry breaking by the
Coleman-Weinberg mechanism. Let us decompose Φ into
the real and imaginary parts,

Φ ¼ 1ffiffiffi
2

p ðϕþ iχÞ; ð5Þ

and identify ϕ as the inflaton. Including the 1-loop
corrections, the potential for ϕ is

V1-loop ¼
1

4
λΦϕ

4 þ 1

4
βΦϕ

4 ln

�
ϕ

μ

�
; ð6Þ

where μ is the renormalization scale, and βΦ is the 1-loop
beta function given in (A9). This is the Coleman-Weinberg
effective potential (1), with λ ¼ λΦ and b ¼ βΦ=λΦ. The
action of the scalar sector pertinent to the inflationary
dynamics, including the nonminimal coupling to the back-
ground curvature, is

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
1

2
ðM2

P þ ξϕ2ÞR −
1

2
ð∂ϕÞ2 − Veff

�
: ð7Þ

TABLE I. Representations and charges of the particle contents.
The index i ¼ 1, 2, 3 denotes the generations, and xH and xΦ are
real parameters that are not fixed by anomaly cancellation
conditions.

SUð3Þc SUð2ÞL Uð1ÞY Uð1ÞX
qiL 3 2 1

6
1
6
xH þ 1

3
xΦ

uiR 3 1 2
3

2
3
xH þ 1

3
xΦ

diR 3 1 − 1
3

− 1
3
xH þ 1

3
xΦ

li
L 1 2 − 1

2
− 1

2
xH − xΦ

eiR 1 1 −1 −xH − xΦ
H 1 2 1

2
1
2
xH

Ni
R 1 1 0 −xΦ

Φ 1 1 0 2xΦ
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Here, ξ is the dimensionless coupling, and MP is the mass
scale, which we choose to be the reduced Planck mass
MP ¼ 2.44 × 1018 GeV. This action in the Jordan frame
can be brought to the Einstein frame1 by Weyl trans-
formation. Then the cosmological observables can be
evaluated by using the standard slow roll approximation.
The effect of positive nonminimal coupling ξ is to flatten
the potential in the Einstein frame, reducing the tensor
amplitude relative to the scalar amplitude, thereby shifting
the model prediction comfortably within the 1-σ parameter
range of the recent observational constraints [17,18]. The
MCMC analysis of [11] shows that, for the fixed non-
minimal coupling ξ ¼ 100, the Planck 2018 [17,18] and
BICEP2-Keck Array experiments [19,20] constrain the
effective potential at the renormalization scale μ ¼ MP as

λ ¼ 3 × 10−5; ð8Þ

4.92 × 10−7 ≤
λb
4

≤ 1.90 × 10−6 ð68% C:L:Þ: ð9Þ

In gauge-extended Standard Models, these constraints
impose conditions on the beta function βΦ at the energy
scale of inflation, which then govern the physics at lower
energy scales via the RG flow.
An immediate consequence of identifying ϕ as the

Uð1ÞX Higgs field is that the conditions (8) and (9) control
the breaking scale of the Uð1ÞX gauge symmetry.
Neglecting the running of λ and b for simplicity, we find
from the stationarity condition dVeff=dϕ ¼ 0 that the
potential (1) takes a minimum at

ϕmin ¼ vϕ ¼ MPe−ð
1
bþ1

4
Þ: ð10Þ

The conditions (8), (9) then indicate that the Uð1ÞX
symmetry breaking by the Coleman-Weinberg mechanism
takes place in the range,

4.5 × 1011 GeV ≤ vϕ ≤ 3.7 × 1016 GeV: ð11Þ

The right-handed neutrino masses are given by yiMvϕ=
ffiffiffi
2

p
.

Thus, interestingly, this rough estimate shows that the
cosmological data fitting leads to the natural seesaw scale
expected from the seesaw mechanism for not too small
Majorana Yukawa couplings yiM.
In the next section, we present a refined analysis,

including the RG flow of parameters.

III. IMPLICATIONS ON COLLIDER PHYSICS

In order to simplify the analysis, we neglect the mixed
Higgs coupling λ̃. This can be done safely as the corre-
sponding beta function (A10) stays negligibly small along
the RG flow. Up to 1-loop, only the Uð1ÞX Higgs self-
coupling λ ¼ λΦ, the Uð1ÞX gauge coupling gX and the
Majorana Yukawa coupling yiM concern the dynamics of
inflation. We also assume for simplicity that the three
diagonal components of the Majorana Yukawa coupling are
degenerate, y1M ¼ y2M ¼ y3M ¼ yM. The RG equations are
then (see the Appendix)

dλ
d lnϕ

≡βΦ

¼ 1

16π2
ð20λ2−3y4Mþ96g4Xþ6λðy2M−8g2XÞÞ; ð12Þ

dgX
d lnϕ

¼ g3X
16π2

�
12þ 32

3
xH þ 41

6
x2H

�
; ð13Þ

dyM
d lnϕ

¼ yM
16π2

�
5

2
y2M − 6g2X

�
: ð14Þ

The boundary conditions are set by the cosmological data
fitting at the scale of inflation μ ¼ MP. The value of λ is
fixed by (8), and the condition (9) constrains βΦ, which
relates the values of yM and gX at μ ¼ MP. We shall regard
the value of yM at μ ¼ MP as an input parameter and gX to
be determined within the likelihood of 68% confidence
level. The condition (8) suggests λ ≪ g2X; y

2
M. When

96g2X ≫ 3y4M, from the beta function (12), one can see
that the constraints (9) give conditions on the gauge
coupling at μ ¼ MP,

0.0424 ≤ gX ≤ 0.0595; ð15Þ

with the center value gX ¼ 0.0509. The RG-improved
effective potential is

VðϕÞ ¼ 1

4
λðϕÞϕ4; ð16Þ

and a potential minimum is characterized by the stationarity
condition dVðϕÞ=dϕ ¼ 0, which gives

βΦ þ 4λ ¼ 0: ð17Þ

If theUð1ÞX symmetry is broken by the Coleman-Weinberg
mechanism, λ becomes negative at the potential minimum.
The breaking scale is the vacuum expectation value vϕ of
theUð1ÞX Higgs field ϕ at the minimum, which is found by
solving the condition (17) for ϕ. The inflaton [Uð1ÞX Higgs
boson] mass m2

ϕ ¼ d2VðϕÞ=dϕ2jϕ¼vϕ and the Z0 boson

1In the presence of nonminimal coupling, whether the re-
normalization group flow is natural in the Einstein frame or in the
Jordan frame is a matter of debate. We accept the latter view (e.g.,
[14,15]) for concreteness here, but the distinction is insignificant
in the parameter region analyzed in this paper [16].
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mass MZ0 ¼ 2vϕgX at the breaking scale are found by
solving the RG equation from μ ¼ MP down to μ ¼ vϕ.

A. RG flow and the Coleman-Weinberg mechanism

The solutions to the RG equations (12), (13), (14), with
the boundary conditions set at μ ¼ MP, are shown in Figs. 1
and 2. At the boundary, λ is fixed by (8), and the gauge
coupling gX is given by the 1-σ constraints (9) through the
beta function (12). The Yukawa coupling at μ ¼ MP and
the xH parameter are treated as input parameters. Figure 1
shows the behavior of the gauge coupling gX (the left panel)
and the Uð1ÞX Higgs self-coupling λ (the right panel), as
yMðMP) is varied as 0.01,0.10,0.15,0.20, and 0.30, whereas
xH is fixed at xH ¼ 10. For small yMðMPÞ, λ is seen to
become negative at lower energy, indicating that the
symmetry breaking takes place by the Coleman-
Weinberg mechanism. In the figures, the flows below

the breaking scale μ ¼ vϕ should be disregarded, as the
Z0 boson and the massive right handed neutrinos decouple
from the RG. For larger values of yMðMPÞ, λ stays positive
all the way, and thus, there is no symmetry breaking by the
Coleman-Weinberg mechanism. This implies that instead
of the classically conformal Higgs potential (4), one needs
to consider the renormalizable potential implementing the
Higgs mechanism,

V ¼ λΦ

�
Φ�Φ −

1

2
v2Φ

�
2

þ λH

�
H†H −

1

2
v2H

�
2

þ λ̃

�
Φ�Φ −

1

2
v2Φ

��
H†H −

1

2
v2H

�
; ð18Þ

where vH ¼ 246 GeV is the Standard Model Higgs vac-
uum expectation value, and vΦ is a symmetry breaking
scale of Uð1ÞX; the potential involves extra parameters, and

FIG. 1. The RG flows of the Uð1ÞX gauge coupling gX (left panel) and the Uð1ÞX Higgs self-coupling λ ¼ λΦ (right panel). The value
of the Majorana Yukawa coupling at μ ¼ MP is varied as yMðMPÞ ¼ 0.01 (pink, dotted), 0.10 (green, dashed), 0.15 (orange, dot-
dashed), 0.20 (cyan, long-dashed), and 0.30 (blue, solid). The parameter xH is fixed at 10. Negative λ indicates that theUð1ÞX symmetry
is broken by the Coleman-Weinberg mechanism.

FIG. 2. The RG flows of the Uð1ÞX gauge coupling gX (left panel) and theUð1ÞX Higgs self-coupling λ ¼ λΦ (right panel). The values
of xH is varied as xH ¼ 0 (pink, dotted), 10 (green, dashed), and 20 (blue, solid). The Majorana Yukawa coupling at the Planck scale is
fixed at yMðMPÞ ¼ 0.1.
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the scenario becomes less predictive. We thus focus on
the more interesting case in which the Uð1ÞX symmetry
breaking is realized by the Coleman-Weinberg mechanism.
Figure 2 shows the behavior of gX (the left panel) and λ (the
right panel), as yMðMPÞ is fixed at 0.1 and xH is varied as 0,
10, and 20. One can see a similar tendency as in Fig. 1, that
is, when xH is small the symmetry breaking takes place at
higher energy scale, and as xH is increased the breaking
scale vϕ becomes smaller, and then for xH larger than some
critical value the Coleman-Weinberg symmetry breaking
ceases to occur. Both Figs. 1 and 2 show that the Uð1ÞX
breaking scale vϕ can be as low as TeV. It is thus interesting
to discuss possible signals that may be found in colliders.

B. Z0 boson mass

When the Uð1ÞX symmetry is broken, the Z0 boson
becomes massive and its mass is given by MZ0 ¼ 2gXvϕ.
Figure 3 shows the Z0 boson mass on the xH-yMðMPÞ plane,
computed at the Uð1ÞX breaking scale ϕ ¼ vϕ. The left
(right) panel uses the 1-σ lower (upper) bound of λb=4 from
the cosmological data (9) as the boundary condition of the
renormalization group equations at ϕ ¼ MP. As one can
see from Figs. 1 and 2, the Coleman-Weinberg mechanism
ceases to operate for large values of yMðMPÞ and for large
values of xH. The threshold is indicated by the red curves,
above which the Uð1ÞX symmetry cannot be broken by the
Coleman-Weinberg mechanism. The plots clearly indicate
that the Z0 boson can be very light when yMðMPÞ is small
and xH is moderately large.

C. Constraints by LHC

The strongest constraints on the model parameters come
from the exotic gauge boson search in hadron colliders, by
the s-channel process pþ p → Z0 → eþe−=μþμ−. Since

gX is already constrained to be small by the LHC experi-
ments, for computing the cross section σðpp → Z0 →
eþe−=μþμ−Þ ≃ σðpp → Z0ÞBRðZ0 → eþe−=μþμ−Þ, one
may use the narrow-width approximation,

σðpp→Z0Þ¼2
X
q;q̄

Z
dx

Z
dyfqðx;QÞfq̄ðy;QÞσ̂ðŝÞ; ð19Þ

with

σ̂ðŝÞ ¼ 4π2

3

ΓðZ0 → qq̄Þ
MZ0

δðŝ −M2
Z0 Þ: ð20Þ

Here, fq and fq̄ are the parton distribution functions for a
quark and an antiquark; ŝ≡ xys is the invariant squared
mass of the colliding quarks. For the LHC run-2,ffiffiffi
s

p ¼ 13 TeV. In our LHC analysis, we follow [21].
In Fig. 4, the red lines show the prediction gX andMZ0 of

our model at low energies, with the value of yMðMPÞ fixed at
0.04 and the values of xH varied. The model parameters are
constrained by the final result of the LHC run-2 with
139 fb−1 integrated luminosity [22] (the blue shaded
region). The left panel uses the 1-σ lower bound of (9),
and the right panel uses the 1-σ upper bound as in Fig. 3.
We also show in green color the prospect of the future Z0
boson search by the high-luminosity LHC (HL-LHC)
experiments,2 with

ffiffiffi
s

p ¼ 14 TeV and the goal integrated
luminosity 3000 fb−1. For yMðMPÞ ¼ 0.04 and the 1-σ
constraints (9), the parameter range for MZ0 <
5.7–6.0 TeV is already seen to be excluded by the LHC

FIG. 3. The contour plot of the Z0 boson massMz0 on the xH − yMðMPÞ plane. The left (right) panel uses the 1-σ upper (lower) bound
(9) on the coefficient b of the effective potential obtained from the cosmological MCMC analysis [11]. The red curve is the threshold
above which the Uð1ÞX symmetry breaking by the Coleman-Weinberg mechanism does not occur.

2See the ATLAS Technical Design Report [23]. We interpret
the prospective bound as the upper bound on gX for a given value
of xH [21].
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run-2 experiments. The HL-LHC covers the parameter
region up to MZ0 < 6.2–6.4 TeV.
Figure 5 shows on the MZ0 − yMðMPÞ plane the param-

eter region already excluded by the LHC run-2, indicated
in blue, and the prospect of the region covered by the
HL-LHC (green), as both of our model parameters yMðMPÞ
and xH are scanned. The left (right) panel shows the results
using the 1-σ lower (upper) bound of (9), likewise in Figs. 3
and 4. The phenomenologically interesting parameter
region is yMðMPÞ≲ 0.05 and MZ0 ≃ 6 TeV, which is not
excluded by the LHC run-2 experiments and in the prospect

coverage of the HL-LHC. The upper bound of yMðMPÞ is
due to our assumption of the Coleman-Weinberg symmetry
breaking. For larger values of yMðMPÞ, the symmetry
breaking does not occur; see Fig. 1.

D. Other aspects of the model

Let us conclude this section by commenting on the
mechanism of reheating, the scenario of baryogenesis,
and dark matter candidates that are most plausible in this
model.

FIG. 4. Constraints on the Z0 boson mass and the Uð1ÞX gauge coupling by the LHC run-2 (blue), and the region which will be
searched by the HL-LHC (green). The left panel uses the 1-σ lower bound, and the right panel uses the 1-σ upper bound value set by the
cosmological data fitting (9). The red lines are the prediction of the inflationary model, with the Yukawa coupling at μ ¼ MP chosen to
be yMðMPÞ ¼ 0.04. MZ0 ¼ 6.0 TeV is the upper bound of the Z0 boson mass searched by the LHC run-2 with 139 fb−1 integrated
luminosity.

FIG. 5. Constraints on theMZ0 − yMðMPÞ parameter space. The left (right) panel uses the lower (upper) 1-σ bound of the cosmological
data (9). The blue region has been excluded by the LHC run-2. The green region is the expected coverage by the HL-LHC.
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1. Reheating temperature

The mass of the Z0 gauge boson isMZ0 ¼ 2gXvϕ and that
of the right-handed neutrinos is yiMvϕ=

ffiffiffi
2

p
. The square of

the inflaton mass is, using (16),

m2
ϕ ¼ d2Veff

dϕ2

				
ϕ¼vϕ

¼
��

βΦ þ 1

4

dβΦ
d lnϕ

�
ϕ2

�
ϕ¼vϕ

≃ βΦðvϕÞv2ϕ: ð21Þ

As the 96g4X term dominates the beta function βΦ in
Eq. (12), the inflaton mass is evaluated as mϕ ≃ffiffiffiffiffiffiffiffi
3=2

p
gXMZ0=π ≪ MZ0 . The inflaton cannot decay into

the heavier Z0 boson. Being a Standard Model gauge
singlet, it cannot decay into the Standard Model gauge
bosons either. Thus, the dominant decay channel of the
inflaton into the Standard Model particles is through the
mixing with the Standard Model Higgs field [24].
The mixing arises from the last term of the classically

conformal potential (4), which we thus far have ignored.
Using the unitary gauge H ¼ ð0; h= ffiffiffi

2
p Þ, the potential is

written

V ¼ 1

4
ðλΦðϕÞϕ4 þ λHh4 þ λ̃ϕ2h2Þ; ð22Þ

in which the running of λΦðϕÞ is indicated explicitly as it is
crucial for the Coleman-Weinberg symmetry breaking. The
quantum corrections for λH ¼ Oð0.1Þ and for λ̃ are neg-
ligible. From the stationarity conditions ∂V=∂h ¼ 0 and
∂V=∂ϕ ¼ 0, we have

λ̃ ¼ −2λH
�
vh
vϕ

�
2

; ð23Þ

βΦ þ 4λΦ þ 2λ̃

�
vh
vϕ

�
2

¼ 0: ð24Þ

As a benchmark, let us consider MZ0 ¼ 6 TeV and
gX ¼ 0.03, giving vϕ ¼ 105 GeV. The Standard Model
Higgs vacuum expectation value is vh ¼ hhi ¼
246 GeV ≪ vϕ. Then from (23), one finds jλ̃jðvh=vϕÞ2 ≃
λHðvh=vϕÞ4 ≪ λΦ ∼ 10−5. The last term of (24) is thus
negligibly small, justifying our treatment of the mixed
coupling term in our analysis above. Redefining the h and ϕ
fields around the expectation values as h → hþ vh and
ϕ → ϕþ vϕ, the mass term of the potential is written

V ⊃
1

2
ð h ϕ Þ

�m2
h m̃2

m̃2 m2
ϕ

��
h

ϕ

�
; ð25Þ

with the mass matrix elements,

m2
h ¼

∂2V
∂h2

				
h¼vh;ϕ¼vϕ

¼ 2λHv2h ¼ −λ̃v2ϕ; ð26Þ

m̃2 ¼ ∂2V
∂h∂ϕ

				
h¼vh;ϕ¼vϕ

¼ λ̃vhvϕ; ð27Þ

m2
ϕ ≃

3

2π2
g2XM

2
Z0 : ð28Þ

The mass matrix is diagonalized by rotating the fields,

�
h

ϕ

�
¼

�
cos θ sin θ

− sin θ cos θ

��
h̃

ϕ̃

�
; ð29Þ

with the angle given by tan 2θ ¼ 2m̃2=ðm2
ϕ −m2

hÞ. Let us,
from Fig. 4, choose

0.022 ≤ gX ≤ 0.031; ð30Þ

as the benchmark values of the low energy Uð1ÞX gauge
coupling compatible with the 1-σ cosmological data. For
MZ0 ¼ 6 GeV, the inflaton mass is given by (28) as

51.5 GeV ≤ mϕ ≤ 72.5 GeV: ð31Þ

The Standard Model Higgs mass is mh ¼ 125 GeV. Thus,
for our parameter choice, the mixing angle is very small,

2.17 × 10−3 ≤ sin θ ≤ 3.83 × 10−3; ð32Þ

and consequently, the field h̃ is almost h, and ϕ̃ is almost ϕ.
The “inflaton” ϕ̃ dominantly decay to ff̄ ¼ bb̄; cc̄

and ττ̄ with the coupling yf sin θ=
ffiffiffi
2

p
, where yf are the

corresponding Standard Model Yukawa couplings. The
total decay width of ϕ̃ is

Γϕ̃ ≃
mϕ

8π

�
3

�
mb

vh

�
2

þ 3

�
mc

vh

�
2

þ
�
mτ

vh

�
2
�
sin2θ; ð33Þ

where mb ¼ 4.2 GeV, mc ¼ 1.3 GeV, and mτ ¼ 1.8 GeV.
The reheating temperature may be evaluated3 by com-

paring the decay width with the Hubble expansion rate,

Γϕ̃ ¼ HðTrhÞ ¼
T2
rh

MP

ffiffiffiffiffiffiffiffiffi
π2g�
90

r
: ð34Þ

Using the number of relativistic degrees of freedom from
the Standard Model g� ¼ 106.75, the reheating temperature

3We assume nonlinear effects [25–27] are negligible. We also
ignore the effects of inflaton oscillations in the dominantly
quartic potential at the onset of reheating. Such effects typically
enhance the inflaton decay and lead to higher reheating temper-
ature. See [28–30] for discussions in the SM Higgs inflation case.
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for our benchmark parameter range (30), (31), (32) is found
to be

83.3 TeV ≤ Trh ≤ 174 TeV: ð35Þ

The observed baryon asymmetry of the Universe is
naturally explained by the scenario of baryogenesis via
leptogenesis [31]. In our model, the right-handed neutrinos
are thermally created during reheating, and the baryon
number can be generated by the sphaleron processes during
the electroweak phase transition. Although the temperature
(35) is lower than ∼109 GeV that is necessary in generic
scenarios [32], it is sufficiently higher than the lower bound
for successful leptogenesis4 when the resonant enhance-
ment [34–36] takes place. Since nearly degenerate right-
handed neutrino mass is necessary for the resonance, our
assumption of the degenerate Majorana Yukawa couplings
is not only for the sake of simplicity but is indeed necessary
for the successful baryogenesis scenario.

2. Dark matter candidate

Although it is known that one of the right-handed
neutrinos in the Uð1ÞX-extended Standard Model can play
the role of dark matter once an odd parity is assigned to it
[37], for the benchmark parameter values used above, the
abundance of the parity-protected right-handed neutrino
created in a thermal processes will be too large to account
for the dark matter abundance of the present Universe (for a
review, see [38]). We thus have to look for a candidate of
dark matter outside the particle contents of Table I.
The simplest candidate is a Dirac fermion, which is

singlet under the Standard Model gauge group and has a
generic Uð1ÞX charge Q such that jQj ≠ 1, 3 (Table II). Let
us call it ζ ¼ ðζL; ζRÞ. Unless Q ¼ �1 (in this case, ζ has
the same interaction as the right-handed neutrinos) or
Q ¼ �3 (gauge invariant Φ�Nc

RζR, ΦNRζL interactions
can exist), ζ is protected by the Uð1ÞX symmetry and thus,
is stable to be dark matter. Adding the Dirac fermion does
not spoil the anomaly cancellation of the Uð1ÞX-extended
Standard Model. The ζ field communicates with the
Standard Model particles only through the Uð1ÞX gauge
interactions.
The ζ dark matter can be produced thermally or non-

thermally. Let us consider the thermal production scenario
first. In this case, ζ is assumed to be in thermal equilibrium
with the Standard Model particles through the Uð1ÞX
interactions ζζ̄ ↔ Z0 ↔ fSMfSM, and then freezes out
[39]. When the mass of ζ is half of MZ0 , the production
Z0 → ζζ̄ is enhanced by the resonance process for which
the cross section is

hσvreli ≃
Q2g2X
m2

ζ

: ð36Þ

In the freeze-out scenario, it is well known that the present
dark matter abundance ΩDMh2 ¼ 0.12 is obtained5 when
the cross section is hσvreli ∼ 1 pb. For our benchmark
parameter value MZ0 ¼ 6 TeV, the dark matter mass is
mζ ¼ 3 TeV, and one can see from (36) that the dark matter
abundance ΩDMh2 ¼ 0.12 is reproduced if Q ≃ 10.
When jQj≲Oð1Þ, the thermal dark matter scenario is

not applicable as theUð1ÞX interaction is not strong enough
to keep the Dirac fermion ζ in thermal equilibrium. In this
case, it is appropriate to consider nonthermal production of
dark matter by the freeze-in mechanism. After reheating,
the dark matter ζ is produced from the Standard Model
thermal plasma by the out-of-equilibrium processes,

fSMfSM → Z0 → ζζ̄;

Z0Z0 → ζζ̄: ð37Þ

By numerically solving the Boltzmann equations for these
processes, it is known [40] that the dark matter abundance
ΩDMh2 ¼ 0.12 is reproduced if

ðQgXÞ2ðxHgXÞ2 þ
0.82
1.2

ðQgXÞ4 ≃ 8.2 × 10−24: ð38Þ

When jQj ≪ 1, the first term of (38) [the first line of (37)]
dominates. For our benchmark values xH ¼ Oð10Þ and
gX ≃ ða fewÞ × 10−2, one can see that jQj ∼ 10−9 gives the
present dark matter abundance ΩDMh2 ¼ 0.12. The com-
putation of (38) assumes M2

Z0 ≪ m2
ζ . This condition is

easily satisfied by, for example, choosingmζ ¼ 20 TeV for
MZ0 ¼ 6 TeV. Also, the reheating temperature of Trh ∼
100 TeV is sufficient for producing the thermal plasma.

IV. FINAL REMARKS

Wehave discussed the particle physics implications of the
cosmological data-fitting on the Coleman-Weinberg type
effective potential, based on the recent MCMC analysis
made in [11]. We focused on the particular inflationary
scenario based on the Uð1ÞX-extended Standard Model and
analyzed the RG flow from the inflationary (Planck) scale.

TABLE II. Representations and charges of the Dirac dark
matter fermion ζ ¼ ðζL; ζRÞ. For stability, the Uð1ÞX charge Q
is assumed to be different from �1, �3.

SUð3Þc SUð2ÞL Uð1ÞY Uð1ÞX
ζL;R 1 1 0 Q

4The reheating temperature necessary for successful resonant
leptogenesis is Trh≳ a few TeV. See, e.g., [33].

5Only in this subsection h denotes the normalized Hubble
parameter.
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By the RG analysis, we identified the parameter region for
which the Uð1ÞX symmetry breaking due to the Coleman-
Weinberg mechanism is operative. Moreover, we found the
parameter region that is already excluded by the LHC run-2,
and the region that is covered by the future HL-LHC.
Data fitting by the cosmological MCMC combined with

the RG analysis opens up a new direction of research in
particle cosmology. Although we focused on just one
example of inflationary model here, a wide range of
inflationary models based on gauge-extended Standard
Models may be analyzed in a similar manner. This
approach is, in a sense, amalgamation of top-down
(Planck scale physics) and bottom-up (collider physics)
approaches. The link between the two is provided by the
RG flow.

ACKNOWLEDGMENTS

This work was supported in part by the
National Research Foundation of Korea Grant-in-Aid
for Scientific Research Grant No. NRF-
2018R1D1A1B07051127 and the NRF-JSPS
Collaboration “String Axion Cosmology” (S.K), by the
United States Department of Energy Grant No. DE-
SC0012447 (N. O.) and by the M. Hildred Blewett
Fellowship of the American Physical Society, www.aps
.org (S. O.).

APPENDIX: 1-LOOP RENORMALIZATION
GROUP EQUATIONS

General discussions on the renormalization group in the
presence of multiple Uð1Þ’s are found, for example, in
[13,41]. For the Uð1ÞX-extended Standard Model, with the
matter content of Table I and the gauge coupling in the form
of the covariant derivative (2), the 1-loop beta functions in
the gauge sector are (t≡ ln μ),

dg3
dt

¼ 1

16π2
ð−7g33Þ; ðA1Þ

dg2
dt

¼ 1

16π2

�
−
19

6
g32

�
; ðA2Þ

dg1
dt

¼ 1

16π2
·
41

6
g31; ðA3Þ

dgX
dt

¼ 1

16π2

�
41

6
gXðg̃1 þ gXxHÞ2

þ 32

3
g2Xðg̃1 þ gXxHÞ þ 12g3X

�
; ðA4Þ

dg̃1
dt

¼ 1

16π2

�
41

6
ðg̃1 þ gXxHÞðg̃21 þ 2g21 þ g̃1gXxHÞ

þ 32

3
gXðg21 þ g̃21 þ g̃1gXxHÞ þ 12g2Xg̃1

�
: ðA5Þ

The running of the top and Majorana Yukawa couplings
is determined by

dyt
dt

¼ yt
16π2

�
9

2
y2t − 8g23 −

9

4
g22 −

17

12
g21 −

17

12
ðg̃1 þ gXxHÞ2

−
2

3
g2X −

5

3
ðg̃1 þ gXxHÞgX

�
; ðA6Þ

dyiM
dt

¼ yiM
16π2



ðyiMÞ2 þ

1

2
TrðyiMÞ2 − 6g2X

�
: ðA7Þ

The beta functions for the scalar self-couplings are

βH ≡ dλH
dt

¼ 1

16π2



24λ2H þ λ̃2 − 6y4t þ 12λHy2t − 9g22λH − 3g21λH

− 3λHðg̃1 þ gXxHÞ2 þ
9

8
g42 þ

3

8
ðg̃1 þ gXxHÞ4

þ 3

8
g41 þ

3

4
g21g

2
2 þ

3

4
ðg21 þ g22Þðg̃1 þ gXxHÞ2

�
; ðA8Þ

βΦ ≡ dλΦ
dt

¼ 1

16π2
ð20λ2Φ þ 2λ̃2 − TrðyiMÞ4 þ 96g4X

þ 2λΦTrðyiMÞ2 − 48λΦg2XÞ; ðA9Þ

βmix≡dλ̃
dt

¼ λ̃

16π2



12λHþ8λΦþ4λ̃þ6y2t

−
9

2
g22−

3

2
g21−

3

2
ðg̃1þgXxHÞ2

þTrðyiMÞ2−24g2Xþ12g2Xðg̃1þgXxHÞ2λ̃−1
�
: ðA10Þ
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