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We consider a nonminimal quartic inflation scenario in the minimal Uð1ÞX extension of the Standard
Model (SM) with the classical conformal invariance, where the inflaton is identified with the Uð1ÞX Higgs
field (ϕ). By virtue of the classically conformal invariance and the radiative Uð1ÞX symmetry breaking via
the Coleman-Weinberg mechanism, the inflationary predictions (in particular, the tensor-to-scaler ratio r),
the Uð1ÞX coupling gX, and the Uð1ÞX gauge boson mass mZ0 are all determined by only two free
parameters: the inflaton mass mϕ and its mixing angle θ with the SM Higgs field. FASER can search for a
long-lived scalar, which is the inflaton in our scenario, for the parameter ranges 0.1≲mϕ½GeV� ≲ 4 and

10−5 ≲ θ ≲ 10−3. Therefore, if such a scalar is discovered at FASER, both mϕ and θ would be fixed,
leading to the predictions for r, gX , and mZ0 in our model. These predictions can be tested by future
cosmological observations and LHC searches for the Z0 boson resonance.

DOI: 10.1103/PhysRevD.103.055022

I. INTRODUCTION

Very recently, the ForwArd Search ExpeRiment
(FASER) [1] was approved to search for light, weakly
interacting, electrically neutral long-lived particles at the
Large Hadron Collider (LHC). Such long-lived particles are
included in a variety of new physics models beyond the
Standard Model (SM). In the experiment, a detector will be
located along the beam trajectory 480 meters downstream
from the interaction point within the ATLAS detector at the
LHC. This setup is designed to search for light, long-lived
particles with the following advantages. (i) The High-
Luminosity upgrade of the LHC (HL-LHC) can produce a
huge number of hadrons in the forward region, which could
decay into light long-lived particles. Even if such a decay
process is extremely rare, the huge number of produced
hadrons provides us with a sizable number of events for the
long-lived particle production. (ii) Such light particles are
highly boosted in the beam direction and mostly produced
in the forward region. (iii) Because of veryweak interactions,
such particles can have a decay length of Oð100 mÞ. The
displaced vertex signature from such long-lived particles is
almost free from the SM backgrounds. In Refs. [2,3], the

authors explored the possibility of detecting an SM singlet
scalar (ϕ) at FASER and other proposed experiments for the
displaced vertex search. The singlet scalar only couples with
the SM particles through its mixing with the SM Higgs
boson. Hence, the production rate and lifetime of the particle
ϕ are controlled by only two parameters: its mass mϕ and
mixing angle θ with the SM Higgs field. Impressively, these
experiments are capable of probing extremely small mixing
angles, 10−7 ≲ θ ≲ 10−3, for 0.1≲mϕ½GeV�≲ 10 [2,3].
The authors of the pioneering work [4] pointed out that

the long-lived light scalar can be identified with a light
inflaton in their inflation model. Once observed, its mass
and mixing angle with the SMHiggs field can be measured.
In their model, the measured mass and mixing angle
correspond to the inflationary predictions. Although the
quartic inflation scenario discussed in Ref. [4] is excluded
by Planck 2018 results [5], it can be made consistent by
including nonminimal gravitational coupling [6].
In this paperwe consider nonminimal quartic inflation in a

classically conformalUð1ÞX extendedSM,which the authors
of the present paper have proposed with their collaborators
[7] (see also Ref. [8]). By imposing conformal invariance at
the classical level on theminimal Uð1ÞX extended SM [9], all
of the mass terms in the Higgs potential are forbidden. As a
result, the Uð1ÞX gauge symmetry is radiatively broken by
the Coleman-Weinberg (CW) mechanism [10], which sub-
sequently drives the electroweak symmetry breaking through
a mixing quartic coupling between the Uð1ÞX Higgs and SM
Higgs fields [11]. As first pointed out in Ref. [12], the
classical conformal invariance could be a clue to solving
the gauge hierarchy problem of the SM. In our paper [7],
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we identified the Uð1ÞX Higgs field with a nonminimal
gravitational coupling as the inflaton. Because of the
classically conformal invariance, this scenario not only leads
to inflationary predictions consistent with the Planck 2018
results [5], but also provides a direct connection between the
inflationary predictions and the LHC search for the Uð1ÞX
gauge boson (Z0) resonance. In our previous work [7], the
scalar sector was not analyzed in detail from the viewpoint
of collider phenomenology. The main purpose of this paper
is to point out that if the inflaton mass and its mixing angle
with the SM Higgs field lie in a suitable range, the inflaton
can be searched by FASER with a direct connection to the
inflationary predictions.1 Therefore, three independent
experiments—namely, the inflaton search at FASER, the
Z0 boson resonance search at the HL-LHC, and the precision
measurement of the inflationary predictions—are comple-
mentary tests of our inflation scenario.

II. CLASSICALLY CONFORMAL Uð1ÞX MODEL

We first define our model with the particle content listed
in Table I, where the Uð1ÞX charge of a particle is defined
as a linear combination of its SM hypercharge and its
B − L (baryon minus lepton) number. The Uð1ÞX charges
are determined by a real parameter, xH, and the well-known
minimal Uð1ÞB−L model [14] is realized in the limit
xH → 0. In the presence of the three right-hand neutrinos
(RHNs) N1;2;3

R , this model is free from all of the gauge and
mixed gauge-gravitational anomalies. Once the Uð1ÞX
Higgs field (Φ) develops a vacuum expectation value
(VEV), hΦi ¼ vX=

ffiffiffi
2

p
, the Uð1ÞX gauge symmetry is

broken and the Z0 boson becomes massive, mZ0 ¼ 2gXvX,
where gX is the Uð1ÞX gauge coupling.
The Yukawa sector of the SM is extended to include

LY ⊃ −
X3
i;j¼1

Yij
Dl

i
LHNj

R −
1

2

X3
k¼1

Yk
MΦNkC

R Nk
R; ð1Þ

where YD (YM) is a Dirac (Majorana) type Yukawa
coupling. Without loss of generality, we chose the
Majorana Yukawa couplings to be flavor diagonal. The
Majorana masses for the RHNs are generated by the Uð1ÞX
gauge symmetry breaking. For simplicity, we fix Y1;2;3

M ¼
YM and thus RHNs have a degenerate mass spectrum,
mN ¼ YMvX=

ffiffiffi
2

p
. After the electroweak symmetry break-

ing, the light neutrino masses are generated via the type-I
seesaw mechanism [15].
Imposing the classical conformal invariance, the Higgs

potential of our model is given by

V ¼ λHðH†HÞ2 þ λΦðΦ†ΦÞ2 − λmixðH†HÞðΦ†ΦÞ; ð2Þ

where we set λH;Φ;mix > 0. Assuming λmix ≪ 1 (this will be
justified later), we can separately analyze the Higgs
potential for Φ and H.2 The CW potential for the Higgs
field Φ at the one-loop level is given by [10]

VðϕÞ ¼ λΦ
4
ϕ4 þ βΦ

8
ϕ4

�
ln

�
ϕ2

v2X

�
−
25

6

�
; ð3Þ

where ϕ ¼ ffiffiffi
2

p
ℜ½Φ�, vX is chosen as a renormalization

scale, and the coefficient of the one-loop corrections is
approximately given by

16π2βΦ ≃ 96g4X − 3Y4
M: ð4Þ

The stationary condition, dV=dϕjϕ¼vX ¼ 0, leads to

λΦ ¼ 11

6
βΦ; ð5Þ

where the barred quantities are evaluated at hϕi ¼ vX. The
mass of ϕ is given by

m2
ϕ ¼ d2V

dϕ2

����
ϕ¼vX

¼ βΦv2X

¼ 6

π
αXm2

Z0

�
1 − 2

�
mN

mZ0

�
4
�
; ð6Þ

where αX ¼ g2X=ð4πÞ. The condition for the stability of the
Uð1ÞX vacuum, m2

ϕ > 0, requires mZ0 > 21=4mN .

The Uð1ÞX gauge symmetry breaking by hΦi ¼ vX=
ffiffiffi
2

p
induces a negative mass squared for the SM Higgs doublet
(−λmixjhΦij2) in Eq. (2) and triggers the electroweak
symmetry breaking [11]. The SM(-like) Higgs boson mass
(mh ¼ 125 GeV) is described as

TABLE I. The particle content of the minimal Uð1ÞX model.
i ¼ 1, 2, 3 is the generation index.

SUð3Þc SUð2ÞL Uð1ÞY Uð1ÞX
qiL 3 2 1=6 ð1=6ÞxH þ ð1=3Þ
uiR 3 1 2=3 ð2=3ÞxH þ ð1=3Þ
diR 3 1 −1=3 ð−1=3ÞxH þ ð1=3Þ
li
L 1 2 −1=2 ð−1=2ÞxH − 1

eiR 1 1 −1 −xH − 1

H 1 2 −1=2 ð−1=2ÞxH
Ni

R 1 1 0 −1
Φ 1 1 0 2

1See Ref. [13] for a similar work for an axion-like particle as
the inflaton.

2In our analysis, only a nonzero λmix ≪ 1 at vX is important. Its
contribution to the inflaton potential at high energies through the
RG evolution is negligibly small [9].
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m2
h ¼ λmixv2X ¼ 2λHv2h; ð7Þ

where vh ¼ 246 GeV is the Higgs doublet VEV. From this
formula, we can justify our assumption of λmix ≪ 1 by
considering the LEP constraint on vX ≳ 10 TeV [16–19].
The mass matrix for the Higgs bosons, ϕ and h, is

given by

L ⊃ −
1

2
½ h ϕ �

� m2
h λmixvXvh

λmixvXvh m2
ϕ

��
h

ϕ

�
: ð8Þ

We diagonalize the mass matrix by

�
h

ϕ

�
¼

�
cos θ sin θ

− sin θ cos θ

��
h̃

ϕ̃

�
; ð9Þ

where h̃ and ϕ̃ are the mass eigenstates, and the mixing
angle θ is determined by

2vXvhλmix ¼ ðm2
h −m2

ϕÞ tan 2θ: ð10Þ

Since we are interested in the case with m2
ϕ ≪ m2

h and
λmix ≪ 1, we find

θ ≃
vh
vX

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
16παX

p
vh

mZ0
≪ 1: ð11Þ

The mass eigenvalues are given by

m2
ϕ̃
¼ m2

ϕ þ ðm2
ϕ −m2

hÞ
sin2θ

1 − 2sin2θ
≃m2

ϕ −m2
hθ

2;

m2
h̃
¼ m2

h − ðm2
ϕ −m2

hÞ
sin2θ

1 − 2sin2θ
≃m2

h: ð12Þ

For the parameter region that will be searched by FASER,
we find mϕ̃;h̃ ≃mϕ;h and ϕ̃; h̃ ≃ ϕ; h. For notational sim-
plicity, we will refer to the mass eigenstates without using
tildes in the rest of this paper. Note that for a fixed value of
mN=mZ0 , the inflaton massmϕ and its mixing angle with the
Higgs field θ are uniquely determined by αX and mZ0 with
Eqs. (6) and (11).

III. NONMINIMAL QUARTIC INFLATION

Here we give a brief review on nonminimal quartic
inflation with the action in the Jordan frame:

SJ ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
−
1

2
fðϕÞRþ 1

2
gμνð∂μϕÞð∂νϕÞ−VJðϕÞ

�
;

ð13Þ

where ϕ is a real scalar field (inflaton), fðϕÞ ¼ ð1þ ξϕ2Þ
with a real parameter ξ > 0, VJðϕÞ ¼ λϕ4=4 is the
inflaton quartic potential, and the reduced Planck mass

of MP ¼ 2.44 × 1018 GeV is set to be 1 (Planck unit).
Using the transformation of fðϕÞgμν ¼ gEμν, the action in
the Einstein frame is described as

SE ¼
Z

d4x
ffiffiffiffiffiffiffiffi
−gE

p �
−
1

2
REþ

1

2
gμνE ð∂μσÞð∂νσÞ−VEðϕðσÞÞ

�
;

ð14Þ

where VEðϕðσÞÞ ¼ VJðϕÞ=fðϕÞ2, and σ is a canonically
normalized scalar field (inflaton in the Einstein frame)
which is related to the original field ϕ by

�
dσ
dϕ

�
2

¼ 1þ ξð6ξþ 1Þϕ2

ð1þ ξϕ2Þ2 : ð15Þ

Using Eq. (15), we can express the slow-roll inflation
parameters in the Einstein frame as

ϵðϕÞ ¼ 1

2

�
V 0
E

VEσ
0

�
2

;

ηðϕÞ ¼ V 00
E

VEðσ0Þ2
−

V 0
Eσ

00

VEðσ0Þ3
;

ζðϕÞ ¼
�

V 0
E

VEσ
0

��
V 000
E

VEðσ0Þ3
− 3

V 00
Eσ

00

VEðσ0Þ4

þ3
V 0
Eðσ00Þ2

VEðσ0Þ5
−

V 0
Eσ

000

VEðσ0Þ4
�
; ð16Þ

where a prime denotes a derivative with respect to ϕ. The
slow-roll inflation takes place when ϵ; jηj; ζ ≪ 1. The
amplitude of the curvature perturbation,

Δ2
R ¼ VEðϕÞ

24π2ϵðϕÞ
����
k0

; ð17Þ

should satisfy Δ2
R ¼ 2.099 × 10−9 from the Planck 2018

result [5] for the pivot scale k0 ¼ 0.05 Mpc−1. The number
of e-folds is evaluated as

N0 ¼
1ffiffiffi
2

p
Z

ϕ0

ϕe

dϕ
σ0ffiffiffiffiffiffiffiffiffi
ϵðϕÞp ; ð18Þ

where ϕ0 is the inflaton value at the horizon exit of the scale
corresponding to k0, and ϕe is the inflaton value at the end
of inflation, which is defined by ϵðϕeÞ ¼ 1. In our analysis,
we fix N0 ¼ 50 to solve the horizon and flatness problems.
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 given by

ns ¼ 1− 6ϵþ 2η; r¼ 16ϵ; α¼ 16ϵη− 24ϵ2 − 2ζ;

ð19Þ
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which are evaluated at ϕ ¼ ϕ0. Using Δ2
R ¼ 2.099 × 10−9

and N0 ¼ 50, the inflationary predictions for λ, ϕ0, and ϕe
are determined as functions of the nonminimal gravitational
coupling ξ. Based on unitarity arguments [20], we only
consider ξ < 10. Our results are summarized in Table II.

IV. NONMINIMAL Uð1ÞX HIGGS INFLATON

By introducing the nonminimal gravitational coupling of
−ξðΦ†ΦÞR, we identify the Uð1ÞX Higgs field with the
inflaton field in Eq. (13). Since ϕ ≫ vX during inflation,
we approximate the Higgs potential by its quartic potential
in the following inflationary analysis.
For the inflation analysis, we employ the renormalization

group (RG) improved effective potential of the form [21]

VðϕÞ ¼ 1

4
λΦðϕÞϕ4; ð20Þ

where λΦðϕÞ is the solution to the following RG equations
at the one-loop level:

dλΦ
d lnϕ

¼ βλ ≃ 96α2X − 3α2Y;

dαX
d lnϕ

¼ βg ¼
72þ 64xH þ 41x2H

12π
α2X;

dαY
d lnϕ

¼ βY ¼ 1

2π
αY

�
5

2
αY − 6αX

�
: ð21Þ

Here, αY ¼ Y2
M=ð4πÞ and we have identified ϕ with the

renormalization scale along the inflation trajectory.
Since λΦ ≪ 1, the stationary condition in Eq. (5) implies

that gX, YM ≪ 1. Hence, the RG evolutions of αX and αY
can be approximated as

αX;YðϕÞ ≃ αX;Y þ βg;Y ln

�
ϕ

vX

�
; ð22Þ

and, accordingly,

βλðϕÞ ≃ β̄λ þ 2ð96αX βg −3αY βYÞ ln
�
ϕ

vX

�
: ð23Þ

We now approximate the evolution of the quartic
coupling as

λΦ

�
ϕÞ ≃

�
11

6
þ ln

�
ϕ

vX

��
β̄λ

þ ð96αX βg −3αY βYÞ
�
ln

�
ϕ

vX

��
2

: ð24Þ

In the following analysis, we fix mN ¼ mZ0=3 (or,
equivalently, αY ¼ 8αX=9) to satisfy the vacuum stability
condition.3 Using Eq. (24), the quartic coupling is deter-
mined as a function of ϕ, αX, mZ0 , and xH. On the other
hand, in the inflation analysis, the inflationary pre-
dictions are controlled by only one parameter, ξ. Once
we fix a ξ value, ϕ0 and λΦðϕ0Þ are completely fixed, as
listed in Table II. Hence, by using Eq. (24) we can express
αX as a function ofmZ0 and xH for a fixed value of ξ. In fact,
for ξ≲ 10, we find that αX is almost independent of xH, and
the xH dependence for inflationary predictions effectively
drops off. Therefore, the inflationary predictions for αX,
mZ0 , mϕ, and θ are directly related with each other through
Eqs. (6), (11), and (24).
The ATLAS and CMS collaborations have been search-

ing for a narrow resonance at the LHC, and the most severe
constraint on the Z0 boson of our model was obtained by the
search with dilepton final states. The ATLAS Collaboration
recently reported their final result of the LHC Run-2 with
139 fb−1 integrated luminosity [22]. Following the analysis
in Ref. [23], we interpret the ATLAS result to obtain an
upper bound on gX as a function ofmZ0 for a fixed xH value.
In Fig. 1, we show our results for xH ¼ −0.8, 0, and 10 (the
diagonal black lines from top to bottom). The upper bounds
depend on xH values and roughly scale as gX=jxHj for
jxHj≳ 3, while we find that the LHC bound becomes weak
for xH ∼ −1 [24]. In the figure, we also plot the contours for
fixed ξ values. For xH ¼ 0, the horizontal blue lines from
top to bottom correspond to ξ ¼ 10, 1.0, 0.12, and 9.8 ×
10−3 or, equivalently, r ¼ 4.3 × 10−3; 4.9 × 10−3; 0.01, and
0.064, respectively. The red shaded region is excluded by
the Planck 2018 measurement, r > 0.064. As discussed
above, the inflationary predictions are almost independent
of xH for jxHj < 10 and the horizontal lines represent the
results for any values of xH for jxHj < 10. Figure 1
indicates a complementarity between the LHC search for
the Z0 boson resonance and the inflationary predictions.
Since the Z0 boson production cross section is dominated
by the narrow resonance point, the cross section is propor-
tional to g2X in the narrow decay width approximation.
Hence, we naively expect the upper bound on g2X to
scale with luminosity, so that the future bound on

gX ≃ gXðcurrentÞ ×
ffiffiffiffiffiffiffiffiffiffi
139=fb
L=fb

q
.

TABLE II. Inflationary predictions for various ξ values and
N0 ¼ 50. The region ξ < 0.00642 (r > 0.064) is excluded by the
Planck 2018 result.

ξ ϕ0=Mp ϕe=Mp ns r αð10−4Þ λ

0 20.2 2.83 0.941 0.314 −11.5 2.45 × 10−13

0.00527 20.05 2.77 0.954 0.1 −9.74 7.83 × 10−13

0.00978 19.84 2.73 0.957 0.064 −9.06 1.26 × 10−13

0.119 15.75 2.06 0.961 0.010 −7.70 1.97 × 10−12

1 7.82 1.00 0.962 0.0049 −7.51 6.56 × 10−10

10 2.65 0.337 0.962 0.0043 −7.49 5.70 × 10−8

3As long as m4
N ≪ m4

Z0=2, our results remain unchanged. See
Eq. (6).
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V. SEARCHING FOR THE INFLATON AT FASER

We are now ready to discuss the inflaton search at
FASER and its complementarity to the cosmological
constraints on the inflationary predictions. For a fixed ξ
value, the inflationary predictions are fixed and αX is
determined as a function of mZ0 , independently of xH for
jxHj < 10. As a result, both the mass of the inflatonmϕ and
its mixing angle with the SM Higgs field θ are uniquely
determined by the CW relations in Eqs. (6) and (11),
respectively.
In Fig. 2, we show our results4 in the (mϕ; θ) plane,

together with the FASER search reach, the search reach of
other planned/proposed experiments (contours with the
names of experiments indicated), and the current excluded
region (gray shaded) from the CHARM [25],5 Belle [28],
and LHCb [29] experiments, as shown in Ref. [3]. Here, to
ensure the readability of Fig. 2, we have not shown the
search reach of other experiments, such as SHiP [30],
MATHUSLA [31], and CODEX-b [32] presented in
Ref. [3]. After our analysis, each point in the FASER
parameter space has a one-to-one correspondence with
inflationary predictions and Z0 boson search parameters.
The diagonal dashed lines correspond to ξ ¼ 9.8 × 10−3

(r ¼ 0.064) and ξ ¼ 0.12 (r ¼ 0.01), respectively, from
left to right. The light red shaded region (r > 0.064) is
excluded by the Planck 2018 results. We find that the
parameter region corresponding to the inflationary predic-
tion r≳ 0.01 can be searched by FASER 2 in the future,
a part of which is already excluded the Planck 2018
result. For a fixed mZ0 , we can obtain a relation between
mϕ and θ through αX (recall, again, that this relation is
almost independent of xH values for jxHj < 10). In Fig. 2,
the diagonal solid lines correspond to mZ0 ½TeV� ¼ 0.3, 0.4,
0.5, 0.7, 1.0, 1.3, 2.6, 5.0, and 10, from top to bottom. A
point on a solid line corresponds to a fixed value of ξ or,
equivalently, r. Along each line, the ξ (r) value increases
(decreases) from left to right. For example, the left (right)
diagonal dashed lines denote r ¼ 0.0064 and r ¼ 0.01. In
Table III, for various mZ0 values, we list the range of the
predicted tensor-to-scalar ratio r that will be covered by

500 1000 2000 5000

10 4

0.001

0.01

0.1

1

mZ ' GeV

g
X

FIG. 1. Upper bounds on gX from the ATLAS result for
xH ¼ −0.8, 0, and 10 (the diagonal black lines from top to
bottom), respectively. For xH ¼ 0, the horizontal blue lines from
top to bottom correspond to ξ ¼ 10, 1.0, 0.12, and 9.8 × 10−3 or,
equivalently, r ¼ 4.3 × 10−3; 4.9 × 10−3; 0.01, and 0.064, re-
spectively. The red shaded region is excluded by the Planck
2018 measurements.

FIG. 2. Inflaton search reach at FASER (green shaded region)
and the relation with other observables. The diagonal dashed
lines correspond to ξ ¼ 9.8 × 10−3 (r ¼ 0.064) and ξ ¼ 0.12
(r ¼ 0.01), respectively, from left to right. The diagonal solid
lines correspond to mZ0 ½TeV� ¼ 0.3, 0.4, 0.5, 0.7, 1.0, 1.3, 2.6,
5.0, and 10, from top to bottom. The blue shaded region (labeled
ATLAS) is excluded by the ATLAS result of the Z0 boson search
for xH ¼ 10, corresponding to the bottom solid line in Fig. 1. The
red shaded region is excluded by the Planck 2018 measurements.

TABLE III. The ranges of r that will be covered by FASER.

mZ0 [TeV] The range covered by FASER

0.7 4.2 × 10−3 ≤ r ≤ 9.0 × 10−3

1.0 8.4 × 10−3 ≤ r ≤ 1.7 × 10−2

1.3 2.6 × 10−3 ≤ r ≤ 9.9 × 10−3

2.6 1.3 × 10−2 ≤ r ≤ 6.4 × 10−2

5.0 7.3 × 10−3 ≤ r ≤ 6.4 × 10−2

10 1.1 × 10−2 ≤ r ≤ 6.4 × 10−2

4The search reach and current experimental bound presented in
Fig. 2 apply to any SM singlet scalar field.

5The updated analysis in Ref. [26] showed that the bound on θ
for mϕ ≃ 0.3 GeV could be significantly relaxed. Also, see
Ref. [27] for recently updated bounds for mϕ ¼ Oð0.1Þ GeV.
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FASER. The blue shaded region (labeled ATLAS) is
excluded by the ATLAS result of the Z0 boson search
for xH ¼ 10, corresponding to the bottom solid line in
Fig. 1. The excluded regions for xH ¼ −0.8 and xH ¼ 0

(the B − L model limit) correspond to θ > 10−3, and thus
they are covered by the gray shaded region.

VI. INFLATON DECAY AND REHEAT
TEMPERATURE

To complete our discussion of the inflation scenario, let
us now discuss reheating after inflation which proceeds via
the decay of the inflaton to SM particles. In our case, the
inflaton decays into light SM fermions through the mixing
with the SMHiggs boson. Using Eq. (8), the decay width of
the inflaton into SM particles can be expressed as

Γðϕ → SMÞ ≃ θ2 × ΓSMðmϕÞ; ð25Þ

respectively, where ΓSMðmϕÞ is the total decay width of the
SM Higgs boson if its mass were mϕ. Using the inflaton
decay width, we estimate the reheat temperature as

TR ¼
�

90

π2g�

�
1=4 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Γðϕ → SMÞ ×MP

p
; ð26Þ

where g� is the total effective degrees of freedom of the
thermal plasma. Therefore, the reheat temperature is also
determined by the two parameters mϕ and θ used in the
preceding analysis. Bothmϕ and θ are uniquely determined
by ξ; xH, and mZ0 values. In Fig. 3, we show mϕ as a
function of xH for fixed mZ0 ¼ 2 TeV. The horizontal solid
lines from top to bottom correspond to ξ ¼ 10, 1.0, and
9.8 × 10−3 or, equivalently, r ¼ 4.3 × 10−3; 4.9 × 10−3,
and 0.064, respectively. We see that mϕ is independent
of xH for xH ≤ 10.
In Fig. 4, we show TR as a function of mϕ for fixed

xH ¼ 0. The lines from left to right correspond to con-
tours for fixed mZ0 ½TeV� ¼ 0.7, 1.3, 2.6, 5.0, and 10,
respectively. The red shaded region corresponds to

ξ ¼ 9.8 × 10−3 (r > 0.064) and is excluded by the
Planck 2018 measurements. The dashed line corresponds
to ξ ¼ 0.12 (r ¼ 0.01). For each contour in Fig. 4, we have
constrained the inflaton mass to lie in the range 0.1 <
mϕ½GeV� ≤ 5 and the mixing angle satisfies θ < 10−3. For
a fixed value of mϕ, there is a one-to-one correspondence
between the reheat temperature TR in Fig. 4 and the mixing
angle θ in Fig. 2. Let us approximate the decay width as

ΓSMðmϕÞ ≃
Nc

8π

�
mf

vh

�
2

mϕ; ð27Þ

whereNc is the color factor for the fermion and antifermion
in the final state with a mass mf < mϕ=2. Together with
Eqs. (25) and (26), we obtain

θ ≃
8.23 × 10−5ffiffiffiffi

N
p

c

�
0.1
mf

��
TR

5

��
1ffiffiffiffiffiffiffimϕ

p
�
; ð28Þ

where mf, TR, and mϕ are in units of GeV.
In our analysis we have considered the number of

e-folds N0 as a free parameter and fixed N0 ¼ 50.
However, N0 is determined by TR and the tensor-to-scalar
ratio r (or, equivalently, the value of Hubble parameter
during the inflation) as

N0 ≃ 49.21þ 1

6

�
r

0.01

�
þ 1

3

�
TR

100 GeV

�
: ð29Þ

This is consistent with our choice N0 ¼ 50. We have also
checked that the inflationary prediction for a fixed ξ value
weakly depends on N0 values.
In conclusion, we have considered the nonminimal

quartic inflation scenario in the minimal Uð1ÞX model
with classical conformal invariance, where the inflaton is
identified with the Uð1ÞX Higgs field. FASER can search
for the inflaton when its mass and mixing angle with the
SM Higgs field are in the ranges 0.1≲mϕ½GeV�≲ 4 and
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FIG. 3. For fixed mZ0 ¼ 2 TeV, the horizontal solid lines from
top to bottom correspond to ξ ¼ 10, 1.0, and 9.8 × 10−3 or,
equivalently, r ¼ 4.3 × 10−3; 4.9 × 10−3, and 0.064, respectively.
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FIG. 4. For xH ¼ 0, the solid lines from left to right correspond
to TR contours for fixed mZ0 ½TeV� ¼ 0.7, 1.3, 2.6, 5.0, and 10,
respectively. The red shaded region is excluded by the Planck
2018 measurements corresponding to r > 0.064while the dashed
lines correspond to ξ ¼ 0.12 (r ¼ 0.01).
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10−5 ≲ θ ≲ 10−3. By virtue of classical conformal invari-
ance and the radiative Uð1ÞX symmetry breaking via the
Coleman-Weinberg mechanism, the inflaton search by
FASER, the Z0 boson resonance search at the LHC, and
the future measurement of r are complementary tests of our
inflationary scenario.
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