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Abstract We consider an extended inflation model in the
frame of Higgs portal model, assuming a nonminimal cou-
pling of the scalar field to the gravity. Using the new data
from Planck 2013 and other relevant astrophysical data, we
obtain the relation between the nonminimal coupling ξ and
the self-coupling λ needed to drive the inflation, and find that
this inflationary model is favored by the astrophysical data.
Furthermore, we discuss the constraints on the model param-
eters from the experiments of particle physics, especially the
recent Higgs data at the LHC.

1 Introduction

In the standard Big Bang cosmology the cosmological infla-
tion was proposed to solve the flatness, horizon, monopole,
and entropy problems [1–6]. A lot of inflationary models
based on high energy theories, especially in the context of
supersymmetry and string theory have been built. A sim-
ple way to drive the cosmological inflation is to assume
some scalar field which carries significant dominant vacuum
energy provided by some special potential. When the poten-
tial energy of the scalar field dominates over its total energy,
the kinetic energy of the scalar field and the acceleration can
be neglected. Under these approximations, solving the Ein-
stein field equations in the early universe gives an inflation-
ary solution. The inflationary dynamics is determined by the
shape of the potential energy. The detailed descriptions on
the potential energy and some reviews on the cosmological
inflation theory can be found in Refs. [1–6].

The Planck data released in 2013 [7–9] have given strong
limits of many cosmological parameters with exquisite pre-
cision, including those limits of parameters characterizing
the primordial (inflationary) density perturbations. The con-
straints from Planck data show the most stringent test on the
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inflationary models which have been established so far, and
rule out some inflationary models. Fortunately, some single-
field inflationary models have survived [9]. There already
have been made some comments on the inflationary models
after taking into account the implication of the Planck data
in the recent papers [10,11].

The 2013 Planck data also have important implications
on the cosmic neutrinos [8], indicating that there are frac-
tional cosmic neutrinos. Hot discussions have been aroused
by these experimental results in the Higgs portal model [12–
19], where a new complex scalar field χ is proposed. How-
ever, we also can ask the question whether this new scalar
field χ can lead to a realistic inflationary cosmological sce-
nario. If the answer is yes, then it will be very promising to
understand the new physics hidden in the Planck data. On
the other hand, in recent years, there has been an extensive
discussions of the Higgs inflation [20–42] or the Higgs por-
tal inflation [43–49] scenario, especially after the discovery
of the Higgs-like particle in the SM at the LHC [50,51].
One distinctive motivation of the Higgs inflation theory is to
explain the cosmological inflation in the SM model of parti-
cle physics without introducing any new field. In the Higgs
inflation theory, the Higgs field can be the inflationary field
if the Higgs field has a nonminimal coupling to the gravita-
tional field. By adding minimal new fields which are coupled
to the Higgs field, the Higgs inflation theory is extended to
the Higgs portal inflation theory. The Higgs portal inflation
theory can provide the mechanisms of baryogenesis, dark
matter, and the neutrino mass as well as the cosmological
inflation [43–49].

In this paper, we discuss a concrete model of the Higgs
portal inflation scenario, and investigate the cosmological
inflation induced by the scalar-tensor operator ξχ†χ R, in
which R is the Ricci curvature scalar and ξ is the nonmini-
mal coefficient. Compared to the discussions in the previous
Higgs portal inflation models [43–49], we focus on the parti-
cle phenomenology and use the recent Higgs data to discuss
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this concrete model. Constraints on the model parameters
from experiments of cosmology and precise data of particle
physics are also be discussed in detail.

In Sect. 2, we describe the model to discuss the cosmolog-
ical inflation. In Sect. 3, we study the cosmological inflation
at both the classical and the quantum levels, and present the
constraints on the model parameters from the recent 2013
Planck data. In Sect. 4, we analyze the constraints on the
model parameters from particle physics, especially the recent
Higgs results at the LHC. Section 5 contains a brief conclu-
sion.

2 The concrete Higgs portal inflation model

A single complex scalar field χ is introduced in Ref. [19] to
explain the fractional cosmic neutrinos by the Higgs portal
interaction. Furthermore, cosmological dark matter [19,52]
and dark energy problems [53,54] have also been discussed
following this idea. Actually, it is natural to consider whether
this new scalar field can solve the cosmological inflation
problem. Here we assume a nonminimal coupling of the
scalar field χ to the gravity in order to explain the cosmolog-
ical inflation problem as well. Under the nonminimal cou-
pling assumption, the generalized action with metric signa-
ture (−,+,+,+) is

S =
∫ √−g d4x

(LW + Lgrav
)
, (1)

with

LW = −1

2
∂μχ†∂μχ + 1

2
μ2χ†χ − λ

4
(χ†χ)2

−G

4
(ϕ†ϕ)(χ†χ) + LSM (2)

and

Lgrav = M2
P + ξχ†χ

2
R. (3)

Here Lgrav includes a nonminimal coupling of the scalar field
χ to the gravity, and the phenomenology of LW has been
extensively discussed in the previous literature [12–19]. MP

is the reduced Planck mass (MP � 2.435 × 1018GeV). ϕ is
the Higgs field in the SM. μ2, λ and G are real constants,
and we assume ξ > 0. The term (ϕ†ϕ)(χ†χ) is the Higgs
portal term which can be used to solve some interesting cos-
mological problems. This generalized model is a concrete
realization of the Higgs portal inflation models and leads to
different particle phenomenology from other Higgs portal
inflation models [43,44,48,49].

Using the same notations as Ref. [19], we define the com-
plex scalar field under the new U (1) symmetry as

χ(x) = r(x)e2iα(x), (4)

where r(x) is the radial massive field and α(x) is the massless
Goldstone boson field. Substituting Eq. (4) into Eqs. (2) and
(3), the Lagrangian can be written as

L = −1

2
∂μr∂μr + 1

2
μ2r2 − λ

4
r4 − 2r2∂μα∂μα

−G

4
(ϕ†ϕ)r2 + M2

P + ξr2

2
R + LSM , (5)

where L ≡ Lgrav + LW . This frame with the term ξr2 R
describing the gravity is often called the Jordan frame. The
Goldstone boson contributes to the fractional cosmic neu-
trino, and the radial component of the χ field may drive the
cosmological inflation which will be discussed in Sect. 3.

In the unitary gauge, the fields can be written as r(x) =
〈r〉 + r ′(x) and ϕ(x)T = (0, 〈ϕ〉 + ϕ′(x)). Thus, we get
mixing of the radial boson r and the Higgs boson through
the term

−G 〈r〉〈ϕ〉r ′ϕ′. (6)

After diagonalizing the mass matrix for r ′ and ϕ′, the mixing
angle is approximated by

ϑ ≈ G 〈ϕ〉〈r〉
2(m2

ϕ − m2
r )

, (7)

where ϑ 	 1 is assumed. These mixing effects of the radial
boson and the Higgs boson may produce an abundant phe-
nomenology in particle physics. These effects will be dis-
cussed in detail in Sect. 4.

3 Cosmological inflation driven by the new scalar field

3.1 Classical analysis

We now discuss whether the radial component r(x) of the
new scalar field χ(x) can be the cosmological inflation field,
and further discuss the cosmological inflation at the classical
level in the slow-roll approximation, using the methods in
Refs. [20,24,55]. In the inflationary epoch, it is appropriate
to replace r ′(x) by r(x) for simplicity. It is convenient to
investigate the cosmological inflation in the Einstein frame
for the action by performing the Weyl conformal transforma-
tion:

gμν → gEμν = f gμν, f = 1 + ξr2/M2
P . (8)

The corresponding potential in the Einstein frame becomes

VE = V (r)

f 2 , (9)
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Fig. 1 The slow-roll potential needed to drive the cosmological infla-
tion in the Einstein frame

where V (r) is the potential of the radial field r in the Jordan
frame. Furthermore, the kinetic term in the Einstein frame
can be written in canonical form with a new field, which is
defined by the equation

dσ

dr
≡

√
f + 6ξ2r2/M2

P

f 2 . (10)

After taking the conformal transformation and redefining the
radial field, the corresponding action can be expressed by the
canonical form in the Einstein frame as follows:

SE =
∫

d4x
√−gE

[
1

2
M2

P RE − 1

2
(∂Eσ(r))2−VE (σ (r))

]
.

(11)

Firstly, we qualitatively consider this inflationary model.
During inflation, the potential can be approximated by
V (r) = λ

4 r4. Thus, for large field r(x) we have

VE (σ ) ≈ λM4
P

4ξ2

(
1 + exp

(
− 2σ√

6MP

))−2

. (12)

This potential is just the slow-roll potential, which is needed
to drive the cosmological inflation [2], as shown in Fig. 1.
For this qualitative estimation, this model and the models in
Refs. [24,44,49] are similar to the λφ4 model. However, from
the exact calculation performed the predictions of this model
without such approximation are different from other models,
especially considering the one-loop quantum corrections.

Then we quantitatively discuss the cosmological inflation
in this extended model. The detailed conditions of the cos-
mological inflation are described by the following slow-roll
parameters:

ε = M2
P

2

(
dVE/dσ

VE

)2

= M2
P

2

(
dVE/dr

VE

)2 (
dσ

dr

)−2

= 8M4
P(

M2
P + ξ(6ξ + 1)r2

)
r2

, (13)

η = M2
P

d2VE/dσ 2

VE
= M2

P

((
d2VE/dr2

VE

)2 (
dσ

dr

)−2

−dVE/dr

VE

(
dσ

dr

)−3 (
d2σ

dr2

))

= 4M2
P (ξ(12ξ + 1)r2 M2

P + 3M4
P − 2ξ2(6ξ + 1)r4)

r2(M2
P + ξ(6ξ + 1)r2)2

,

(14)

where the chain rule is used. The slow-roll parameters ε and
η imply the first and second derivatives of the potential in the
Einstein frame. From Eq. (13) the field value re at the end of
inflation, defined by ε = 1, is given by

re = MP

√√
192ξ2 + 32ξ + 1 − 1

2ξ(6ξ + 1)
. (15)

The number N of e-foldings [2] is given by

N = 1√
2MP

∫ rN

re

dr̃√
ε(r̃)

(
dσ

dr̃

)

= 3

4

[
−ln

M2
P +ξr2

N

M2
P +ξr2

e

+
(

ξ+ 1

6

)
(r2

N −r2
e )/M2

P

]
, (16)

where rN is the field value at Hubble exit during inflation.
The amplitude of density perturbations in k-space is

defined by the power spectrum:

Ps(k) = As

(
k

k∗

)ns−1

, (17)

where As is the scalar amplitude at some “pivot point” k∗,
which is given by

As = VE

24π2 M4
Pε

∣∣∣∣
k∗

, (18)

which can be measured by astrophysical experiments. As a
good approximation, the corresponding scalar spectral index
ns is given by

ns = 1 − 6ε + 2η, (19)

and the tensor-to-scalar ratio r∗ at leading order is

r∗ = 16ε. (20)

We use the recent Planck+WP data ln(1010 As)=3.089+0.024
−0.027

and ns = 0.9603+0.024
−0.027 [9] to give the constraints on the cos-

mological parameters and make a best fit with respect to the
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Fig. 2 Relation between the nonminimal coupling ξ and self-coupling
λ needed to drive the cosmological inflation from the data of Planck
2013

standard Big Bang cosmological model. From Eq. (18), the
relation between ξ and λ needed to drive the cosmological
inflation is shown in Fig. 2.

From Fig. 2, the nonminimal coupling ξ needs to be less
than 105 if we require the self-coupling λ to be less than one
because of perturbation theory. Apart from these theoreti-
cal arguments, we will discuss the explicit bounds from the
experiments of particle physics in the following section. The
bound on ns and r∗ is crucial for constraining the inflationary
model. We fit the combined experimental results of Planck
and other experimental data using this model as shown in
Fig. 3. Since the Planck constraint on r∗ depends slightly
on the pivot scale k∗, we choose k∗ = 0.002Mpc−1, and
r∗

0.002 < 0.12 at 95 %C.L. Figure 3 shows that our predic-
tion is well within the joint 95 % C.L. regions for large ξ .
These results implicate that this model is favored by the astro-
physical measurements, which is similar to the R2 inflation-
ary model. Compared to other surviving inflationary models
after Planck 2013, this model is a concrete realization of
these inflationary models and we will discuss the bounds on
the model parameters from the experiments of the particle
physics below.

3.2 Quantum effects

We now consider the effective potential V (r) or VE (σ ) at
one-loop level, including the effects of the nonminimal cou-
pling of the scalar field r(x) to the gravity ξr2 R. The cal-
culation is difficult to perform exactly. However, for large ξ ,
approximate results can be obtained. Under the conformal
transformation, the gravity sector becomes canonical, while
the kinetic term becomes non-canonical − 1

2 (∂Er)2( d
dr )2, and

Fig. 3 Marginalized joint 68 % and 95 % C.L. regions for ns and r∗
from Planck with other data sets compared to the theoretical predictions
of this inflationary model for the large ξ . “WP” means the WMAP large-
scale polarization. “BAO” represents the measurements of the baryon
acoustic oscillation. “highL” means large multipole ranges

we can get a non-standard commutator for r following the
approach in Refs. [24,55]. The canonical momentum corre-
sponding to r is

π = ∂L
∂ ṙ

= √−gE
(
gμν

E nμ ∂νr
) (

dσ

dr

)2

= √−g
(
gμν nμ ∂νr

)
f

(
dσ

dr

)2

, (21)

where nμ is a unit time-like vector. From the standard com-
mutation relation

[r(x), π(y)] = i h̄δ(3)(x − y), (22)

we can obtain

[r(x), ṙ(y)] = i h̄ cr δ(3)(x − y), (23)

with

cr = M2
P + ξr2

M2
P + (6ξ + 1)ξr2

. (24)

During inflation, r � MP/
√

ξ , there is a suppression fac-
tor of cr = 1/(6ξ + 1) in the commutator. Thus, in the
inflationary epoch, quantum loop effects involving the radial
boson field r(x) are strongly suppressed. When we calculate
the loop corrections, one suppression factor cr is needed for
each r propagator in the loop diagram. Using the methods
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in Ref. [56], we can obtain the one-loop running function of
the scalar coupling

16π2 dξ

d ln μr/mt
= 2G

3
+ (6ξ + 1)crλ, (25)

where μr is the renormalization scale and mt is the top quark
mass. Then we calculate the quantum corrections in the Jor-
dan frame. The one-loop correction to the effective potential
in the M S scheme is given by

16π2V (1)(r) = A2
r

(
ln

Ar

μ2
r

− 3

2

)
+ 1

4
B2

r

(
ln

Br

μ2
r

− 3

2

)
,

(26)

where

Ar = m2
ϕ + 1

2
G r2, (27)

Br = −μ2 + 3crλr2. (28)

Finally, we get the effective potential at one-loop level in the
Einstein frame:

VE = V (1) + λ
4 r4

f 2 . (29)

4 Constraints from particle physics

In this section we discuss the constraints on the model param-
eters from the current experimental results in the particle
physics. We will investigate whether the experimental data
from particle physics can rule out this model. In the following
discussions, we will use the relation between G and mr :

G 2m7
μMP

m4
r m4

ϕ

≈ 1, (30)

where mμ is the muon mass. This relation is proposed to
explain the fractional cosmic neutrinos [19].

4.1 SM Higgs invisible decay

Due to the mixing effects between the SM Higgs boson and
radial field r ′ the invisible decay channel for the SM Higgs
boson ϕ′ → αα opens. Therefore there exist constraints
on the model parameters from the experimental results of
Higgs invisible decay, which have been firstly considered
in Ref. [19]. In our paper based on combined fit results of
ATLAS, CMS, and Tevatron for the Higgs invisible decay
branching ratio [57], we get the corresponding exclusion
region in Fig. 7.

Fig. 4 The contribution from the radial boson r ′ to the muon anoma-
lous magnetic moment at the one-loop level

4.2 Muon anomalous magnetic moment

Through the effective interaction of the radial field with the
SM particles, the radial scalar boson r ′ can contribute to the
muon anomalous magnetic moment. Up to now there is a 4σ

derivation between SM predictions and experimental results
at BNL E821 [58]:

�aμ = aExp
μ − aSM

μ = (31.6 ± 7.9) × 10−10. (31)

At the one-loop level the Feynman diagram of the contribu-
tion from the radial boson r ′ to the muon anomalous magnetic
moment is shown in Fig. 4. After performing perturbative cal-
culations, we can obtain the contribution of r ′ to the muon
anomalous magnetic moment

�aNP
μ = ϑ2 GFm4

μ

4π2
√

2

∫ 1

0

y2(2 − y)

m2
μy2 + m2

r (1 − y)
dy, (32)

where GF is Fermi constant [59]. The constraints on the
model parameters can be obtained by demanding �aNP

μ <

�aμ, and the corresponding exclusion region is shown in
Fig. 7.

4.3 Radiative Upsilon decay ϒ(nS) → γ + /E

Due to the fact that the main decay channel of r ′ is r ′ → αα,
whereα is identified as the missing energy in the experiments,
there exist constraints on the model parameter coming from
the decay of the meson ϒ(nS) into one photon and missing
energy. The current experimental results in radiative Upsilon
decays ϒ(nS) → γ + /E from BaBar [60–62] are

BrBaBar(ϒ(1S) → γ + /E) < 2 × 10−6, (33)

BrBaBar(ϒ(3S) → γ + /E) < 3 × 10−6. (34)

In this model at the quark level the Feynman diagram of the
contribution from the radial boson r ′ to the process ϒ(nS) →
γ + /E is shown in Fig. 5. After performing a perturbative
calculation we can derive the branching ratio of ϒ(nS) →
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Fig. 5 The Feynman diagram of the contribution from the radial boson
r ′ to the process ϒ(nS) → γ + /E at the quark level

γ + r ′ at the Born level as

Br
(
ϒ(nS) → γ + r ′)

Br(ϒ(nS) → μ+μ−)
= ϑ2 G F m2

bxn√
2πα

�
(
mϒ(nS) − mr

)
,

(35)

where mϒ(nS) is the mass of ϒ(nS) and α is the QED cou-
pling constant. In Eq. 35 the non-perturbative QCD effects
have been canceled out in the ratio between Br

(
ϒ(nS) → γ

+r ′) and Br(ϒ(nS) → μ+μ−). After considering the NLO
QCD corrections, the branching ratio is given by

Br
(
ϒ(nS) → γ + r ′)

Br(ϒ(nS) → μ+μ−)
= ϑ2 G F m2

bxn√
2πα

×
[

1 − 4αs

3π
f (xn)

]
�

(
mϒ(nS) − mr

)
, (36)

where xn = 1 − m2
r /m2

ϒ(nS) and αs is the QCD coupling
constants at the scale of mϒ(nS). The function f (x) includes
one-loop QCD corrections [63]. Using the above results of
BaBar, the corresponding exclusion region can be obtained
as shown in Fig. 7.

4.4 B-meson decay B → K + /E

Now we look at the flavor changing process B → K + /E . In
the SM, for the process of B-meson decaying to a kaon and a
pair of neutrinos, the branching ratio BrSM(B → K +νν̄) ∼
4 × 10−6. The present experimental results for B → K + /E
from CLEO [64] and BaBar [65,66] are

BrCLEO(B0 → K 0
s + /E) < 5.3 × 10−5, (37)

BrBaBar(B− → K − + /E) < 7.0 × 10−5. (38)

In this model the flavor changing process B → K + r ′
is induced at the loop level, and at the quark level the
corresponding Feynman diagram is shown in Fig. 6. The
low energy effective Lagrangian describing the interaction

between r ′, b, and s quark can be written as

Lbsr ′ = 3g2
wmbm2

t V ∗
ts Vtbϑ

64π2m2
W v

s̄LbRr ′ + h.c., (39)

where gW is the weak coupling constant and v is the SM vac-
uum expectation value. After performing perturbative cal-
culations based on the effective Lagrangian Lbsr ′ and also
considering the non-perturbative QCD effects by means of
the hadronic form factor determined via light cone sum rule
analysis [67], we get the branching ratio for the process
B → K + r ′:

Br
(
B → K + r ′) = 9

√
2τB G3

F m4
t m2

bm2+m2−
1024π5m3

B (mb − ms )
2

∣∣VtbV ∗
ts

∣∣2 f 2
0

(
m2

r

)

×
√(

m2+ − m2
r

) (
m2− − m2

r

)
ϑ2 � (m− − mr ) .

(40)

Here m± = m B ± mK , m B is the mass of B-meson, τB is
the lifetime of B meson, and Vtb and Vts are CKM matrix
elements. The hadronic form factor f0 (x) is given by [67]

f0 (x) = 0.33 exp

[
0.63x

m2
B

− 0.095x2

m4
B

+ 0.591x3

m6
B

]
. (41)

Using the CLEO experimental results, we obtain the corre-
sponding exclusion region in Fig. 7.

4.5 Kaon decay K → π + /E

Similar to the case of B-meson decay, for the r ′ production
through kaon decay, K → π + /E , the SM predictions are
BrSM(K + → π+ + νν̄) = 7.8 × 10−11 [68]. The current
experiments’ constraints from E787 and E949 [69–71] are

Br(K + → π+ + /E) < 10−10. (42)

Using the above experimental results, the corresponding
exclusion region can be obtained as shown in Fig. 7.

4.6 SM Higgs global signal strength

It is important to discuss the dimensionless nonminimal cou-
pling ξ by experiments and test the scalar-tensor interaction
[72,73] since the effective operator ξr2 R often appears in the
quantum gravity theory [74,75]. In some cases, this nonmin-
imal coupling ξ could be quite large [72,73]. In this model,
we try to give the possible constraints of the nonminimal
coupling ξ from the global signal strength of Higgs boson at
the LHC.

From the mixing term of radial scalar boson and the Higgs
boson, an effective interaction between the Higgs field and
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Fig. 6 The Feynman diagram
of the contribution from the
radial boson r ′ to the flavor
changing process B → K + /E
at the quark level

Fig. 7 Constraints on the model parameters from Higgs decay, meson
decay, and muon anomalous magnetic moment. The colored regions
are excluded. Each black line corresponds to the upper bound of ξ for
a given mixing angle ϑ(Here, κ = 3.9 × 1015)

the gravitational field can be induced, which is

κϕ†ϕR, (43)

with

κ ≈ ξϑ2. (44)

We use the recent Higgs data at the LHC and the method
in Ref. [72] to discuss the constraints on the nonminimal
coupling of the scalar field to gravity. The relevant action for
the Higgs sector is

SHiggs =
∫

d4x
√−g

[
M2

P + κϕ†ϕ

2
R − 1

2
∂μϕ†∂μϕ

]
.

(45)

After performing the conformal transformation [55]

gμν → g̃μν = �2gμν, �2 = 1 + κϕ†ϕ/M2
P , (46)

the action in the Einstein frame becomes

SE
Higgs =

∫
d4x

√−g̃

[
M2

P

2
R̃ − 3κ2

4M2
P�4

∂μ(ϕ†ϕ)∂μ(ϕ†ϕ)

− 1

2�2 ∂μϕ†∂μϕ

]
, (47)

where the second term comes from the above conformal
transformation of the Ricci scalar R [55]. In this frame, the
gravitational sector is of the canonical form, but the kinetic
term of the Higgs boson still needs to be cast into the canoni-
cal form. After expanding the Higgs field in the unitary gauge
and expanding �2 at leading order, the kinetic term for the
Higgs boson is given by

Lkin
Higgs = 1

2
ρ2 ∂μϕ′∂μϕ′

2
, (48)

with

ρ2 = 1

�2
0

+ 6κ2〈ϕ〉2

M2
P�4

0

, (49)

where

�2
0 = M2

P + κ〈ϕ〉2

M2
P

. (50)

In order to get the canonical kinetic term, all the Higgs cou-
plings to the SM particles should be scaled by 1/ρ. This
leads to a suppression factor of 1/ρ for the Higgs boson
production and decay at the LHC. By means of the narrow
width approximation, we can obtain the global signal strength
μs = σ/σSM = 1/ρ2. Thus, after considering the best-fit
signal strength μs = 0.80 ± 0.14 from CMS [76] for all
channels combined, κ > 3.9×1015 is excluded at 95 % C.L.
This upper bound (κupper = 3.9 × 1015) is of the same order
as considered in Ref. [72]. The allowed value for κ from the
Higgs global signal strength is κ < 3.9 × 1015.

4.7 Discussions

For this inflationary model, the current cosmological exper-
imental data can only give the relation of the nonminimal
coupling ξ and the quartic coupling λ as shown in Fig. 2.
Other considerations come from the theoretic arguments that
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the quartic coupling should lie in the perturbative regime and
the unitarity cutoff should be larger than the involved mass
scale of the model. As is shown in Fig. 2, if λ is chosen
in the perturbative regime, then ξ < 4.7 × 104. The uni-
tarity validity needs that the unitarity cutoff MP/ξ should
be larger than mr . So we will see whether the constraints
from the experimental data of particle physics are consis-
tent with the theoretical arguments in the following discus-
sions.

From Eq. (44), for ξ = κ/ϑ2, the allowed ϑ is a func-
tion of mr and 〈r〉 by Eq. (7) (numerically, ϑ = 〈r〉m2

r ×
2.5 × 10−4 GeV−3) and is greatly constrained by the low
energy data as shown in Fig. 7, where the colored regions are
excluded by the low energy experiments. Figure 8 gives the
constraints on the model parameters, ϑ and ξ . The axes of ϑ

and κ represent the allowed value of ϑ from the low energy
experiment data (ϑ < 3.3 × 10−4) and the allowed value of
κ from the Higgs global signal strength (κ < 3.9 × 1015),
respectively. The axis of ξ represents the nonminimal cou-
pling ξ , and the corresponding ξ values to the points on the
green surface are allowed from the experimental data of parti-
cle physics. From Fig. 8, we see that ξ covers a wide range of
values; especially ξ can take values less than ξ < 4.7 × 104,
mentioned above. When we fix the value of ϑ , the allowed
value for ξ is ξ < κupper/ϑ

2
allow for each ϑ . Namely, the upper

bound of ξ for each ϑ is ξupper = κupper/ϑ
2
allow. If we take the

typical mixing angle ϑ = 10−5 (ϑ = 2×10−4) and the max-
imal κ , the corresponding upper bound is ξupper = 3.9×1025

(ξupper = 0.925 × 1023). Compared to the large upper bound
of the nonmimal coupling in Ref. [72], here the larger value
of ξ comes from the small mixing angle ϑ through Higgs
portal effects, while κ plays the same role as one in Ref.
[72], and their upper bounds are of the same order. In fact, in
this scenario considered here ξ = κ/ϑ2, and the ϑ is much
smaller than 1 (ϑ < 3.3 × 10−4), so the value of ξ is greatly
enhanced due to the small mixing angle ϑ . This is why there
exists a huge gap between ξ and the nonminimal coupling in
Ref. [72].

However, if we take a small value of κ , the value of ξ could
be much smaller than the upper bound as shown in Fig. 8,
and it can take reasonable values which are consistent with
the theoretical arguments. For example, when κ = 10−4 and
ϑ = 10−4, the corresponding ξ and λ are at the order of 104

and 0.1, respectively, which satisfies the inflation condition
as shown in Fig. 2 and the constraints from particle physics
as shown in Fig. 8. From the theoretical view point, in the
above case, the quartic coupling λ < 1 lies in the perturba-
tive regime, and the unitarity violation problem is avoided
since MP/ξ � mr . Therefore, only if the model parameter
ξ takes a reasonable value (ξ < O(105)), this inflationary
model can simultaneously satisfy theoretical arguments and
experimental constraints from particle physics and cosmol-
ogy.

Fig. 8 Constraints on the model parameters from low energy data and
Higgs data. The axis of ϑ represents the allowed value of ϑ from the
low energy experiment data (ϑ < 3.3 × 10−4), the axis of κ represents
the allowed value of κ from the Higgs global signal strength (κ <

3.9×1015) and the axis of ξ represents the allowed nonminimal coupling
ξ

5 Conclusion

We have discussed an extended Higgs portal inflation model,
assuming a nonminimal coupling of the scalar field to the
gravity. The effective potential which drives cosmological
inflation is calculated at both classical and quantum level.
Using the new data from Planck and other experiments, we
obtain the relation between the nonminimal coupling ξ and
the self-coupling λ needed to drive the inflation. We find that
this inflationary model is favored by the combined results of
Planck and other data, since our prediction for ns and r∗

0.002
is well within the region allowed by the current astrophysical
measurements. Furthermore, we also give the constraints on
the model parameters from the Higgs data at the LHC and
the low energy precise data.
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