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1 Introduction

Higgs inflation [1] has drawn a lot of attention due to the discovery of the Higgs boson
and its minimality with one more parameter beyond the Standard Model, the so called
non-minimal coupling. It is very interesting in general to make a connection between the
low-energy phenomena such as Higgs data, dark matter, and the high-energy physics in
the early universe such as inflation. However, the original proposal for Higgs inflation itself
is lacking a predictive power because a large non-minimal coupling gives rise to unitarity
violation below the Planck scale [2–5]. Thus, linear sigma-model constructions have been
proposed for unitarizing the Higgs inflation [6–8], and they are found to be dual to the
effective theory beyond the Einstein gravity with R2 term and maintain similar inflationary
predictions as in the original Higgs inflation [9–12].

In this article, we pursue an alternative route for Higgs inflation in the effective theory
without a large non-minimal coupling. We take an expansion of the Higgs field around
the pole for which the effective Planck mass in the Jordan frame vanishes for a conformal
coupling to the Higgs or equivalently the Higgs kinetic term in the Einstein frame diverges.
As a result, we show that a successful slow-roll inflation with the Higgs relies on the
condition that the effective Higgs potential in the Jordan frame vanishes at the pole as well.
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We dub this possibility the Higgs pole inflation. We take the Higgs potential with arbitrary
single power dominance in the Einstein frame and obtain the inflationary predictions of the
Higgs pole inflation as in Starobinsky inflation [13]. For a successful Higgs pole inflation,
we derive the bounds on the other renormalizable and non-renormalizable terms in the
general Higgs potential in the effective theory. In particular, it is necessary to impose a
small running quartic coupling for the Higgs field during inflation, which is consistent with
the low-energy data but calls for a nontrivial extension of the SM. We remark that the
Higgs pole inflation belongs to a class of inflation models containing a pole of the kinetic
term, called the α-attractors in supergravity [14, 15].

For reheating, we take into account the general equation of state of the Higgs inflaton
and the perturbative processes such as decay and scattering of the Higgs inflaton into the
SM particles. We also show the effects of preheating due to the inflaton oscillations in the
region where the perturbative processes are blocked kinematically. It is crucial to notice
that the known couplings of the SM particles to the Higgs boson allow for a reliable analysis
of reheating in our work. We propose several extensions of the Higgs pole inflation by the
general pole expansions of the effective Lagrangian and the running Higgs quartic coupling
in the SM and its extensions with a singlet scalar field. In this case, it is important to make
sure that two-loop and higher-loop beta function coefficients of the Higgs quartic coupling
can be sufficiently small near the inflation scale in the extensions of the SM such that a
small Higgs quartic coupling is maintained during inflation. Furthermore, we embed the
Higgs pole inflation in supergravity where a general superpotential for two Higgs doublets
generates an F-term potential for the Higgs pole inflation while the effective Higgs quartic
coupling is dynamically relaxed to a small value along the D-flat direction during inflation.

The paper is organized as follows. We first describe the setup for the effective theory
for Higgs inflation and the minimal pole inflation with the Higgs boson. Then, we dis-
cuss the inflationary dynamics and the bounds on the general Higgs potential. Next, we
consider a general inflaton condensate for the anharmonic Higgs potential during reheat-
ing and analyze perturbative reheating and preheating in our model. We also present the
extensions of the Higgs pole inflation by the general pole expansions, the running Higgs
quartic coupling, and the embedding into the supergravity models. Finally, conclusions
are drawn.

2 The setup

We consider the effective theory for Higgs inflation below the Planck scale. We take the
SM Higgs to be conformally coupled to gravity in the leading order, but the conformal
symmetry is broken by the mass term and the higher order interactions in either the non-
minimal coupling or the Higgs potential. Then, the general Lagrangian for the Higgs
inflation is given by

LJ√
−gJ

= −1
2M2

P Ω(H)R(gJ) + |DµH|2 − VJ(H) (2.1)
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where the non-minimal coupling function and the effective Higgs potential are taken to

Ω(H) = 1− 1
3M2

P
|H|2 +

∞∑
n=2

bn

Λ2n−4 |H|2n, (2.2)

VJ(H) = µ2
H |H|2 + λH |H|4 +

∞∑
n=3

cn

Λ2n−4 |H|2n. (2.3)

Here, Λ is the cutoff scale, and bn, cn are dimensionless parameters.
Suppose that all bn’s in the non-minimal coupling function Ω(H) are set to zero. Then,

after making a Weyl transformation of the metric by gJ,µν = gE,µν/Ω with Ω = 1− 1
3M2

P
|H|2,

we obtain the Einstein-frame Lagrangian as follows,

LE√
−gE

= −1
2M2

PR(gE) +
|DµH|2(

1− 1
3M2

P
|H|2

)2

− 1

3M2
P

(
1− 1

3M2
P
|H|2

)2

(
|H|2|DµH|2 − 1

4∂µ|H|2∂µ|H|2
)
− VE(H) (2.4)

where the Einstein-frame Higgs potential becomes

VE(H) = VJ(H)(
1− 1

3M2
P
|H|2

)2 . (2.5)

In the unitary gauge where the Higgs doublet is taken to HT = (0, h)T /
√
2, the first

two terms in the second line of eq. (2.4) are cancelled. Then, we get the Einstein-frame
Lagrangian for the Higgs boson h as

LE√
−gE

= −1
2M2

PR + 1
2

(∂µh)2(
1− 1

6M2
P

h2
)2 −

VJ
(

1√
2h
)

(
1− 1

6M2
P

h2
)2 . (2.6)

Then, making the Higgs kinetic term canonically normalized by

h =
√
6MP tanh

(
ϕ√
6MP

)
, (2.7)

we rewrite the Einstein-frame Lagrangian in eq. (2.6) as

LE√
−gE

= −1
2M2

PR + 1
2(∂µϕ)2 − VE(ϕ), (2.8)

with
VE(ϕ) = cosh4

(
ϕ√
6MP

)
VJ

(√
3 tanh

(
ϕ√
6MP

))
. (2.9)

As a result, the success of a slow-roll Higgs inflation depends on the form of the Jordan
frame potential. We take the minimal form of the effective potential for the Higgs pole
inflation in the Jordan frame and generalize it in the later sections.
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As a working example for inflation, we take a simple form of the Jordan-frame Higgs
potential in eq. (2.3), as follows,

VJ(H) = cmΛ4−2m|H|2m

(
1− 1

3M2
P
|H|2

)2

, (2.10)

which leads to the Einstein frame potential as

VE(H) = cmΛ4−2m|H|2m. (2.11)

This case corresponds to a single-power dominance of the Higgs potential in the Einstein
frame. Then, in terms of the canonical Higgs field ϕ given in eq. (2.7), the Einstein-frame
potential in eq. (2.9) becomes

VE(ϕ) = cm

2m
Λ4−2mh2m

= 3mcmΛ4−2mM2m
P

[
tanh

(
ϕ√
6MP

)]2m

. (2.12)

Therefore, a slow-roll inflation is possible at large |ϕ| or |h| ∼
√
6MP near the pole of the

general Higgs kinetic term in eq. (2.6). We dub this possibility the Higgs pole inflation.

3 Inflationary dynamics and Higgs parameters

In this section, we discuss the inflationary predictions in the Higgs pole inflation for the
Einstein-frame Higgs potential with a single power dominance. Then, we show the bounds
on the Higgs potential terms for the consistent Higgs pole inflation.

3.1 Inflationary predictions

We take the inflaton potential in eq. (2.12) in the following,

VE(ϕ) = VI

[
tanh

(
ϕ√
6MP

)]2m

, (3.1)

with VI ≡ 3mcmΛ4−2mM2m
P . Then, we first obtain the slow-roll parameters,

ϵ = 1
2M2

P

(
V ′

E
VE

)2

= 4
3m2

[
sinh

( 2ϕ√
6MP

)]−2
, (3.2)

η = M2
P

V ′′
E

VE

= −4m

3

[
cosh

( 2ϕ√
6MP

)
− 2m

] [
sinh

( 2ϕ√
6MP

)]−2
. (3.3)
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The number of efoldings is

N = 1
MP

∫ ϕ∗

ϕe

sgn(V ′
E)dϕ√
2ϵ

= 3
4m

[
cosh

( 2ϕ∗√
6MP

)
− cosh

( 2ϕe√
6MP

)]
(3.4)

where ϕ∗, ϕe are the values of the Higgs boson at horizon exit and the end of inflation,
respectively. Here, we note that ϵ = 1 determines ϕe. As a result, using eqs. (3.2), (3.3)
and (3.4) and N ≃ 3

4m cosh
(

2ϕ∗√
6MP

)
for ϕ∗ ≫

√
6MP during inflation, we obtain the

slow-roll parameters at horizon exit in terms of the number of efoldings as

ϵ∗ ≃ 3
4
(
N2 − 9

16m2

) , (3.5)

η∗ ≃ 3− 2N

2
(
N2 − 9

16m2

) . (3.6)

Thus, we get the spectral index in terms of the number of efoldings, as follows,

ns = 1− 6ϵ∗ + 2η∗

= 1− 4N + 3
2
(
N2 − 9

16m2

) . (3.7)

Moreover, the tensor-to-scalar ratio at horizon exit is

r = 16ϵ∗ =
12

N2 − 9
16m2

. (3.8)

Therefore, both the spectral index and the tensor-to-scalar ratio depend on the power of
the Higgs potential, m, but the inflationary predictions are insensitive to the value of m.

As a result, from eq. (3.7), we obtain the spectral index as ns = 0.966 for N = 60,
which agrees with the observed spectral index from Planck, ns = 0.967 ± 0.0037 [16].
Moreover, we also predict the tensor-to-scalar ratio as r = 0.0033 for N = 60, which is
again compatible with the bound from the combined Planck and Keck data [17], r < 0.036.

The CMB normalization, As = 1
24π2

VI
ϵ∗M4

P
= 2.1×10−9, sets the inflation energy scale by

3mcm

( Λ
MP

)4−2m

= (3.1× 10−8) r = 1.0× 10−10, (3.9)

where we took r = 0.0033, in the second equality. Thus, for Λ ≃ MP, the coefficient cm of
the effective Higgs interaction is constrained to be a small value for the CMB normalization.

We note that for m = 0, the inflaton potential in Einstein frame becomes constant,
so it corresponds to a constant vacuum energy present by today. So, we assume that the
constant vacuum energy is negligible for the graceful exit from inflation and it is tuned to
make the effective vacuum energy small from the observation of the accelerating universe
at present.
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For m = 1 in eq. (2.12), the inflaton potential takes the same form as in Starobinsky
inflation model. However, in this case, we can identify the coefficient of the leading Einstein-
frame potential by c1Λ2 = µ2

H in eq. (2.3), which must be positive for inflation, unlike the
tachyonic mass required for electroweak symmetry breaking. Moreover, the vacuum energy
during inflation is given by VI = 3µ2

HM2
P, which is constrained by the CMB normalization.

Thus, we need to take µH = 1.4×1013 GeV, which is much larger than the Higgs parameter
at low energy. Therefore, for the SM Higgs inflation, we need to take the case with m > 1.

For m = 2 in eq. (2.12), we identify the coefficient of the leading Einstein-frame
potential by the Higgs quartic coupling with c2 = λH in eq. (2.3) and the vacuum energy
during inflation becomes VI = 9c2M4

P = 9λHM4
P. In this case, the CMB normalization

fixes λH = 1.1× 10−11.

3.2 General Higgs potential and inflationary bounds

For electroweak symmetry breaking, we need to take the Higgs potential in Einstein frame
to be a general form of the polynomial, as follows,

VE(H) = V0 + µ2
H |H|2 + λH |H|4 +

∞∑
m=3

cmΛ4−2m|H|2m, (3.10)

which corresponds to the one in the Jordan frame,

VJ(H) =
(

V0 + µ2
H |H|2 + λH |H|4 +

∞∑
m=3

cmΛ4−2m|H|2m

)(
1− 1

3M2
P
|H|2

)2

. (3.11)

Then, we can rewrite the above potential in terms of the canonical Higgs field ϕ in unitary
gauge, given in eq. (2.7), as follows,

VE(ϕ) = V0 + 3µ2
HM2

P tanh2
(

ϕ√
6MP

)
+ 9λHM4

P tanh4
(

ϕ√
6MP

)

+
∞∑

m=3
3mcmΛ4−2mM2m

P tanh2m
(

ϕ√
6MP

)
. (3.12)

As a result, there is a wider parameter space with V0 ≃ 0 for a successful inflation because
the potential becomes almost constant near the Higgs pole. Thus, setting V0 = 0, we can
generalize the CMB normalization in eq. (3.9) to

3µ2
H

M2
P

+ 9λH +
∞∑

m=3
3mcm

( Λ
MP

)4−2m

= 1.0× 10−10. (3.13)

Unless there are fine-tuned cancellations, we need to choose the individual terms in the
Higgs potential to be small.

For the successful inflation with the Higgs quartic term, we need to take 9λHM4
P ≳

3|µ2
H |M2

P, V0 during inflation. Then, we find it sufficient to take λH ≳
|µ2

H |
3M2

P
= 1.1×10−15 for

the correct electroweak symmetry breaking1 with |µH | = 88GeV; λH ≳ V0
9M2

4
= 4.6× 10−85

1It is interesting to notice that the CMB normalization only leads to the bound on the Higgs mass
parameter as |µH | ≲ 1.4 × 1013 GeV, although we need to understand the Higgs mass hierarchy.
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for the observed dark energy, V0 = (2.2 × 10−3 eV)4. Therefore, the CMB constraint
on λH , namely, λH = 1.1 × 10−11, obtained in the previous subsection, is consistent with
electroweak symmetry breaking and dark energy. Such a tiny Higgs quartic coupling during
inflation is achievable due to the RG running of the Higgs quartic coupling, although it is
subject to the precise values of the low energy parameters in the SM such as the top quark
Yukawa coupling [31, 32] and the threshold or running contributions from new particles [29].

We also remark that a successful inflation from the higher order Higgs potential with
m ≥ 3 is also possible, as far as 3mcm

(
Λ

MP

)4−2m
≳ 9λH , 3|µ2

H |
M2

P
, V0

M4
P

. In this case, from the
CMB normalization in eq. (3.9), the Higgs quartic term is bounded by λH ≲ 1.1× 10−11,
whereas the observed values of the other renormalizable parameters, |µ2

H | and V0, are
small enough. Furthermore, for the dominance with a single higher order term with m,
even higher order terms with m + k, k ≥ 1, are suppressed for cm ≳ 3k

(
MP
Λ

)2k
cm+k, but

they are allowed for the slow-roll inflation, as far as the generalized CMB normalization in
eq. (3.13) is satisfied.

4 Reheating

We consider the inflaton condensate and the general equation of state during reheating.
Then, we first discuss the perturbative reheating from the decay or scattering of the Higgs
inflaton into the SM particles and determine the minimal reheating temperature due to
the production of the SM fermions. We also comment on the preheating and its effects on
reheating through the production of heavy fermions and gauge bosons in the SM.

4.1 Inflaton condensate

First, for |H| ≪
√
6MP, we can approximate the Higgs kinetic term in Einstein frame in

a canonical form, that is, ϕ ≃ h, so the Einstein-frame potential for the pole inflation in
eq. (2.12) takes

VE(ϕ) ≃
cm

2m
Λ4−2mϕ2m ≡ αmϕ2m, (4.1)

which is anharmonic for m > 1, leading to the general equation of state during reheating.
After the period of exponential expansion, the inflaton ϕ begins to oscillate about the
minimum of the potential. The end of inflation may be defined when ä = 0, where a is the
cosmological scale factor. The inflaton field value at that time is given by [20, 21]

ϕend ≃
√

3
8MP ln

[1
2 + 2m

3
(
2m +

√
4m2 + 3

)]
. (4.2)

We can show that at the end of inflation, the condition ä = 0 is equivalent to ϕ̇2
end =

VE(ϕend) and thus the inflaton energy density at ϕend is ρend = 3
2VE(ϕend).

We now consider the averaged energy density and pressure for the inflaton and the
equation of state during reheating. Applying the virial theorem to S ≡ ϕϕ̇ by〈

dS

dt

〉
= 0, (4.3)

– 7 –
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we obtain 〈1
2 ϕ̇2

〉
= −

〈1
2ϕϕ̈

〉
= m⟨VE(ϕ)⟩. (4.4)

Here, in the last equality, we used the equation of motion for the inflaton, ϕ̈ = −V ′,
by ignoring the Hubble friction term, and the inflaton potential during reheating from
eq. (4.1). As a result, the averaged energy density and pressure for the inflaton becomes

ρϕ =
〈1
2 ϕ̇2

〉
+ ⟨VE(ϕ)⟩ = (m + 1)⟨VE(ϕ)⟩, (4.5)

pϕ =
〈1
2 ϕ̇2

〉
− ⟨VE(ϕ)⟩ = (m − 1)⟨VE(ϕ)⟩. (4.6)

Then, the averaged equation of state for the inflaton during reheating is given by

⟨wϕ⟩ =
pϕ

ρϕ
= m − 1

m + 1 . (4.7)

As a result, we get a general equation of state for the Higgs inflaton, which is different from
the one for matter, wϕ ̸= 0, for m ̸= 1. If the reheating process is not instantaneous, it is
important for the reliable inflationary predictions to take into account the correct equation
of state during reheating [18].

We take the inflaton to be ϕ = ϕ0(t)P(t), where ϕ0(t) is the amplitude of the inflaton
oscillation and it is constant over oscillation, and P(t) is the periodic function. From
eq. (4.5) with the energy conservation, we obtain ρϕ = (m + 1)⟨VE(ϕ)⟩ = VE(ϕ0). Then,
we get ⟨P2m⟩ = 1

m+1 .
From the energy density for the inflaton,

1
2 ϕ̇2 + VE(ϕ) = VE(ϕ0), (4.8)

we obtain the equation for the periodic function P, as follows,

Ṗ2 = 2ρϕ

ϕ2
0

(
1− P2m

)
=

m2
ϕ

m(2m − 1)
(
1− P2m

)
(4.9)

where we used the effective inflaton mass in the second equality,

m2
ϕ = V ′′

E (ϕ0) = 2αmm(2m − 1)ϕ2m−2
0 . (4.10)

Thus, from the integral of eq. (4.9), we get the angular frequency of the inflaton oscilla-
tion [20] as

ω = mϕ

√
πm

2m − 1
Γ
(

1
2 + 1

2m

)
Γ
(

1
2m

) . (4.11)

As a result, we can make a Fourier expansion of the periodic function P by

P(t) =
∞∑

n=−∞
Pn e−inωt. (4.12)
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4.2 Boltzmann equations for reheating

Including the effects of the Hubble friction and the inflaton decay, we find the equation of
motion for the inflaton, as follows,

ϕ̈ + (3H + Γϕ)ϕ̇ + V ′
E = 0 (4.13)

where Γϕ is the inflaton decay or scattering rate, given by

Γϕ =
∑

f

Γϕ→ff̄ +
∑

V =W,Z

Γϕϕ→V V . (4.14)

The above equation can be approximated to the Boltzmann equation for the averaged
energy density,

ρ̇ϕ + 3(1 + wϕ)Hρϕ ≃ −Γϕ(1 + wϕ)ρϕ. (4.15)

Moreover, the Boltzmann equation governing the radiation energy density ρR is given by

ρ̇R + 4HρR = Γϕ(1 + wϕ)ρϕ. (4.16)

First, due to the Yukawa couplings of the Higgs inflaton to the SM fermions, Lint =
− 1√

2yf ϕf̄f , for the inflaton condensate, ϕ = ϕ0(t)P(t), we obtain the decay rate of the
inflaton condensate [19, 20], as follows,

Γϕ→ff̄ = 1
8π(1 + wϕ)ρϕ

∞∑
n=−∞

|Mf
n |2(Enβf

n) (4.17)

where En = nω and

|Mf
n |2 = y2

f ϕ2
0|Pn|2E2

nβ2
n, (4.18)

βf
n =

√√√√1−
4m2

f

E2
n

. (4.19)

Then, averaging over oscillations, we get

⟨Γϕ→ff̄ ⟩ =
y2

f ϕ2
0ω3

8π(1 + wϕ)ρϕ

∞∑
n=−∞

n3|Pn|2⟨β3
n⟩

=
y2

f ω3

8πm2
ϕ

(m + 1)(2m − 1)Σf
m

〈(
1−

4m2
f

ω2n2

)3/2〉
(4.20)

where Σf
m =

∑∞
n=1 n3|Pn|2 whose values are given as a function of the parameter m in

table 1. Here, the effective mass for the fermion is given by mf = 1√
2yf ϕ(t) = (mf /v)ϕ(t)

where v is the VEV of the Higgs field in the true vacuum.
Similarly, due to the gauge interactions of the Higgs inflaton to W or Z bosons, Lint =

1
4g2ϕ2W +

µ W−µ + 1
8(g

2 + g′2)ϕ2ZµZµ, in unitary gauge, we obtain the scattering rate of the
inflaton condensate, as follows,

Γϕϕ→V V = 1
8π(1 + wϕ)ρϕ

∞∑
n=1

|MV
n |2(EnβV

n ) (4.21)
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m Σf
m ΣV

m

1 0.250 0.125
2 0.241 0.125
3 0.244 0.124
4 0.250 0.122
5 0.257 0.120
6 0.264 0.119
7 0.270 0.117
8 0.276 0.116
9 0.281 0.115
10 0.287 0.114

Table 1. Sums of Fourier coefficients, Σf,V
m , appearing in the decay rates of the Higgs inflaton. We

chose some values of the equation of state parameter m during reheating.

with

|MW
n |2 = 1

4g4ϕ4
0|(P2)n|2

(
3 + 4E4

n

m4
W

− 4E2
n

m2
W

)
, (4.22)

|MZ
n |2 = 1

8(g
2 + g′

2)2ϕ4
0|(P2)n|2

(
3 + 4E4

n

m4
Z

− 4E2
n

m2
Z

)
, (4.23)

and βV
n =

√
1− m2

V
E2

n
with V = W , Z. Here, the effective masses for the gauge bosons are

given by m2
W = 1

4g2ϕ2(t) and m2
Z = 1

4(g
2 + g′2)ϕ2(t), and (P2)n are the Fourier coefficients

of the expansion, P2 =
∑∞

n=−∞(P2)n e−inωt. Then, the averaged scattering rate for the
inflaton is given by

⟨Γϕϕ→W W ⟩ = g4ϕ2
0ω

16πm2
ϕ

(m + 1)(2m − 1)ΦW , (4.24)

⟨Γϕϕ→ZZ⟩ = (g2 + g′2)2ϕ2
0ω

32πm2
ϕ

(m + 1)(2m − 1)ΦZ , (4.25)

with
ΦV ≡ ΣV

m

〈
βV

n (3 + 3(βV
n )4 − 2(βV

n )2)
(1− (βV

n )2)2

〉
, V = W, Z (4.26)

where ΣV
m =

∑∞
n=1 n|(P2)n|2 whose values are given as a function of the parameter m

in table 1.
We note that the decay and scattering rates of the inflaton scale with the inflaton energy

density by Γϕ→ff̄ = γϕρl
ϕ with l = 1

2 − 1
2m and Γϕϕ→V V = γ̂ϕρn

ϕ with n = 3
2m − 1

2 [20]. For
instance, for the quadratic potential with m = 1, we get l = 0 and n = 1, so the scattering
rate is smaller than the decay rate for similar inflaton couplings. In this case, the scattering
process cannot achieve the reheating mechanism alone, without any decay of the inflation
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background. However, for m = 2, both the decay and scattering rates scale by ρ
1
2
ϕ , so they

are comparable. Moreover, the m > 2 case makes the decay rate being of higher power in
the inflaton energy density, that is, l > n, tending to be suppressed as compared to the
scattering rate.

From eq. (4.11) with eqs. (4.10) and eq. (4.1), we have ω2 ∼ m2
ϕ ∼ cmΛ4−2mϕ2m−2

0 .
Then, together with mf ∼ yf ϕ0 and mV ∼ gϕ0, we get m2

f /ω2 ∼ (y2
f /cm)(ϕ0/Λ)4−2m ≲ 1

and m2
V /ω2 ∼ (g2/cm)(ϕ0/Λ)4−2m ≲ 1. Then, for cm ∼ 10−10 from the CMB normalization

in eq. (3.9), we can avoid the kinematic suppression for the inflaton decay or scattering,
only if yf , g ≲

√
cm ∼ 10−5(Λ/ϕ0)4−2m.

The effect of the time-dependent effective masses for fermions and bosons can be de-
termined by averaging over the oscillations the effective decay or scattering rates. The
phase-space dependence on the effective masses leads to a suppression of the production
rates, even if the production is never completely blocked, as for any coupling there will
be a time interval around ϕ = 0 during which the production is allowed [20]. The result-
ing suppression in the production for large couplings to the inflaton can be numerically
evaluated.

In the initial stage of the inflaton oscillation with ϕ0 ∼ Λ ∼ MP just after inflation, as
in eq. (4.2), only light quarks and leptons in the SM can be produced abundantly from the
perturbative decays of the Higgs inflaton. However, heavy quarks or gauge bosons can be
produced only in the small field values with ϕ0 ≪ Λ (or at the later time) for m < 2 and
in the large field values with ϕ0 ∼ Λ (or at the earlier time) for m > 2, when the decay
or scattering channels of the inflaton are kinematically open. Thus, as will be discussed
in the later section, the parametric resonance during preheating could be also relevant for
the gauge boson production.

4.3 Reheating temperature

For aend ≪ a ≪ aRH where aRH is the scale factor at the time reheating is complete, we
can ignore the inflaton decay rate and integrate eq. (4.15) without the decay rate to obtain

ρϕ(a) ≃ ρend

(
aend

a

) 6m
m+1

. (4.27)

This is due to the general equation of state during reheating, given in eq. (4.7). When
the reheating process is dominated by the perturbative decays of the inflaton into light
fermions in the SM, we obtain the reheating temperature, depending on the power of the
leading inflaton potential, V (ϕ) = αmϕ2m, during reheating, as follows [20],

TRH =


(

30
πg∗(TRH)

)1/4 [ 2m
7−2m

√
3MPγϕ

]m
2 , 7− 2m > 0,(

30
πg∗(TRH)

)1/4 [ 2m
2m−7

√
3MPγϕ (ρend)

2m−7
6m

] 3m
4(m−2) , 7− 2m < 0

(4.28)

where we approximated the decay rate of the inflaton from eq. (4.20) by Γϕ ≃ Γϕ→ff̄ ≡
γϕρl

ϕ, with l = 1
2 − 1

2m , and

γϕ ≡
∑

f

1
8Ncy

2
f

√
2πm2(m + 1) (αm)

1
2m

Γ
(

1
2 + 1

2m

)
Γ
(

1
2m

)
3

Σf
m (4.29)
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where f runs over all the SM fermions that can be produced and Nc indicates the number of
colors for each fermion. Here, g∗(TRH) is the effective number of degrees of freedom at the
reheating temperature TRH, and ρend is the inflaton energy density at the end of inflation,
and we have neglected the average effective masses for the light fermions generated by
their couplings to the inflaton during reheating. We note that for 2m < 7, the reheating
temperature is independent of ρend, whereas for 2m > 7, the reheating temperature depends
on ρend.

We now consider the effects of time-dependent effective masses of fermions during the
decay process of the Higgs inflaton. These effects are included in the calculations of the
decay rate (4.20) with the averaged effective kinetic factors. For small effective masses,
we can neglect the kinematic factors. However, for large Yukawa couplings to the Higgs
inflaton, the production of the fermion is suppressed, but not completely blocked. In the
limit of large effective masses, we can replace the averaged kinetic factor in the decay
rate by

Γϕ = γϕρl
ϕ

〈(
1−

4m2
f

ω2n2

)3/2〉

≃ γϕρl
ϕ ×R−1/2, (4.30)

with R =
(2mf

ω

)2

ϕ→ϕ0
, where the approximation in the second line is valid if R ≫ 1 [20].

We consider only the first Fourier mode of the Higgs inflaton background in the effective
masses of fermions as the dominant contribution. The higher order modes also contribute
with much smaller Fourier coefficients, making their contributions negligible up to ∼ 10%
level. We performed the numerical integration of the Boltzmann equations in eqs. (4.15)
and (4.16), taking into account the averaged kinetic factor in the limit R ≫ 1 for heavy
fermions during the integration. As a result, we determine the reheating temperature from
the perturbative decays of the Higgs inflaton into fermions, as given in table 2.

4.4 Preheating

We consider a non-perturbative process for reheating, the so called preheating, which leads
to the non-adiabatic excitation of the perturbations for fields coupled to the Higgs inflaton.

In the limit of sub-Planckian Higgs fields below the pole, we can approximate the Higgs
perturbation, φk, with the comoving momentum k, as the following modified Klein-Gordon
equation,

φ̈k + 3Hφ̇k +
(

k2

a2 + m2
φ(t) + 6ξH

(
ä

a
+ ȧ2

a2

))
φk = 0 (4.31)

where mφ(t) is the effective mass for the Higgs perturbation during reheating, m2
φ(t) =

m2
ϕ(t)P2m−2, with m2

ϕ(t) being given by eq. (4.10). Here, ξH is the non-minimal coupling
to the SM Higgs, which is chosen to ξH = −1

6 in our model. Then, we make a change of
variables with z = ωt where ω is the angular frequency for the inflaton oscillation, given
in eq. (4.11). Then, from eq. (4.31), we get the equation for the rescaled perturbation,
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m TRH [GeV]
1 5.1× 1013

2 2.6× 109

3 260
4 9.4× 105

5 2.1× 107

6 1.1× 108

7 2.8× 108

8 4.9× 108

9 8.4× 108

10 1.2× 109

Table 2. Reheating temperature TRH, determined from the decays of the Higgs inflaton into the
SM fermions, including the kinematic suppression for the effective fermion masses. We chose some
values of the equation of state parameter m during reheating.

Hk = ω1/(1−m)φk, as

H ′′
k +

(
κ2 +

m2m2
φ(t)

ω2 + 2ξH(m + 1)(2− m)
3(1− m)2 ·

(
ω′

ω

)2)
Hk = 0 (4.32)

where
κ2 ≡ m2k2

ω2a2 , (4.33)

the prime denotes the derivative with respect to z with dz = ω
m dt, and we used ω̇ = 1−m

m
ω
t .

This is the master equation governing the generalized preheating with an anharmonic
inflaton potential. We note that the last term proportional to (ω′/ω)2 in eq. (4.32) is due
to the Hubble expansion, so it can be ignored if the particles are produced efficiently for
several oscillations of the inflaton condensate.

Here, we remark that we have used the following information for deriving eq. (4.32).
First, from the Friedmann equation with eq. (4.27), the scale factor scales by a ∝ t

m+1
3m

during reheating, so the Hubble parameter becomes H = m+1
3m

1
t . Then, from the averaged

Friedmann equation, ⟨H2⟩ = 1
3M2

P
⟨ρ⟩, and the averaged inflaton density in eq. (4.5), ⟨ρ⟩ ∝

⟨VE(ϕ)⟩ ∼ ϕ2m
0 , the inflaton condensate scales by ϕ0(t) ∝ t−1/m, leading to ω ∝ mϕ ∝

ϕm−1
0 ∝ t1/m−1 and ω̇ = 1−m

m
ω
t .

As a result, we find that the effective mass term in eq. (4.32) becomes

m2m2
φ(t)

ω2 = 1
π

m(2m − 1)

 Γ
(

1
2m

)
Γ
(

1
2 + 1

2m

)
2

P2m−2(t), (4.34)

which does not depend on the amplitude of the inflaton oscillation, ϕ0, but instead it
depends on the power of the inflaton potential during reheating. This case is similar to the
scale-invariant model for inflation with a quartic inflaton model during reheating [22, 23],
namely, the m = 2 case, but the oscillating part is different if m ̸= 2.
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Similarly, following the similar procedure as above, the perturbation equations for W ,
Z gauge bosons are obtained from the one for the Higgs perturbation in eq. (4.32), after
the effective mass m2

φ(t) is replaced by those for the gauge bosons, m2
V (t), with V = W , Z,

and ξH = 0. In this case, the effective mass term for the W boson perturbation becomes

m2m2
W (t)

ω2 = g2

8παm

 Γ
(

1
2m

)
Γ
(

1
2 + 1

2m

)
2

ϕ4−2m
0 (t)P2(t), (4.35)

which also depends on the amplitude of the inflaton oscillation, ϕ0, unlike the case for the
Higgs perturbation. For the effective mass term for the Z boson perturbation, we only
have to replace g2 with g2 + g′2 in the above result.

As a result, as z = ωt ∝ t1/m, we get ϕ0 ∝ t−1/m ∝ z−1, so the effective mass term for
the gauge boson perturbation depends on the amplitude of the inflaton oscillation because
ϕ4−2m

0 (t) ∝ z2m−4. Therefore, for m < 2, there can be a kinematic blocking only in the
early time for the perturbative decay of the inflaton into heavy fermions or gauge bosons
in the SM, so the preheating can be important in this case. On the other hand, for m > 2,
the perturbative decay of the inflaton becomes important in the early time, but if it is
forbidden, preheating can be again important for the production of heavy particles. We
also note that the coefficients in the effective mass terms for the gauge boson perturbations
in eq. (4.35) are proportional to g2/αm, which is large for αm ≲ 10−10 from the CMB
normalization. Therefore, preheating could lead to a higher reheating temperature than
the one obtained from the perturbative reheating, as in the original Higgs inflation with a
large non-minimal coupling [24, 25].

For the early period of the inflaton oscillation, the case with m > 2 effectively intro-
duces a large coupling to the inflaton as time goes by, so the parametric resonances for the
particle production are extended to large momentum modes [22, 23]. On the other hand,
for the case with m < 2, the resonant production of particles can be limited to relatively
smaller momentum modes. The detailed discussion on preheating and particle production
is beyond the scope of our work, so it will be postponed to a forthcoming work [26].

5 Extensions of Higgs pole inflation

In this section, we consider the general effective interactions for the Higgs fields in the
general Higgs pole expansions and show the examples for a vanishing small Higgs quar-
tic coupling during inflation from the running Higgs quartic coupling in the SM and its
extension with a singlet scalar field. We also discuss embedding the Higgs pole inflation
into supergravity where a general polynomial in the superpotential gives rise to the F-term
potential for the Higgs pole inflation along the D-flat direction.

5.1 Generalized Higgs pole expansions

The condition for the pole inflation corresponds to a particular choice of the effective
Jordan-frame potential in eq. (2.3), with the only nonzero coefficients being given by

cm+1 = −2
3cm

Λ2

M2
P

, cm+2 = 1
9cm

Λ4

M4
P

. (5.1)
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However, we can regard the above choice of the Higgs potential as the leading order ex-
pansion near the Higgs pole, so our inflationary predictions are insensitive to the general
Higgs pole expansions as will be discussed below.

First, we generalize the non-minimal coupling function and the Higgs potential for the
pole inflation, in the following,

Ω(H) =
(
1− 1

3M2
P
|H|2

) ∞∑
n=0

b̃n

(
1− 1

3M2
P
|H|2

)n

, (5.2)

VJ(H) = Λ4−2m|H|2m

(
1− 1

3M2
P
|H|2

)2 ∞∑
n=0

c̃n

(
1− 1

3M2
P
|H|2

)n

(5.3)

where we can take b̃0 = 1 and c̃0 = cm without loss of generality. In this case, we also
obtain the Einstein-frame potential as

VE = VJ
Ω2

= cmΛ4−2m|H|2m
∞∑

n=0
ĉn

(
1− 1

3M2
P
|H|2

)n

(5.4)

where ĉn’s are the redefined coefficients in the pole expansion. Then, near the Higgs pole,
|H| ∼

√
3MP, during inflation, we can ignore the higher order terms,

(
1− 1

3M2
P
|H|2

)n

,
with n ≥ 1, in both the non-minimal coupling in eq. (5.2) and the effective Higgs potential
in eq. (5.3). We note that there was a related discussion on the expansion of the Jordan
frame potential for the inflaton in terms of the non-minimal coupling function, Ω = 1 −
|H|2/(3M2

P), in refs. [27, 28], which assumes the presence of degenerate vacua other than
the origin of the inflaton.

Using the canonical Higgs field during inflation in eq. (2.7) near the Higgs pole, we
can approximate the inflaton potential in eq. (5.4) to

VE(ϕ) ≃ 3mΛ4−2mM2m
P

[
tanh

(
ϕ√
6MP

)]2m ∞∑
n=0

ĉn

[
cosh

(
ϕ√
6MP

)]−2n

. (5.5)

During the slow-roll inflation with ϕ ≫
√
6MP, the generalized inflaton potential in

the pole expansion in eq. (5.5) becomes

VE(ϕ) ≃ 3mΛ4−2mM2m
P

(
1− 4m e−2ϕ/(

√
6MP)

) ∞∑
n=0

2−2nĉne−2nϕ/(
√

6MP)
(
1+ e−2ϕ/(

√
6MP)

)−2n

≃ 3mcmΛ4−2mM2m
P

(
1−

(
4m − ĉ1

4cm

)
e−2ϕ/(

√
6MP) + · · ·

)
. (5.6)

Then, as far as ĉ1 ≲ cm, the next order terms in the pole expansion can be subdominant
for the inflaton potential, so our previous discussion based on the leading order term in the
pole expansion is valid.
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5.2 Running Higgs quartic coupling and Higgs pole inflation

We illustrate the necessary positive small value for the Higgs quartic coupling during in-
flation in the extension of the SM with a complex singlet scalar field S. In this case, the
one-loop renormalization group equations above the scalar mass mS are given [29] by

(4π)2 dλH

d lnµ
=
(
12y2

t − 3g′
2 − 9g2

)
λH − 6y2

t + 3
8
[
2g4 + (g′2 + g2)2

]
+ 24λ2

H + 4λ2
HS ,

(4π)2 dλHS

d lnµ
= 1

2
(
12y2

t − 3g′
2 − 9g2

)
λHS + 4λHS(3λH + 2λS) + 8λ2

HS , (5.7)

(4π)2 dλS

d lnµ
= 20λ2

S + 8λ2
HS

where the extra quartic couplings are included in the Einstein frame potential in addition
to the Higgs potential,

VE(S, H) = m2
S |S|2 + λS |S|4 + 2λHS |H|2|S|2. (5.8)

The extra singlet scalar field becomes decoupled during inflation, because its effective mass
m2

S,eff = 2λHS⟨|H|2⟩ ∼ λHSM2
P is large enough for a sizable mixing quartic coupling, and

it is held fixed to the origin for λHS > 0. However, the mixing quartic coupling λHS

gives rise to a positive contribution to the beta function for the Higgs quartic coupling and
can help maintain the Higgs quartic coupling all the way to the inflation scale, namely,
µ ∼ H ∼ MP.

The running Higgs quartic coupling is sensitive to the Higgs mass, the top quark
mass and the strong coupling, whose experimental values from Particle Data Group are
mh = (125.25 ± 0.17)GeV, mt = (172.69 ± 0.30)GeV and αS = 0.1179 ± 0.0009 [30]. In
the left plot in the upper panel of figure 1, we depict the running Higgs quartic coupling
as a function of the renormalization scale, ln(µ/mt), in the SM. We chose the Higgs mass
to mh = 125.25GeV, the top quark mass to mt = (172.69±0.90)GeV within the 3σ range,
and αS = 0.1179. In this case, the running Higgs quartic coupling turns negative around
µ ∼ 1010–1011 GeV, depending on the top quark mass [31, 32].

On the other hand, in the right in the upper panel and the lower panel of figure 1, we
also show the running Higgs quartic coupling as a function of the renormalization scale,
ln(µ/mt), in the extension of the SM with a complex singlet scalar field. We chose the same
set of the SM parameters as in the left plot of figure 1 and took the new quartic couplings
of the singlet scalar field to λS = λHS = 0.1 at the singlet threshold mS = 2TeV, 105 GeV,
respectively. In this case, the running Higgs quartic coupling becomes positive due to the
Higgs mixing quartic coupling all the way to the Planck scale [29], being consistent with
the experimental constraints on the singlet scalar field beyond the TeV scale. In this case,
the resultant Higgs quartic coupling can be positive and small enough for the successful
Higgs pole inflation.

We also remark that there is a natural possibility of choosing almost vanishing quartic
couplings in the scalar potential during inflation near conformality. For instance, in the
gauged B − L or similar extensions of the Standard Model with right-handed neutrinos
where the B −L breaking scale as well as the electroweak scale are generated dynamically
by the Coleman-Weinberg mechanism [33].
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Figure 1. Running Higgs quartic coupling as a function of the renormalization scale in units of
ln(µ/mt) in the SM in the left plot in the upper panel, in the SM plus a complex singlet scalar
field with 2TeV and 105 GeV masses in the right plot in the upper panel and the lower panel,
respectively. We took mh = 125.25GeV, mt = (172.69 ± 0.90)GeV, αS = 0.1179 for all the plots
and λS = λHS = 0.1 in the right plot in the upper panel and the lower panel.

Finally, we make a comment on the possibility of a sufficiently small Higgs quartic
coupling during inflation. First, under the Weyl scaling of the metric, gE,µν = ΩgJ,µν , we
need to rescale the SM fermions by f ′ = Ω−3/4f for the canonical fermion kinetic terms
and get the Yukawa couplings in the Einstein frame, as follows,

LY = −
√
−gJ

1√
2

yf hf̄f

= −
√
−gE

1√
2

yfΩ−1/2hf̄ ′f ′. (5.9)

Thus, the effective SM fermion masses in the Einstein frame become

Mf = 1√
2

yf φ, φ ≡ h(
1− h2

6

)1/2 . (5.10)
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Similarly, the effective masses for the W and Z bosons during inflation are given by

MW = 1
2gφ, MZ = 1

2(g
2 + g2

Y)1/2φ. (5.11)

Then, both top quark and gauge boson masses depend on the redefined Higgs field φ, so
they become close to Planckian values for h →

√
6 or φ ≃

√
6

2 eϕ/
√

6 ≃ 2
√

mN , during the
Higgs pole inflation. As a result, the effective Higgs quartic term in the Einstein frame
becomes

VE,eff(h) =
1
4λH(φ(h))h4 (5.12)

where λH(φ(h)) is the running quartic coupling in the SM with the renormalization scale
set to µ = φ in order to minimize the logarithms in the Coleman-Weinberg potential [7, 31,
32, 34]. Then, as discussed in the previous section, for the successful Higgs pole inflation,
we need to keep the running Higgs quartic coupling to satisfy λH ≲ 1.1 × 10−11 from the
CMB normalization. Suppose that there is a minimum of the Higgs quartic coupling at
the inflation scale. Then, the Higgs quartic coupling is expanded around the minimum at
φ = φ∗, namely, around the scale with a vanishing beta function, as follows,

λH(φ) = λ∗ + b

(
ln φ

φ∗

)2
, (5.13)

with λ∗ being the Higgs quartic coupling at φ = φ∗ and b being the beta function coefficient
of the Higgs quartic coupling at two-loops, given by b = 10−5 in the SM [18, 31, 32, 34].
Then, as the Higgs field varies from φ = φ∗ to φ = φe ∼ 1 during inflation, the running
Higgs quartic coupling would get corrected significantly in the SM, being much larger than
the CMB bound, so it would not be compatible with the Higgs pole inflation. However, the
running Higgs quartic coupling would receive extra corrections easily in the extension of the
SM with new scalar and gauge sectors. In this case, it is conceivable that even the two-loop
and higher-loop beta function coefficients of the Higgs quartic coupling can be sufficiently
small during inflation [39], so a small Higgs quartic coupling could be maintained as required
for the Higgs pole inflation. This possibility would correspond to a near-conformal theory
replacing the SM in the UV, keeping the Higgs quartic coupling constant during inflation.

Another possibility to maintain a small Higgs quartic coupling during inflation is to
introduce a dynamical mechanism for relaxing the effective Higgs quartic coupling to a
small value. As will be discussed in the supersymmetric Higgs pole inflation in the next
section, the extended Higgs sector with a certain symmetry could relax the effective Higgs
quartic coupling to zero dynamically. In this case, there appears an extra Higgs potential
of different origin, such as the F-term in the supersymmetric case. In particular, the higher
order polynomial with a small coefficient can be used for the Higgs pole inflation.

We also remark that the Higgs quartic coupling is small at the onset of reheating
as a result of the near-conformal theory or the dynamical relaxation mechanism in the
extended Higgs sector in the UV, so the analysis of the perturbative reheating dynamics in
the previous section is applicable. The concrete discussion on a particular realization of a
small Higgs quartic coupling during inflation is beyond the scope of our work, so we leave
this important issue as a future work.
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5.3 Higgs pole inflation in supergravity

We consider embedding the Higgs pole inflation into supergravity. For that, we introduce
a modulus chiral multiplet T and a pair of Higgs chiral multiplets, Hu and Hd, which are
conformally coupled to gravity in the Jordan frame. Then, we take the Kähler potential
and the superpotential in the following form,

K = −3M2
P ln

(
T + T̄ − 1

3M2
P
|Hu|2 −

1
3M2

P
|Hd|2

)
≡ −3M2

P ln(Ω̂), (5.14)

W = 22k
√

λk M3−2k
P

(
1
k
(HuHd)k − 2

3(k + 1)M2
P
(HuHd)k+1

)
(5.15)

where λk is the coupling parameter and k is a positive integer. We note that the coefficients
of the two terms in the superpotential are fixed by the condition for the Higgs pole infla-
tion and they can be maintained against loop corrections due to the non-renormalization
theorem.

As a result, the bosonic part of the Jordan-frame Lagrangian for ϕi = {T, Hu, Hd} in
supergravity [35, 36] is given by

LJ√
−gJ

= −1
2M2

P Ω̂R + |DµHu|2 + |DµHd|2 − VJ + 3Ω̂b2
µ (5.16)

where the frame function and the F-term potential are given by

Ω̂ = T + T̄ − 1
3M2

P
|Hu|2 −

1
3M2

P
|Hd|2, (5.17)

bµ = − i

2Ω̂

(
∂µϕi∂iΩ̂− ∂µϕ̄ī∂īΩ̂

)
, (5.18)

VJ = V̂F + V̂D, (5.19)

with

V̂F =
∣∣∣∣ ∂W

∂Hu

∣∣∣∣2 + ∣∣∣∣ ∂W

∂Hd

∣∣∣∣2

= 24kλkM6−4k
P (|Hu|2 + |Hd|2)|HuHd|2(k−1)

∣∣∣∣∣1− 2
3M2

P
HuHd

∣∣∣∣∣
2

, (5.20)

V̂D = 1
8g′

2(|Hu|2 − |Hd|2)2 + 1
8g2

(
(Hu)†τ⃗Hu + (Hd)†τ⃗Hd

)2
. (5.21)

Here, we note that there are extra kinetic terms for scalar fields from the auxiliary vector
field bµ in the Jordan frame. But, the cosmological evolution during inflation is dominated
by the moduli |ϕi|, so we can take the scalar kinetic terms in the Jordan frame to be of
canonical form [35, 36].

We also obtain the Einstein-frame Lagrangian in the following,

LE√
−gE

= −1
2M2

PR + Kij̄∂µϕi∂µϕj̄ − VE (5.22)
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where the Einstein-frame potential is

VE = VF + VD (5.23)

with

VF = eK/M2
P(DiWKij̄Dj̄W † − 3|W |2/M2

P), (5.24)

VD = V̂D

Ω̂2
. (5.25)

Here, the Kähler metric Kij̄ = ∂i∂j̄K and the inverse Kähler metric Kij̄ with i = T, Hu, Hd

and j̄ = T̄ , H†
u, H†

d are given by

Kij̄ = 1
Ω̂2


3M2

P −Hu −Hd

−H†
u T + T̄ − 1

3M2
P
|Hd|2 1

3M2
P

H†
uHd

−H†
d

1
3M2

P
HuH†

d T + T̄ − 1
3M2

P
|Hu|2

 , (5.26)

Kij̄ = Ω̂


1
3(T + T̄ ) 1

3M2
P

Hu
1

3M2
P

Hd

1
3M2

P
H†

u 1 0
1

3M2
P

H†
d 0 1

 . (5.27)

As a result, we get the F-term potential in the Einstein frame as

VF = Ω̂−2
{∣∣∣∣ ∂W

∂Hu
+ 1

Ω̂
H†

uW

∣∣∣∣2 + ∣∣∣∣ ∂W

∂Hd
+ 1

Ω̂
H†

dW

∣∣∣∣2 + 3(T + T̄ )|W |2

Ω̂2
− 3|W |2

Ω̂

− 1
Ω̂

[
H†

uW

(
∂W̄

∂H†
u

+ 1
Ω̂

HuW̄

)
+ H†

dW

(
∂W̄

∂H†
d

+ 1
Ω̂

HdW̄

)
+ h.c.

]}

= V̂F

Ω̂2
(5.28)

where V̂F is the F-term potential in Jordan frame, given in eq. (5.20). Thus, together with
eq. (5.25), the full scalar potential in Einstein frame is given by VE = (V̂F + V̂D)/Ω̂2.

For the Higgs pole inflation, we take the inflaton direction along the CP-even neutral
scalars, namely, Hu = (0, h sin β)/

√
2 and Hu = (h cosβ, 0)/

√
2, so |Hu|2+|Hd|2 = 1

2h2 and
HuHd = 1

2h2 sin β cosβ. Then, taking the Higgs fields along the D-flat direction satisfying
tan β = 1, we find it straightforward to see the consequences for the Higgs pole inflation in
Jordan frame where the Jordan-frame potential in eq. (5.16) becomes

LJ√
−gJ

= −1
2M2

P

(
T + T̄ − 1

6M2
P

h2
)

R + 1
2(∂µh)2 − VJ (5.29)

with

VJ = 8λkM6−4k
P h4k−2

(
1− 1

6M2
P

h2
)2

. (5.30)
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Therefore, after stabilizing the modulus at T + T̄ = 1 by non-perturbative effects such as
gaugino condensates in the hidden sector, we recover the non-supersymmetric Higgs pole
inflation as discussed in the previous section. In this case, from the Einstein frame potential,
VE = 8λkM6−4k

P h4k−2, we find that the power of the Higgs potential is constrained to h4k−2

with k being the positive integer, namely, h2, h6, h10, etc.
In the supersymmetric case, the running Higgs quartic couplings coming from the D-

term remain sizable because they are determined by the SM gauge couplings, so the gauge
coupling unification ensures the vacuum stability. But, the Higgs fields are taken along
the D-flat direction during inflation, so the effective Higgs quartic potential is dynamically
relaxed to zero. In this case, there is no need to maintain individual running Higgs quartic
couplings to be small, unlike the non-supersymmetric case. Then, the effective Higgs
potential during inflation stems from the F-term whose value is fixed by a small coefficient
λk of the superpotential term in eq. (5.15). Therefore, the correct CMB normalization in
eq. (3.9) is achievable.

As for the non-supersymmetric case, the k = 1 case is not compatible with the Higgs
parameter required at low energy, so we need to take the power of the dominant term in
the superpotential during inflation to satisfy k ≥ 2. In this case, the HuHd term in the
superpotential must be suppressed. We can generate the effective HuHd term by non-
perturbative effects or the extra superpotential terms, such as ∆W = λSSHuHd or ∆W =
λX
Λ X2HuHd in the superpotential [37, 38], where S, X being singlet chiral superfields

frozen to zero during inflation. In this case, we can reconcile the Higgs pole inflation with
a realistic Higgs mass parameter in the context of supergravity.

6 Conclusions

We presented new results for the Higgs inflation based on the pole expansion of the effective
Lagrangian. Both the effective Planck mass and the Higgs potential are in close proximity
to zero during inflation, rendering the effective Higgs potential flat and allowing for a
consistent inflationary prediction with the Planck data. Taking a single effective Higgs
self-interaction term in the Einstein frame to be dominant, we found its coefficient and the
rest of the effective interactions to be individually bounded by the CMB normalization.

In the dominance with a Higgs quartic coupling, we need a very tiny Higgs quartic
coupling during inflation, which can be achieved by the renormalization group running of
the Higgs quartic coupling towards the conformality. We also showed that higher order
Higgs self-interactions with small coefficients can be kept for inflation while the Higgs
quartic coupling is set to zero. This is possible in the supergravity embedding of the Higgs
pole inflation where the Higgs inflaton is taken along the D-flat direction and the higher
order Higgs self-interactions are separately obtained from the Higgs superpotential.

We have identified a class of Higgs pole models as the low-energy expansion near the
conformal pole, showed testable predictions for inflation, and analyzed the perturbative
reheating with a general equation of state as well as the preheating from an anharmonic
Higgs potential. The presented models can be distinguishable from the original Higgs
inflation and its sigma-model like models by the reheating processes.
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