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ABSTRACT: We present the Coleman-Weinberg potential for the inflaton in the pole inflation
scenarios such as the Higgs pole inflation and the Peccei-Quinn (PQ) pole inflation. The loop
corrections stem from the Standard Model particles and extra singlet scalar fields in the former
case, making the quartic coupling for the Higgs inflaton modified by the inflaton-dependent
power corrections during inflation. We also obtain similar power corrections to the quartic
coupling for the PQ inflaton, depending on the realizations of the PQ symmetry in KSVZ
and DFSZ models. We show that the loop corrections can shift the spectral index in the
pole inflation to a larger value in favor of the ACT results, while being compatible with the
bound on the tensor-to-scalar ratio. For a positive one-loop beta function for the inflaton
quartic coupling (namely, b; > 0), a sub-dominant contribution from the two-loop corrections
can be accommodated. On the other hand, if the one-loop beta function for the inflaton
coupling is negative (namely, b; < 0), we need sizable contributions from two-loops that are
larger than the one-loop corrections due to the ACT results.
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1 Introduction

Cosmic inflation is introduced to solve various problems in the Standard Big Bang cosmology
such as horizon, homogeneity, isotropy, flatness, etc. The inflaton scalar field is required
to derive a slow-roll inflation just after Big Bang, and it makes a smooth transition of the
universe to the period of radiation-domination for Big Bang nucleosynthesis possible with a
reheating process. The measured red-tilt of the power spectrum of the Cosmic Microwave
Background (CMB) isotropies and the potential discovery of the primordial gravitational
waves in the future CMB experiments could provide clues to reconstructing the shape of the
inflaton potential [1]. Moreover, the precise CMB measurements enable us to determine the
cosmological parameters such as the fractions of dark matter and dark energy in the total
energy density of the universe in combination of other large-scale measurements [2].

Recently, there has been an announcement of the precise measurements of CMB from
Atacama Cosmology Telescope (ACT), in particular, at small scales, so a combined analysis
of the Planck and ACT data has hinted at an increase in the spectral index as compared to
Planck data [3], showing a tension between some of the well-studied inflationary predictions
and the observations. Higgs inflation [4] and Starobinsky inflation [5] have drawn a lot of
attention, because they are based on simple non-minimal gravity interactions and the bound
on the tensor-to-scalar ratio from Planck and Keck [6] is easily satisfied. However, in view of
the ACT results, it is tempting to make modifications in the previous inflation models [7-9]
or investigate the details of the reheating dynamics for a larger number of efoldings [10-12]
or suggest new inflation models [13-19].

In this article, we consider the Coleman-Weinberg (CW) potential and its effects on the
inflationary predictions in a class of the pole inflation models where the inflaton is conformally
coupled to gravity [20-23]. The pole inflation takes place near the pole of the inflaton kinetic



term in the Einstein frame and it can be realized in particle physics models where the role of
the inflation is played by the Standard Model (SM) Higgs field [24] or the Peccei-Quinn (PQ)
field in the extension of the SM with a U(1) PQ symmetry [25, 26]. It is remarkable that
the Higgs pole inflation can be attributed to the Weyl gravity with an extended custodial
symmetry in the scalar sector including the dilaton [27].

Considering the renormalization group (RG) improved inflaton potential in both Higgs
and PQ inflation models, we parametrize the effects of the loop corrections as a running
quartic coupling for the inflaton at the two-loop order. Then, we analyze the impacts of
the loop corrections on the spectral index and the tensor-to-scalar ratio in the perturbative
regime where the running quartic coupling does not change significantly during inflation. As
a result, we discuss the implications of the ACT results for the beta function coefficients
for the inflaton quartic coupling and how the couplings of the inflaton to new particles or
the content of the models are constrained. There are previous studies on the RG improved
inflaton potential in Higgs-like inflation models [28-31].

The paper is organized as follows. We begin with the description of the setup for the
pole inflation and show how the inflaton potential gets modified in the presence of the
one-loop CW potential coming from the SM or the extra fields in both Higgs pole inflation
and PQ pole inflation. Then, we parametrize the loop corrections as a running quartic
coupling for the inflaton and discuss how the inflationary predictions vary depending on
the beta function coefficients of the running quartic coupling at the two-loop level. Finally,
conclusions are drawn. There is one appendix dealing with the details of the derivation
of the renormalization group equations.

2 Setup

We first describe the setup for the pole inflation with complex scalar fields at tree level,
applicable to the rest of the sections devoted to the loop corrections.

We take the inflaton to be conformally coupled to gravity in the leading order, while the
conformal symmetry can be broken by the Planck mass, the mass parameters and higher
order interactions in the inflaton potential. Then, we consider the Jordan-frame Lagrangian
for the pole inflation for the SM Higgs doublet H [24] with a conformal coupling and a
minimal kinetic term, as follows,

L - S MBQU)R(gy) + | D, HP — Vy(H) (2.1)

where the non-minimal coupling function is given by

1

QH) =1~ 420
P

|H|?. (2.2)

For the PQ inflation [25, 26], we only have to replace the SM doublet H by the PQ complex
field ® and the covariant derivative becomes the usual derivative.



Then, after making a Weyl transformation of the metric by ¢j,, = gguw/Q with

Q=1-3 1\1412, |H|?, we obtain the Einstein-frame Lagrangian as follows,
= _7MPR(9E) + L D)
VTIE 2 (1- 3]&[% |H|?)
1

1
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where the Einstein-frame Higgs potential becomes

Vy(H)

G e 0
For instance, we take a simple form of the Jordan-frame Higgs potential, as follows,
1 2
Vi(H) = ey A* 2™ H|?™ (1 3 yHP) : (2.5)
for which the Einstein-frame potential becomes
Ve(H) = e A*72™ | H|?™, (2.6)

In the following discussion, we take Mp = 1, but we recover Mp for the formulas if more clear.

We note that the form of the Jordan-frame Higgs potential in eq. (2.5) is motivated from
the Weyl invariant Lagrangian of the Higgs inflation [27]. In this case, the form of the Higgs
potential is related to the form of the non-minimal coupling to gravity in the limit of the
non-compact isometry SO(1, N) in the field space for the dilaton y and the Higgs doublet
H with N =4 (or the PQ field with N = 2). For instance, the Weyl invariant Lagrangian
for the Higgs doublet with an approximate SO(1,4) isometry [27] is given by

L 1 1
_JgJ = (1+a)| - E(X2 —2[H)R — 5((9@()2 +|D,H?

| PN A 1
+§G(DuX)2 —a|D,H|? ~ waw’“’ = Vi(x, H) (2.7)

where w,, is the Weyl gauge field, a is a constant parameter, li)ux = (Oy — Guwwu)X, ﬁMH
contains the covariant derivative containing Weyl gauge field by D, H = (0, — gww, +---)H,
and D, H is the covariant derivative in the SM. Here, the Jordan frame potential takes

Vo H) = o FOHE (0 = 21HE (28)
Here, f(|H|?/x?) is an arbitrary function preserving the Weyl invariance but it generically
breaks the SO(1,4) isometry explicitly. If f(|H|?/x?) is constant, the above Jordan frame
potential is a unique choice with renormalizability and Weyl invariance. However, for a
general non-constant f(|H|?/x?) keeps only the SO(4) subgroup, the pole inflation takes
place for an appropriate choice of the parameters. In this case, we get the relation between



the Jordan frame potential and the frame function by V; o Q(H)?. For the Higgs pole
inflation [27], we choose

2 4
FUHPA) =m0 - EF ey -2 (2.9
After the gauge fixing of the Weyl symmetry with (x) = \/6/(1 + a), the small violation of the
non-compact isometry leads to the Einstein frame potential, Vi = V;/Q? = Ay|H|*. Moreover,
the Weyl gauge field couples to gravity minimally and it gets mass, m2 = 6ag? /(1 + a) [27],
after the gauge fixing. The extra couplings due to the Weyl covariant derivatives do not
change the inflationary predictions of the Higgs pole inflation much for |a| < 1 [27]. A similar
discussion can be applied to the case of the PQ pole inflation.

We also note that other SO(1,4) breaking parameters could be also introduced in the
Weyl invariant potential, for instance, (x? — 2x|H|?)?, with k # 1, instead of (x? — 2|H|?)?
in eq. (2.8). In this case, a deviation from the pole inflation must be limited for a slow-roll
inflation, namely, |k — 1| < 1. We postpone the detailed analysis of more general SO(1,4)
breaking effects to a future work.

For breaking the electroweak symmetry or the PQ symmetry spontaneously, we need
to introduce a tachyonic mass term in the Einstein frame, Vg D —m%|H|?, but it is not

important for inflation.

3 RG-improved inflaton potential

We consider the Lagrangian for the Higgs pole inflation in the Einstein frame at both tree
and one-loop levels and compare it with the case in the PQ pole inflation.

3.1 Higgs Lagrangian in Einstein frame

In the unitary gauge where the Higgs doublet is taken to H” = (0, h)" /v/2, the Higgs kinetic
terms in the first two terms in the second line of eq. (2.3) are cancelled. Then, we get the
Einstein-frame Lagrangian for the Higgs boson h as

2 V; Lp
Ly _ _%MI%RJF% (f%lh) - (xl/i )2 . (3.1)
—9E (1- GMI%h ) (11— 6M123h )

Then, making the Higgs kinetic term canonically normalized by

h = V6 Mp tanh ( \/gwp)’ (3.2)

we rewrite the Einstein-frame Lagrangian in eq. (3.1) for the Higgs potential in eq. (2.5) as

L 1 1
= = MPR+ 5(0u0)° = V(@) (3.3)
with )
__qm 4—-2m 3 r2m ¢ "
VE(¢) = 3"emA Mp {tanh (\/EMP)] . (3.4)



As a result, a slow-roll inflation is possible at large |¢| or |h| ~ v/6Mp near the pole of the
general Higgs kinetic term in eq. (3.1). For the Higgs quartic potential with m = 2, we take
ca = Ay, namely, Vg = /\H]H]4 = %)\Hh‘l, for which the inflaton potential in eq. (3.4) becomes

Via(6) = O\ M [tanh < \/équpﬂ ) (3.5)

3.2 Coleman-Weinberg potential for the Higgs inflaton

Using the chain rules for derivatives,

Wy _ dh Vs _ Vs

= —- = 3.6
do do dh dh’ (36)
Vg dQ dVg 2 d*Vg 1 4 2 2
-2 220 =——QAgh Q“Agh .
a6 de dnh T am gAm e 3A (3.7)
with Q =1 — %hQ, we obtain the effective Higgs mass during inflation as
d*Vg 1 5
2 2 2 2

Thus. the effective Higgs mass gets suppressed as compared to the Hubble expansion rate
during inflation, satisfying the slow-roll condition, |n| < 1, with

M2 M? SM?2 1 16
n=——1_%~ 2P (1 - h2> ~ 2V, (3.9)
Vg h2 6 3

From eq. (2.3), we also obtain the effective masses for the electroweak gauge bosons as

2p2 3 &
M2, = 90 2 2h2ginn? ( ) 3.10
WS- Ipzy 29 P V6Mp (3.10)
2 12 2
s (g +g%)h 3. o onas2 . 2( ¢ )
-\ TgI)nv _ o M2 sinh . 3.11
b= Sy = 5t r B (e (3.11)

Thus, during inflation with ¢ > 6Mp, M3, > %gQMI% and M% > %(92 + g”?)M3, so they
are decoupled from the inflaton. On the other hand, after inflation, ¢ < /6Mp, for which
M3, ~ % g*¢? and M2 ~ %(92 + ¢’?)¢?, so we can recover the standard interactions of the
Higgs boson to the electroweak gauge bosons, so reheating can proceed.

In the R¢ gauge, such as Landau gauge, we also need to consider the Goldstone contribu-
tions to the CW potential. Writing the Higgs doublet as H! = %(Gl +1Ga, h + iG3), the
quadratic terms for the Goldstone bosons, G;(i = 1,2,3), are given by

Ly 201 (8,602 1, 5
S Pl i 2 Ao 3.12
N ;lz TRV (3.12)

while the kinetic mixing terms between the inflaton h and the Goldstones can be ignored.
Thus, in Landau gauge, after the kinetic terms for the Goldstone bosons are canonically
normalized, the effective masses for the Goldstone bosons are given by

1
mg, = )\Hh2<1 - 6h2), i=1,2,3, (3.13)



which are suppressed for h — /6 during inflation.
We also consider the Yukawa interactions between the Higgs and the SM fermions in
the Jordan frame,

ﬁJYukawa 1 3
—————— = ———vyrhff. 3.14

Then, after the Weyl rescaling of the metric with gj,, = gg ../ and the redefinition
of the fermions by f’ = Q3/*f [32], we obtain the effective Yukawa interactions in the

Einstein frame as

EEYukawa 1 —~1/2 7
) = ——Q ' 2ysnff. 3.15
vV—9E V2 ! ( )

Therefore, the effective fermion masses in the SM are given by

1 1 yrh
mp = —= e
1
V2 V2 1 — 1p2
As a result, we find that W, Z and fermion masses are proportional to h/ VQ, whereas the
Higgs and Goldstone masses are proportional to hy/Q, which are suppressed during inflation.

O~ V2yh = (3.16)

After summing up the Higgs interactions to the SM, we get the one-loop renormalized
Coleman-Weinberg potential for the inflaton in Landau gauge by
No o af, M?
Vow =Y oo, Ma<ln - ca) (3.17)

«

where o = {Z, W, t,h,G} for Z, W gauge bosons, top quark, Higgs and Goldstones, respec-
tively, with N, = {3,6,—12,1,3}, and C,, = % for fermions or scalars and C,, = % for gauge
bosons. For large Higgs field values during inflation, we choose the renormalization scale to
p = c.h/v/Q with ¢, being the optimal value of order one in order to keep the logarithms
minimized in the perturbative expansion of the Coleman-Weinberg potential [33-36] as the
Higgs field value changes. One could choose another renormalization scale, for instance,
a field-independent constant value. In this case, the CW potential is field-dependent and
dominated by In(h/v/Q), while A(1) in the tree-level potential is constant, leading to the same
results as in the case with p = ¢, h/ V. Then, the results do not depend on the choice of the
renormalization scale in the full theory [34, 35]. In our work, we make a choice for the renor-
malization scale such that the logarithms in the one-loop Coleman-Weinberg potential are
minimized and the loop effects in the effective potential are encoded in the running couplings.
Following the procedure described in the appendix A, we find that the renormalized
effective potential during inflation is expanded for h? < 6 as
1 4, 1 6
Ve(h) ~ EAH(h)h + 6)\6(h)h (3.18)
where the running quartic coupling A\ becomes field-dependent due to u = cih/ VvQ and
we introduced the sextet coupling Ag for the Higgs after the renormalization of the CW
potential.! Henceforth, as will be shown shortly, choosing the renormalized sextet coupling

!See the details for the renormalization of the CW potential at one-loops in the appendix A.
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Figure 1. The full two-loop running Higgs quartic coupling Ay in the SM. We took the top quark
mass to m; = 172.69 + 1.5 GeV along the solid lines and m; = 172.69 GeV along the dashed line.

and the higher order self-couplings for the Higgs to small values by the renormalization
conditions such that they are sub-dominant for inflation, we focus on the effects of the running
Higgs quartic coupling. We note that the Higgs and Goldstone contributions to the CW
potential can be suppressed, relative to W, Z boson and top quark contributions, but they
are important for deriving the RG equations as shown in the appendix A.

We also note that there can be extra contributions to the Coleman-Weinberg potential
due to new singlet scalar fields. For instance, introducing a Higgs-portal coupling to a real
singlet scalar S in the Jordan frame Lagrangian [24] by

L 1 1 1
_J’;] = 50,5 = 5mES® — ThsS" — AysS°|HP, (3.19)

we find that the Einstein-frame Lagrangian for the singlet scalar becomes

1 1 1
cE’gS = 5505 - (Qmés2 + JAsS" + AusS? | H 12) Q=2 (3.20)
—9r

Thus, taking into account the rescaling of the singlet scalar by S — v/ S, we obtain the
effective singlet scalar mass for a slowly varying inflaton as

Agsh?

MZ=m% + 0

' (3.21)

Therefore, for Argh?/Q2 > m%, the singlet scalar contributes to the one-loop CW potential
with the same dependence on the Higgs field (i.e. h/v/Q) as for W, Z gauge bosons and SM
fermions. Moreover, when the singlet scalar field gets a VEV and it is heavier than the
Higgs boson, the Higgs mixing gives rise to a tree-level shift in the running Higgs quartic
coupling [38] by

AQ
A = Agsm + “HE (3.22)
As



so the Higgs quartic coupling can remain positive at scales much larger than the one in
the SM such as the inflation scale.

From eq. (3.21), we remark that the effective mass for the singlet scalar becomes large
during inflation with & — /6 due to the Higgs portal coupling. In comparison to the Hubble
scale during inflation, which is given by H% ~ 3\ HMI%, the singlet scalar is safely decoupled
for M2 > H?, which becomes 2)\yg sinh?(¢/(v/6Mp)) > Ay during inflation. Thus, for
¢ > Mp, we only need a non-negligible Arg, which is similar to or larger than Ay during
inflation. In this case, the inflaton dynamics is dominated by the Higgs boson, although
there are effects on the inflaton potential through the loop corrections of the singlet scalar,
as will be shown later.

We draw the running Higgs quartic coupling in figure 1 within the SM, showing that it
can be positive up to ~ 10'° GeV around the inflation scale [39]. Although the top quark
pole mass is still subject to large experimental uncertainties, it is plausible that new physics
contributions could alter the beta function for the Higgs quartic coupling such that the Higgs
quartic coupling is small and positive around the inflation scale as far as the new physics
scale appears below the instability scale of the SM vacuum [24].

In the upper panel of figure 2, we depict the running Higgs quartic coupling from the
two-loop renormalization group equations [33, 37] in blue lines, after the tree-level shift and
loop corrections due to the singlet scalar with mass mg = 10° GeV are included on both sides
and the beta function for the Higgs quartic coupling is shown in black line in the right plot.
We chose A\g = 0.05 and Agg = 0.02739 at the singlet scalar threshold. On the other hand,
the running Higgs quartic coupling in the SM is shown in dashed black line in the left plot.
We find that in the presence of the singlet scalar couplings, the Higgs quartic coupling is
positive and small while the beta function remains negative and small toward pu ~ Mp.

In comparison, in the lower panel of figure 2, we also show the running Higgs sextet
coupling and its beta function at one-loop level, for the same set of the parameters for the
singlet scalar and Ag = 0.0794 at the Z-pole in units of M 2 As a result, we find that the
running sextet potential remains smaller than the Higgs quartic potential during inflation
for an appropriate sextet coupling at low energy. Similar results would apply to the running
couplings of the higher order terms in the Higgs potential, justifying the dominance of the
Higgs quartic potential for inflation.

In the upper panel of figure 3, we also show the case for Ag = 0.3 and A\yg = 0.06124
at the singlet threshold with mg = 10° GeV. In this case, the Higgs quartic coupling gets
positive and small near the Planck scale and the beta function for the Higgs quartic coupling
also turns positive and small. In the lower panel of figure 3, we obtain the running Higgs
sextet coupling for the same set of the parameters for the singlet scalar and Ag = 0.0783 at
the Z-pole in units of Mp 2. Therefore, we draw a similar conclusion as in figure 2 that the
running sextet potential can remain smaller than the Higgs quartic potential during inflation.

Assuming that new physics contributions to the running of the Higgs quartic couplings
exists in terms of the tree-level shift in eq. (3.22) and the loop corrections in the Coleman-
Weinberg potential with eq. (3.21), we parametrize the running Higgs quartic coupling as



0.030r . ‘
SM + singlet SM + singlet
0.15} my=125.25GeV ] 0.025F my=125.25GeV
m=172.69GeV m=172.69GeV
010l as(mz)=0.1179 ] 0.020F as(mz)=0.1179
’ As(10°GeV)=0.05 As(10°GeV)=0.05
Aus(10°GeV)=0.02739 I 0.015F Aus(10°GeV)=0.02739
Ay 005 As(m7)=0.0794 ] < Ae(mz)=0.0794
T L
< 0010
00— "~ ... 0.005F
-0.05¢ 1 0.000 //f
0100 \ \ . . \ \ \ -0.005[; . . . . .
"0 5 10 15 20 25 30 35 10 15 20 25 30 35
In(u/my) In(u/my)
0.20
0.030r ; . ;
SM + singlet SM + singlet
0.15} my=125.25GeV 1 0.025} my=125.25GeV
m=172.69GeV m=172.69GeV
010l as(mz)=0.1179 1 0.020} as(mz)=0.1179
’ As(10°GeV)=0.05 As(10°GeV)=0.05
Ans(10°GeV)=0.02739 & 0.015f Ans(10°GeV)=0.02739
Ag 0.05 A6(mz)=0.0794 1 Q As(mz)=0.0794
B £ 0010f
0.00¢ 0.005¢
-0.05} 1 0.000F
0.10L ‘ . . . . . , -0.005 /’- . . .
: 5 10 15 20 25 30 35 10 15 20 25 30 35
In(u/my) In(u/my)

Figure 2. Upper: the full two-loop running Higgs quartic coupling Ay for the SM in black dashed
line and for the SM plus the singlet scalar in blue solid line (Left). The running Ay and its beta
function in blue and black lines, respectively (Right). The beta function remains negative all the way
to 4 ~ Mp. Lower: the one-loop running sextet coupling Ag for the SM in black dashed line and for
the SM plus the singlet scalar in blue solid line (Left). The running Higgs sextet coupling A¢ in units
of M, % and its beta function in blue and black lines, respectively (Right). The one-loop running
sextet coupling remains smaller than the Higgs quartic coupling.

being running up to two-loops near the inflation scale uj, as follows,

() = Mpr) + bl(ln :I) + bg(ln /Z)Q (3.23)

with u = c.h/ VvQ and b12 being the one-loop and two-loop beta function coefficients,
respectively. We treat by 2 to be model-dependent parameters encoding the Higgs couplings
of the extra particles near the inflation scale and assume that the running Higgs quartic
coupling remains small and positive during inflation.
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Figure 3. The same as in figure 2, except for relatively larger couplings for the singlet scalar. The
beta function for the Higgs quartic coupling becomes a positive value near u ~ Mp.

3.3 The case for the PQ inflaton

We also comment on the possibility that the inflaton is identified as the radial component
of the PQ field. In this case, taking ® = %p e the Einstein frame Lagrangian for the
PQ field [25, 26] becomes

1 1 2 1 p2(8,0)? Vi(p
Le _QMI%R+§ (aulp) 5+ P (aq ) — (\1/5 )2 5. (3.24)
9B (1_6M123p) (1_6M123p) (1_6M123p )

Then, making the radial mode kinetic term canonically normalized by

p = V6Mp tanh ( (3.25)

7airs)
V6Mp
and following the similar steps as in section 3.1, we reach the Einstein-frame Lagrangian
in terms of the canonical inflaton, as follows,

Lg
vV —9E

9
V6Mp

= LMAR+ L (90)" + 3sinl ( )(aw)? ~Vp(d).  (3.26)

,10,



For Vg = Ao|®[* = 1A¢p?, the inflaton potential becomes

tanh (\/6%13)

We note that the angular component of the PQ field or the axion 6 is massless before the

4
Vi(o) = e Mp

(3.27)

QCD phase transition or if an explicit breaking of the PQ symmetry is ignored. However,
there is no problem with the axion isocurvature perturbations due to a large effective axion
decay constant during inflation [26, 27].

In KSVZ models [40, 41], the PQ field couples to a heavy vector-like quark @), the SM Higgs
and right-handed neutrinos Ng with appropriate PQ charges [25], in Jordan frame, as follows,

LjKsvz
V=4
On the other hand, in DFSZ models [42, 43], the PQ field couples to two Higgs doublets,
H; and Hj, and right-handed neutrinos Ni with appropriate PQ charges [26], in Jordan

S 1 N
- < ~ 40P QLQr — Zyn® NENg + h.c.> — 2\ P} H? (3.28)

frame, as follows,

L DFsz
V=4
In these models, there are model-dependent interactions between two Higgs doublets and

the SM particles [26].
In both KSVZ and DFSZ models, the effective mass for the inflaton is given by

1 .
- ( — SUv® NNg — k®>H| Hy + h.c.) — 2010 |®?[H1|? — 2000 |®|?|Ha|?. (3.29)

1 5
Mj = 3)\@p2(1 - 6p2) (1 - 18p2), (3.30)

which is suppressed for p — /6 during inflation. Similarly as in the fermion masses in the
Higgs pole inflation, the masses for the heavy vector-like quark in KSVZ models and the
right-handed neutrinos in both models are given by

_ 1 yer
\/i,/l—%p2’

_ L ynp
\/i,/l—ép2

The Higgs portal couplings give rise to the inflaton-dependent effective masses for the Higgs

Mg (3.31)

Mn (3.32)

fields, as follows,

M = Mse KVSZ

"= 127 ; (3.33)
L—35p
1 p?

M g = 5 Mo+ Ao /(e — daw)? + 1] o DFSZ (3.34)

where the Higgs fields in DFSZ models are redefined to Hy, H, for the diagonalized mass
matrix.
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As a result, as in the Higgs pole inflation, the one-loop CW potential for the inflaton
is given by

No oy Ma

«

where a = {p, H,Q, N} with N, = {1,4, —12, —6} in KSVZ models and o = {p, Hy, H, N}
with N, = {1,4,4,—6} in DFSZ models, In both KSVZ and DFSZ models, the effective
masses for the fields coupled to the inflaton are proportional to p/\/Q(p) with Q(p) = 1—%p%,
other than the inflaton mass. Then, after following the renormalization procedure in the
appendix A and choosing the optimal value for the renormalization scale by u = d.p//Q(p)
with d, being of order one, we expand the effective potential for p> < 6 by

1 1-
Vis(p) = Phe(p)p’ + cAa(p)e, (3.36)

with the field-dependent quartic coupling Ag(p) and the sextet coupling \g introduced after
the renormalization of the CW potential. Similarly to the Higgs pole inflation, we choose
the renormalization conditions for the renormalized sextet coupling and the higher order
self-couplings for the PQ field by setting them to small values at the inflation scale to be
sub-dominant during inflation, so we focus only on the running quartic coupling for the
PQ field up to two-loops as in eq. (3.23) in the previous section. But, the beta function
coefficients, by, by, in eq. (3.23), are model-dependent, and they can be different from those
in the Higgs pole inflation.

For the PQ pole inflation, the beta function coefficients of the Higgs quartic coupling also
depend on yg,yn., Age in KSVZ models and yn, x, Ao, A2e in DFSZ models, in contrast to
the Higgs pole inflation where a singlet scalar field can be added to improve the vacuum
instability. Thus, in this case, a small running quartic coupling for the PQ field is maintained
in the presence of small couplings of the PQ fields, namely, as far as yg,yn S 10~3 and
AH®, Ky M, Ao S 1077 [25, 26], and the beta function can be chosen to be small and of
either signs for appropriate choices of new couplings. Therefore, we don’t pursue a concrete
analysis of the running quartic coupling for the PQ field.

We remark on the model discrimination in light of the ACT results. We find that the
model parameter space favored by the ACT results can be inferred only in terms of the beta
functions of the quartic couplings in both Higgs and PQ inflation models, which depend
on various couplings of the inflaton to the SM and extra fields. However, unlike the Higgs
pole inflation where the Higgs inflaton has sizable couplings to the SM and the singlet scalar
field, we can take the PQ inflaton couplings to be small enough throughout the RG evolution
such that a small quartic coupling for the PQ field during inflation can be obtained for
the CMB normalization. The reheating process after inflation is efficient for Higgs pole
inflation [24], but it can be ineffective in the case for PQ pole inflation [25, 26]. Therefore,
we could distinguish between Higgs and PQ pole inflation models by the post-inflationary
evolution of the inflaton and the reheating temperature [24-27].
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4 Pole inflation with loops

We discuss the parametrization of loop corrections to the inflaton potential in the pole
inflation up to two-loop orders and discuss the impacts of loop corrections on the inflationary
observables in light of the ACT results.

4.1 Loop corrections to the inflaton potential

We consider the effects of the loop corrections to the inflaton quartic coupling in the pole
inflation scenarios. We assume that the inflation quartic couplings in both Higgs and PQ
pole inflation models run at two-loops by eq. (3.23) and choose the optical renormalization

scale to p ~ h/\/Q(h) or p//Q(p).

We focus on the running Higgs quartic coupling, which becomes field-dependent, as follows,

u(h) p(h) \*
Mg (h :)\H76+b1(1n >+b2<ln 4.1
" u(h) u(h) .
where Ay is the constant value of the inflaton quartic coupling at the end of inflation and
h
u(h) = ———. (4.2)
1—gh?

Then, plugging the canonical inflaton for A in eq. (3.2) into the renormalization scale, we get

w(h) ho 1 ( - éhg) ~20/\6 _ y=200/V8) L
1 =In—— -1 ~ —2 — ¢ — (¢ — ¢
n,u(he) nhe 2 n 1_%}7% (6 € )+\/6(¢ ¢ )

~

1
(b —d). 4.3
\/E(d) Pe) (4.3)
Here, we took ¢, ¢. > /6. Therefore, instead of the tree-level inflaton potential in eq. (3.5),
we can take the loop-corrected inflaton potential, as follows,

(0= 60) + (6= 0o ) ranh (jé)r (4.4)

Thus, the running quartic coupling gives rise to extra contributions to the slow-roll parameters,

VE‘,loops =~ 9()\H,e +

so there is a chance to increase the spectral index towards a larger value, being consistent
with ACT. For the running PQ quartic coupling, we have to replace Ay, by A\ and by 2
by the corresponding beta functions in the PQ pole inflation.

4.2 Inflationary observables
In the presence of the loop corrections, the slow-roll parameters get modified to

1 Vi 2 1 4/6 3v/6by + 6ba (¢ — o) 2
- ( ) <Sinh (%) ’ 6)‘H,€ + \/6b1(¢ - ¢e) + b2(¢ - ¢e)2) ’ (4.5>

2\Vg) ~ 18 Ve
_ 20
B ﬁ B 2{4(4 cosh ( 6)) N 3by
Ve T3l s (2) 6Ame + Vb1 () — ) + ba(9 — )’
N 24by + 8v/6ba(¢p — ¢e) — } (4.6)
(6Am,e + V6b1 (¢ — pe) + ba(¢ — Pe)?) sinh (%)
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We note that for by = by = 0, the slow-roll condition is violated for e =1 at ¢ = ¢,, leading

to sinh(f%f) ~ %, namely. ¢ >~ 1.9. Moreover, the number of efoldings is given by

Bu dé
N / Sgl'l VE)\/i
o/ 46 3v/6by + 6b2 (¢ — be) -
do.
o (G (22) " 6hsre + VB0 (0 — 6) + balo )

(4.7)

Assuming the perturbative running Higgs quartic coupling, we get the slow-roll parameters
evaluated at horizon exit simplified to

~ E 1 =2 2¢* 3b1 + \/€b2(¢* — (Zse) . %
€ = sinh (\/6) [1—!— 2001 sinh (\/éﬂ’ (4.8)
0 ~ g ( — cosh )> n by " 4(3b1 + \/652(¢* - Cbe)) (4 9)
T3 sinh? (222 2\ BAm sinh (35) ’ '

with A\« = Ag, + \f(é be) + 32(@ — ¢¢)%. Moreover, the number of efoldings also
gets approximated to

Vg e ()0 )

gcosh (2\(/%*) {1 32)\H*(¢* ¢.) cosh (2\;%*)

2

1

3bl + \/>b2(¢>k - ¢e) . (2¢*>:|
— h(— 4.10
8. sin 7 (4.10)
or
20 b1 — 3ba + 2v/6b2(ps — e
cosh(¢>:8N<1+61 3ba + 2v/6ba (9 ¢)N>. (4.11)
V6) 3 367111
As a result, rewriting egs. (4.8) and (4.9) in terms of the number of efoldings,
2 * — We
.~ 3 6by + 3by + 2v/6b2(ps — @ )7 (4.12)
AN? 240 N
1 6b1 + 902 + 2v/6b2(s — e 601 + 3b2 + 2v/6b2(Ps — Pe
N 367111 120, N

we obtain the spectral index and the tensor-to-scalar ratio at horizon exit, as follows,

ng = 1 — 6, + 21
2 6by + 9by + 2/6ba (s — @) B 6b1 + 3by + 2v/6ba (s — be)

~1-—= 4.14
and /G
12 2(6by + 3ba + 2/6ba (s — be))
— 166, ~ —— ) 4.1
r 6e N2 + AN (4.15)
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Figure 4. Parameter space for by /Ay, vs ba/Ag, being consistent with Planck+ACT+LB data [3].
The range of the spectral index within 1o and 20 errors are shown in yellow and green. We took
N =50 on left and N = 60 on right. The gray region is not consistent with perturbativity and the
purple region shows the two-loop dominance.
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Figure 5. The same as in figure 6, except that b; takes negative values.

Therefore, ng gets corrected due to loop corrections. Under the perturbativity conditions,
either signs of b; can be taken for the blue-shifted spectrum in ACT as compared to the case
at tree level, but a positive b; is favored for the one-loop dominance.

The observed spectral index is given by ns = 0.9649 + 0.0044 from Planck [2], ns, =
0.9709 £ 0.0038 from Planck+ACT [3], and ns = 0.9743 £ 0.0034 from Planck+ACT+LB [3].
On the other hand, the bound on the tensor-to-scalar ratio from the combined Planck and
Keck data is given by r < 0.036 at 95% CL [6].
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b4/A=0.02, bo/Ay=0.001 b4/A==0.01, by/A,=0.005
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r r
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0.004 - 0.004 -
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0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990 0.955 0.960 0.965 0.970 0.975 0.980 0.985 0.990

Ns Ns

Figure 6. The spectral index vs the tensor-to-scalar ratio along the sold lines in our model. The
range of the spectral index allowed by Planck+ACT+LB data [3] are shown in yellow and green colors
within 1o and 20 errors, respectively. We chose by /Ay, = 0.02(—0.01) and by /A, = 0.001(0.005) on
left and right, respectively. For comparison, in the same plots, we overlay the results at tree level for
which b; = by = 0 along the dashed lines.

From the CMB normalization, A; = 24;2‘6/—: = 2.1 x 1072 [2], with V; = 9\g . and

€. = r/16, gives rise to
A = (3.4 x 1079 7. (4.16)

Thus, for a given r in our model, we can determine the running quartic coupling at the
horizon exit.

In figure 4, we depict the parameter space for the one-loop and two-loop beta function
coefficients, namely, b1/Ag, vs ba/Ag,, that are both positive and are consistent with
Planck+ACT+LB within 1o and 20 errors [3]. We took N = 50,60 in the left and right
plots, respectively. The gray region is not consistent with perturbativity conditions for
loop corrections while the purple region is where the two-loop corrections are larger than
the one-loop corrections.

In figure 5, the one-loop beta function coefficient by takes negative values. In this case, the
two-loop corrections are dominant over the one-loop corrections in most of the parameter space.

To upshot, for by > 0 (singlet-dominated running) in figure 4, the one-loop beta function
coefficient for the Higgs quartic coupling is sufficient for explaining a larger n, as indicated
by the results of ACT, because there is a reduction in the 7 parameter due to one-loops only.
On the other hand, for b; < 0 (SM-like running) in figure 5, we found that the two-loop beta
function coefficient needs to be as important as the one-loop beta function coefficient.

In figure 6, we also show the predictions for the spectral index vs the tensor-to-scalar ratio
along the solid lines in our model. We chose the benchmark points with b; /A g, = 0.02 and
ba/Am, = 0.001 in the left plot while by /Ay, = —0.01 and by/Ag, = 0.005 in the right plot.
For N = 50 — 60, the inflationary predictions can be read along the black line bounded by two
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black bullets. In these examples, for N = 50 — 60, the spectral index and the tensor-to-scalar
ratio vary by ng = 0.967 — 0.974 and r = 0.0050 — 0.0068 on left and ns; = 0.966 — 0.973 and
r = 0.0040 — 0.0057 on right. As a result, the running quartic coupling at the horizon exit in
eq. (4.16) varies by Ag . = (1.7 —2.3) x 107! on left and Ag . = (1.4 —2.0) x 10~ on right.
The results with loop corrections are in contrast with the case at tree level for by = by = 0,
as shown in dashed lines in figure 6: ny = 0.960—0.967 and » = 0.0033—0.0048 for N = 50—60,
so the predictions for the spectral index are in a tension with Planck+ACT+LB at about 2—40
level. Therefore, it is necessary to introduce the loop corrections in Higgs-like pole inflation
scenarios in order to make the inflationary predictions compatible with the ACT results.

5 Conclusions

We presented the Coleman-Weinberg potential for the inflaton in the pole inflation scenarios
through the running quartic coupling for the inflaton. The loop corrections stem from the
SM particles and extra singlet scalar fields in the Higgs pole inflation, giving rise to the
inflaton-dependent power corrections to the Higgs quartic coupling during inflation, although
the non-inflaton fields are much heavier than the inflaton. Similar power corrections are
obtained for the PQ pole inflation, due to the couplings of the PQ field in the realizations of
the PQ symmetry: the Yukawa couplings of the heavy vector-like quark and the right-handed
neutrinos and the portal coupling to the SM Higgs doublet in KSVZ models, and the Yukawa
couplings of the right-handed neutrinos and the portal couplings to two Higgs doublets in
DSFZ models. Thus, the concrete realizations of the pole inflation such as the beta function
coefficients of the quartic coupling, b1 and bo, are model-dependent, but we can parametrize
the running quartic coupling by the same function of the inflaton in a model-independent
way, because the effective masses of the spectators fields in both models depend on the
pole of the inflaton in the same way.

In the pole inflation models, there is no large parameter required for inflation, but there
is a need of care in dealing with the loop corrections to the inflaton potential, coming from
the SM particles as well as extra singlet scalar fields. It is necessary to introduce higher
order terms in the Einstein frame potential in the renormalization process, but it was shown
that the pole inflation can still work with a small quartic coupling dominating the inflaton
potential. In our work, we showed that renormalization conditions are taken such that the
running couplings for higher order terms in the potential, for instance, the Higgs sextet
coupling, remain small and the running quartic potential becomes dominant for inflation.

We showed that the loop corrections are necessary to make the inflationary predictions
in the pole inflation deviating from the tree-level results, in favor of the ACT results. For
a positive one-loop beta function for the inflaton quartic coupling (namely, b; > 0), a sub-
dominant contribution from the two-loop corrections can be accommodated. On the other
hand, if the one-loop beta function for the inflaton coupling is negative (namely, b; < 0), we
need sizable contributions from two-loops that are larger than the one-loop corrections to
explain the ACT results. Whether b > 0 or b; < 0, we found that the tensor-to-scalar ratio
remains small enough to be compatible with the bound from Planck and Keck, although
it gets slightly larger due to the loop corrections.
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A Renormalization group equations

We present the derivation of the renormalization group (RG) equations in the Higgs pole
inflation and the PQ pole inflation.

In dimensional regularization with d = 4 — ¢, the general form of the one-loop Coleman-
Weinberg (CW) potential takes

N, M2 2
Vow = Z Y {1 —= — - —|—’y In(4m) — Ca} (A.1)
In the MS scheme, we need to cancel the following divergent terms by the counterterms,
2 Na 4
V= (7 -+ miam) ) X g M (A2)

Higgs pole inflation. We expand the part of the divergent terms in the CW potential in
the Higgs pole inflation (with an extra singlet scalar S) as

N, L (/3 3 ht
o A — O 4 d | 2 )

2 14 122 5 22 2 14 122
+9ALh (1—6h) (1—18h> + 304N (1—6h)]

1 3 3
= 612 [(16(9 +g%)? +8g4—3yt4+12/\§1+>3fs>h4

1 1
gt —yt—9\% + 3qus> RS+ .. } (A.3)

+<1( eI
B9 I g

where we assumed h? < 6 in the second line. Thus, after cancelling the divergent terms by
the counterterms, we obtain the renormalized CW potential as

Vi = SAh* + Sa6h® + - +Z {1 %2 c] (A.4)
R = 4 H 6 6 64 ,U al- .
Therefore, for renormalization scale invariance, ;1‘; ’1 = 0, the following condition must
be satisfied,
- W+ Ag——h> + = h° +Xg——h>+---—2 = A.
Adlnp Himp T 6dmp Sdlnp Z64 =0 (A9

Using the above results with eq. (A.3), we get the one-loop RG equations for the Higgs
quartic coupling and the Higgs sextet coupling as

dA g 1 /73 3
dlnp 872 <16<9 +9%)" + 29" = Byp 12X + A?{s) — 4y, (A.6)
dg 3 1 1 4 4 9 1 5 >

- 9~ Y — 5 - A.
dIn p 16772(16(9 +9%)? +39 — U =9y + 3 Aus | — 6 (A.7)
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where v, is the one-loop wave function renormalization for the SM Higgs, given by

_dlnh 1
T dlnp 64r2

T (992 + 39 — 12yt2)- (A.8)

PQ pole inflation (KSVZ). We expand the part of the divergent terms in the CW
potential in the PQ pole inflation in KSVZ models as

Na g1 3 4 122 522 2 2 3 4 p*
2 i Mo = g2 [%‘I’p (1_6”) (1_18”) +<4AH®_3yQ_2yN)( }

2
z L= 50°)
= ! 92 + 4)\2 —3y2—§y4 4
6472 o H® Q 2NP
2, 4.0 2 L4\
+ _8/\4>+§)‘H¢_yQ_§pr+"' (A.9)

where we assumed p? < 6 in the second line. Thus, after cancelling the divergent terms by
the counterterms, we obtain the renormalized CW potential as

1 1<
Ve = Aot + ZXapb 4+ ... E'
R 4q>p +66/0+ —i—a

Mg } (A.10)

NOé 4 «a

612 Ma[hrllu2 —Cql.
Similarly as in the Higgs pole inflation, the renormalization scale invariance leads to the
following condition,

1 d\s 4 dp 5 1dxs ¢ ~ dp s No 4
- UL SRS B Mi=0. (A1l
4dln,up +)\q>dlnup +6dln,up +)\6dln,up * ZG47T2 =0 ( )

«

Using the above results with eq. (A.9), we get the one-loop RG equations for the quartic
coupling and the sextet coupling for the PQ field as

d\o 1 3

T = 5 (98 + e — 3 — ok ) — e, (A12)
d)e 3 4 1 -

dln i — 1672 ( - 8/\% + g)\%{cb - yé - 22/;1\7) - 6'7,))\6 (A.13)

where 7, is the one-loop wave function renormalization for the PQ field, given by

_dlnp 1

“dlnp 64w2

Y (1293 + 693 ). (A.14)
We note that similar steps can be taken to derive the RG equations in DFSZ models.
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