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Planck data robustly exclude the simple λφ4 scenario for inflation. This is also the case for models of 
“Axion Inflation” in which the inflaton field is the radial part of the Peccei-Quinn complex scalar field. In 
this letter we show that for the KSVZ model it is possible to match the data taking into account radiative 
corrections to the tree level potential. After writing down the 1-loop Coleman-Weinberg potential, we 
show that a radiative plateau is easily generated thanks to the fact that the heavy quarks are charged 
under SU(3)c in order to solve the strong CP problem. We also give a numerical example for which the 
inflationary observables are computed and the heavy quarks are predicted to have a mass mQ � 102 TeV.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The nature of the inflaton field [56,45] responsible to the ini-
tial acceleration of the universe remains unknown. In the recent 
years with the enormous amount of available cosmological data 
we have been facing the possibility to truly discriminate between 
different UV models. An intriguing possibility is that the field re-
sponsible of inflation is also able to solve some of the others issues 
we face in the standard model of particle physics. In this letter 
we study the possibility that the inflaton is the complex scalar 
field associated with the Peccei-Quinn symmetry; the presence of 
this field is justified to solve the strong CP problem and inciden-
tally also generates a very promising dark matter candidate, the 
axion. The resulting model is a model of quartic inflation of the 
type λφ4, which is well known to be disfavored by CMB data 
[5] because of the too large tensor to scalar ratio predicted (in 
models of monomial inflation φn the larger is n the larger is the 
disagreement). A simple possibility to lower the tensor to scalar 
ratio r is found in model in which the inflaton couples to the Ricci 
scalar [15,55,36,38,57,61,56,52,51]. This possibility, in the contest 
of “Axion Inflation”, was already studied e.g. in [12,35], where the 
authors showed that the non minimal coupling to gravity ξφ can 
flatten the potential at large values and reconcile predictions with 
data.

However, another possibility to flatten the potential is given by 
radiative correction with fermionic loops, as showed in [13,63,33]
(for other models for inflation and axions see e.g. [58,44,18]). Here 
in particular we follow [13] and show that the KSVZ model [53,65]
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has all the ingredients to rescue inflation. This is not the case 
instead for the DFSZ model [68,30], in which there are no new 
fermionic degrees of freedom that couple to the inflaton. Of course 
a non-minimal coupling should be nevertheless included in a com-
plete analysis, given that it is radiatively generated, even if it is 
set to zero at some scale. Nevertheless, the running of the non-
minimal coupling depends on the scalar and Yukawa couplings of 
the theory (see βξA in Appendix A), which, as we will see, are 
small. The goal of this letter is to show that even with a negligi-
ble non-minimal coupling the model can fit the data. The consid-
ered model is a typical inflection-point inflation, which has already 
been considered in other contests ([60,59,25,34]), here for the first 
time we considered it in a very well motivated scenario as the 
KSVZ model.

2. The model

We consider the model with Lagrangian:

L = Lgravity + LSM + La. (1)

The gauge group of the model is the SM one:

GSM = SU(3)c × SU(2)L × U(1)Y .

Lgravity are the terms in the Lagrangian which include the pure 

gravitational part, which is − M̄2
Pl

2 R − � where M̄ Pl � 2.4 ×
1018 GeV is the reduced Planck mass and � is the cosmological 
constant. LSM is the SM Lagrangian. La represents the additional 
terms in the Lagrangian for the axion model. We consider the first 
invisible axion model, the so called KSVZ model. This model intro-
duces new fields, namely:
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• An extra Dirac fermion Q, colored but neutral under SU(2)L ×
U(1)Y , which in Weyl notation can be written as a pair of two-
component fermions q1 and q2 in the following representation 
of GSM

q1 ∼ (3,1)0, q2 ∼ (3̄,1)0. (2)

• An extra complex scalar A, charged under U(1)PQ and neutral 
under GSM.

The Lagrangian of the KSVZ model is

La = i
2∑

j=1

q j/D q j + |∂μ A|2 − (y q2 Aq1 + h.c.) − �V (H, A)

and the classical potential reads

V (H, A) = λH

(
|H|2 − v2

2

)2 + �V (H, A), (3)

where

�V (H, A) ≡ λA

(
|A|2 − f 2

a

2

)2 +

+ 2λH A

(
|H|2 − v2

2

)(
|A|2 − f 2

a

2

)
(4)

The parameters v , fa and y can be taken real and positive without 
loss of generality. The PQ symmetry acts on q1, q2 and A as follows

q1 → eiα/2q1, q2 → eiα/2q2, A → e−iα A, (5)

while the SM fields are instead neutral under U(1)PQ. This model 
adds only three new real parameters: λH A , λA and y. It is a very 
simple model with all the ingredients, as we will show in a mo-
ment, to generate a radiative plateau.

3. Radiative quartic inflation

In the following we review the idea studied in [13] which con-
sists in the generation, through loop corrections, of a plateau in the 
inflaton potential which favors slow-roll inflation. A perfect plateau 
is characterized by (for simplicity we will be indicated by A the ra-
dial part of the PQ field)

dV

dA
= 0,

d2 V

dA2
= 0 (6)

In this study the role of the inflaton is played by the scalar field A, 
which is supposed to guide a typical scenario of chaotic inflation. 
For large values of the field the potential simplifies to

V (A) = λ̂A(A)A4 (7)

where we notice we have already put field-dependent effective 
quartic coupling. The easiest way to understand this field depen-
dence is to write down the Coleman-Weinberg form of the poten-
tial [27,14]

V (A,μ) = λA A4 +
+ 1

64π2

∑
i

(−1)Fi Si M
4
i (A)

(
ln

M2
i (A)

μ2
− ci

)
+ ... (8)

where μ is the renormalization scale, Fi = 0(1) for a boson 
(fermion) field in the loop, Si counts the degrees of freedom of 
each particle (e.g. 12 for a colored Dirac fermion) with a field-
dependent mass Mi(A, μ), and ci = 3/2 for fermions and scalar 
bosons and ci = 5/6 for gauge bosons. The ellipsis stand for higher 
order loops. It is convenient to choose the renormalization scale μ
as

μ ≡ εA (9)

where ε is a positive constant generically much smaller than one 
which comes from M2

i (A) ∝ A2. From the form of the Coleman-
Weinberg potential is easy understood that ε parametrizes the 
smallness of the coupling of the inflaton to the other fields which 
enter the loops. For example, in our model the Higgs and the 
heavy quarks will enter the loops for the computation of the ef-
fective potential and therefore ε can be chosen to be proportional 
to 

√
λH A ∼ y. Here we will consider only one effective mass scale; 

for the situation in which there are more than one the interested 
reader can look at [24]. Keeping only the terms containing the 
fourth power of A (which are the important ones during inflation), 
the logarithms are resummed into an effective quartic coupling 
as anticipated in (14). Then, we can expand the effective quartic 
coupling λ̂A around the location of the plateau A0; the effective 
quartic coupling will be a combination of the nominal coupling of 
the theory which now run with the renormalization scale μ = ε A
(the theory is maintained fixed for a continuous change of the sub-
traction scale by the renormalization group). Expanding λ̂A around 
A0 therefore corresponds to make the nominal parameters running 
around the scale εA0. We can therefore define the beta-function 
(and its derivative) for the effective quartic coupling

β
λ̂A

≡ μ
∂λ̂A

∂μ
, β ′

λ̂A
≡ μ

∂β
λ̂A

∂μ
(10)

that are intended to be a combination of the beta functions of the 
Lagrangian parameters that define λ̂A . Consequently we can write

λ̂A(A) = λ̂A(A0) + 1

2
β

λ̂A
|A0 log

A2

A2
0

+

+ 1

8
β ′

λ̂A
|A0

(
log

A2

A2
0

)2 + .... (11)

We stress again that by construction evaluating the effective quar-
tic coupling λ̂A at the scale A0 corresponds to evaluate the original 
Lagrangian couplings at εA0. The plateau conditions of Eq. (6) can 
be written in terms of λ̂A and its beta-function (and derivative of 
it)

β
λ̂A

|A0 = −4λ̂A |A0 , β ′
λ̂A

|A0 = −4β
λ̂A

|A0 (12)

and the effective potential assumes the form

V (A) = λ̂A |A0

(
1 − 2log

A2

A2
0

+ 2
(

log
A2

A2
0

)2)
A4 (13)

Finally, since the potential has to be positive around the inflec-
tion point A0, the effective quartic coupling has to be positive too. 
This will be the crucial thing to verify to check the viability of the 
model.

4. Plateau in the KSVZ model

Now we want to see if it is possible to obtain a plateau in 
this simple model. First of all we need the expression for the ef-
fective quartic coupling; the relation between the latter and the 
Lagrangian couplings is easily inferred from the Coleman-Weinberg 
potential and for the KSVZ model is given by
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λ̂A = λA + 36λ2
Ak

(
ln

12λA

ε2
− 3/2

)
+

4λ2
H Ak

(
ln

2λH A

ε2
− 3/2

)
− 3y4k

(
ln

y2

ε2
− 3/2

)
(14)

where we have defined the loop factor k ≡ 1
16π2

We will look for perturbative solutions of conditions (12), 
which can be solved to express two of the Lagrangian couplings 
in terms of the rest. We will solve the plateau condition for λ̂A

and λH A ; to do it, it is necessary to know the effective quartic 
coupling and its beta-function. In the Appendix we report the rel-
evant beta functions; the KSVZ model has been implemented and 
the RG equations calculated using SARAH [67].

It is useful to make a formal expansion of the couplings of the 
Lagrangian and their beta functions, to take trace of the order. La-
belling with δi a generic coupling, we can write

δi = δ
(0)
i + kδ

(1)
i + .. (15)

βδi ≡ ∂δi

∂logμ
= β

(0)
δi

+ kβ
(1)
γi + .. (16)

We then immediately notice that the equation

β ′
λ̂A

|A0 = −4β
λ̂A

|A0 (17)

implies that the 1-loop contribution of the beta function of the 
effective quartic coupling has to be zero. This in turn implies (be-
cause β

λ̂A
|A0 = −4λ̂A |A0 ) also that

λ̂
(1)
A = 0 (18)

Moreover, we recall that at zero-th order λ̂(0)
A = λ

(0)
A and that, be-

cause of the structure of (14), it results

β
(1)
λA

= β
(1)

λ̂A
= 0 (19)

We start imposing

β
(1)
λA

= β
(1)

λ̂A
= 0 (20)

which in this model results in

12λ
(0)
A y2 − 6y4 + 8(λ

(0)
H A)2 + 20(λ

(0)
A )2 = 0 (21)

The zero-th order of the quartic coupling has to be zero at the 
plateau, because it is proportional to the beta function which is 
zero by definition at order k0. Therefore

(λ
(0)
H A)2 = 3

4
y4 (22)

Then, we have to impose λ̂1
A = 0 to find also λA in terms of the 

rest of the parameters

0 = λ̂1
A = λ1

A + 4(λ
(0)
H A)2

(
ln

12λ
(0)
H A

ε2
− 3/2

)
+

− 3y4
(

ln
y2

ε2
− 3/2

)
= λ̂1l

A + 3y4
(

ln
6
√

3y2

ε2
− 3/2

)
+

− 3y4
(

ln
y2

ε2
− 3/2

)
(23)

We then finally get

λA = −3ky4ln(6
√

3) (24)

Then, the crucial point comes: we have to determine whether or 
not the effective quartic coupling at the plateau is positive. To do 
it we have to compute the first non-null contribution to the self 
coupling which results to be

λ̂
(2)
A = 1

16
β

′ (2)

λ̂A
(25)

and using the one loop beta functions and the conditions λ̂1
A = 0

and βλA = β
λ̂A

= 0 we get

λ̂A = k

16

(
− 24y3β

(1)
y + 16λ

(0)
H Aβ1l

λH A

)
=

= k
(

− 3

4
y3β

(1)
y +

√
3

2
y2β

(1)
λH A

)
(26)

The involved beta functions at 1-loop are

βλH A = kλH A

(
− 9

2
g2

2 − 9

10
g2

1 + 8λH A + 8λA

+ 6(y2 + y2
t + 2λH )

)
(27)

βy = 4k
(

y3 − 2g2
3 y

)
(28)

and consequently the effective self coupling results

λ̂A = k2 y4
(

6g2
3 + y2 + √

6(y2
t + 2λH ) −

√
27

8
(g2

2 + g2
1)

)
(29)

A crucial and peculiar point here is that the new fermions coupled 
to the inflaton are charged under SU(3)color in order to solve the 
CP strong problem. We can then replace the SM couplings with 
their values at a scale ∼ εM Pl and we see that the self coupling is 
always positive. For example

λ̂A(A0 ∼ M Pl) ∼ k2 y4(3.3 + y2) (30)

and we verified, using the RGEs of the standard model, that this 
is true for all the scales from 0.001M Pl up to 30M Pl , which is the 
interesting range to have a plateau in order to match CMB data. 
We recall that while the effective self coupling has to be evaluated 
at A0, the nominal couplings of the theory have to be evaluated 
at εA0. As a reference value one can take ε ∼ 10−4 − 10−1. We 
also notice that evaluating the SM couplings at the Planck scale 
using the RGEs of the SM is a good approximation as long as the 
new couplings are small. This is always the case for inflationary 
scenarios (see [12]) where usually λA � 10−10.

5. A numerical example

We have just showed that the model admits a radiative plateau. 
We give here a numerical example and calculate the relevant in-
flationary quantities (Fig. 1). We fix the Yukawa coupling to be 
y = 2.5 · 10−3 and the plateau location at A0 = 30 M Pl; as men-
tioned above, all the other standard model couplings have been 
fixed at their values at εA0, with ε ∼ y = 2.5 · 10−3. We then cal-
culate the value of the field at which we match CMB observables 
and in particular the power spectrum

�2
s ∼ 1

24π2

V

M4
Plε

∼ 2.142 · 10−9 → Ai ∼ 17M Pl (31)

where

ε = M2
Pl

2

( V ′

V

)2
(32)

We also compute the spectral index

ns ≡ dln�2
s + 1 ∼ 2η − 4ε + 1 (33)
dlnk
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Fig. 1. Inflationary potential for y = 2.5 · 10−3 and A0 = 30 M Pl .

Fig. 2. Evolution of the first slow-roll parameter during inflation.

and the tensor to scalar ratio

r ≡ �2
t

�2
s

= 16ε (34)

where �2
t is the power spectrum of tensor fluctuations and η is 

the second slow-roll parameter

η = M2
Pl

V ′′

V
(35)

At this value of the field the tensor to scalar ratio results

r = 0.079 (36)

while the spectral index is

ns = 0.963 (37)

both consistent with the latest Planck release combining tempera-
ture, low-polarization, and lensing [5].

Then, we have to verify inflation lasts long enough in order to 
solve the flatness and horizon problems. Therefore we solve the 
equation of motion of the field as a function of the number of 
e-folds. In this way we do not rely on the slow-roll approximation 
and can precisely determine the number of e-folds Ne at the end 
of inflation [11]. In Fig. 2 we show the evolution of the slow-roll 
parameter ε as a function of the number of e-folds. Inflation ends 
when ε ∼ 1, which in this case happens for

Ne ∼ 64 (38)

a standard and satisfactory value.
Fig. 3. Spectral index as a function of the Yukawa coupling. The two dashed red 
lines correspond to the experimental upper and lower bounds at 1σ , respectively 
ns = 0.9691 and ns = 0.9607. The light blue regions are excluded by Planck [5].

Fig. 4. Tensor to scalar ration as a function of the Yukawa coupling. The dashed 
red line corresponds to r = 0.11. The light blue region is excluded at 95% C.L by 
combining Planck temperature, low-polarization, and lensing [5].

We also explore the tuning of the model and show the tensor 
to scalar ratio and the spectral index as a function of the Yukawa 
coupling y, varying it around the referred value y = 2.5 · 10−3 (see 
Fig. 3–4) and keeping fixed the plateau position.

We notice that for

2.2 · 10−3 � y � 2.8 · 10−3 (39)

the radiative plateau fits the CMB data; in particular slightly chang-
ing the Yukawa coupling, the tensor to scalar ratio becomes consis-
tent also with the stronger bound from the joint cross-correlation 
between Planck and BICEP

r < 0.064 (0.075) 95% C.L (40)

using Plik (CAMspec) as high-l TT, TE, EE likelihood. We also veri-
fied that for all these values the number of e-folds spans a reason-
able range 42 � Ne � 65. Once the Yukawa coupling is fixed the 
mass of the heavy quark at low scale is given by

mQ = y · fa (41)

where fa is the breaking scale of the Peccei-Quinn symmetry and 
the Yukawa has to be evaluated at the desired scale. The lower 
bound for fa coming from Supernova cooling [62]

fa � 4 · 108 GeV (42)

therefore implies

mQ � 105 GeV = 102 TeV (43)
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This is an important point because heavy relics could overclose if 
Mheav y � 240 TeV [43]. In the model considered here the Yukawa 
couplings can be even smaller than the considered benchmark 
value and therefore even smaller heavy quarks masses are ob-
tained. This is indeed possible due to the structure of the beta 
functions. Instead this is not the case for other simple U(1) exten-
sions where the Yukawa’s required to generate a plateau are much 
larger (see e.g. [13]) and would produce dangerous heavy relics.

6. Baryogenesis and reheating

Any inflationary scenario should be connected to Standard Big 
Bang Cosmology; this happens through the reheating phase, when 
the inflaton oscillates around the minimum of its potential and 
decay to populate the universe. In our scenario the reheating 
would proceed in a way similar to the one considered in [12], 
although with important differences. In fact, in [12] the authors 
were trying to address other problems of the SM such as Higgs 
Instability, Dark Matter and Baryogenesis; this notably restricted 
the allowed parameter space. A more general study is under-
way and the results of numerical simulations will be presented 
elsewhere1. Preliminary results show that is indeed possible to 
efficiently reheat the universe in this model. Finally, the genera-
tion of matter-antimatter asymmetry is another compelling prob-
lem which also [12] was trying to address. However inflationary 
physics and baryogenesis can be quite uncorrelated; for exam-
ple, this would be the case in the presence of sterile neutrinos 
at the GeV scale. For Majorana neutrinos in the 1-100 GeV range, 
it has been shown by Akhmedov, Rubakov and Smirnov (ARS) [4]
and refined by Asaka and Shaposhnikov (AS) [10] that a peculiar 
mechanism of leptogenesis is at work. In this case the asym-
metries are produced at freeze-in of the sterile states via their 
CP-violating oscillations. This scenario has been extensively stud-
ied [10,64,20,19,8,66,1,49,50,31,32,46,40,9,47,2,41] and leads to the 
interesting possibility that the extra heavy neutrinos could be pro-
duced and searched for in beam dump experiments and colliders 
(see [37,42,29,16,48,17,3,28,7,39,6,21,22] for an incomplete list of 
works). A GeV scale for the sterile neutrinos implies very small 
Yukawa couplings Ysterile � 10−6 − 10−7, which therefore won’t af-
fect our results for the generation of the radiative plateau.

7. Discussion

In this letter we analyzed an inflationary scenario in which 
the inflaton field is the scalar field which breaks the Peccei-Quinn 
symmetry in the KSVZ model. In particular we showed that radia-
tive corrections are enough in order to match CMB observables and 
solve the flatness and horizon problems, with no need to resort to 
a non-minimal coupling to gravity. After a general discussion about 
the possibility to generate a plateau in the KSVZ model, we gave a 
numerical example which satisfies all cosmological constraints. In-
cidentally, we also show (see the appendix) all the beta functions 
at 2-loops of the minimal KSVZ model, even if, for the desired or-
der of precision, the beta functions and the effective potential at 
1-loop were sufficient in the numerical analysis. The necessary in-
gredients to have a radiative plateau are the scalar and fermions 
coupled to the inflaton. The peculiar ingredient of the KSVZ is the 
fact that the new fermions are charged under SU(3)c in order to 
solve the strong CP problem. This avoids the need of large Yukawa 
couplings and makes the generation of the plateau natural. Be-
cause of this, as already stated, another well know axion model, 
namely the DFSZ model [68,30], cannot lead to the generation of 

1 G. Ballesteros, A. Caputo and C. Tamarit in preparation
a radiative plateau. Nevertheless we want to mention that there 
are motivated extensions where the inflaton is coupled to other 
fermions. For example, in [54,23,26] the authors consider the DFSZ 
model extended with sterile neutrinos coupled to the Peccei-Quinn 
field in order to explain the smallness of active neutrinos masses 
and baryogenesis. We expect a radiative plateau can be generated 
and inflation obtained also in those extensions.
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Appendix A

We show here the beta-functions of the model; for the fermions 
of the standard model we display only the Yukawa of the top yt .

βg1 = 1

16π2

41g3
1

10
+ 1

256π4

g3
1(199g2

1 + 135g2
2 + 440g2

3 − 85y2
t )

50
(44)

βg2 = − 1

16π2

19g3
2

6
+ 1

256π4

× g3
2(27g2

1 + 175g2
2 + 360g2

3 − 45y2
t )

30
(45)

βg3 = − 1

16π2
5g3

3 + 1

256π4

× g3
3(11g2

1 + 45g2
2 + 120g2

3 − 10y2 − 20y2
t )

10
(46)

βyt = 1

16π2

(3y3
t

2
+ yt(−17g2

1

20
− 9g2

2

4
− 8g2

3 + 3y2
t )

)

+ 1

256π4

(
yt

(17

8
g2

1 y2
t + 45

8
g2

2 y2
t + 20g2

3 y2
t − 27

4
y4

t

− 9

20
g2

1 g2
2 + 19

15
g2

1 g2
3 +

+ 1187

600
g4

1 + 9g2
2 g2

3 − 23g4
2

4
− 284g4

3

3
+ 2λ2

H A + 6λ2
H

)

+ 1

80

(
120y5

t + y3
t (−540y2

t + 223g2
1 + 675g2

2 + 1280g2
3

− 960λH )
))

(47)

βy = 1

16π2
4(y3 − 2g2

3 y) + 1

256π4

(
y
(

20g2
3 y2 − 9

2
y4 − 284

3
g4

3

+ 4λ2
H A + 4λ2

A

)
+ y3

(
− 9

2
y2 + 32g2

3

3
− 8λA

)
+ 7

4
y5

)
(48)

βλH = 1

16π2

(
12y2

t − 6y4
t + 9

20
g2

1 g2
2 − 9

5
g2

1λH + 27

200
g4

1

− 9g2
2λH + 9g4

2 + 4λ2
H A + 24λH

)
+

8
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+ 1

256π2

(63

10
g2

1 g2
2 y2

t + 17

2
g2

1λH y2
y − 171

100
g4

1 y2
t

− 8

5
g2

1 y4
t + 45

2
g2

2λH y2
t − 9

4
g2

2 y2
t + 80g2

3λH y2
t − 32g2

3 y4
t

− 24λ2
H A y2 − 3λH y4

t − 144λH y2
t +

+ 30y6
t + 117

20
g2

1 g2
2λH − 1677

400
g4

1 g2
2 − 289

80
g2

1 g4
2

+ 1887

200
g4

1λH + 108

5
g2

1λ2
H − 3411g6

1

2000
+ 108g2

2λ2
H

− 73

8
g4

2λH + 305g6
2

16
− 40λH A +

− 32λ3
H A − 312λ3

H

)
(49)

βλH A = 1

16π2

× λH A

(
60y2 + 60y2

t − 9g2
1 − 45g2

2 + 80λH A + 80λA + 120λH

)

10

+ 1

256π4

(17

4
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1λH A y2
t + 45

4
g2

2λH A y2
t

+ 40g2
3λH A y2 + 40g2

3λH A y2
t − 48λH AλA y2

− 9λH A y4 − 24λ2
H A y2 − 72λH AλH y2

t − 27

2
λH A y4
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+ 24λ2
H A y2

t + 9

8
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1 g2
2λH A + 72

5
g2

1λH AλH + 1671
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1λH A
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5
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2λH AλH + 6g2
2λ2

H A − 145
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g4

2λH A

− 40λH Aλ2
A − 96λ2

H AλA +
− 60λH Aλ2

H − 144λH AλH − 44λ3
H A

)
(50)

βξA = 1

16π2

(
(1 + 6ξ)

( y2

2
+ 2

3
λA

)
− λH A

3

)
(51)

βλA = 1

16π2

(
12λA y2 − 6y4 + 8λ2

H A + 20λ2
A

)

+ 1

256π4

(
80g2

3λA y2 − 32g2
3 y4 − 48λ2

H A y2
t + 6λA y4

− 120λ2
A y2 + 24y6 + 48

5
g2

1λ2
H A +

+ 48g2
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H AλA − 64λ3

H A − 240λ3
A

)
(52)
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