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We analyze radiative corrections to the predictions of Starobinsky-like models of inflation arising from
self-interactions of the inflaton, and from its Yukawa couplings, y, to matter fermions, and dimensionful
trilinear couplings, κ, to scalar fields, which could be responsible for reheating the Universe after inflation.
The inflaton self-interactions are found to be of higher order in the Hubble expansion rate during inflation,
and hence unimportant for CMB observations. In contrast, Einstein-frame matter couplings to an inflaton
generating Starobinsky-like inflation can have significant effects on the spectral index of scalar CMB
perturbations, ns, and on the tensor-to-scalar ratio, r. Using a renormalization-group improved analysis of
the effective inflationary potential, we find that the Planck measurement of ns constrains the inflaton
coupling to light fermions in the Einstein frame; y < 4.5 × 10−4, corresponding to an upper limit on the
reheating temperature TRH < 2 × 1011 GeV, whereas the ACT DR6 measurement of ns corresponds to
3.8 × 10−4 < y < 5.6 × 10−4 and 1.7 × 1011 GeV < TRH < 2.8 × 1011 GeV, while the upper limits on r
provide weaker constraints. Planck data also imply a constraint on a trilinear inflaton coupling to light
scalars in the Einstein frame: κ ≤ 4 × 1012 GeV, corresponding to TRH ≤ 4.2 × 1013 GeV. We further
present constraints on inflaton couplings to massive fermions and scalars, and analyze constraints on
couplings in the Jordan frame.
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I. INTRODUCTION

Until recently, data on perturbations [1] in the cosmic
microwave background (CMB) have been strikingly con-
sistent with the original model of inflation formulated by
Starobinsky [2] as an R2 deformation of the minimal
Einstein-Hilbert action, which could be reformulated
[3,4] as the minimal action supplemented by a scalar field
with a characteristic tree-level potential,
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; ð1Þ

where the reduced Planck mass MP ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8π=GN

p ¼
2.435 × 1018 GeV. From this potential, it is straightforward
to compute the tilt of the scalar anisotropy spectrum,
ns ≃ 0.965, and a tensor-to-scalar ratio of r ≃ 0.0035, with
a slight dependence on the reheating temperature after
inflation. The Planck 2018 determination of ns is [1]

ns ¼ 0.9649� 0.0042 ð68% CLÞ; ð2Þ

and Planck in combination with observations by BICEP/
Keck [5] has provided an upper limit on r,

r < 0.036; ð3Þ

which are both in excellent agreement with the predictions
of the tree-level Starobinsky potential (1). These observa-
tions have stimulated interest in inflationary models whose
predictions resemble those of the Starobinsky model at the
tree level while also incorporating other aspects of particle
cosmology, such as a mechanism for postinflationary
reheating.
However, the tree-level potential in any such Starobinsky-

like model requires protection from higher-order corrections,
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particularly because the Starobinsky predictions for the
CMB observables are very sensitive to the form of the
potential at inflaton field values ≳5MP. In the original
modified gravity formulation, the plateau part of the poten-
tial arises if the R2 term dominates, but quantum gravity
effects can generate Rn (n > 2) and other curvature invar-
iants that distort the tree-level potential, so these must be
tuned away.1 In supergravity, for example, the Starobinsky
potential can arise from a no-scale Kähler potential K and an
appropriate superpotential W [7–9], but higher-dimensional
operators in K or W typically spoil the flatness unless their
coefficients are tuned or forbidden by a symmetry.
Moreover, in any UV extension of a Starobinsky-like infla-
tionary model, couplings between the inflaton and heavy
fields such as GUT-scale scalars can be generated, which
tend to lift the potential at large field values and perturb the
predictions away from those of the Starobinsky model [10].
Once such higher-order terms and additional renorma-

lizable couplings are suitably controlled or tuned, the next
step is to consider loop corrections from fields that must
couple to the inflaton to reheat the Universe after inflation.
These scalar or fermion loops introduce genuine quantum
effects that are distinct from the tree-level tuning of the
potential and can be computed systematically within the
effective field theory.
Inflaton decay is the most efficient mechanism for

reheating the Universe after inflation [11–13]. Indeed, if
the matter Lagrangian is introduced in the Jordan frame
(where the gravitational Lagrangian contains the R2 cor-
rection), there is a coupling between the inflaton and the
SM Higgs boson, which leads to an efficient inflaton decay
channel to a pair of Higgs bosons. Moreover, couplings
between the inflaton and fermions may be introduced in
either the Jordan or Einstein conformal frames. Whilst
these couplings would not affect the tree-level potential,
they would induce radiative corrections at the one-loop
level, which may have observable effects on the predictions
for the CMB observables.
These radiative (quantum) corrections to the Starobinsky -

like potential induced by the couplings related to inflaton
decay are the main focus of this paper. There have been
previous studies [14–19] of their effects on the effective
inflationary potential and on CMB observables, but calcu-
lations of such effects have gained increased relevance and
urgency from the measurement of the scalar tilt reported
recently by the Atacama Cosmology Telescope (ACT)
Collaboration [20], which seems to deviate from the
prediction of the Starobinsky model. Many possible
explanations of this deviation have been proposed
[10,16,21–46]. Here we investigate systematically various
sources of radiative corrections within the framework of the

Starobinsky -like models, and use their consistency with
CMB data to constrain possible couplings of the inflaton to
other fields. Furthermore, because these couplings are
directly related to the reheating temperature, we use con-
straints on these couplings to derive constraints on the
reheating temperature.
In the following we first review in Sec. II the original

Starobinsky model derived from the R2 deformation of
the minimal Einstein-Hilbert action. Then, as a warm-up
exercise, in Sec. III we consider the one-loop corrections to
this theory due to inflaton self-interactions. We show that
these are OðH4Þ in general, where H is the Hubble
expansion rate during inflation, and hence have negligible
impact on CMB observables.
However, the picture changes in Sec. IV, where we

consider the effects of radiative corrections due to the
possible Yukawa coupling, y, of a Starobinsky-like inflaton
to amatter fermion, such asmayplay a role in the reheating of
the Universe following the end of inflation.We first compute
the renormalization group equation (RGE)-improved one-
loop effective potential. For small fermion masses, we set
limits on y, and for large (Grand Unification Theory (GUT)
scale) masses we set constraints on the fermion mass for a
given value of y. We also discuss the corrections to the
potential that arise when the coupling to fermions is
introduced in the Jordan frame. In this case, we can set a
limit on the fermion mass independent of the coupling y.
We find that the value of y is significantly constrained by

measurements of ns and, to a lesser extent, by the upper limit
on the magnitude of r. The Planck measurement of ns
constrains the coupling of the inflaton to a light fermion in the
Einstein frame to y < 4.5 × 10−4, corresponding to an upper
limit on the reheating temperature TRH < 2 × 1011 GeV,
while the ACT DR6 measurement of ns corresponds to
3.8×10−4<y<5.6×10−4 and 1.7 × 1011 GeV < TRH <
2.8 × 1011 GeV. We also present constraints on the inflaton
coupling to fermions with a non-negligible bare massmf. For
example, for y ¼ 10−4, mf < 1.2 × 1016 GeV, while ACT
DR6 requires 1016 GeV < mf < 2 × 1016 GeV. If the cou-
pling is generated through a mass term in the Jordan frame,
we estimate somewhat weaker bounds around 6 × 1016 GeV.
In Sec. V we introduce the possibility of inflaton decay to

a scalar pair via a coupling κ, and consider the corrections to
the Starobinsky potential that would be induced by such a
coupling. We consider both couplings to light scalars such
as the Standard Model Higgs boson and to possible GUT-
scale scalars. As in the fermion case, the effects of these
corrections on CMB observables provide limits on the
coupling and on the reheating temperature when reheating
is due to inflaton decay to these scalars. For light scalars,
we find that κ < 4 × 1012 GeV, implying that TRH <
4.2 × 1013 GeV. However, the ACT DR6 value of ns is
never reached. For a massive scalar the Planck 2018 bound
is saturated at ms < 1.6 × 1016 GeV for κ ¼ 1012 GeV.

1Some constraints on higher curvature terms are discussed in,
e.g., [6] in the context of asymptotic safety.
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We also derive limits on the scalar masses when the scalar
Lagrangian is introduced in the Jordan frame. The possible
role of supersymmetry and supersymmetry breaking is
discussed in Sec. VI and our conclusions are given in
Sec. VII.

II. STAROBINSKY INFLATION

Before considering radiative corrections, we first review
the Starobinsky model of inflation [2]. We denote the
metric and the Ricci scalar in the Jordan frame as g̃μν and R̃,
respectively. The relevant action is given by

S ¼
Z

d4x
ffiffiffiffiffiffi
−g̃

p �
−
M2

P

2
R̃þ αR̃2 þ Lmatter

�
; ð4Þ

where α is a dimensionless constant that will be related
later to the inflaton mass, and we include a matter-sector
Lagrangian Lmatter. Introducing an auxiliary field Φ
[3,4,47–49], one can rewrite the action as

S ¼
Z

d4x
ffiffiffiffiffiffi
−g̃

p �
−
M2

P

2
R̃þ 2αΦR̃ − αΦ2 þ Lmatter

�
; ð5Þ

where the condition δS=δΦ ¼ 0 imposes Φ ¼ R̃.
To express the gravity sector in the canonical form of

the Einstein-Hilbert action, we perform a conformal trans-
formation to the Einstein frame

gμν ¼ e2Ωg̃μν; ð6Þ
where Ω can be expressed as

e2Ω ¼
�
1 −

4αΦ
M2

P

�
: ð7Þ

Using e−2ΩR̃ ¼ R − 6gμν∂μ lnΩ∂ν lnΩ, we obtain

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
−
M2

P

2
Rþ 3M2

Pg
μν
∂μΩ ∂νΩ

−
M4

P

16α
ð1 − e−2ΩÞ2 þ e−4ΩLmatter

�
: ð8Þ

We can then define the canonical scalar field ϕ through

Ω ¼ ϕffiffiffi
6

p
MP

; ð9Þ

and the action becomes

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
−
M2
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−
3
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m2M2

P

�
1 − e−

ffiffi
2
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p
ϕ

MP

�
2

þ e−4ΩLmatterðΩÞ
�
; ð10Þ

where m is the inflaton mass obtained from the relation
α ¼ M2

P=12m
2. We also see in (10) the appearance of

the Starobinsky potential (1) in the action in the
Einstein frame.
In general, one can relate the inflationary slow-roll

parameters to derivatives of the potential,

ϵ ¼ M2
P

2

�
V 0

V

�
2

; η ¼ M2
P
V 00

V
; ð11Þ

at leading order, where a prime denotes a derivative with
respect to the canonically normalized inflaton field, ϕ. The
CMB observables can then be calculated in terms of these
slow-roll parameters,

r ¼ 16ϵ�; ns ¼ 1 − 6ϵ� þ 2η�; ð12Þ

where the � subscript denotes a suitable pivot scale, often
taken to be k� ¼ 0.05 Mpc−1. The number of e-folds
starting from the horizon exit at the pivot scale to the
end of inflation can also be computed in the slow-roll
approximation,

N� ≡ ln

�
aend
a�

�
¼

Z
tend

t�
Hdt ≃ −

Z
ϕend

ϕ�

1ffiffiffiffiffiffiffi
2ϵ�

p dϕ
MP

; ð13Þ

where a� is the value of the cosmological scale factor at the
pivot scale, aend is its value at the end of inflation (when
exponential expansion ends and ä ¼ 0) and ϕ�, and ϕend
are the corresponding values of ϕ at those two epochs. At
the end of inflation, the slow-roll parameters also satisfy,

ϵ ≃ ð1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − η=2

p
Þ2: ð14Þ

After inflation driven by the Starobinsky potential (1) ends,
the inflaton begins to oscillate about the minimum at
ϕ ¼ 0. Assuming no additional entropy production after
reheating, the number of e-folds is given by [50–53]

N� ¼ ln

�
1ffiffiffi
3

p
�
π2

30

�
1=4

�
43

11

�
1=3 T0

H0

�
− ln

�
k�

a0H0

�

−
1

12
ln gRH þ 1

4
ln

�
V2�

M4
Pρend

�

þ 1 − 3wint

12ð1þ wintÞ
ln

�
ρR
ρend

�
; ð15Þ

where H0 is the present Hubble parameter, for which
Planck found the best-fit value H0 ¼ 67.36 km s−1 Mpc−1

[1], and the present photon temperature T0 ¼ 2.7255 K
[54]. The quantities ρend ≡ ρðϕendÞ and ρR are, respectively,
the energy density at the end of inflation and at the
beginning of the radiation-dominated era when w ¼ p=ρ ¼
1=3, a0 ¼ 1 is the present scale factor, gRH ¼ 427=4 is the
effective number of relativistic degrees of freedom in the
SM during reheating, and wint is the average equation-of-
state parameter during reheating. We take wint ¼ 0,
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corresponding to the period of inflaton oscillations after
inflation ends [52]. For the choice k� ¼ 0.05 Mpc−1 of the
pivot scale, the first line on the right-hand side of (15) gives
N� ≃ 61.10. The first term of the second line is also
relatively constant, contributing a value of ≃ − 5.35 to
N�. The second term of the second line of (15) shows that
N� depends on the reheating temperature through ρR. The
inflationary observables, most notably ns, also depend on
the reheating temperature.
The Planck 2018 determination of ns is given in Eq. (2).

Recently two ground-based experiments have released new
results for ns. ACT DR6 results [20] indicate a larger value
of ns. Their data when combined with Planck, lensing and
DESI DR2 BAO results [55] give

ns ¼ 0.9752� 0.0030 ð68% CLÞ: ð16Þ

In addition to the Planck result in Eq. (2), we will use this
ACT result (16) to set limits on the one-loop contributions
to the inflaton potential. The South Pole Telescope (SPT)
Collaboration has provided SPT-3G data [56] that, in
contrast to ACT DR6, are in good agreement with
Planck. The combination of SPT-Planck-ACT give ns ¼
0.9684� 0.0030 at 68% CL.
Finally, the parameter m is determined from the ampli-

tude of CMB density fluctuations, As ¼ 2.1 × 10−9 [1]. In
the Starobinsky model (1) this amplitude is given by

As ¼
Vðϕ�Þ

24π2ϵ�M4
P
¼ 3m2

8π2M2
P
sinh4

�
ϕ�ffiffiffi
6

p
MP

�
; ð17Þ

and fixes m for any given value of ϕ� that is determined by
TRH. For example, for TRH ∼ 4 × 1010 GeV, ϕ� ≃ 5.3MP

and m ≈ 1.3 × 10−5 in Planck units.

III. ONE-LOOP CORRECTIONS FROM INFLATON
SELF-INTERACTIONS

The tree-level Starobinsky potential (1) appears explic-
itly in the action (10). During inflation the exponential

e−
ffiffiffiffiffiffi
2=3

p
ϕ

MP ≪ 1, and we may drop the terms in V of higher
order in the exponential, so that

V ≃
3

4
m2M2

P

�
1 − 2e−

ffiffi
2
3

p
ϕ

MP þ…

�
: ð18Þ

We then have

V 0 ¼
ffiffiffi
3

2

r
m2MPe

−
ffiffi
2
3

p
ϕ

MP; V 00 ¼ −m2e−
ffiffi
2
3

p
ϕ

MP; ð19Þ

in the approximation (18).
In calculating the one-loop (Coleman-Weinberg) correc-

tion to the effective potential, it is important to note that
during inflation the effective potential receives contributions

from spacetime curvature. These can be derived using the
heat kernel technique [57].2 Neglecting at this stage cou-
plings of the Starobinsky inflaton to other fields, its effective
mass-squared is

M2
ϕ ¼ V 00ðϕÞ þ 1

6
R ≃ V 00ðϕÞ − 2H2; ð20Þ

where we have used R ≃ −12H2 and H2 ≃ VðϕÞ=3M2
P

during slow-roll inflation.
Choosing the MS renormalization scheme, the one-loop

correction to the effective potential is [57]

ΔV ¼ 1

64π2

�
M4

ϕ

�
log

jM2
ϕj

μ2
−
3

2

�
þ 2bs log

jM2
ϕj

μ2

�
; ð21Þ

where μ is an arbitrary renormalization scale and the
coefficient bs is given by

bs ¼ −
1

180
RμνRμν þ 1

180
RμνρσRμνρσ ≃ −

H4

15
: ð22Þ

We see from (19) that during inflation V 00 ≪ H2, so that
M2

ϕ ≃ −2H2. If we choose the renormalization scale μ so
that the log is of order one,3 then the correction is of order
ΔV ∼H4. Given that 3M2

PH
2 ¼ ρϕ ≃ V, we have

ΔV=V ∼H2=M2
P ∼ 10−10. Therefore, the one-loop correc-

tion of the inflaton self-interaction is negligible.
The one-loop potential (21) is derived in the small proper

time (large-momentum) limit, so it captures only the UV
structure [57]. This can be seen, for example, from the form
of the effective mass in (21), which is taken to be its
absolute value inside the logarithm. A negative effective
mass would naively lead to imaginary terms (∝ iπ), but we
expect that if the effective potential correctly included the
low momentum modes, these would regulate any apparent
instability.

IV. ONE-LOOP CORRECTIONS FROM INFLATON
COUPLINGS TO FERMIONS

A. Yukawa interaction with the inflaton

One may consider corrections to the inflaton potential
due to a Yukawa coupling, introduced in the Einstein frame,
between a Dirac fermion and the inflaton of the form yf̄fϕ,

2In [57], the effective potential was computed assuming that
the scalar field was a subdominant spectator, in which case the
metric fluctuations can be neglected. When the inflaton domi-
nates the energy density, gravity backreacts through the mixing of
its scalar component. However, the resulting correction to the
effective mass is of order the slow-roll parameter ϵ, which is

Oðe−
ffiffiffiffiffiffi
2=3

p
ϕ

MPÞ, so one can neglect the effect of the metric
fluctuations. This approximation is valid in the Einstein frame,
as argued in [58].

3This is a generic choice, but the renormalization scale may in
principle be chosen to minimize ΔV.
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or yfcfϕ=2 if f is a Majorana fermion. In this section, we
will focus on couplings to a Majorana fermion (e.g., this
could be a right-handed neutrino). The effective, field-
dependent fermion mass during inflation including the
curvature contribution is

M2
f ¼ ðmf þ yϕÞ2 − 1

12
R ≃ ðmf þ yϕÞ2 þH2: ð23Þ

The Yukawa coupling may be solely responsible for
reheating after inflation, in which case one can relate the
coupling y to the reheating temperature, TRH. The reheating
temperature is obtained from equating the energy density in
the inflaton with the energy density in radiation produced
by inflaton decays, namely

gRH
π2

30
T4
RH ¼ 12

25
ðΓϕMPÞ2 ¼

3y4

1600π2
m2M2

P; ð24Þ

where gRH is the number of relativistic degrees of freedom
at TRH, Γϕ is the inflaton decay rate and we have assumed a
decay to a Majorana fermion in the second equality.
We note that introducing the inflaton-matter coupling

directly in the Einstein frame allows for the possibility of low
reheating temperatures with TRH ∝ y as in Eq. (24). This is
in contrast to the formulation of the Starobinsky model in the
Jordan frame leading to the action in Eq. (10). In that case,
the term e−4ΩLmatterðΩÞ leads to a coupling of the inflaton
(contained inΩ) to the Higgs kinetic term (inL), resulting in
a reheating temperature of 2.9 × 109 GeV [59].

1. Massless fermion mf = 0

Initially, we consider a massless fermion coupled to the
inflaton, and set mf ¼ 0. The one-loop effective potential
induced by the fermion coupling4 is [57]

ΔVf ¼ −
ni

64π2

"
M4

f

�
log

jM2
fj

μ2
−
3

2

�
þ 1

2
bf log

jM2
fj

μ2

#
;

ð25Þ
where ni ¼ 2ð4Þ for a Majorana (Dirac) fermion, and the
coefficient bf is given by

bf ¼ −
1

45
RμνRμν −

7

360
RμνρσRμνρσ ≃ −

19

15
H4: ð26Þ

If the curvature effect dominates over the Yukawa coupling,
i.e., H2 ≫ y2ϕ2, the one-loop potential would be of order
H4, which is negligible. Therefore, we are interested in the
regime y2ϕ2 ≫ H2. If we take ϕ ∼ ϕ� ≃ 5.3MP, this

amounts to jyj ≫ 10−6 and implies a reheating temperature
TRH ≫ 108 GeV. This is the case we consider in the
following, so we neglect curvature contributions.
For a first estimate of the one-loop effect, one may

consider adding (25) to the Starobinsky potential with a
fixed coupling constant y. The renormalization scale can be
chosen such that the log term is minimized, i.e., μ ¼ yϕ. In
this case, it is straightforward to derive ns in terms of y. To
satisfy the bound from Planck up to 2σ, we get y < 7.6 ×
10−4 and from ACT, we get 6.4 × 10−4 < y < 9.9 × 10−4.
However, fixing the renormalization scale is just a first
approximation since the coupling constants are scale-depen-
dent, and obey renormalization group equations (RGEs).
In order to RG-improve the one-loop effective potential

(25), we first compute the one-loop β-functions of the model
parameters, using the Callan-Symanzik (CS) equation,�

∂

∂ logμ
þ βgi

∂

∂gi
− γϕϕ

∂

∂ϕ

�
VeffðϕÞ ¼ 0; ð27Þ

with VeffðϕÞ ¼ VðϕÞ þ ΔVfðϕÞ. Assuming a Yukawa inter-
action with a Majorana fermion, the one-loop β-function of
the Yukawa coupling is

βy ¼
y3

4π2
: ð28Þ

The corresponding RGE has a simple analytic solution,

yðμÞ ¼ y0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1

2π2
y20 logðμ0=μÞ

q ; ð29Þ

where μ0 is a reference scale and we denote yðμ0Þ≡ y0. For
logðμ0=μÞ ∼Oð1Þ and y0 ∼ 10−4, yðμÞ is almost a constant
yðμÞ ≃ y0. In (25), the first term gives rise to a ϕ4 term in the
CS equation, and therefore a higher-order λϕ4 interaction
will be generated.5 In addition, to cancel the anomalous
dimension term, γϕV 0ϕ, in the CS equation we also take into
account scale dependence in m2 and MP. Solving (27), we
obtain the β-functions,

βMP
¼ −

MPy2

16π2
; βm2 ¼ m2y2

8π2
; βλ ¼ −

y4

16π2
; ð30Þ

leading to the analytic solutions,

MPðμÞ ¼ MP0

�
y0
yðμÞ

�
1=4

;

m2ðμÞ ¼ m2
0

�
yðμÞ
y0

�
1=2

;

λðμÞ ¼ y20y
2ðμÞ

16π2
logðμ0=μÞ; ð31Þ4Note that the one-loop effective potential also contains

quadratic divergences and fermion tadpoles, which would shift
the inflaton mass or vacuum. In the absence of supersymmetry,
these contributions are assumed to be tuned to zero and we focus
solely on the logarithmic terms shown in (25).

5We note that if there is a tree-level λϕ4 term in the potential,
it will spoil the flatness of the potential necessary for inflation.
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where the quartic coupling solution assumes λðμ0Þ ¼ 0. The
solutions show that MP and m2 depend only very mildly on
the energy scale for the y values of relevance. The inflaton
field itself is also scale-dependent with a renormalization
factor,

ϕðμÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Zðμ0Þ
ZðμÞ

s
ϕðμ0Þ; γϕðμÞ≡ ∂ log

ffiffiffiffiffiffiffiffiffiffi
ZðμÞp

∂ logμ
; ð32Þ

where for the Yukawa interaction the anomalous dimension
of ϕ is given by

γϕ ¼ y2

16π2
: ð33Þ

Thus, using (33) and (29) we can also solve (32) for ZðμÞ to
obtain

ZðμÞ ¼
�
yðμÞ
y0

�
1=2

; ð34Þ

where Zðμ0Þ ¼ 1. Finally, the RG-improved potential is

VRGIðϕ; μÞ ¼
3

4
m2ðμÞM2

PðμÞ
�
1 − e−

ffiffiffiffiffiffi
2

3ZðμÞ
p

ϕ
MPðμÞ

�
2

−
y4ðμÞ
32π2

ϕ4

Z2ðμÞ
�
log

�
y2ðμÞϕ2

μ2ZðμÞ
�
−
3

2

�

þ λðμÞ ϕ4

Z2ðμÞ : ð35Þ

We choose as reference scale μ0 ¼ MP, where the model
emerges from UV physics, and ϕ≡ ϕðμ0Þ. One can check
explicitly that (35) is independent of μ up to one-loop order,
i.e., taking the derivative with regard to μ, the first line
vanishes, and the second plus the third line also vanish up to
higher-loop terms. This reflects the fact that we have solved
the CS equation (27) up to one loop, and hence the residual
μ-dependence in the RG-improved potential only emerges at
two-loop order. In principle, the renormalization scale μ can
be chosen so that the second line in (35) vanishes, which
involves evaluating μ numerically point-by-point. However,
given that the RG-improved potential is independent of μ up
to one loop, we can choose a simpler scale μ ¼ y0ϕ, close to
the mass scale of the fermion.6 As we have previously noted,
in the chosen parameter range y0 ∼ 10−4, the running
Yukawa coupling is almost constant, i.e., yðμ ¼ y0ϕÞ ≃ y0.

The RG-improved potential depends on two parameters
y0 and m0, where the latter is fixed by the CMB observ-
ables. Both y0 and m0 also appear in the definitions of N�
[see Eqs. (13), (15)] and of As [Eq. (17)]. Each value of y
corresponds to a specific reheating temperature, which
enters in Eq. (15), to determine N�. Note that the reheating
temperature is determined by the low-energy value of y
through Eq. (24), and yðμ ¼ m0Þ ≃ y0. These equations can
be expressed in terms of ϕ�, y0, and m0, with ϕend replaced
by the solution of (14). For any y0, one can then solve
numerically the three coupled equations to obtain m0 and
ϕ�, so that the inflaton potential, as well as all CMB
observables are completely determined. In the following we
compare these results to the tree-level values using the same
procedure to derive m and ϕ� for any given y0.
In Fig. 1 we display the one-loop-corrected effective

potential due to the coupling of a Majorana fermion to a
Starobinsky-like inflaton. The dashed lines correspond to the
RG-improved potential given in (35) with the renormaliza-
tion scale μ ¼ y0ϕ for three representative values of y0. For
the tree-level potential (black solid line), we have taken

2 0 2 4 6 8 10

0.0

0.5

1.0

1.5

2.0

tree level

y0 2 10 4

y0 3 10 4

y0 5 10 4

FIG. 1. The RG-improved effective potential as a function of ϕ
for the indicated values of y0, compared to the tree-level potential.
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3.0 1013
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4.0 1013

4.5 1013

y0

m
G
eV

tree level

one loop corrected

FIG. 2. The inflaton mass m as a function of y0, as obtained
from the tree-level potential (1) (black solid line) and from the
one-loop corrected potential (35) (blue dashed line).

6More precisely, to evaluate the one-loop correction to the
potential and the running couplings, it is better to choose
μ2 ¼ y20ϕ

2 þ V 00. For large ϕ (at or near the scale of inflation),
this is equivalent to μ ¼ y0ϕ, but this allows us to determine
the corrections near the minimum of the potential where
μ ≃ V 00 ≃m2. Similarly, the inflaton mass is also mostly inde-
pendent of the renormalization scale.
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m ≃ 1.3 × 10−5MP corresponding to y0 ¼ 9.5 × 10−5,
and TRH ≃ 4 × 1010 GeV.
In order to study the effects of one-loop corrections on

the inflaton potential, we first show in Fig. 2 the inflaton
mass as a function of y0, where the inflaton mass is
obtained from the one-loop corrected potential by evalu-
ating m2 ¼ ∂

2
ϕϕVRGIðϕ; y0ϕÞ at ϕ ¼ 0. For y0 ≲ 10−4, the

one-loop correction is negligible, whereas for larger y0, the
correction of m becomes increasingly significant. This
effect can be seen also in Fig. 1, where the potential
around the origin is steeper for larger y0. We show in Fig. 3
the corresponding comparison between the tree-level and
one-loop results for ϕ� and ϕend, where we see that the one-
loop corrections are much smaller.
The resulting scalar spectral index for y0 in the range

½10−4; 6 × 10−4� is shown in Fig. 4. Consistency with the
Planck result within 2σ imposes an upper bound for the
Yukawa coupling: y < 4.5 × 10−4, which corresponds to an

upper bound for the reheating temperature TRH <
2 × 1011 GeV. If we consider instead the ACT constraint
on ns, the Yukawa coupling is constrained to be 3.8 × 10−4 <
y < 5.6 × 10−4, corresponding to the reheating temperature
constraint 1.7 × 1011 < TRH < 2.8 × 1011 GeV.
We show in Fig. 5 the number of e-folds in terms of the

Yukawa coupling. At the upper bound y ¼ 4.5 × 10−4, we
have N� ≃ 53. In Fig. 6 we show the tensor-to-scalar ratio
from the one-loop corrected potential. The Planck/BICEP/
Keck bound [5] imposes r < 0.036 which is always
satisfied in the considered range of y.

2. Massive fermion mf ≠ 0

The fermion could in principle have a non-negligible
mass term in the Lagrangian, in which case we include the
bare mass mf (though still neglecting H). Note that when
the fermion mass exceeds the inflaton mass, the decay
channel ϕ → ff is kinematically forbidden, implying the
Yukawa coupling y is no longer related to the reheating

0.0001 0.0002 0.0003 0.0004 0.0005 0.0006

0.96

0.97

0.98

0.99

1.00

y0

n s

ACT

Planck

FIG. 4. The spectral index ns from the one-loop corrected
potential as a function of the Yukawa coupling y0. The gray
shaded region is the constraint on ns from Planck with �2σ
uncertainty, while the yellow band is the ACT constraint.
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FIG. 5. The number of e-folds N� from the one-loop corrected
potential as a function of the Yukawa coupling y0.

0.0001 0.0002 0.0003 0.0004 0.0005 0.0006
10 3

10 2

10 1
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r

FIG. 6. The tensor-to-scalar ratio from the one-loop corrected
potential as a function of the Yukawa coupling y0. The gray
dashed line is the upper bound (3) from Planck/BICEP/Keck
bound [5].
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FIG. 3. The inflaton field values ϕ� and ϕend as functions of y0,
from the tree-level potential (1) (solid lines) and from the one-
loop corrected potential (35) (dashed lines).
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temperature. Nevertheless, as we will show, sufficiently
heavy fermions coupled to the inflaton will affect the value
of ns. The running mass mfðμÞ is determined by [60]

βmf
¼ y2mf

4π2
: ð36Þ

Using (29), we obtain an analytic solution,

mfðμÞ ¼ mf0

yðμÞ
y0

: ð37Þ

With a nonzero mass term, one must add the contributions
Λþ a1ϕþ a2ϕ2 þ a3ϕ3 þ λϕ4 to the potential for the
RGEs to close, where Λ is a constant energy density.
Similar to the massless case, solving the CS equation (27)
yields analytic solutions for the running parameters,
namely,

ΛðμÞ ¼ m2
f0
m2

fðμÞ
16π2

logðμ0=μÞ þ Λ0;

a1ðμÞ ¼
yðμÞm2

f0
mfðμÞ

4π2
logðμ0=μÞ;

a2ðμÞ ¼
3m2

fðμÞy20
8π2

logðμ0=μÞ;

a3ðμÞ ¼
y20yðμÞmfðμÞ

4π2
logðμ0=μÞ; ð38Þ

where the parameters a1, a2, a3 are required to vanish at the
scale μ0 and Λ0 is the vacuum energy at the UV scale μ0.
The other running parameters MPðμÞ, m2ðμÞ, λðμÞ are still
given by (31).
The RG-improved potential for a massive fermion then

becomes

VRGIðϕ; μÞ ¼
3

4
m2ðμÞM2

PðμÞ
�
1 − e−

ffiffiffiffiffiffi
2

3ZðμÞ
p

ϕ
MPðμÞ

�
2

−
M4

fðμÞ
32π2

�
log

�
M2

fðμÞ
μ2

�
−
3

2

�

þ λðμÞ ϕ4

Z2ðμÞ þ a1ðμÞ
ϕffiffiffiffiffiffiffiffiffiffi
ZðμÞp þ a2ðμÞ

ϕ2

ZðμÞ

þ a3ðμÞ
ϕ3

ZðμÞ3=2 þ ΛðμÞ; ð39Þ

where

MfðμÞ ¼ yðμÞ ϕffiffiffiffiffiffiffiffiffiffi
ZðμÞp þmfðμÞ: ð40Þ

To analyze the effect of y0 andmf0 on the CMB predictions,
we will fix the initial value Λ0, such that VRGIð0; μÞ ¼ 0. In
the computation of the one-loop correction, we have

assumed that the Hubble constant H, as well as its time
variation Ḣ are negligible. This is a good approximation for
the chosen parameter space. Since mfðμÞ and yðμÞ vary
slowly with μ, we can choose the renormalization scale
μ ¼ y0ϕþmf0 . In Fig. 7, we show the one-loop corrected
potential compared to the same tree-level potential shown in
Fig. 1, for different values of y0 and mf0 .
In Fig. 8, we show the ðy0; mf0Þ parameter space that is

allowed by the Planck and ACT constraints on ns. For
y0 ¼ 10−4, Planck implies an upper bound mf0 < 1.2×
1016 GeV, whereas ACT constrains the bare mass to be in
the range 1016 GeV < mf0 < 2 × 1016 GeV.When y0 → 0,
the fermion decouples from the inflaton and therefore does not
contribute to the one-loop correction. In this case, there is no
constraint on mf0 . For the numerical evaluations, we have
considered a reheating temperature TRH ¼ 4 × 1010 GeV.

B. Yukawa interaction in the Jordan frame

As an alternative to the fermion effective mass generated
by the Yukawa interaction in the Einstein frame discussed
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1.5

2.0

FIG. 7. The RG-improved effective potential as a function ofϕ for
various values of y0 and mf0 , compared to the tree-level potential.
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FIG. 8. The ðy0; mf0Þ contours satisfying the ns constraints
from Planck (gray shaded region), and ACT (yellow shaded
region), up to 2σ.
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in Sec. IVA, we now consider a possible coupling to the
curvature in the Jordan frame, analogous to the nonminimal
scalar coupling ξRφ2. We adopt the following action in the
Jordan frame:

S ¼
Z

d4x
ffiffiffiffiffiffi
−g̃

p �
−
M2

P

2
R̃þ αR̃2 þ i

2
f̄=Df

−
1

2
mff̄f þ βR̃ f̄ f þ 1

4

β2

α
f̄ff̄f

�
; ð41Þ

where β is a nonminimal coupling with mass dimension
−1, and the four-fermion coupling is chosen to have the
value β2=α. The covariant derivative acts on the fermion as
Dμf ¼ ∂μf − 1

4
ωab
μ ½γa; γb�f where ωab

μ is the spin connec-
tion. This action is equivalent to

S ¼
Z

d4x
ffiffiffiffiffiffi
−g̃

p �
−
M2

P

2
R̃þ 2αΦR̃ − αΦ2

−
1

2
mff̄f þ βΦf̄f þ i

2
f̄=Df

�
: ð42Þ

The equation of motion for the auxiliary scalar is
Φ ¼ R̃þ β

2α f̄f. Once Φ is integrated out, we recover (41).
Starting from (42), we perform the conformal trans-

formation (6) where again Ω is determined by (7). We note
that the kinetic term of the fermion is invariant under this
transformation,Z

d4x
ffiffiffiffiffiffi
−g̃

p i
2
f̄=Df ¼

Z
d4x

ffiffiffiffiffiffi
−g

p i
2
F̄=̃DF; ð43Þ

with the relation F ¼ fe−
3
2
Ω. Eq. (43) is the well-known

result that a massless spin 1=2 fermion is conformally
invariant, see, e.g., [61]. However, the conformal invariance
is explicitly broken when mf; β ≠ 0. After the redefinition

ϕ ¼ ffiffiffi
6

p
MPΩ, we obtain the following action in the

Einstein frame:7

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
−
M2

P

2
R̃þ i

2
F̄=̃DF þ 1

2
∂̃μϕ∂̃

μϕ − VðϕÞ

−
1

2
mfe

− ϕffiffi
6

p
MPF̄F −

M2
Pβ

2α
sinh

�
ϕffiffiffi
6

p
MP

�
F̄F

�
; ð44Þ

where VðϕÞ is the Starobinsky potential given in (1). For
small field values ϕ ≪ MP, the last term is approximately a
Yukawa coupling ∝ ϕF̄F. On the other hand, the fermion
mass termmff̄f in the Jordan frame action (41), results in a

coupling that is exponentially suppressed in the Einstein
frame at large inflaton field value. However, the one-loop
correction from this coupling may still be significant for
large mf. In this case, we can derive an upper bound on the
fermion mass.
In order to evaluate the radiative corrections, we perform

the same analysis as before, using the field-dependent
effective fermion mass,

Mf ¼ mfe
− ϕffiffi

6
p

MP þ β

α
M2

P sinh

�
ϕffiffiffi
6

p
MP

�
: ð45Þ

We assume the couplings dominate over curvature effects,
allowing us to neglect the H2 piece in the effective mass.
The effective Yukawa coupling is

yðϕÞ ¼ −
mfffiffiffi
6

p
MP

e
− ϕffiffi

6
p

MP þMPβffiffiffi
6

p
α
cosh

�
ϕffiffiffi
6

p
MP

�
: ð46Þ

In principle, we can follow the same RG-improvement
procedure as in Sec. IV, but the counterterms are more
complicated due to the nonrenormalizable couplings. For
simplicity, we estimate the one-loop correction using fixed
couplings, with β ¼ 0, and we choose μ ¼ MfðϕÞ. This
choice makes the one-loop correction (25) small around ϕ�,
where we evaluate the CMB observables. Since the
potential is not RG-improved, the range of validity of
the potential is limited, and cannot be extended to ϕ ≪ ϕ�.
For an estimate of the limit, we fix m ¼ 1.3 × 10−5MP for
the tree-level potential, and use (17) to evaluate ϕ�. This
leads to the bounds mf ≲ 5.8 × 1016 GeV from Planck
and 5.4 × 1016 ≲mf ≲ 6.2 × 1016 GeV from ACT. The
assumption of fixed couplings is a good approximation,
since in the mf0 ¼ 0 case, the bounds obtained with fixed
and running couplings are nearly identical.

V. ONE-LOOP CORRECTIONS FROM INFLATON
COUPLINGS TO SCALARS

A. Trilinear coupling to the inflaton

In this section we consider a real scalar field s coupled to
the inflaton ϕ, including the possibility that the scalar has a
nonminimal coupling ξ to gravity, in which case the scalar
part of the action is

Ss ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
1

2
gμν∂μs∂νs −

1

2
ξRs2 − Vðs;ϕÞ

�
: ð47Þ

Perturbing the scalar around its background value s0, i.e.,
s ¼ s0 þ ŝ, one finds that the quadratic terms for the
perturbation ŝ are

Ss ¼
1

2

Z
d4x

ffiffiffiffiffiffi
−g

p ½−ŝð□þ ξRþ ∂
2
ssVðs;ϕÞÞŝþ � � ��:

ð48Þ

7From the Einstein-frame Lagrangian, we see that the fermion
scattering amplitude is well-behaved at high energy provided
β ≲MP=m2. This behavior, which is not manifest in the Jordan
frame Lagrangian, follows from the specific four-fermion cou-
pling in (41).
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The fluctuation operator is □þ ∂
2
ssVðs;ϕÞ, and the effec-

tive scalar mass is

M2
s ¼ ∂

2
ssVðs;ϕÞjs0 −

�
ξ −

1

6

�
R; ð49Þ

and the scalar contribution to the one-loop effective
potential8 is

Vð1Þ
s ðϕÞ ¼ ni

64π2

�
M4

s

�
log

jM2
s j

μ2
−
3

2

�
þ 2bs log

jM2
s j

μ2

�
;

ð50Þ

with

bs ¼ −
1

180
RμνRμν þ 1

180
RμνρσRμνρσ; ð51Þ

where ni is the number of scalar degrees of freedom (ni ¼ 1
for one real scalar). We consider a real scalar possessing a
bare mass ms and interacting with the inflaton through the
trilinear term 1

2
κϕs2, where κ is a dimensionful coupling.

The effective mass is then

M2
s ¼ κϕþm2

s −
�
ξ −

1

6

�
R: ð52Þ

In the de Sitter case (R ¼ −12H2) and for ξ ∼Oð1Þ, we can
neglect the curvature for κ ≫ 107 GeV orms ≫ 1013 GeV.
This approximation may change for large ξ. However, since
its contribution to the effective potential scales as ξ2H4,
which is roughly 10−10ξ2 × VðϕÞ, this term will affect
inflationary observables only for very large ξ ∼ 104 – 105.
In the following, we work in the large κ (or ms) and small ξ
regime, so that the flat spacetime approximation applies.

1. Massless scalar ms = 0

As in the fermion case, we first consider a scalar without
a bare mass.9 Assuming that reheating is dominated by the
decay channel ϕ → ss, we obtain the reheating temperature
as follows:

gRH
π2

30
T4
RH ¼ 12

25
ðΓϕMPÞ2 ¼

3M2
Pκ

4

6400π2m2
: ð53Þ

At one loop, no anomalous dimension is generated by the
cubic ϕs2 coupling, and βκ ¼ 0 since the one-loop dia-
gram with ϕss external legs is convergent. Therefore, the

CS equation is

�
∂

∂ log μ
þ βgi

∂

∂gi

�
VeffðϕÞ ¼ 0; ð54Þ

with Veff ¼ V þ Vð1Þ
s . The first term in (54) gives rise to

a κ2ϕ2 term, which will be canceled by a counterterm
b2ϕ2 that appears only radiatively. We then obtain the
β-functions

βb2 ¼
κ2

32π2
; βMP

¼ βm2 ¼ βκ ¼ 0; ð55Þ

which yield

b2ðμÞ ¼
κ2

32π2
logðμ=μ0Þ: ð56Þ

As in the fermion case, we choose the reference scale
μ0 ¼ MP and the renormalization scale is taken to be the
scalar effective mass μ ¼ ffiffiffiffiffiffi

κϕ
p

.10 The RG-improved
potential then becomes

VRGIðϕ; μÞ ¼
3

4
m2M2

P

�
1 − e−

ffiffi
2
3

p
ϕ

MP

�
2

þ b2ðμÞϕ2

þ 1

64π2
κ2ϕ2

�
log

κϕ

μ2
−
3

2

�
: ð57Þ

In Fig. 9 we compare the RG-improved potential (57)
to the tree-level potential (with m ¼ 1.3 × 10−5MP;
TRH ¼ 4 × 1010 GeV), for different values of κ. We note
that the one-loop radiative correction from the scalar causes
the slope of the inflaton potential to turn negative at large

2 0 2 4 6 8 10

0.0

0.5

1.0

1.5

2.0

tree level

1 109 GeV

5 1011 GeV

3 1012 GeV

FIG. 9. The RG-improved effective potential as a function of
ϕ for the indicated values of the trilinear scalar coupling κ,
compared to the tree-level potential.

8A quadratically divergent one-loop tadpole term has been
tuned to zero and, as in the fermion case, we focus solely on the
logarithmically divergent terms.

9By this we mean a bare mass negligible compared to the
inflation scale but not so small as to trigger a vacuum expectation
value (VEV) for the scalar.

10As in the fermion case, for low ϕ (i.e., κϕ < m2) we must
include the inflaton mass and take μ2 ¼ κϕþ V 00.
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field values. For example, if κ ¼ 4 × 1012 GeV this hap-
pens at ϕmax ¼ 6.4MP, to be compared with the value of the
inflaton field at the pivot scale, ϕ� ¼ 5.2MP. In this case,
inflation cannot start from an initial value ϕ ≥ 6.4MP, if the
inflaton is initially at rest. In Fig. 10 we show the field value
ϕmax, where the potential has a local maximum, and ϕ� as
functions of κ.
We show in Fig. 11 the spectral index ns as a function of

κ. Planck 2018 data set an upper limit κ ≤ 4 × 1012 GeV,
implying TRH ≤ 4.2 × 1013 GeV, but ns never reaches the
ACT range. Within the chosen parameter range, the tensor-
to-scalar ratio r ∼ 4 × 10−3, satisfying the Planck upper
bound. The number of e-folds as a function of κ is shown
in Fig. 12.

2. Massive scalar: ms ≠ 0

We consider next a scalar with nonvanishing bare mass
ms ≠ 0. At one-loop order, the bare mass term receives a
contribution from the trilinear coupling, with β-function

βm2
s
¼ κ2

8π2
; ð58Þ

which leads to the exact solution:

m2
sðμÞ ¼

κ2

8π2
logðμ=μ0Þ þm2

s0 ; ð59Þ

where ms0 ≡m2
sðμ0Þ. In our implementation of Eq. (54),

we introduce the counterterms b1ðμÞϕþ b2ðμÞϕ2 þ ΛðμÞ
with:

ΛðμÞ ¼ 1

32π2
m4

s0 logðμ=μ0Þ þ Λ0;

b1ðμÞ ¼
1

16π2
m2

s0κ logðμ=μ0Þ;

b2ðμÞ ¼
1

32π2
κ2 logðμ=μ0Þ: ð60Þ

We choose the renormalization scale, μ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

s0 þ κϕ
q

, and

find the following RG-improved potential:

VRGIðϕ;μÞ

¼ 3

4
m2M2

P

�
1− e−

ffiffi
2
3

p
ϕ

MP

�
2

þ b1ðμÞϕþ b2ðμÞϕ2

þ 1

64π2
ðκϕþm2

s0Þ2
�
log

κϕþm2
s0

μ2
−
3

2

�
þΛðμÞ: ð61Þ

As in the fermionic case, we impose VRGIð0; μÞ ¼ 0 to fix
Λ0. Since we consider heavyms, the decay channel ϕ → ss
is kinematically forbidden, and therefore it cannot be
responsible for reheating. For definiteness, as in previous
examples, we fix the reheating temperature to TRH ¼ 4 ×
1010 GeV in the following. The RG-improved potential for
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FIG. 10. The values of ϕmax, where the one-loop potential has a
local maximum, and ϕ� as functions of the trilinear scalar
coupling κ.
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FIG. 11. The spectral index ns obtained from the one-loop
corrected potential as a function of the trilinear scalar coupling
κ. The gray shaded region is the constraint on ns from Planck
with �2σ uncertainty, and the yellow band is the ACT
constraint.
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FIG. 12. The number of e-folds N� obtained from the one-loop
corrected potential as a function of the trilinear scalar coupling κ.
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different values of κ and ms0 is shown in Fig. 13.11 In
Fig. 14, we show the ðκ; ms0Þ contour satisfying the bound
on ns from Planck. The bound from ACT DR6 cannot be
satisfied for any choice of the parameters.

B. Scalar coupling in the Jordan frame

Finally, we consider a real scalar field whose Lagrangian
is given by

Lmatter ⊃ Lscalar ¼
1

2
g̃μν∂μχ∂νχ − VðχÞ: ð62Þ

Redefining χ ¼ eΩs, we may write the kinetic term in
canonical form,

e−4ΩLscalar ¼
1

2
∂
μs∂μsþ

1ffiffiffi
6

p
MP

s∂μs∂μϕ

þ 1

12

1

M2
P
s2∂μϕ∂μϕ − e−4ΩVðeΩsÞ: ð63Þ

We note that the derivative coupling of ϕ does not affect the
inflaton potential, as it has shift symmetry. On the other
hand, the potential terms may or may not affect the flatness
of the inflaton potential through loop corrections. For
instance, if we simply consider a noninteracting scalar in
the Jordan frame with

VðχÞ ¼ 1

2
m2

χχ
2; ð64Þ

we find

e−4ΩVðeΩsÞ ¼ 1

2
ðe−ΩmχÞ2s2: ð65Þ

Since Ω increases linearly with ϕ, the couplings with
nonzero mass dimension also increase.
One may eliminate the cubic coupling with derivatives in

Eq. (63) by making a further field redefinition. Replacing ϕ
and s as follows:

ϕ → ϕ −
1

2
ffiffiffi
6

p
MP

s2 −
1

12M2
P
s2ϕ; ð66Þ

s → sþ 1

36M2
P
s3 −

1

12M2
P
sϕ2; ð67Þ

we obtain

Lϕ þ Ls ⊃ −
1

12M2
P
s2ð∂μsÞ2 −

1

3M2
P
sϕ∂μs∂μϕ: ð68Þ

We note that the kinetic terms for ϕ and s remain canonical
at leading order after this transformation. The effective
mass of s is

M2
sðϕÞ ¼ ðe−ΩmχÞ2

�
1 −

1

2
Ω2

�
2

−
1

2
ðe−ΩmÞ2ð1 − e−2ΩÞð1þΩÞ; ð69Þ

To estimate the constraint on mχ , we follow the same
approach as in Sec. IV B, with fixed coupling constants.
For the tree-level potential, we take m ¼ 1.3 × 10−5MP.
We assume that χ does not develop a VEV, and therefore
we require M2

s ≥ 0. For ϕ ∼ 5ð10ÞMP this implies
mχ ≳ 1.5 × 10−5ð2.8 × 10−6ÞMP.

12 In order to satisfy the
Planck bound on ns, we require mχ ≲ 0.024MP, whereas
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FIG. 13. The RG-improved effective potential as a function of
ϕ for the indicated values of the trilinear scalar coupling κ and
bare mass ms0 , compared to the tree-level potential.
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FIG. 14. The ðκ; ms0Þ contour within which the ns constraint
from Planck is satisfied at the 2σ level. The bound from ACT
DR6 cannot be satisfied for any value of κ.

11In the allowed parameter space, and for ϕ ¼ 0, we find
ms ≃ms0 .

12We note that lighter fields may develop a VEV, but these
fields are all subject to large scale field fluctuations, see e.g., [62].
After inflation, at small ϕ, we have M2

s ¼ m2
χ .

ELLIS, GHERGHETTA, KANETA, KE, and OLIVE PHYS. REV. D 112, 123530 (2025)

123530-12



the ACT range will never be obtained with scalar radiative
corrections. Interestingly, this limit is effectively an upper
limit on GUT-scale physics if introduced in Jordan frame,
and does not depend on any additional coupling, such as κ,
between the inflaton and scalar field.

VI. EFFECTS OF SUPERSYMMETRY

The effective potential calculations discussed above arise
from vacuum insertion diagrams. Combining the contri-
butions of fermions and bosons, one has

ΔV ¼ 1

64π2
Str

�
M4

i

�
log

jM2
i j

μ2
−
3

2

�
þ 2bi log

jM2
i j

μ2

�
;

ð70Þ
where Strf…g denotes a sum over all degrees of freedom,
with factors ofþ1ð−1Þ for each bosonic (fermionic) degree
of freedom.
It has been argued that inflation cries out for supersym-

metry [63], and that the most appropriate framework is no-
scale supergravity [64]: for an example of a no-scale
supergravity realization of the Starobinsky model, see
[65]. In a supersymmetric model, the number of bosonic
and fermionic degrees of freedom are equal, as are their
masses. Therefore there would be no analogue of the
constraints discussed above on the possible couplings of
the inflaton to fermions and bosons. However, supersym-
metry is broken at some scale m̃, which should be taken
into account, leading to contribution to the effective
potential of the form

ΔV ¼ O
�

1

64π2
m̃2ϕ2

�
: ð71Þ

A specific U(1) supersymmetry-breaking model containing
two Higgs supermultiplets with charges �2, in which the
inflaton was identified with a linear combination of their
scalar components (that does not realize Starobinsky-like
inflation), was studied in [66], with the result

ΔV ≃
g2

8π2

�
1 − 3 ln

g2ϕ2

μ2

�
m̃2ϕ2; ð72Þ

at one-loop order and neglecting higher orders in m̃=gϕ. In
the case of the Einstein-frame inflaton-fermion coupling
discussed above, the maximum contribution to V allowed
by Planck data when ϕ ∼ 5MP is Oð10−11ÞM4

P. Neglecting
for simplicity the second term in the brackets in (72), one
may speculate that

m̃2 ≲ 10−11 × 8π2

g2ϕ2
ð73Þ

in the model of [66]. Assuming g ¼ 0.1 and ϕ ¼ 5Mp, one
would find the upper bound m̃≲ 6 × 10−5MP. Most

phenomenological models of supersymmetry breaking
would be consistent with this upper limit—it would even
allow the ratio between the masses of the Starobinsky
inflaton and its “Starobinskino” partner to be Oð1Þ.
However, the model studied in [66] does not realize
Starobinsky(-like) inflation.
A no-scale supergravity model of Starobinsky(-like)

inflation was proposed in [65]. As has recently been
emphasized [23], successful Starobinsky-like inflation
requires a high degree of fine-tuning. The model proposed
in [65] is based on a Wess-Zumino superpotential with
bilinear and trilinear terms, and requires a very specific
value of the trilinear coupling [23,65]. This coupling is
subject to wave-function renormalization, which is small in
this model because the trilinear coupling is Oð10−5Þ,
rendering the fine-tuning technically natural. However,
the supergravity Kähler potential is also subject to radiative
corrections, which require further investigation.

VII. SUMMARY AND CONCLUSIONS

We have considered in this paper three classes of one-
loop radiative corrections to the inflationary potential that
may arise in Starobinsky-like models. They include the
Coleman-Weinberg-like correction generated by the infla-
ton itself and those due to possible couplings of the inflaton
to fermions and bosons—recalling that one or the other is
needed to reheat the Universe following inflation (or both).
We have found that the Coleman-Weinberg-like correction
is negligible during inflation, ΔV=V ∼H2=M2

P ∼ 10−10,
and hence has no observable impact on the CMB observ-
ables ns and r.
However, the impact of inflaton decay couplings is

potentially significant. In the case of a massless fermion,
the Planck determination of ns imposes a 2σ upper bound
on the inflaton-fermion Yukawa coupling in the Einstein
frame of y < 4.5 × 10−4, corresponding to an upper bound
on the reheating temperature of TRH < 2 × 1011 GeV. On
the other hand, the ACT determination of ns could be
accommodated if the Yukawa coupling in the Einstein
frame is constrained to be 3.8 × 10−4 < y < 5.6 × 10−4,
corresponding to the reheating temperature constraint
1.7 × 1011 < TRH < 2.8 × 1011 GeV. We have also pro-
vided in Fig. 8 the Planck and ACT bounds on the possible
fermion mass as functions of the fermion Yukawa coupling.
For a coupling of order y ¼ 10−4, the upper limit on the
fermion mass is of order 1016 GeV. If one considers instead
a fermion mass in the Jordan frame, it is exponentially
suppressed at larger inflaton field values but the one-loop
corrections may nevertheless have a significant impact on
the CMB observables. We found the bounds mf ≲ 5.8 ×
1016 GeV from the Planck data and 5.4 × 1016 GeV≲
mf ≲ 6.2 × 1016 GeV from the ACT data.
The case of a massless scalar in the Einstein frame,

coupled to the Starobinsky inflaton via a dimensionful
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trilinear coupling, is also interesting. The Planck data set an
upper limit κ ≤ 4 × 1012 GeV, implying that the reheating
temperature ≤ 4.2 × 1013 GeV, but the scalar loop correc-
tions never push ns into the ACT range. In this case the
radiative corrections cause the effective potential to
decrease at large inflaton field values beyond a local
maximum at a value ϕmax. This sets an upper limit on
the initial value of the inflaton field (assuming it is initially
stationary), which is larger than the pivot value ϕ� over the
range of κ allowed by Planck data, as seen in Fig. 10. For
couplings of order κ ∼ 1012 GeV, we have also derived a
limit of order 1016 GeV for a massive scalar coupled to the
inflaton. Finally, we have also considered the limits if the
inflaton coupling is generated by the conformal trans-
formation from the Jordan frame to the Einstein frame.
Indeed, the coupling to the Standard Model Higgs is
generated this way leading to a reheating temperature of
2.9 × 109 GeV [59]. To ensure that the scalar coupled to
the inflaton does not develop a VEV due to its conformal
coupling to the inflaton, we require only mχ ≳m. In order
to remain consistent with the Planck 2018 determination of
ns, we further require mχ ≲ 6 × 1016 GeV, effectively
placing an upper limit to the GUT scale if GUT physics
is introduced in the Jordan frame.
We have also discussed briefly the potential implications

of supersymmetry for our analysis. In the limit of exact
supersymmetry, the radiative corrections should vanish and
therewould be no constraints on the possible couplings of the
inflaton to fermions and bosons. However, supersymmetry is

broken at some scale m̃, leading to nonzero radiative
corrections and the possibility that CMB data might set an
upper limit on m̃. The Starobinsky model does not itself have
a simple supersymmetric extension, though no-scale super-
gravity can accommodate avatars of the Starobinsky model
[67,68]. We leave for future work a detailed consideration of
radiative corrections in such models.
Our work shows that radiative corrections may have

important effects on the predictions of the Starobinsky
model, and potentially on other models of inflation.
Radiative corrections merit more detailed consideration
in future studies of inflationary models and their compari-
son with observational data.
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