
Cosmological implications of inflaton-mediated dark
and visible matter scatterings after reheating

Deep Ghosh ,1,* Sourav Gope ,2,† and Satyanarayan Mukhopadhyay 2,‡

1Department of Physical Sciences, Indian Institute of Science Education and Research (IISER) Kolkata,
Campus Road, Mohanpur, West Bengal 741246, India

2School of Physical Sciences, Indian Association for the Cultivation of Science,
2A and 2B Raja S.C. Mullick Road, Kolkata 700 032, India

(Received 28 December 2023; accepted 11 April 2024; published 30 April 2024)

The initial density of dark matter (DM) particles, otherwise secluded from the standard model (SM),
may be generated at reheating, with an initial temperature ratio for internal thermalizations,
ξi ¼ TDM;i=TSM;i. This scenario necessarily implies inflaton-mediated scatterings between DM and
SM after reheating, with a rate fixed by the relic abundance of DM and the reheat temperature. These
scatterings can be important for an inflaton mass and reheat temperature as high as Oð107 GeVÞ and
Oð109 GeVÞ, respectively, since the thermally averaged collision terms become approximately
independent of the inflaton mass when the bath temperature is larger than the mass. The impact of
these scatterings on DM cosmology is studied modeling the perturbative reheating physics by a gauge-
invariant set of inflaton interactions up to dimension 5 with the SM gauge bosons, fermions, and the
Higgs fields. It is observed that an initially lower (higher) DM temperature will rapidly increase
(decrease), even with very small couplings to the inflaton. There is a sharp lower bound on the DM mass
below which the relic abundance cannot be satisfied due to faster backscatterings depleting DM quanta to
SM particles. For low DMmasses, the cosmic microwave background constraints become stronger due to
the collisions for ξi < 1, probing values as small as Oð10−4Þ, and weaker for ξi > 1. The big-
bang nucleosynthesis constraints become stronger due to the collisions for lower DM masses, probing ξi
as small as Oð0.1Þ, and weaker for higher DM mass. Thus inflaton-mediated collisions with
predictable rates, relevant even for high-scale inflation models, can significantly impact the cosmology
of light DM.

DOI: 10.1103/PhysRevD.109.083541

I. INTRODUCTION AND SUMMARY

Cosmic inflation is a candidate theory for the preradia-
tion-dominated epoch of the Universe. To begin with, it
addresses the question of why the cosmic microwave
background (CMB) has such a uniform temperature beyond
the region which could have been causally connected with
standard radiation and matter domination history. At the
same time, the nearly scale invariant Gaussian density
fluctuations imprinted in the CMB find a natural explan-
ation in the quantum fluctuations of the inflaton field [1–8].

Most models of inflation feature a scalar singlet field as
the inflaton, which can, in general, couple to the dark
matter (DM) and standard model (SM) fields. At least some
of these couplings are necessary for reheating to a radiation-
dominated epoch in which the big-bang nucleosynthesis
(BBN) can take place. A simple model for the reheating
phase considers the damped oscillation of the inflaton field
around theminimum of its potential after the end of the slow-
roll epoch, where the potential can be approximated by a
quadratic form near the minimum. Such an oscillatory phase
is equivalent to the field theory of spin-0 particles with
negligible velocity. This perturbative reheating phenomenon
has been studied in detail; see, for example, Refs. [1,6,9–18].
The possibility of nonthermal production of DM in such
perturbative reheating is also well known [19–45].
In the conventional treatment of DM production in

perturbative reheating, one usually computes the DM
momentum distribution at a given epoch by simply red-
shifting the momenta at production, which for a two-body
decay of a heavy inflaton is p ∼minflaton=2. However, as
shown by some of the present authors in Ref. [41], in such

*matrideb1@gmail.com
†intsg5@iacs.res.in
‡tpsnm@iacs.res.in

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 109, 083541 (2024)

2470-0010=2024=109(8)=083541(12) 083541-1 Published by the American Physical Society

https://orcid.org/0000-0002-6674-9079
https://orcid.org/0000-0003-1165-9452
https://orcid.org/0000-0003-1621-1278
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.109.083541&domain=pdf&date_stamp=2024-04-30
https://doi.org/10.1103/PhysRevD.109.083541
https://doi.org/10.1103/PhysRevD.109.083541
https://doi.org/10.1103/PhysRevD.109.083541
https://doi.org/10.1103/PhysRevD.109.083541
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


scenarios the DM necessarily undergoes both s-channel
and t-channel scattering and annihilation processes
involving the SM particles, mediated by the inflaton field.
Therefore, if the inflaton is not very heavy compared to
the reheat temperature, these scatterings can become
significant in modifying the momentum distribution of
DM. In fact, compared to the simplistic treatment of only
redshifting the momenta, the average DM velocity at the
epoch of matter-radiation equality, and hence its free-
streaming length, can be modified by more than an order
of magnitude due to these scatterings, leading to signifi-
cant weakening of the Lyman-alpha constraints on light
DM [41,46–48].
In Ref. [41], we focused on the case of a singlet fermion

DM, which remained nonthermal throughout its entire
thermal history. On the other hand, if one considers a
scalar singlet DM, the scalar singlet can naturally possess
both elastic and number-changing self-interactions to
internally thermalize [49]. Thus we can have an internally
thermalized DMwith its own temperature, which in general
is different from the SM temperature [33–37]. In this paper,
we investigate the role of the inflaton-mediated dark matter
and standard model particle scattering processes in modi-
fying the DM cosmology, by taking into account all the
possible gauge-invariant couplings of the inflaton with the
SM gauge, fermion and Higgs fields. For other related
interesting ideas on the reheating and temperature of a
secluded DM sector, see, for example, Refs. [50–53].
The role of inflaton-mediated scatterings in increasing

the initial temperature of a chilly relativistic dark sector has
been studied in Refs. [33,36], where a particularly detailed
analysis of the effect of quantum statistics was performed.
In this paper, we focus on several other important aspects of
this subject, some of which include the following:
(1) We consider the complete set of inflaton interactions

with the SM gauge, fermion and Higgs fields, by
including all the relevant SUð3ÞC × SUð2ÞL ×
Uð1ÞY invariant operators up to dimension 5. The
suppression mass scale for the higher-dimensional
operators is chosen in a consistent way, such that the
reheat temperature, which is a function of this mass
scale, is always lower than this scale. This is
necessary for the effective field theory treatment
to be valid.

(2) Since we are interested both in the temperature and
the number density of the DM particles at later
epochs, we solve a coupled system of Boltzmann
equations for both these quantities including the full
set of relevant inflaton-mediated 2 → 2 collision
integrals induced by the above operators (namely,
the zeroth and the second moments of the collisional
Boltzmann equation for the DM phase-space dis-
tribution function). In Refs. [33,36] it was sufficient
for the authors to solve the Boltzmann equation for
the relativistic DM energy density, and deduce the

temperature evolution from there, since the relic
abundance of the DM particles which become non-
relativistic at later epochs was not the primary
emphasis.

(3) We solve for the DM temperature and number
density as a function of the DM mass and the
DM-inflaton coupling in a very broad parameter
space area, in order to determine the values of these
parameters that are consistent with the requirements
of the total DM abundance, and the constraints from
the observations of the CMB anisotropies and the
BBN. Thus, we are able to determine the impact of
the inflaton-mediated scatterings on the cosmologi-
cal observables in a detailed way—which is one of
the key new results of our study. We show that the
CMB constraints rule out a vast range of the initial
DM temperatures for low DM masses, while the
BBN bounds exclude a vast range of DM mass
values for initial DM temperatures up to an order of
magnitude below the SM. Both the CMB and BBN
constraints are found to be significantly altered upon
including the collision effects.
Since the solution of the coupled Boltzmann

equations with the multidimensional collision inte-
grals over a vast parameter space is already numeri-
cally challenging, we did not include the effect of
quantum statistics.

(4) We point out the possibility that not only can the DM
sector be produced with a lower temperature than the
SM sector at reheating, it can also be produced with
a somewhat higher temperature. The latter scenario
can be consistent with the requirement of radiation
domination at BBN, since the SM sector can still
have a higher energy density owing to its much (2
orders of magnitude for a reheat temperature higher
than the top quark mass) larger degrees of freedom.
This possibility, in fact, leads to a sharp lower bound
on the mass of the DM that can saturate the observed
DM abundance. For DM masses below this cutoff,
the required DM-inflaton coupling is large enough to
induce strong backscatterings, washing out the
initial density, which is a novel effect.

With the above goals in mind, we then consider a
scenario in which a scalar singlet inflaton field ϕ couples
to the singlet scalar DM field χ,1 and the SM gauge, Higgs
and fermion fields, with the SUð3ÞC × SUð2ÞL × Uð1ÞY
invariant interaction Lagrangian given by

1The DM degree of freedom here can be an effective low-
energy one, such as a glueball of a hidden non-Abelian gauge
group, so that direct couplings to the Higgs field are not induced
[54–57]. If they are elementary fields instead, these renormaliz-
able couplings need to be small enough not to impact the
cosmology in our scenario, which also helps in avoiding the
direct detection bounds.
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L ⊃ μϕϕH†H þ λϕ
2
ϕ2H†H þ μχ

2
ϕχ2 þ λ

4
ϕ2χ2 þ 1

Λ
ϕL̄HeR þ 1

Λ
ϕQ̄ H̃ uR þ 1

Λ
ϕQ̄HdR

þ 1

Λ
ð∂μϕÞðgLf̄LγμfL þ gRf̄RγμfRÞ þ

1

Λ
ϕBμνBμν þ 1

Λ
ϕWaμνWa

μν þ
1

Λ
ϕGaμνGa

μν; ð1:1Þ

where, H̃ ¼ iσ2H�, H being the SM Higgs doublet, f
includes all the SM fermions, L and Q are the SUð2ÞL
doublet lepton and quark fields, while eR, uR and dR are the
SUð2ÞL singlet fields, and Bμν;Wa

μν and Ga
μν are the field

strength tensors for the Uð1ÞY; SUð2ÞL and SUð3ÞC gauge
fields, respectively. We have omitted the CP-violating
interactions for simplicity. Here, the inflaton coupling to
the Higgs field is renormalizable with terms of dimension 3
and dimension 4, whereas the SM gauge invariant cou-
plings to the fermion and gauge bosons are of dimension 5,
suppressed by a scale Λ. Therefore, if the Higgs couplings
are appreciable, they will dominate the reheating to the SM
sector, as well as the subsequent inflaton-mediated scatter-
ings with the DM particles. On the other hand, if the Higgs
couplings are very small, the dimension 5 terms become
relevant. Therefore, in the following, we shall show our
results separately for these two scenarios. Although we
have considered the reheating of the SM sector through the
trilinear scalar interaction in the following, the quartic
interaction term ϕ2H†H can also be relevant [53].
In what follows, we shall show our primary new results

of the impact of inflaton mediated scatterings on the DM
temperature and density, and their cosmological implica-
tions first in a scenario in which the inflaton dominantly
couples to the SM Higgs doublet in Sec. II, and then in the
complementary scenario in which the inflaton dominantly
couples to the SM gauge bosons and fermions through
higher dimensional operators in Sec. III.

II. SCENARIO 1: INFLATON DOMINANTLY
COUPLES TO THE SM HIGGS

As mentioned in the Introduction, we first consider the
scenario in which the renormalizable inflaton coupling to
the SM Higgs doublet is significant, and therefore, we may
ignore the dimension-5 couplings to the SM fermion and
gauge fields. In this scenario, for perturbative reheating, the
relevant decay widths for reheat temperature TR higher than
the electroweak phase transition temperature TEW, i.e.,
TR > TEW are given by

Γϕ→H†H ≃
μ2ϕ

8πmϕ
ð2:1Þ

Γϕ→χχ ≃
μ2χ

32πmϕ
; ð2:2Þ

where mϕ is the inflaton mass. Since the inflaton is
considerably heavier than the Higgs and DM particles,

we have ignored their masses in the above. Assuming
instantaneous reheating and subsequent thermalization, the
initial DM (Tχ) and SM (TSM) temperature ratio is given by

ðTχ=TSMÞi ¼ g1=4�SMðTRÞ
�

Γϕ→χχ

Γϕ→H†H

�
1=4

; ð2:3Þ

where, g�SMðTRÞ is the number of relativistic degrees of
freedom in the SM sector at temperature TR. Since we
consider only the instantaneous reheating approximation,
thermal corrections to the particle masses and the inflaton
decay width are not included [58].
The process of internal thermalization for the DM

particles produced at reheating is determined by both
elastic and inelastic scattering reactions, and following
the equilibration of the DM phase-space distribution
requires an involved computation [41,49], beyond the
scope of the present study. However, we can make an
approximate quantitative estimate of the coupling strength
necessary for maintaining an internally thermalized DM
plasma.
For very small values of the coupling to the inflaton, the

DM sector may not internally thermalize through inflaton-
mediated scatterings only. In such cases, as mentioned in
the Introduction, additional scalar self-interactions that
would expedite the assumed internal thermalization are
necessary. The self-interactions for scalar DM arise from
renormalizable couplings and therefore may naturally be of
appreciable magnitude.
Let us first consider the role of inflaton-mediated s-

channel elastic DM self-scatterings in maintaining an
internally thermalized DM bath. The 2 → 2 DM self-
scattering rate Γs can be parametrized by

Γs¼ nχhσvis¼ 2
ρϕ
mϕ

Brðϕ→ χχÞhσvis≃
ρϕ
2mϕ

�
μχ
μϕ

�
2 α2

m2
ϕ

;

ð2:4Þ

where the s-wave thermally averaged self-scattering cross-
section has been parametrized as hσvis ¼ α2=m2

ϕ, α being
the effective self-interaction strength. For the dominant
contribution to the s-channel inflaton-mediated scatterings,
coming from the region around the pole at the center of
mass energy squared s ¼ m2

ϕ, we find α ≃ ðμχ=μϕÞ2.
The self-scatterings are efficient to maintain an internal

thermal equilibrium for Γs > H, where H is the Hubble
expansion rate, dominated by the inflaton energy density
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during the reheating phase. The inflaton energy density is
approximately determined by the quadratic potential
energy in the damped oscillatory phase, ρϕ ¼ 1

2
m2

ϕϕ
2.

Hence, the condition for inflaton-mediated self-scatterings
being in thermal equilibrium during the inflaton-dominated
era is given by

μχ
μϕ

≳ 10−5
�

mϕ

103 GeV

�
1=3

�
MP

ϕ

�
1=6

; ð2:5Þ

whereMP is the Planck mass. Now, for high scale inflation
with ϕ > MP during inflation, and ϕ ∼MP just after
inflation, we can have μχ=μϕ ≳ 10−5 for mϕ ¼ 103 GeV,
as necessary to maintain thermal equilibrium.
For smaller values of μχ=μϕ, scalar DM self-interactions

are required for maintaining equilibrium. If we consider
2 → 2 elastic scatterings through an effective χ4 self-
interaction term, they become efficient for

α ≳ 10−15
�
μϕ
μχ

��
mϕ

103 GeV

��
MP

ϕ

�
1=2

: ð2:6Þ

With this, even for very small values of μχ=μϕ ¼ 10−12, one
requires a self-interaction strength of α≳ 10−3. This
implies that the thermalization can be maintained by
self-scatterings of DM, with perturbative values of the
self-interaction strength. Therefore, we conclude that an
internally thermalized DM sector may be realized either
through inflaton mediated self-scatterings, or through
scalar self-interactions.

As explained earlier, since the inflaton dominantly
decays to the SM sector, the reheat temperature can be
written as

TR ≃
�

90

π2g�SM

�
1=4 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Γϕ→H†HMP

q
: ð2:7Þ

It is to be noted that even though the dominant energy
density transfer from the inflaton is to the SM sector
(namely, a factor of 4 larger energy transfer for the two
trilinear couplings having the same value), there may be
situations in which at the time of reheating, the DM
temperature is somewhat larger. This is consistent, since
the number of relativistic degrees of freedom in the SM
sector at these temperatures is around 100 times larger than
the single scalar DM degree of freedom.
Postreheating, the DM temperature will evolve due to the

inflaton mediated scatterings. It would be convenient to
study the evolution of the temperature ratio ξ ¼ Tχ=TSM,
which is governed by

dξ
dx

þ ξ

x
þ ξ

Yχ

dYχ

dx
¼ 1

mχ

�
p4

3E3

�
þ 1

YχHsmχ

�
p2

3E
C½f�

�
;

ð2:8Þ

where Yχ ¼ nχ=s, H is the Hubble rate, s is the entropy
density, and the h…i. denotes an average over the thermal
distribution; see, for example, Ref. [59] for a derivation.
The coupled equation for the scaled DM number density is

dYχ

dx
¼ −

s
Hx

½hσviχχ→H†HðTχÞY2
χðTχÞ − hσviχχ→H†HðTSMÞðY0

χðTSMÞÞ2�: ð2:9Þ

Here, the thermally averaged reaction rate is defined as

hσviχχ→H†HðTÞ¼
1

ðn0χÞ2ðTÞ
Z

σχχ→H†Hve
−E1þE2

T
d3p1

ð2πÞ3
d3p2

ð2πÞ3 :

ð2:10Þ

For the temperature regime T > TEW, the relevant inflaton-
mediated s-channel scattering cross section is given by the
following:

σχχ→H†H ¼ 1

8π

μ2χμ
2
ϕffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sðs − 4m2
χÞ

q 1

ðs −m2
ϕÞ2 þ Γ2

ϕm
2
ϕ

: ð2:11Þ

After electroweak symmetry breaking (EWSB), the ϕ
andH fields will mix. However, the mixing is very small in
the limit μϕv ≪ m2

ϕ, where v is the vacuum expectation
value of the Higgs field. We shall be working in this limit in

the subsequent analysis. For such small values of the
mixing angle with our choice of example parameters, we
have checked that the mixing-induced invisible Higgs
decay width and spin-independent DM-nucleon scattering
rates are below the current experimental bounds. For
T < TEW, the relevant scatterings would involve a pair
of the physical Higgs boson, with the cross section given by

σχχ→hh ¼
1

32π

μ2χμ
2
ϕffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sðs − 4m2
χÞ

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

h
s

q
ðs −m2

ϕÞ2 þ Γ2
ϕm

2
ϕ

: ð2:12Þ

For computing the thermally averaged reaction rates, we
can simplify the cross section expressions by using the
narrow-width approximation,Γϕ ≪ mϕ. For example, in one
of the representative examples considered, we have chosen
the parameter values mϕ¼ 1 TeV, μϕ¼ 1 GeV, for which
Γϕ ∼ 4 × 10−5 GeV ≪ mϕ. With this approximation,
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σχχ→H†H in the thermal averaging integral in Eq. (2.10) may
be replaced by the following expression:

σχχ→H†H →
1

8π

μ2χμ
2
ϕffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sðs − 4m2
χÞ

q π

Γϕmϕ
δðs −m2

ϕÞ: ð2:13Þ

As we can see from this expression, the maximum contri-
bution to the thermal average reaction ratewill come from the
region around the s-channel pole at s ¼ m2

ϕ. On performing
the thermal averaging integral, one obtains the well-known
form [60]

hσviχχ→H†HðTÞ ¼
μ2χmϕ

32m5
χ

πmχK1ðmϕ=TÞ
TK2

2ðmχ=TÞ�
p2

3E
σv

�
χχ→H†H

ðTÞ ≃ μ2χm2
ϕ

192m5
χ

πmχK2ðmϕ=TÞ
TK2

2ðmχ=TÞ
; ð2:14Þ

where we have dropped the subleading terms in the second
expression that are numerically found to be small in our case.
Considering the appropriate limits for the modified Bessel
functions K1 and K2, we obtain the thermal averages for
different temperature regimes as follows:

hσviχχ→H†HðTÞ¼
8<
:

μ2χ
128

π
T4 ; if ðmϕ;mχÞ≪T

μ2χ
128

π
T4

ffiffiffiffiffiffiffi
πmϕ

2T

q
e−mϕ=T if mϕ≫T;mχ ≪T

ð2:15Þ

�
p2

3E
σv

�
χχ→H†H

ðTÞ ¼
8<
:

μ2χ
384

π
T3 ; if ðmϕ; mχÞ ≪ T

μ2χ
768

π
T3

mϕ

T

ffiffiffiffiffiffiffi
πmϕ

2T

q
e−mϕ=T if mϕ ≫ T;mχ ≪ T:

ð2:16Þ

We see from the above expressions that both the thermally
averaged collision terms become approximately independent
of the inflaton mass when the bath temperature is larger than
the mass. As we shall see subsequently, this effect leads to a
substantial impact of the collision processes even for the
high-scale inflation scenario, in which both the inflatonmass
and the reheat temperature are higher.

A. Numerical results

The above features of the thermal averages in the TSM >
mϕ and TSM < mϕ regions can be seen in Fig. 1, where we
have shown the two relevant collision-induced terms

appearing in the coupled Boltzmann equations (2.8) and
(2.9), as a function of mχ=TSM.
As seen from Eqs. (2.8) and (2.9), when these rates are

comparable to H=s, the collision processes can signifi-
cantly affect the DM temperature evolution. The evolution
of the DM and SM temperature ratio is shown in Fig. 2 (left
column), along with the corresponding DM yields (right
column). It is observed that when the collision terms in
Eqs. (2.8) and (2.9) are appreciable, there is a sharp
enhancement in ξ by more than an order of magnitude.
Even for a coupling μχ ¼ 10−12 GeV, ξ increases signifi-
cantly, although for such a small coupling the reaction rates
are never above H=s. The primary reason for this effect is

FIG. 1. Two relevant thermally averaged reaction rates appearing in Eqs. (2.8) and (2.9), as a function of mχ=TSM. Also shown is the
ratio of the Hubble rate to the entropy density, for comparison.

COSMOLOGICAL IMPLICATIONS OF INFLATON-MEDIATED … PHYS. REV. D 109, 083541 (2024)

083541-5



that for these small values of the DM-inflaton coupling, the
initially produced number density of DM at the reheating
epoch is small, and the inflaton-mediated DM pair pro-
duction from SM particle annihilation in later epochs
dominates the density. These latter DM particles have an
energy comparable to the SM bath temperature, thereby
pushing the average DM temperature to higher values. In
particular, the temperature ratio ξ changes due to the
scattering effects by a factor of 3,26, and 5 × 104, for
μχ ¼ 10−2; 10−4, and 10−12 GeV, respectively, with the
other parameters fixed as μϕ ¼ 1 GeV, mχ ¼ 1 MeV and
mϕ ¼ 103 GeV, leading to a TR ¼ 5 × 106 GeV. We also
see from this figure that the particle injection through
scatterings is effective in the domain 10−7 < x < 10−5,
with x ¼ mχ=TSM. Outside this region, ξ remains a constant
as long as the DM is relativistic, as expected, and ξ ∝ 1=x
as the DM becomes nonrelativistic.
The significant modification to the DM temperature is

not restricted to the case of an intermediate reheat temper-
ature and inflaton mass, such as TR ∼ 5 × 106 GeV and
mϕ ¼ 103 GeV as in Fig. 2. We find that for much larger

values of the inflaton mass and the reheat temperature the
effects can be important. For example, as seen in Fig. 3 (left
panel), for an inflaton mass of around mϕ ¼ 107 GeV,
considerable changes in the DM temperature can be
observed, with TR ∼ 5 × 108 GeV. For comparison, we
also show in Fig. 3 (right panel) the evolution of ξ for the
two sets of parameters, keeping the ratio of the inflaton
couplings to the DM and SM the same, in order to
understand the effect of the change inmϕ. This also ensures
the same initial value of the temperature ratio ξi. Thus the
effect studied in this paper, which is necessarily present in
such reheating scenarios, applies in a broad range of the
inflaton mass and reheat temperatures, and hence should be
considered in studies of reheat-induced DM phase-space
properties. The reason behind the impact of the collisions
for higher inflaton mass and reheat temperatures, is that, as
explained earlier, the thermally averaged collision terms
become approximately independent of the inflaton mass
when the bath temperature is larger than the mass.
The DM temperature at later epochs when it becomes

nonrelativistic is relevant from considerations of

FIG. 2. Evolution of the DM and SM temperature ratio ξ ¼ Tχ=TSM, as a function of mχ=TSM (left), and the corresponding evolution
of the DM yield Yχ (right). The results are shown for an intermediate reheat temperature of TR ∼ 5 × 106 GeV and inflaton mass of
mϕ ¼ 103 GeV.

FIG. 3. Same as Fig. 2 (left panel), for a reheat temperature of TR ∼ 5 × 108 GeV and inflaton mass of mϕ ¼ 107 GeV (left).
Comparison of the evolution of ξ ¼ Tχ=TSM for two different scales of the inflaton mass and reheat temperature (right), starting from the
same initial value ξi.
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cosmological observables such as the CMB anisotropies and
the matter power spectrum. It may also serve as an important
initial condition for number changing processes within the
DM sector, if those are present [59]. Therefore, in Fig. 4, we
show the effect of the collisions on theDM temperature in the
beginning of its nonrelativistic regime, as a function of the
DM-inflaton coupling μχ . In this figure, the nonrelativistic
value shown ξnr is defined when Tχ ¼ mχ=5.

2 As we can see
from this figure, for μχ > 10−3 GeV, the effect of collisions
forces the DM temperature to be the same as the SM
temperature. Therefore for a DM mass of Oð1 MeVÞ the
BBN constraints on extra relativistic degrees of freedom
should become relevant, as indicated in the enlarged inset of
this figure. The results in Figs. 1–4 are shown for a specific
choice of the DM mass for illustration. The variation of the
scattering effects for a wide range of the DM mass, and the
corresponding cosmological implications are studied and
shown in Fig. 5 below for Scenario 1, and in Fig. 10 for
Scenario 2.
Are the values of the DM-inflaton couplings which lead

to such a significant effect of the scattering processes on the
DM temperature also viable from the point of view of the
total DM density? In order to understand this, we show in
Fig. 5 the contours of Ωχh2 ¼ 0.12, such that the points on
the contours saturate the DM density as determined by the
Planck Collaboration [61], without (blue dashed line) and
with (blue solid line) the collision effects. Also shown in
the same figure are the constraints in the μχ and mχ plane
from the cosmic microwave background anisotropies and
the BBN. From the study of CMB anisotropies, one can

effectively derive a constraint of TχðaLSÞ=mχ < 10−5 [62],
thus demanding the DM particles to be sufficiently cold in
the CMB epoch. Here, aLS is the scale factor at the epoch of
last scattering. The BBN constraint is based on the require-
ment on the effective number of neutrinos to be Nν ¼
2.878� 0.278 [63], thus restricting the contribution of DM
particles which are relativistic in the BBN epoch, where we
have used the 95% C.L. upper bound on ΔNν with the SM
value being Nν ≃ 3.
The inclusion of the collision processes will increase the

net abundance of DM through the s-channel production
from the SM bath, as long as ξi < 1. Hence, for a given
value of the DM mass mχ , a smaller value of the DM-
inflaton coupling μχ is necessary to saturate the DM
abundance, as seen in Fig. 5, by comparing the contours
with and without collisions. Note that in Fig. 5 the coupling
μχ decreases upward along the y axis in the convention
used. The sharp cutoff at around mχ ∼ 10−7 GeV in the
relic density contour including collisions is an interesting
feature. This indicates that for the choices of mϕ ¼ 1 TeV,
μϕ ¼ 1 GeV, which leads to TR ¼ 5 × 106 GeV, a DM
particle lighter than mχ ∼ 10−7 GeV cannot saturate the
DM abundance. This feature can be understood as follows.
In the relic density contour without collisions we see that
for mχ < 10−7 GeV, one requires a μχ ≳ 10−1 GeV to
saturate the density, which leads to ξi > 1. But since both
the DM and the Higgs are taken to be effectively massless
in this scenario, it is ξi which decides the direction of the
net energy flow. In particular, for such values of couplings,

FIG. 4. Effect of the collisions on the DM temperature in the
beginning of its nonrelativistic regime, as a function of the DM-
inflaton coupling μχ (left), and an enlarged version of the figure to
illustrate the BBN constraints (inset).

FIG. 5. Cosmological constraints on the DM mass mχ and the
DM-inflaton coupling μχ , from considerations of the DM total
abundance, the CMB anisotropies, and the BBN, both without
and with the effect of the collision processes. The initial values of
the temperature ratio ξi are also shown. Note that the coupling μχ
decreases upward along the y axis in the convention used.

2The choice of mχ=Tχ at which the nonrelativistic regime sets
in is somewhat arbitrary, and any order 1 number gives an
estimate. Our choice is motivated from obtaining a smooth
analytic approximation to the h p4

3E3i thermal average in both the
relativistic and nonrelativistic regimes.
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the DM temperature and yield decrease with scattering,
unlike for the ξi < 1 scenarios seen earlier.
This last feature is further illustrated in Fig. 6. In this

figure we show the temperature ratio ξ and the DM yield Yχ

with choices of parameters for which ξi > 1. As explained
above, with ξi > 1, the DM temperature decreases with
time, and so does the DM yield. In Fig. 6, the dashed lines
correspond to the scenario in which collision effects are not
included, while the solid lines include collision effects. The
DM mass chosen here, mχ ¼ 100 MeV would thus have
been ruled out by the BBN constraints, as there will be a
significant contribution to ΔNν, if there were no collisions,
as seen in Fig. 5. However, the effect of collisions decreases
the DM temperature for this case, thereby evading the BBN
constraints. This explains the difference in the BBN
constraints for mχ > 10−2 GeV and ξi > 1. On the other
hand, for ξi < 1, we see the BBN constraints are stronger
with collisions, simply because scatterings now increase
the DM temperature.
Even if the DMparticles are relativistic in the BBN epoch,

they are unconstrained by BBN considerations as long as the
DM temperature is smaller than the SM one, such that the
contribution ofDM to the total energy density is insignificant
at that epoch. However, although the BBN takes place in a
radiation-dominated epoch, the CMBdecoupling takes place
in a matter-dominated era. Therefore, if the DM velocity
dispersion is large in the CMB era and these DM particles
constitute the dominant component of the matter density,
there are severe constraints from the observations of the
CMB anisotropies. We see this feature in Fig. 5, where for
lower masses the CMB observations constrain a very large
range of initial ξi values. Furthermore, the CMB constraints
are significantly affected by the collision processes. For
ξi < 1, the inclusion of the collision effects strengthens the
CMB bounds, as the DM temperature is pushed to larger
values by the scatterings,while for ξi > 1wesee the opposite
effect as the DM temperature now goes down due to
scatterings. Both these features can be clearly seen by
comparing the CMB bounds with (solid line) and without
(dashed line) the collision terms in Fig. 5.

III. SCENARIO 2: INFLATON DOMINANTLY
COUPLES TO THE SM GAUGE BOSONS AND

FERMIONS

We now turn to the scenario in which the inflaton
dominantly couples to the SM gauge bosons and fermions,
and the reheating to the SMproceeds through these channels.
The SM gauge-invariant couplings in this case are of
dimension 5, as in Eq. (1.1). Therefore, in order for the
effective field theory (EFT) treatment to be valid, we must
restrict ourselves to reheat temperatures TR < Λ, whereΛ is
the scale in which the EFT treatment needs to be replaced
with its ultraviolet completion.3 This restriction needs to be
imposed in a consistent way—the scale Λ also enters the
definition of TR through the inflaton decay width. Thus, we
solve the parametric equation TRðΛÞ < Λ, to determine the
consistent set of values for these quantities. For example,
with mϕ ¼ 103 GeV, this condition requires Λ ≳ 107 GeV,
and for mϕ ¼ 107 GeV, Λ≳ 1010 GeV.
The relevant inflaton decay widths to the SM gauge

bosons are as follows:

Γϕ→iī ¼
1

gs

1

2π

m3
ϕ

Λ2
½before EWSB�

¼ 1

gs

1

π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ϕ − 4m2
i

q
Λ2m2

ϕ

�
m4

ϕ

2
− 2m2

ϕm
2
i þ 3m4

i

�

½after EWSB�; ð3:1Þ

where i denotes the weak-gauge bosons W�; Z0, the gluon
g and the photon γ. The symmetry factors are gs ¼ 2 for
identical particles (i.e., for γ; Z0; g), and gs ¼ 1 forW�. For

FIG. 6. The temperature ratio ξ (left) and the DM yield Yχ (right) for choices of parameters in which ξi > 1, without (dashed lines) and
with (solid lines) the effects of collisions.

3In the scenarios studied in this paper, TR > mϕ, and hence
this condition also implies mϕ < Λ. Therefore, even though the
thermal averages scan a broad range of energy values, their
dominant contribution comes from near the s-channel pole atffiffiffi
s

p ¼ mϕ < Λ, thereby keeping the effective theory treatment
valid.
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the decay width to gluons, there will be an additional color
factor of 8.
Before EWSB, the fermionic decay modes of the inflaton

are three-body processes, and we have checked that they
are numerically subdominant compared to the two-body
decay widths to gauge bosons. On the other hand, after
EWSB, two-body decay channels to fermion pairs open,
with the width given by

Γϕ→ff̄ ¼
1

16π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ϕ − 4m2
f

q
Λ2m2

ϕ

�
v2

4
ð2m2

ϕ − 5m2
fÞ þ 8g2Am

2
ϕm

2
f

�

½after EWSB�; ð3:2Þ

where f denotes the charged leptons e, μ, τ, and the up- and
down-type quarks q, and gA ¼ gL−gR

2
. We have fixed the

coupling factor gA ¼ 0.5 throughout the analysis.
Neutrinos do not contribute to the above decay width,
since in the SM there are no right-handed neutrinos, and the
derivative coupling leads to a contribution proportional
to m2

f.
The relevant cross sections for the inflaton mediated s-

channel scatterings of DM with the SM gauge bosons are
given by

σχχ→iī ¼
1

gs

1

32πs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s

s − 4m2
χ

r
8μ2χ
Λ2

s2

ðs −m2
ϕÞ2 þ Γ2

ϕm
2
ϕ

½before EWSB� ð3:3Þ

¼ 1

gs

1

32πs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

i

s − 4m2
χ

s
16μ2χ
Λ2

s2
2
− 2m2

i sþ 3m2
i

ðs −m2
ϕÞ2 þ Γ2

ϕm
2
ϕ

½after EWSB�; ð3:4Þ

with the symmetry factors and the additional color factors
being the same as for the decay widths above. The corre-
sponding scattering cross section to the SM fermions is

σχχ→ff̄ ¼ 1

32πs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s − 4m2

f

s − 4m2
χ

s
16μ2χ
Λ2

v2
4
ð2s − 5m2

fÞ þ 8g2Am
2
fs

ðs −m2
ϕÞ2 þ Γ2

ϕm
2
ϕ

½after EWSB�: ð3:5Þ

A. Numerical results

Apart from the restriction on the suppression scale Λ
explained above, and therefore the relatively smaller scatter-
ing rates compared to the Higgs scenario, the qualitative
features of the results remain the same as in the previous
section. In particular, we show in Fig. 7 the evolution of ξ and
Yχ . In this scenario, the temperature ratio ξ changes due to the
scattering effects by a factor of 2,15 and 3 × 103, for μχ ¼
10−2; 10−4 and 10−12 GeV, respectively, with the other
parameters fixed as Λ ¼ 107 GeV, mχ ¼ 1 MeV, and
mϕ ¼ 103 GeV, leading to a TR ¼ 2.4 × 106 GeV.
The case for a higher reheat temperature and hence a

higher suppression scale Λ is shown in Fig. 8. We see from
this figure that even for a reheat temperature as high as
TR ∼ 2 × 109 GeV, and an inflatonmass ofmϕ ¼ 107 GeV,
a factor of 10 change in the temperature ratio ξ is observed.
Therefore, this is a significant effect for the high-scale
inflation scenario, the reason for which is the same as
explained in the previous section. For the right panel in
Fig. 8, we have chosen the DM-inflaton coupling such that
the initial temperature ratio ξi remains the same. For the
Higgs coupling scenario, inFig. 3 (right panel)we see that for
mϕ ¼ 103 GeV, ξ changes approximately by a factor of 3,
while for mϕ ¼ 107 GeV it changes by a factor of 2, for the
same initial ξi. Correspondingly, for the gauge and fermion
coupling scenario, we see from Fig. 8 (right panel) that for
mϕ ¼ 103 GeV, ξ changes approximately by a factor of 16,
while formϕ ¼ 107 GeV it changes by a factor of 11, again
for the same initial ξi. Hence, the relative modification is the
same in both cases due to an increase of the inflaton mass.
The absolute changes are different, simply because the initial

FIG. 7. Same as Fig. 2, for the scenario in which the inflaton dominantly couples to the SM gauge bosons and fermions.
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ξi values turn out to be smaller in the second scenario due to
the higher-dimensional nature of the couplings.
In Fig. 9 we show the effect of the collisions on the DM

temperature in the beginning of its nonrelativistic regime,
as a function of the DM-inflaton coupling μχ , where ξnr has
been defined in the context of Fig. 4. Although compared to
the Higgs coupling scenario, the effect of collisions is lower
with the higher-dimensional couplings, we see from this
figure that collisions can modify ξnr by up to 3 orders of
magnitude for smaller μχ. The difference reduces for larger
μχ values, as the initial DM population produced at
reheating dominates.
Finally, in Fig. 10 we show the constraints in the mχ and

μχ parameter space from the requirements on the total DM
abundance, the CMB anisotropies, and the BBN, for this
scenario. The features observed both without and with
collisions are the same as for the inflaton-Higgs coupling
scenario, as shown in Fig. 5, and explained in detail in that
context. The numerical constraints are somewhat weaker
compared to the previous scenario, as the inflaton-SM
couplings are suppressed by the higher mass scale. This
also leads to the slight weakening of the CMB constraints

with collisions for much smaller ξi values, unlike for the
case in Fig. 5. The sharp lower bound on the DMmass from
the requirement of the relic abundance is also seen in this
scenario on including the scattering effects.
We thus find that for both the scenarios considered, the

inflaton mediated scatterings between the SM and the DM
sector can become very significant in determining the DM
phase-space distribution and its temperature, leading to
important cosmological implications, for a broad range of
the inflaton mass and reheat temperature. Therefore, these
effects should be included in studies of the DM production
and the cosmological constraints on light DM in such
reheating scenarios. Our study can be extended to the case
in which reheating proceeds through both the perturbative
and nonperturbative preheating mechanisms. In particular,
thermalization of the DM sector in such scenarios is a
nontrivial process, and requires a dedicated separate
analysis.

FIG. 9. Same as Fig. 4, for the scenario in which the inflaton
dominantly couples to the SM gauge bosons and fermions.

FIG. 10. Same as Fig. 5, for the scenario in which the inflaton
dominantly couples to the SM gauge bosons and fermions.

FIG. 8. Same as Fig. 3, for the scenario in which the inflaton dominantly couples to the SM gauge bosons and fermions.
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