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ABSTRACT: A reheating phase in the early universe is an essential part of all inflationary
models during which not only the Standard Model (SM) quanta are produced but it can
also shed light on the production of dark matter. In this work, we explore a class of
reheating models where the reheating is induced by a cubic interaction of the inflaton ¢
to the SM Higgs boson h of the form gn,Mpig|h|?* adopting the a-attractor T-model of
inflation. Assuming inflaton as a background field such interaction implies a ¢-dependent
mass term of the Higgs boson and a non-trivial phase-space suppression of the reheating
efficiency. As a consequence, the reheating is prolonged and the maximal temperature of
the SM thermal bath is reduced. In particular, due to oscillations of the inflaton field the
¢-dependent Higgs boson mass results in periodic transitions between phases of broken and
unbroken electroweak gauge symmetry. The consequences of these rapid phase transitions
have been studied in detail. A purely gravitational reheating mechanism in the presence
of the inflaton background, i.e., for gns = 0, has also been investigated. It turned out
that even though it may account for the total production of SM radiation in the absence
of gne, its contribution to the reheating is subdominant for the range of g4 considered in
this work. Approximate analytical solutions of Boltzmann equations for energy densities
of the inflaton and SM radiation have been obtained. As a dark matter candidate a
massive Abelian vector boson, X, has been considered. Various production mechanisms
of X, have been discussed including (i) purely gravitational production from the inflaton
background, (ii) gravitational freeze-in from the SM quanta, (iii) inflaton decay through a
dim-5 effective operator, and (iv) Higgs portal freeze-in and Higgs decay through a dim-6
effective operator. Parameters that properly describe the observed relic abundance have
been determined.
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1 Introduction

The most successful theory of the early Universe is cosmic inflation which results in a pe-

riod of exponential expansion [1, 2]. The theory of inflation can be effectively described by

a slowly-rolling single scalar field, called the inflaton ¢, with an approximately flat poten-

tial. Inflation successfully explains puzzles of the early Universe, e.g., the horizon problem,

flatness problem, and seeds for Large Scale Structures (for a review see [3]). Many of the

non-trivial features of the inflationary paradigm can be tested in cosmological observations.

For instance, the slow-roll single field inflation naturally leads to a nearly scale-invariant



power spectrum, which matches very well with the recent observations from the cosmic mi-
crowave background (CMB) measurements [4]. During the inflationary phase, the Universe
expands exponentially, and therefore, inflation ends with an empty (no radiation/matter)
and cold (non-thermal) Universe with total energy density stored in the inflaton field. To
populate the Universe, one needs a mechanism that converts the inflaton energy density
to the Standard Model (SM) and possibly to the dark sector. The process of transferring
energy density from the inflaton field to the SM through perturbative decays is referred to
as reheating [5-10].

The perturbative reheating can be realized through some interactions between the
inflaton and the SM fields. The lowest dimensional SM gauge singlet operator is |h|?> = h'h,
where h is the SM Higgs doublet. Hence, in generic scalar field inflationary models, one
would expect the leading inflaton-SM interaction is through the ¢|h|?> term. Whereas
interactions of the scalar inflaton with the SM gauge singlet operators involving fermions
and gauge bosons are higher dimensional (> 5) and, therefore, would be suppressed by
the inflationary scale A. In order not to spoil the flatness of the inflaton potential, such
interactions are expected to be subdominant during the inflationary phase. However, after
the end of inflation, the perturbative reheating predominantly follows through the inflaton-
Higgs interaction.! Regarding the inflaton field as a classical background field, the ¢|h|?
term is also a source of ¢-dependent Higgs mass that oscillates in time due to coherent
oscillations of the inflaton field.

In this work, we aim to study in detail consequences of Higgs dynamics due to inflaton-
Higgs interaction during the reheating phase. In particular, our goal is to analyze the
implications of the ¢-dependent Higgs mass, which oscillates and results in rapid transitions
between phases of broken and unbroken electroweak symmetry. We notice that this non-
trivial Higgs mass leads to the suppression of perturbative decays of the inflaton field to
Higgs boson pairs, which not only leads to elongations of the reheating period but also
suppresses the production of the SM radiation energy density. As a result, evolution of
the temperature of the SM bath is modified, which in turn can significantly affect the
freeze-in production of dark matter (DM) during the reheating phase, see also [13-16].
The reheating dynamics due to this non-trivial ¢-dependent Higgs mass is referred to as
the massive reheating scenario, whereas for a comparison we consider the case where such
mass effects are neglected, hence referred to as the massless reheating scenario. In this
work we consider reheating through the SM Higgs boson, however, the results obtained
here are straightforward to generalize to any other scalar field which interacts with the
inflation field.

As an example, we employ the a-attractor T-model of inflation [17, 18] whose poten-
tial is approximately flat for large inflaton field values suitable for inflation and it has a
monomial shape of the form o« ¢?* during the reheating phase. In this work, we consider

!We note that non-perturbative effects can potentially become relevant for larger inflaton-Higgs cou-
plings, which lead to tachyonic resonant production of Higgs modes, i.e., the so-called preheating regime.
However, the tachyonic resonant Higgs production is suppressed in the presence of relatively large quartic
SM Higgs coupling, see section 4.5. Therefore, the dominant mechanism of energy transfer from the inflaton
field to the Higgs field remains the perturbative decay, see also [11, 12].



generic n which leads to an effective equation of state w = (n — 1)/(n + 1) during the
reheating phase and determines the evolution of the Universe during this period.? We
provide analytic and numerical results for the dynamics of the inflaton field during the
inflationary and reheating phases in the presence of inflaton-Higgs interaction.

Furthermore, to investigate non-trivial implications of the Higgs-induced reheating on
the DM production, we consider a model with the DM candidate being a massive vector
field X, of a dark Abelian gauge symmetry U(1)x. The vector DM X, interacts with
the SM as well as with the inflaton field through gravity and higher dimensional operators
suppressed by the Planck mass. We study production of such DM particles during the
reheating phase. Since the DM interactions with the SM and inflaton are assumed to
be Planck mass suppressed, therefore vector DM is not in thermal equilibrium with the
SM bath. We study DM production through its gravitational interactions with the inflaton
background field [12, 19-31] as well as through the annihilation of SM particles, also known
as the gravitational freeze-in mechanism [31-37]. Moreover, DM production through direct
inflaton decay is also investigated. In the case of vector DM, the leading contribution from
the inflaton decay turns out to be triggered by a dim-5 operator suppressed by the Planck
mass. Another source of DM production is through an effective dim-6 operator suppressed
by the Planck mass squared involving the Higgs doublet and DM fields [35, 37-39]. In this
case, the production can occur due to the annihilation and decay of the Higgs bosons.

The paper is organized as follows. In section 2 we describe details of our model, which
include the inflaton, the SM Higgs, and the vector DM. In section 3, we study inflaton
dynamics during the inflationary phase as well as during the early stages of reheating,
where the SM radiation energy density is negligible compared to that of the inflaton field.
The reheating dynamics is presented in section 4 where we analyze non-trivial effects of the
inflaton-induced Higgs mass on the production of SM radiation quanta, including effects of
rapid electroweak phase transitions. In particular, we present the analytic and numerical
results for the SM radiation energy density and the SM bath temperature evolution during
this phase. In section 5 we discuss implications of the Higgs-induced reheating on the
gravitational production of DM via graviton exchange from the inflaton background and SM
radiation. Moreover, we study the DM production due to the inflaton decay and through
the direct annihilation and decays of Higgs bosons. We summarize our findings in section 6.
In appendix A, we present recent constraints on the inflationary model parameters due to
recent CMB measurements by Planck collaboration [4]. Moreover, we supplement our
results with a detailed derivation of the direct production of the SM and DM particles in
the presence of oscillating inflaton background as well as the inflaton-induced gravitational
production in appendix B.

2This work is a continuation and significant extension of the research described in our earlier paper [12]
which was limited to the n = 1 case only and focused on implications of time-dependent inflaton decay
width.



2 The model

In this section, we present our model to describe the inflationary /reheating dynamics and
dark matter production. It has been assumed that the mass scale for interactions between
the SM, inflaton, and/or DM sector is set by the Planck mass Mp). We consider the
following action where the SM, inflaton, and vector DM interact minimally with gravity,

M2
S = /d4x\/jg[2mR + Ly + Lsm + Lom + Lint | » (2.1)

with L4, Lsm and Lpy being the Lagrangian densities for the inflaton, SM, and DM,
respectively, whereas, Liy describes interactions among the inflaton, SM, vector DM, and
graviton. Above Mp; = 2.4 x 10'® GeV denotes the reduced Planck mass, while R is the
Ricci scalar for background metric g,, and g denotes its determinant. We consider the
background metric as the FLRW metric, i.e.,

ds* = dt* — a(t)*dx?, (2.2)

where the @ vector denotes the three spatial coordinates and a(t) is the scale factor.
The Lagrangian density for the inflaton field reads

Ly = 50,006~ V(0), (2.3

where V(¢) denotes the inflaton potential. Note that in the above Lagrangian, and here-
after, the indices are raised and lowered via the background metric g,,. In this work, we
consider the a-attractor T-model of inflation [17, 18], such that the inflaton potential is

V(¢) = A" tanh®" (W) ~

A? o] > M
- (2.4)

g o< m

where A determines the scale of inflation, whereas M is related to the reduced Planck mass
with the o parameter of the a-attractor T-model as M = /6« Mp;. The potential V()
has a minimum at ¢ = 0 for positive values of n. The current experimental data [4, 40]
constrain values of the potential parameters. The inflation scale A can be limited by
the amplitude of the scalar perturbations, As, and the spectral tilt ng from inflationary
observables of the CMB. Planck 2018 data [40] sets the upper limit A < 1.4 x 100 GeV,
see appendix A. Furthermore, the current upper bound on the tensor to scalar power
spectrum ratio, r < 0.032, limits the value of the « parameter or M from above, such that,
M < 10Mp). Hereinafter, without loss of generality, we fix a = 1/6, such that M = Mpy,
and A = 3 x 1073 Mp.

In figure 1 we have plotted V(¢)/A* as a function of the ¢ field for « = 1/6 with
benchmark values of n = {2/3,1,3/2,2}. For large field values, i.e., |¢| > M, the potential
has a plateau V(¢) ~ A*. This region is suitable for cosmic inflation, as the flatness of
V(¢) guarantees that cosmic inflation lasts long enough. In particular, requiring 50 e-folds
of inflation leads to an initial condition on ¢ (indicated by the colored, empty dots) at
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Figure 1. The V(¢)/A* term as a function of ¢/Mp, for different values of n and a = 1/6. Solid
curves present the full form of V(¢), while dashed curves show the small-field expansion of V(&)
(the lower line of eq. (2.4)). The empty, colored dotes indicate the initial value of the ¢ field, for
which one gets 50 e-folds of inflation.

the scale factor a,, which gives ¢(a,) ~ {3.14,3.35,3.55,3.69} Mp for n = {2/3,1,3/2,2},
respectively. When ¢ rolls down to smaller values, i.e., |¢| ~ M, inflation ends, and ¢
starts to oscillate around the bottom of its potential. For smaller field values, |¢| < M,
i.e., during the reheating phase, the potential can be well approximated by the power-law
form A*(|p|/M )2n (dashed curves). Note that for n = 1 and n = 2 we reproduce the
standard quadratic and quartic inflaton potential, respectively.

The Lagrangian density for the Abelian vector DM X, is

1 1
Lom = =3 X XM + §m.2XXuX“7 (2.5)
where X, = 0, X, — 0,X,, denotes the field strength tensor. The mass for the DM vector
boson, my, is generated via an Abelian Higgs mechanism with a large expectation value of
a dark Higgs field ® so that the radial Higgs mode is heavy and therefore is integrated out.
We consider the following form of interaction Lagrangian,

hHv Com2 Chm?2
L; :—{ TS, + Tt + T + grMpiglh|® + 2 X o x, X1+ =X XXX“hQ},
nt Mp, [ H T p } IneMp10|h| 2 Mpy Xy 2N, uX"|h|
(2.6)
where le,, TE},\/I, and TB/M are the energy-momentum tensors for the inflaton, SM, and DM

sectors, respectively. Above h,, denotes the graviton field and h is the SM Higgs doublet,
which in the linear parametrization can be written as

1 [ho+ihg
h=— , 2.7
V2 (ho + z'h1> (2.7)

where h; (i = 0,1,2,3) are the four real scalar components. The dimensionless constant g;, "
parametrizes interactions between the inflaton and the SM Higgs, while C?} and C% are the
dimensionless Wilson coeflicients for the DM-inflaton and DM-Higgs effective interactions,
respectively. In what follows, we assume that all couplings i.e., gng, C?} and Cél( are real and



positive. Note that higher powers of ¢ could also appear in the interaction Lagrangian (2.6);
however, for simplicity, we will consider only the lowest-dimensional operators that allow
the inflaton to communicate with the SM and DM sectors. In the case of the vector DM
discussed here, the lowest order direct interaction between the SM and DM appears through
the dim-6 operator C&m? /(2M3,) X, X*|h|? [38] and therefore must be suppressed by the
UV cut-off scale assumed here to be Mp;. Moreover, the interaction Lagrangian contains
only linear terms in the graviton field h,,, which induces tree-level interactions between the
SM and DM via a single graviton s-channel exchange [32-34].

Note that the last two terms in eq. (2.6) can be written in a proper gauge invariant
form by coupling the inflaton field and the SM Higgs doublet to the kinetic term of the
dark Higgs field @, i.e.,
1C%

Ein D —=
* 2 Mp

51D,0f - LS hpp,ap 23)

a 2 M3, e
where D, ® = (0, —igx X,,)® is the covariant derivative of the ® field and gx is the U(1)x
gauge coupling. When the dark Higgs field ® acquires vacuum-expectation-value (vev) (®),
the dark U(1)x symmetry is spontaneously broken, and a mass term for the vector DM
field is generated with mass mx = gx (®). Assuming the radial mode of the dark Higgs is
much heavier than the dark gauge boson, we can integrate out so that effective interaction
terms for the vector DM with the inflaton and the SM Higgs doublet are generated as in the
interaction Lagrangian (2.6). Furthermore, one can also write a dim-5 effective interaction
between the inflaton and vector DM of the form, (¢/Mp1)X,, X*". However, note that
the corresponding vertex would involve the momentum of the gauge bosons, which is of
the same order as the DM mass since the DM is not in thermal equilibrium. Therefore,
effectively the above operator is similar to the one considered in eq. (2.6).

It is also important to emphasize that the graviton coupling to the SM and DM energy-
momentum tensors (2.6) leads to an indirect interaction between these two sectors propor-
tional to 1/M3,, which is of the same order as the interaction via the effective DM-SM
Higgs portal operator for C% ~ O(1). This was one of our primary motivations to consider
such effective operators in the model. On the other hand, spin-0 and spin-1/2 DM particles
would interact with the SM sector through effective operators of dim-4 and dim-5, respec-
tively. Then, DM would couple to the SM sector much stronger than its coupling induced
by a single graviton exchange. In such a scenario, one needs tuning of the DM-SM effec-
tive couplings to be suppressed to get a similar strength to the gravitational interaction.
Therefore, we have found these options less interesting than the spin-1 case.

Note also that a possible dim-4 mixing of the SM hypercharge and Abelian dark gauge
bosons, of the form eB,, X*”, is absent in our model due to dark charge conjugation
symmetry, which ensures the stability of DM. However, for mixing parameter ¢ small
enough, such mixing would be allowed if the DM lifetime was longer than the age of the
Universe.

It is crucial to notice that dynamics of the ¢ field during the inflationary epoch could
be modified by its couplings to the SM Higgs and DM specified in Liy (2.6). Therefore, let
us first discuss perturbativity limits imposed upon the strength of the g4 coupling and the



Willson coefficients C?} and Cé’g. Requiring, for instance, that amplitude for h scattering
in a background of an inflaton classical field with its double insertion is smaller than the
corresponding amplitude with a single insertion implies

A2
<
GJhe S <¢MP1> ’ (29)

where ¢ denotes the strength of the external classical inflaton field determined by its

equation of motion (EOM). Similar reasoning implies
M, A2
¢t < (”) () , (2.10)
¢ mx
where it has been assumed that A 2 myx. On the other hand, perturbativity of the
X, X “|h|2 operator together with the requirement that the maximum temperature Tiax

of the thermal bath during reheating remains below the cut-off scale, A, for the effective
operator (D, ®)"(D"®)|h|? implies

Mp1\2 [/ Mp; \?2
h < . Pl Pl
Cyx < min { (mX) , <Tmax> } . (2.11)

Before moving forward, let us discuss here the role of the SM Higgs field during the inflation

and reheating phases in more detail. Note that typical energy scales for inflation and
reheating are much larger than the scale of electroweak interactions. Therefore, the Higgs
potential during inflation and reheating periods can be approximated as

2 2
V() =M (1B = "BV ) (2.12)
where )\, is the Higgs-boson quartic coupling. At the electroweak scale

vpw =~ 246 GeV, the value of Higgs quartic coupling is A, =~ 0.13 corresponding to the
Higgs mass m],f:v = 125 GeV. Due to quantum corrections, within the SM, the Higgs quar-
tic coupling Ay, runs down to negative values at energy scales ~ 1019 GeV making the Higgs
potential unstable [41]. However, in the presence of the new physics interactions as con-
sidered in this work in eq. (2.6), the Higgs stability can be achieved for larger Higgs field
values [41]. In particular, the inflaton-Higgs interaction term, IneMp1 |h|?, generates a
¢-dependent Higgs-boson mass m%o = GppMpi1|¢|, with |¢] ~ O(few)M during inflation,
which leads to the stability/positivity of the Higgs potential. The maximal Higgs field
strength up to which the potential is stable could be estimated as |Fmax|? ~ gneMpi1¢/Ap.

During the inflationary phase, besides the inflaton potential V' (¢), one could consider
contributions to inflaton dynamics that originate from the SM Higgs quartic interactions
and the inflaton-Higgs coupling. However, in this work, we consider a parameter space
where the inflationary dynamics is dominated by the cosmological constant term A*. Thus,
we require that both A |h|* and InepMp1 9 |h|? terms are smaller than A* in the whole region
of stability, i.e., up to the largest allowed Higgs-field strength h = hyax. It is easy to see
that the required condition reads

A2
Ghe S \/E< ) : (2.13)

¢ Mp)



Which gives a stronger bound than eq. (2.9) for A\;, < 1, and hence we adopt the (2.13)
constraint in the following analysis.

Furthermore, as shown in ref. [41], for the Higgs mass mp, > 3H;/2 the Higgs field
fluctuations during inflation are strongly suppressed ensuring stability, where H; denotes
the Hubble parameter during inflation. This condition could be written in terms of a lower
limit for gy, i.e.,

2
3 A? b
> — — . 2.14
g1 2 Vo <¢Mm> () (214)
For the benchmark values of A = 3 x 1072Mp; and o = 1/6, and assuming that ¢ ~ M =
Mpy, we obtain the following consistency region for gpe:

6-107" S gpg $3-107° (2.15)

Hereinafter, for numerical calculations, we adopt the EW value of the Higgs quartic cou-
pling A;, = 0.13. Note that the above limits are a subject of A; increasing Ay, implies larger
Jne allowed values.

3 Inflaton dynamics

In this section, we discuss the dynamics of the inflaton field. Based on the arguments
above, we ignore Higgs boson contributions to the inflaton dynamics so that the classical
equation of motion for ¢ in the FLRW background is given by

¢+ 3Ho+Vy(e) =0, (3.1)

where H = a/a is the Hubble rate, the overdot denotes derivative w.r.t. the cosmic time,
t, whereas V4(¢) is derivative of the potential w.r.t. the ¢ field. In the above EoM, we
have neglected spatial derivatives of the inflaton, regarding ¢ as a spatially-homogeneous
scalar field. Later on, for collision terms in the Boltzmann equations, we will calculate
S-matrix elements in the presence of classical inflaton fields that are solutions of (3.1). In
other words, we will treat the SM and DM fields as small perturbations as compared to
solutions of (3.1) and their possible back-reaction on the inflaton field will be neglected.?
As discussed above, the inflaton-Higgs interaction term, i.e., gh¢Mp1¢\h\2, is suppressed
during inflation; therefore, eq. (3.1) is valid during this period as well as during the early
stages of reheating. However, once the reheating resumes, the Higgs field is produced
through the coherent oscillations of the inflaton field. As we will see below, the Higgs
dynamics will be taken into account in the Boltzmann equation. Assuming that the SM
radiation and DM energy densities are negligible in the primordial Universe, one can write
the first Friedmann equation as

Po
H? ~ : 2
3ME, (3:2)

3This is similar, e.g., to the Rutherford scattering which is an elastic scattering of a charged particle by a
static Coulomb point-particle potential that is a solution of Maxwell equations in empty space undisturbed
by the presence of any other particles.



The energy density, pg, and the pressure, pg, for the homogenous, scalar field are

1

po= 57 +V(6), po = 58~ V(6). (33)

We can now discuss solutions to eq. (3.1) during and after inflation. As we have al-
ready pointed out above, during the phase of the accelerated expansion, V(¢) is approx-
imately flat. In this period ¢ is negligible and V() > $? /2, which in turn implies
H? ~ V(¢)/(3M%,). Using these two simplifying assumptions during the inflationary
phase one finds constant solutions for the inflaton field ¢7(t) ~ ¢(a4) and the Hubble rate
Hy ~ A?/(v/3Mp)). The slow-roll evolution of the inflaton field can be parameterized by
the so-called potential slow-roll parameters €, and 7,,, defined as

2 2
At N

Note that the two cosmological observables, the spectral index ng and the tensor-to-scalar

ratio r, can be related to the potential slow-roll parameters as
r = 16€y,, ng = 1 — 6ey, + 21y, (3.5)

For the a-attractor inflaton potential (2.4), the slow-roll potential parameters are

ey = 8n? (AX;I>QCSCh2 (2]\?) , (3.6)

Ny = 8n (]\]{;1)2 {Qn — cosh (2]|\j|>} csch? (2]5)’) . (3.7)

To achieve sufficiently many e-folds (~ 50 — 60) of expansion, the slow-roll parameters are
required to be small, i.e., ey, |y | < 1, for a long enough period. The accelerated expansion
of the Universe ends when @ = 0, which corresponds to ey ~ 1. This condition determines
the value of ¢(a.) at the end of inflation, i.e., at a = a.

After the end of inflation, the inflaton field ¢ starts to oscillate around the minimum of
its potential with decreasing amplitude. Moreover, the character of the oscillations strongly
depends on the shape of V(¢) in the vicinity of the minimum. Note that the time scale
of the inflaton oscillations is typically much shorter than the variation of its amplitude.
Thus, in this phase, a generic solution to eq. (3.1) can be written as a product of two
functions [9, 13, 26, 42],

o(t) = () - P(1), (3.8)

where P(t) is a quasi-periodic, fast-oscillating function, while ¢(t) denotes a slowly-varying
(w.r.t. the time scale of the oscillations) envelope function defined by the following condi-
tion:

po=V(p) = A4(Afm)2", (3.9)
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Figure 2. Numerical solutions for the inflaton EoM (3.1) and (3.2) as a function of the scale factor
a for various choices on n. The vertical dashed line indicates the end of inflation, defined by the
condition ey (¢(a.)) = 1. Colored dots present the value of ¢(a.) for different values of n.

where the inflaton potential has been expanded in a form applicable during the reheating
phase with o = 1/6. In figure 2 we show the numerical solution for ¢(a), obtained after
solving two coupled equations (3.1) and (3.2). The rapid oscillations of P(a) are damped
by the decreasing envelope ¢(a) due to the redshift of the Universe. The frequency of
oscillations as well as their amplitude depends on the slope of the inflaton potential n. The
explicit form of ¢ and P will be determined below.

Our goal now is to obtain approximate analytical solutions of (3.1) during the oscil-
latory phase. Before we do that, let us first find a relation between the inflaton energy
density py and pressure ps. To that end, we differentiate py (3.3) w.r.t. time and using (3.1)
we obtain the continuity equation

Po + 3H(1 +w)py =0, W= py/pe, (3.10)

where the barotropic parameter w is, in general, time-dependent. Note that at this stage,
the effects of quantum particle production are ignored, so that (3.10) holds during inflation
and the beginning of reheating as long as the inflaton energy density dominates, i.e., the
inflaton decay rate is smaller than the Hubble rate. Ignoring expansion, assuming peri-
odicity, and averaging over one period of oscillations, we can express the inflaton energy
density and pressure (3.3) as [9, 13, 26, 42],

(pg) =V (p) = pg (3.11)
(py) = Z:L 1‘/(90) = Z:r 1%, (3.12)

~10 -



where we have used eq. (3.9) along with the relation (|P?*|) = 1/(n + 1). Hereinafter,
the following definition for the time-average of a quantity f(¢) over one period of inflaton
oscillation is employed,

ti+T (ts)
e A ] (3.13

where t; is some reference time at a particular instant during the oscillatory phase. Above,

T (t;) denotes the period of the inflaton oscillations, which in general can be time-dependent.
We can now define the averaged equation-of-state parameter during the reheating phase as

(o) _n—1 (3.14)

(pp) m+1

In particular, we have w € {—1/5,0,1/5,1/3} for n € {2/3,1,3/2,2}, respectively. The
evolution of the equation of state w = py/py and the its time-averaged value w is shown in

w

figure 3 as a function of the scale factor a. During inflation, i.e., for a < a., the potential
term V(¢) dominates over the kinetic term, ¢2/2, and the pe/De Tatio is constant, i.e.,
w ~ —1. After the end of inflation, w starts to oscillate between —1 and 1, while w quickly
approaches a constant limit, consistent with the prediction (3.14).

Using the continuity equation (3.10) together with the definition (3.9) and (3.14) one
can derive the equation of motion for the envelope

3

o) = ~— < Ho(t) (3.15)

Form of the above equation proves that indeed ¢ is a slowly varying function of time and
fast oscillations are relegated to the P function.* The solution to this equation as a function
of the scale factor a reads

Qe

p(a) = pe (a)"il (3.16)

where p. = ¢(a.) denotes the initial value of the envelope determined by the condition
ev(o(ac)) =1 at the end of inflation, cf. eq. (3.6), and for a = 1/6 it is given by

M,
e = pl(ae) = % ArcSinh (2v2n). (3.17)

Note that for n > 0, ¢(a) decreases with time during the oscillatory phase. Using the
Friedmann equation (3.2) together with eq. (3.9), we obtain the following equation that
governs the evolution of the scale factor a with ¢,

da 1 v \"
— = A? ( ) dt. 3.18
a  /3Mp Mp (3.18)
Using eq. (3.16) we get

n+1

In A2 Do \ B
t) =a.|l+ t—te] , 3.19
alt) =ae| L+ T o () () (3.19)

“Note that the definition of the envelope function (3.9) implies that d{pg)/dt = (p4) assuming periodicity
and neglecting cosmological time evolution while averaging over a period.
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n=2/3, « =1/6, A=3-1073 Mp, n=1,a=1/6, A=3-10"2 Mp,

1-5>‘ T LIS L B B 1757---|- L e B S B

Log[a/a.] Log[a/ac]
n=3/2, « =1/6, A=3-1073 Mp, n=2,a=1/6, A=3-10"% Mp,

1.5 1= L L N 1.5 1
[ [ —— num.

—

Log[a/a.] Log[a/a,]

Figure 3. The equation-of-state parameter, w, as a function of the scale factor a. Thin colored
curves show the full numerical solutions, i.e., py/pe, while thick lines present the time-averaged
barotropic parameter, i.e., w = (pg)/(ps) (3.14). The horizontal axes are normalized to the scale
factor at the end of inflation a..

where t. denotes the cosmic time at end of inflation. Note that the above relation implies
@(t) ~ t~1 for n = 1, whereas, for the quartic potential, i.e., n = 2, we get @(t) ~ t~/2,

In order to find a dynamical equation for the quasi-periodic function P(t) we differen-
tiate (3.8) w.r.t. time, obtaining

¢ = ¢P + P, (3.20)
which, in turn, implies

. 2(pg — V() 3n
P(t) ==+ - + s 1HP(t), (3.21)
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where the + sign corresponds to ¢ > 0 and ¢ < 0, respectively. Note that the second term
in the r.h.s. of (3.21) is negligible as long as the time scale of the inflaton oscillations is
much shorter than the time scale of expansion. Consequently, one can simplify eq. (3.21) as

. m¢
R — TR 3.22
=T |P| (3.22)
where we have introduced an effective mass of the inflaton field, see also [13, 26, 43],

= 2n(2n — 1)A—4(pi)n7_1 (3.23)
- Mg At ‘

>V (¢) ’
8452 Po=p

2
m¢:

which is time-dependent for n # 1. In particular, since ps decreases due to the expansion,
mg increases for n < 1, while for n > 1 it decreases with time in the oscillatory phase.
Using egs. (3.9), (3.16) and (3.23) we can obtain an explicit formula for my as a function
of the scale factor a

2 3(n—1)

me(a) = \/2n(2n — 1)]\//x[m(]\§;>n_l (%) e (3.24)

Since mg varies on the time scale much larger than the oscillation time scale, we can solve

eq. (3.22) assuming that my is constant during one period of oscillations. Then the generic
solution for the quasi-periodic function P(¢) can be written in terms of the inverse of the
regularized incomplete beta function Z (4, j) as

P(a) = [I;l(;n, ;)] T (3.25)
with

4
ZEl—*(t—to)

T
4n+1Mp1 Mp1”|: a % :|
=1-= — -1 2
T V3n A2 <<,Oe) (ae) 7 (3.26)
where the period of the oscillations, 7, is given by
1
o Var [2n—1 (=
7= VI € (3.27)

w  my n F(nTtLl)7

with frequency w. For the quadratic potential i.e., n = 1 we recover the well-known results:
T = 2n/mgy and P(t) = cos(myt) [10]. Note that the slow variation of mg w.r.t. time is
also a source of the variation of the period. Because mg increases (decreases) for n < 1
(n > 1), T decreases (increases) with time. In the next section, we employ these results
obtained for the inflaton profile as well as its time-dependent mass to study the reheating
dynamics, including the inflaton interactions with the Higgs boson.
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4 Reheating dynamics

The reheating dynamics involve the coherently oscillating inflaton field ¢, the SM radia-
tion produced through decays of the inflaton field to the SM Higgs boson, and the vector
DM X,,. To track the evolution of this system, one has to consider three coupled Boltz-
mann equations averaged over the inflaton oscillations. The energy or number density of
each considered species changes due to the expansion of the Universe, controlled by terms
proportional to the Hubble rate H, and interactions between those three sectors. In what
follows, we assume that ¢ can directly “decay” to the SM Higgs pairs, with an averaged
(over each oscillation period) decay rate (I'y_pp), and to DM vectors, with an averaged
rate (I'y— xx). Due to the fact that the latter process arises from the dim-5 operator,
(D, ®)T(D*®)/Mpy, the ¢ — X X process is subdominant, and the reheating dynamics is
dominantly governed by perturbative decays of the inflaton field to the SM Higgs bosons.
During the reheating period, the Higgs potential can be written as

V(h) = pj, |R[> + M ||, (4.1)
where the Higgs mass parameter is

17 () = gneMp1 (1) (4.2)

In the above expression we have neglected the Higgs mass contributions proportional to
the electroweak vev vgw =~ 246 GeV. In the presence of an oscillating inflating field, the
Higgs field undergoes rapid phase transitions acquiring a ¢(t)-dependent vev during the
reheating phase, i.e.,

0, o(t) >0,

Vh — (4.3)

2

Note that vy is a function of the inflaton field ¢, therefore at the end of the reheating
phase, this non-trivial inflaton-induced vacuum-expectation-value (vev) vanishes, and the
Higgs field remains in the symmetric phase until the electroweak phase transition at the
temperature scale O(100) GeV. Furthermore during reheating all SM massive particles
receive a non-zero mass due to their coupling to the Higgs field, i.e.,

EW

Lo, (4.4)
VEW

m

msM =

where mgl\v/}’ denotes the EW mass of SM particles.

Before moving ahead, we would like to comment on the gravitational production of the
SM radiation from the inflaton background through a graviton exchange [24, 26, 28, 44].
This production mechanism is universal and independent of any direct coupling of the

5The inflaton “decay” to the SM Higgs boson and vector DM can be understood as the production of the
pairs of SM Higgs bosons and DM vector bosons in a quantum process out of the vacuum in the presence
of the classical inflaton field (3.8).
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inflaton to the SM sector. However, as we show in appendix B, in the presence of the
inflaton-Higgs interaction (2.6) with g satisfying the bound (B.57) the gravitational pro-
duction of SM radiation through the inflaton background field is subdominant. Therefore,
we do not discuss the gravitational production of the SM radiation in the following and
only consider the production of the SM radiation through inflaton decays to the SM Higgs.

During the reheating epoch the DM particles can be produced through the following
types of processes:

o Inflaton decays: in this case, the DM X,, particles are produced from the inflaton
decays through the effective interaction (2.6).

e Gravitational production from the inflaton field: this is an irreducible DM production
mechanism where the inflaton background field transfers its energy density to the DM
through the graviton exchange. This production mechanism is a result of graviton
universal coupling to energy-momentum tensors of the inflaton and DM fields (2.6).

e Gravitational freeze-in: annihilation of SM particles to the DM through s-channel
graviton h,, exchange can be considered as an irreducible mechanism of DM produc-
tion, which does not require any additional coupling between these two sectors. An
amplitude for this process is suppressed by 1 /Mlgl as a result of graviton universal
coupling to energy-momentum tensors of the SM and DM sectors (2.6).

e Higgs portal freeze-in and Higgs decays: in this case, the dark sector is produced
through annihilations of Higgs bosons due to the dim-6 operator (2.6). In the massive
reheating scenario, Higgs boson acquires the inflaton-induced vev (4.3) and therefore
the contact operator C& m3 /(2M3)) X, X*|h|?, after expanding around the vev vy,
generates an additional Higgs-DM interaction responsible for hg — X X decays, i.e.,

Ch mk
2ME,

vRho X, XH 4 -+

Furthermore, the above term opens a new DM production channel, in which X par-
ticles are created from the annihilation of SM species with s-channel Higgs exchange,
i.e., SMSM — hg — X X. Here we should point out that both processes hg — XX
and SMSM — hg — XX are possible only in the broken phase, i.e., half-period of
the inflaton oscillations when ¢ < 0 and the Higgs boson vev is non-zero. Note that
in the massless reheating scenario DM particles are produced only through the Higgs
annihilations via the contact diagram hh — X X.

In figure 4 we collect all possible interactions among the inflaton, SM and DM fields. Where
“cross” denotes the inflaton background interaction with the graviton field.

We write the time-averaged Boltzmann equations (BEq) for the inflaton energy density
ps, the SM radiation energy density pgy, and the DM number density nx during the
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Figure 4. Feynman diagrams for all possible interactions between the inflaton, SM, and DM, where
“cross” indicate the inflaton background interaction with the graviton field.

reheating phase as

6n
) — _Hpy=—(T 4.5
pot 1 Hps (Lg)pg) (4.5)
psn + 4H pgyy = (Dgmsmsm) po — 2(Ex)Ssm — (Eng) Dy (4.6)

nx +3Hnx = D¢ + S¢ + SSM + Dh07
where the Hubble rate is

H? = 302, (Pp + psm + px) - (4.8)
Above (---) stands for thermal or (and) time-averaged quantity. The total inflaton decay
rate, (I'y), contains two terms induced by the contact inflaton interactions with the Higgs
field and DM vectors, as well as terms generated by indirect interactions through gravity.
For details see appendix B. The first two terms in the third Boltzmann equation, i.e., Dy
and Sy, account for the DM pair production from the vacuum in the presence of the inflaton
background via the effective dim-5 operator (2.6) and through gravity, respectively. The
explicit form of the these two terms has been derived in appendix B where we have used
the notation Dy = DéllXX, and Sy = Dflxx- Next two terms in the r.h.s. of eq. (4.7)
are defined as

Ssm = 1% (0 x xsmsmlvl)s Dhy = 1y (Cho—xx), (4.9)

with oy y_,qugm being the DM annihilation cross-section to the SM, whereas 'y, xx
denotes the Higgs decay rate to DM particles. Above (Ex) and (Ej,) denote averaged
energies of the X and hg particles, respectively. Note that in the above relations (4.9) we
have assumed that the number density of the Higgs field follows the thermal equilibrium
value, i.e., np, >~ np,, while the dark sector is assumed to be out-of-thermal equilibrium, i.e.,
nx < nx. Ignoring quantum statistics and adopting the Maxwell-Boltzmann distribution
function, the equilibrium number density of species i with spin J; is given by

(2JZ‘ +1)

n; =
! 27?2

m2T Ky (”;) : (4.10)
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where K (z) denotes the modified Bessel function of the second kind. Finally, let us em-
phasize that in the above Boltzmann equations we have assumed that during one oscillation
period variations of the Hubble rate H and the effective mass of the inflaton field my could
be neglected.

In this section, we assume that the presence of DM interactions does not modify
substantially the reheating dynamics, which is mainly driven by the first two Boltzmann
equations (4.5)—(4.6). In particular, we assume that inflaton predominantly transfers its
energy into the radiation sector through the Higgs portal, since the inflaton’s higher di-
mensional interactions through gravity to the SM and DM as well as direct coupling to the
vector DM are negligible as compared to a relevant (dim-3) Higgs portal operator. Such
that (I'y) ~ (Tg—smsm) =~ (Dg—nn). Furthermore, in the evolution of inflation and SM
radiation energy densities, we ignore the DM scatting and Higgs decays to DM particles.
This is a reasonable approximation for the freeze-in DM scenario with a negligible DM
abundance at the onset of the reheating period.

There are several other comments here in order. Firstly, notice that we are assuming
that the whole SM is created from Higgs boson pairs emerging in the process of inflaton
“decays”, i.e., the Higgs bosons decay and scatter to produce the rest of the SM. Secondly,
we assume the SM particles produced are thermalized instantaneously. This is a reason-
able assumption given that once the Higgs bosons are produced, they would immediately
decay/scatter to the rest of the SM particles, leading to instantaneous thermalization [45].
Thirdly, note that the r.h.s. of (4.5) was not present when we have discussed the inflaton
dynamics in section 3, cf. (3.10). Here it describes a quantum process of the particle pair
production (in other words, a transition from the quantum vacuum to the two-particles
final state) in the presence of the oscillating classical inflaton field. Fourthly, let us define
the temperature of the thermal bath, T', through the following well-known relation,

7T2 4

= —q, (1T 4.11
PsM 309*() > ( )

where g, (T) counts an effective number of relativistic degrees of freedom at the tempera-
ture T'. Here we approximate g.(7") by the constant value of 106.75.

Finally, we would like to comment on possible thermal effects on the Higgs poten-
tial (4.1) and in particular thermal corrections to the Higgs mass parameter M,ZL during the
reheating phase. In the large temperature limit, i.e., 7' > mgy, the thermal corrections to
the Higgs mass oy} (T) are [46],

2
A
Spp(T) =~ | =2+ 2 + 2L+ 1 T2 ~ 0477, (4.12)

where g/¢' and y; are the SM electroweak gauge and top Yukawa couplings, respectively.
The temperature-dependent contribution to the Higgs mass arises from the Higgs interac-
tions with the high-temperature bath of relativistic particles. In the following analysis, we
neglect such thermal corrections which become relevant only when T" 2 |1, (¢)].
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4.1 Evolution of the inflaton and SM energy densities

In the following, our goal is to find approximate analytical solutions for the inflaton and the
SM radiation energy densities by solving the first two Boltzmann eqs. (4.5)—(4.6). After
employing the simplifications discussed above, the Boltzmann eqs. (4.5)—(4.6) take the
simple form,

6n
n+1
psm + 4H pgyp = (Do—nn) pg- (4.14)

Above in the first equation, we have neglected the inflaton decay rate (I's) compared to the

Py + Hpy =0, (4.13)

Hubble rate H during the reheating phase. We use the above set of simplified Boltzmann
equations to analytically determine the reheating dynamics, however, note that for the
numerical analysis we consider solutions of the exact Boltzmann eqgs. (4.5)-(4.6). The
initial conditions for the inflaton energy density ps and the SM energy density psy at the
onset of the reheating phase are

e 2n
po. = polac) = M(F£) psi(ac) =0, (4.15)

where we have employed eq. (3.9). Hereinafter, we use the scale factor a as an independent
time variable rather than physical time ¢, where the two are related during the reheating
phase through eq. (3.19). Therefore, the inflaton energy density during reheating evolves as

for a € [ae, an], (4.16)

6n
Qe nt1
pola) = ps. ()"
where a,;, denotes the scale factor at the end of reheating which we define by the equality
of the inflaton and radiation energy densities, i.e., pg(a:n) = psm(arm). As we see in the
following, the end of reheating roughly coincides with the condition (I'y) ~ H.
Since the inflaton energy density dominates the total energy density during reheating,

we can solve the Friedmann equation (4.8), obtaining
3n_
H(a) = H, <a> e for a € [ae, g, (4.17)
a

where H, = H(ac) = \/pg./ (v/3Mpy). Tt is instructive to rewrite the Boltzmann equation
for the SM energy density (4.14) as

d(a’psy)  Loonn) 3
~ . 4.1
e L. (4.18)
After using the solutions for the inflaton energy density (4.16) and the Hubble rate (4.17)

during the reheating phase, we can rewrite eq. (4.18) as

d(a* a\ g
e pu) dZSM) =~ 3Mp He(Tpsnn)ag (;) o (4.19)

which is straightforward to solve when the inflaton decay rate to SM Higgs boson pairs is
known. As we will show in the following subsections, in general, the width is a function
of time [12]. In the next subsection, we calculate the inflaton “decay” to a pair of Higgs
bosons, taking into account the non-trivial ¢-depenent Higgs mass.

~ 18 —



4.2 Higgs boson production from oscillating inflaton

In this subsection, we calculate the energy gain E of the SM radiation due to the Higgs
pair production at the expense of the inflaton field. The process that is considered is a
quantum production from a vacuum state, |0), to the two-Higgs-boson final state, |hh), in
the presence of the classical inflaton field, see also [13, 26, 30, 47, 48]. Due to the energy
conservation, the energy density gained by the Higgs pair production from the vacuum
must be equal to the energy loss of the inflaton field. To put it another way, the energy
density, initially accumulated in the coherent oscillations of the inflaton field, is transferred
to the SM radiation sector during reheating due to the cubic inflaton-Higgs coupling ¢|h|?.
Note that in this term, ¢ = ¢ P should be interpreted as a given time-dependent coefficient,
so effectively it makes the Higgs boson mass vary with time. For interactions linear in the
¢ field the energy gain per unit volume V' and per unit time due to the pair production of
final state particles f with mass my can be calculated as

1dE _ ¢*()
Vdt 8w

e 2
ka|Pk|2‘M¢—>ff(k)‘ Re 1-— 202
k=1 w

4m?‘] , (4.20)

where V' is the volume factor. The matrix element squared |Mgy_,s¢|?, summed over
spin/polarization of final states, describes the quantum process of production of pair of
particles out of the vacuum in the presence of the classical inflaton background, while Py
denotes Fourier coefficients in the expansion of P(t):

P(t) = i Pre "t (4.21)

k=—o00

with the oscillation frequency/energy w = 27 /7 (3.27) and Fourier mode number k,

I / T ep et (4.22)
k = € . .
T(tO) to
Note that for n = 1 the only non-zero Fourier coefficient is P; = 1/2, while for n = 2/3,
n = 3/2 and n = 2 all even coefficients are zero. Moreover, the value of P}, quickly decreases
with k such that the sum ", |Pg|? converges around k of the order ten. The numerical
values of " |Px|? are collected in table 1.
It is understood that the above process is possible only if it is kinematically allowed,
i.e., when kw > 2my. Then, the collision term in eq. (4.5) could be written by defining the

inflaton “decay width” as

1dE
V dt
Adopting the r.h.s. of the above expression, one can mimic the standard form of the col-

= p¢ F¢. (423)

lision term for decaying particles with the “width” calculated using the classical solution
of (3.1). It would be an acceptable iterative procedure that starts with the classical solu-
tion. Nevertheless, we will adopt an alternative approach. It is important to realize that
the “width” defined by (4.23) non-trivially depends on pg, i.e., on the function we are seek-
ing by solving the respective Boltzmann equation. Therefore we find it more appropriate to
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no{> g k“’k|2 >k |7313n|2
2/3| 0.2605 0.1883

1 1/4 1/16
3/2|| 0.2377 0.1455

2 0.2286 0.0635

Table 1. Numerical values of the summation factors appearing in eq. (4.20) (first column) and
eq. (5.3) (second column) for different values of n.

express the whole r.h.s. of (4.5) in terms of the inflaton density pg adopting (3.9). Solutions
of the Boltzmann equations in both cases approximately coincide during reheating when
the “width” is smaller than the Hubble rate. Formally the difference is of higher order in
powers of coupling constant that enters the “width”.

Our next step is to calculate the time-averaged inflaton decay width, (I'y—4p), using the
strategy described above. For the cubic inflaton-Higgs interaction, we obtain the following
expression by averaging over the fast oscillations of the inflaton field,

2 2
9he Mp,
I = —" 4.24
(o) = g2 2 (4:24)
with
8ny/mn(2n — NI (L) 3 oo Am?2
vy, = ( ) ZZk\Pk]2<Re 1= h > (4.25)
r (%) i=0 k=1 w

where we have employed eq. (4.20) and (4.23). Above the inflaton decay is summed over
four real components, h;, of the Higgs doublet. Note that (I'4—nn) has two sources of
time-dependence:

(i) the effective mass of the inflaton field my (3.23),
(ii) the inflaton-induced mass of the SM Higgs my,, (4.2).

The time-averaged inflaton decay rate is time-independent only in the massless reheating
scenario, i.e., mp, = 0 with the quadratic inflaton potential, i.e., n = 1. In this special case
v, = 4 due to the four real massless scalar components of the Higgs field.

Since the energy scale of the electroweak symmetry breaking is much smaller than
the energy scale of reheating, the EW mass of the Higgs boson can be neglected during
this period. However, all Higgs doublet components, h;, acquire non-zero masses via their
coupling to the inflaton field,

|Pl, P>0,i=0,1,2,3,
m%i = grheMpP1p {2|P|, P <0,i=0, (4.26)
0, P<0,i=1,2,3.
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We see that m%z is subjected to the short-scale oscillations of the inflaton field through
P and that is why we have to average the square root in (4.24). Though, the summation
and averaging performed in (4.24) deserves an explanation. During one half of the inflaton
oscillation period, when P > 0, the electroweak symmetry remains unbroken, and each
Higgs doublet component receives a mass myp, = \/gnMp1p|P]. In the second half of the
period, when P becomes negative, the physical Higgs mass is mp, = /295 Mp1p|P|, while
the three Goldstone bosons become the longitudinal components of the SM gauge bosons
and decouple from the inflaton. In the unitary gauge that corresponds to an infinite mass
of h; for i = 1,2,3, these are non-dynamical modes. The averaging performed in (4.24)
takes the above properties of m%z into account. It is instructive to write the averaged
masses of the Higgs boson components as

N D(E)T (%) (2 i-o,
() = fano M1 o (27;:3)F ( ){%’2 s (4.27)

which depends on time only through the slow varying envelope function ¢(a) given in
eq. (3.16).
Note that the non-trivial Higgs mass effects appear only through the phase-space factor

<\/ 1 — (2myp, /kw)?) in 7, (4.25). In particular, the phase-space kinematic effects are only
relevant when the energy kw of the inflaton mode k is larger than twice Higgs boson mass
mp,. We also note that for a general value of n the dominant contribution originates from
the first Fourier mode, i.e., kK = 1, as the amplitude P, drops quickly for larger mode
numbers. Therefore it is instructive to write the ratio

(mn) \/9h¢MP190\/2n—1 F(%)
w me ™n F(%)j

2 T (2 3-2n 3(2n—3)
SEBE TR

Qe

where for brevity we have neglected the Higgs field h; component-dependent contribution
(1++/2)/2 for i = 0 and 1/2 for i = 1,2,3. In the second line of eq. (4.28) we have
employed the solution for ¢(a) (3.16), which is valid during reheating, i.e., (I'pnn) <
H, and the expression for the inflaton mass m¢ (3.24). Note that the time-dependence
of (my)/w through the scale factor a disappears for n = 3/2, while for n < 3/2 (n >
3/2) it decreases (increases) with time during reheating. This implies that the kinematic
suppression amplifies over time for n > 3/2 and stays constant for n = 3/2. However,
for n < 3/2, the role of the kinematic suppression becomes less and less important as the
Universe expands.

The crucial factor in the calculation of the inflaton width (4.24) is <\/ 1 — (2mp, /kw)?),
which captures the kinematic phase-space suppression due to non-trivial Higgs mass. We
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find the phase-space factor after time-averaging over fast inflaton oscillations as

< . 4m%i>w[9/€inr<7§§f) k2w? L

_ k202 ~ 16ﬁr (%) gh¢Mp1g0

n

3
[9\/7?,%% (%) wem2 w (4.29)

3 ) :
16(2n — )T ()" 9neMp1e

2n

where for ¢ = 0 component of the Higgs field kg = 1, whereas for ¢ = 1, 2,3 components
k1,23 = 1/2 due to the fact that these modes become Goldstone modes in the broken phase.
Above ‘ceiling’ function [--- | is defined as follows:

1, z2>1,

[z] = { (4.30)

r, x<l,

where [---] = 1 implies massless final states, i.e., no kinematic suppression. Note that in
the above expression, for a generic n, the time dependence enters through the inflaton en-
velope function ¢(a) (3.16) and the inflaton mass my (3.24). We can also rewrite eq. (4.29)
as a function of the scale factor:

4m% g a 3(2n—3)
1— i\ oy | Zh(Ze) (D W 4.31
< k2w? > L]/up ( a ) ’ (4.31)

where we have used M = Mp (o« = 1/6), pe ~ Mp; and defined

9y/Thik*n3A4T ("2—21) ’

8 MAT (%)3

9k = (4.32)

From eq. (4.31) we see that the phase-space factor <\/ 1 — (2mp, /kw)?) increases (decreases)
with time for n < 3/2 (n > 3/2), whereas it stays constant for n = 3/2 as shown in figure 5.

Moreover, one can estimate the scale factor a; at which the kinematic suppression
becomes irrelevant (for n < 3/2) or relevant (for n > 3/2) by the condition [---] =1 in
the above expression as

(n+1)
ay, = ae(g’f) Y 23y, (4.33)
Iho
Whereas for the special case n = 3/2 the phase-space (4.31) suppression is a time-indepen-
dent constant factor when g4 > g, for & = 1. Note that depending on the strength of
ghe, the kinematic suppression may end during the reheating phase for n < 3/2. In this
case, for scale factor ai < a < a,; the reheating dynamics would be the same as that of
massless Higgs final states. On the other hand, the kinematic suppression becomes more
and more significant with time for n > 3/2. This is because even if the averaged Higgs
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Figure 5. Evolution of the phase-space factor {\/1 — (2my, /kw)?) for the inflaton decay to a pair
Higgs bosons as a function of the scale factor a for k = 1 and gne = 107> and 107! in the left-
and right-panels, respectively. Solid (dashed) lines are for the ¢ = 0 (1,2, 3) component of the SM
Higgs doublet.

mass was much smaller than the inflaton energy at the onset of reheating, it would soon
become of the order of kw, and hence the kinematic effects would be important until the
end of the reheating phase. With the above definition of aj, we can recast the phase-phase
factor (4.31) as

3(2n—3)
A2 [(‘”ﬁ) s ] n#3/2,
1— ey LI (4.34)
k2w2 g ’
k J—

In figure 5 we have plotted exact numerical results for the phase-space factor
<\/ 1 — (2mp,/kw)?) with k = 1 as a function of the scale factor a for two values of the
inflaton-Higgs coupling gn, = 107° (left panel) and 1071 (rightpanel). First of all, let us

note that if the mass of the SM Higgs is small as compared to the inflaton mode energy kw,
the phase-space factor (\/ 1 — (2mp, /kw)?) = 1. For n < 3/2 and sufficient strong inflaton-

Higgs coupling, e.g., ghy = 1077, the (\/1 — (2mp, /kw)?) factor initially grows with the
scale factor a, until the inflaton-induced mass of the Higgs boson becomes negligible and the
kinematical suppression is no longer relevant. From the left-panel of figure 5 for g5 = 107°
the number of e-folds for kinematic suppression is Ny ~ 4.5 and 9 for n = 2/3 and n = 1,
respectively. As noted above for n = 3/2, the phase-space factor is time-independent and
is given by <\/1 — (2mp, /kw)?) ~ [kiA*/(4gneM7))]. This means that the kinematical
suppression is present during the whole period of reheating unless the g4 coupling is very

weak and the ceiling function approaches 1. For n > 3/2, the role of the non-zero mass of

the Higgs boson increases with time so that <\/ 1 — (2my, /kw)?) decreases as the scale fac-
tor increases. This means that even if the effects of the non-zero Higgs mass are negligible

~ 93 -



n=2/3, a=1/6, A=3-10">Mp n=3/2, a=1/6, A=3-10">Mp

[ ; éh;’; ‘: ‘10‘_5‘ —— M, L
16;_T gho = 00 (mp,) 16 :—\\ . -
j: A I - T
I [
2 14 L a8 e
3 =
=
= 13F
.
12F
11+
[ L . MM"“AMW h L PR BRI N PR -
0 1 2 3 4 0 1 2 3 4
Log[a/ac) Log[a/ac)

Figure 6. The evolution of the Higgs mass mp,(a) for two values of the inflaton-Higgs coupling:
gne = 1075 (blue) and gpe = 1077 (red) for n = 2/3 and 3/2 in the left and right-panel, respectively.
The colored (blue, red) dashed curves show the evolution of the averaged Higgs mass, i.e., {mp,(a)).
The thick solid purple and light blue lines denote T'(a) for gns = 1075 and 1077, respectively,
whereas the loosely dashed green line illustrates the evolution of the inflaton mass m.

at the onset of reheating period with increasing time, the kinematical suppression becomes
more and more relevant. The numerical results for the phase-space factor agree with our
approximate analytic results (4.31) to very good precision.

In figure 6 we show the evolution of the mass of the 0-component of the Higgs doublet,
mp, (4.26), its average (mp,) (4.27), and the effective inflaton energy w (3.27) as a function
of the scale factor during the first few e-folds of reheating. In these plots we have fix
n = 2/3 (left-panel) and 3/2 (right-panel) for two values of gns = 1075,10". Note that
kinematic phase-space suppression discussed above is relevant for regions where (mp,) 2
mg. Furthermore, in figure 6 we also have compared my,(a) with the evolution of the
thermal bath temperature 7' (see below for details). When the Higgs mass is larger than
the SM bath temperature it behaves as a non-relativistic matter. We note that the ¢-
dependent mass of the SM Higgs drops below the temperature, roughly corresponding to
the a ~ ay.

4.3 Reheating through massless Higgs bosons

In this subsection, we consider the reheating dynamics by neglecting the ¢-dependent
Higgs mass, which we refer to as the massless reheating scenario. In other words, we
neglect the contribution to the Higgs boson mass originating from the cubic interaction
term ¢|h|? in the Lagrangian (2.6). This is, of course, merely a reference point introduced
to illustrate kinematical mass effects in the realistic case, i.e., with m;, # 0. As shown
in the following subsection, there are significant differences between the massless scenario
and the case where we consider the inflaton-induced Higgs mass. Our main goal is to find
an approximate analytical solution to the Boltzmann equation for the SM radiation (4.19),
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which then allows us to determine the temperature evolution during the reheating phase.
In the massless reheating scenario, there is no kinematical suppression of the Higgs boson
production. Thus, the only source of time-dependence of the inflaton decay rate (4.24)
is through the effective inflaton mass mg¢ (3.24). In this case, the inflaton decay can be

written as
© S0 (o
(Cylppla)) = P¢—>hh(afe) ; (4.35)
with the constant width
2 I n+l 3 1 00
=~ gh¢ n ( 2n ) M, Mpl n—1
o = Pl k| P2, (4.36)
¢—hh oy T <%) A2 ( Ve ) kzl

where superscript “(0)” denotes the massless Higgs boson case. Note that for a generic
value of n # 1 the inflaton decay width is a function of time which can lead to non-trivial
consequences for reheating dynamics [12]. In particular, for n < 1, ngolhh decreases with
the growth of the scale factor, while for n > 1 it increases. Therefore, one can expect
that for fixed values of the model parameters (gne,A), the reheating is the most efficient
for n > 1, whereas for n < 1, the duration of reheating is prolonged. Moreover, for the
quadratic inflaton potential, i.e., n = 1 we reproduce the well-known expression for the
time-independent decay width, i.e., Fglhh = (gheMp1)?/(8™my), with my = /2A%/M and
Pk - 61k/2

Inserting formula (4.35) into eq. (4.19) one obtains the following solution for the SM
radiation energy density,

3
O (@) — sp2 g 7O L [raeymm raeyd

psyi(a) = 3Mp He Ly nn in 1 ( " ) < a ) ) (4.37)
for a € [ae,a;n]. Note that for positive m, the first term in the square brackets above
dominates over the second one during the reheating phase, i.e., a. < a < a,. Consequently,
the temperature of the thermal bath (4.11) during reheating evolves as

0 ,
_[90(n + 1) Mg, H, Fq(blhh} 1/4(%)4(7511)

7O (q) ~ T Do D) (4.38)

a

For n = 1 we obtain standard scaling of temperature w.r.t. the scale factor, i.e., T a=3/8,

however for n < 1 (n > 1) the dependence of the temperature on the scale factor is more
(less) steeper. The explicit dependence on the scale factor of the SM energy density pgy(a)
and temperature T'(a) for different n is listed in table 2.
Another quantity of physical importance is the maximum temperature of the SM bath
IS?QX. In the massless reheating scenario, Trs?a)X is typically reached just after the end of
inflation, at

n+1

_ ae(‘“”*”) e (4.39)

(0)
. 3

max
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Thus, the maximum temperature in the massless reheating scenario is

70) 90(n + 1) M3 H, f((;s(ihh] 1/4< 3 >4<45’+1> (1.40)
ax (4n + 1)72 g, (T) 4(n+1) .

4.4 Reheating through massive Higgs bosons

In this subsection, we discuss the reheating through inflaton decays to Higgs boson pairs,
taking into account the effects of the inflaton-induced Higgs boson mass on the reheating
dynamics. The important difference of this scenario as compared to the reheating with
the massless Higgs, discussed above, is the non-trivial kinematical phase-space suppression
of the inflaton decay width, (I'¢—nn) (4.24) through ~;, factor (4.25). In particular, the

main difference is the time-averaged phase-space factor (\/ 1 — (2mp, /kw)?) that generates
a kinematical suppression due to the non-zero Higgs mass, as discussed above in section 4.2.
The explicit form of the time-dependence of the phase-space factor has been calculated in
eq. (4.31) for the four components of the SM Higgs doublet. Moreover, as it has been
pointed out above, the 7, factor (4.25) is time-independent during the reheating phase
for n = 3/2, whereas for n < 3/2(n > 3/2), 7 increases (decreases) during reheating.
For n < 3/2 the kinematic suppression gradually disappears as the averaged Higgs mass
becomes smaller compared to the inflaton energy, i.e., (mp) < w. The scale factor at
which the kinematic suppression vanishes is denoted by a;. Note that, in principle, the
kinematic suppression can be present throughout the reheating phase, or it may vanish
during this phase, i.e., ar < a;n. In the latter case, the inflaton-induced mass of the Higgs
field suppresses the radiation production for a. < a < ag, while for ap < a < ayy, the
kinematic suppression is irrelevant, and the reheating dynamics follows the same evolution
as that of the massless reheating scenario discussed above. On the other hand, for n > 3/2
it can happen that at the onset of reheating, the kinematical suppression has a negligible
impact on the reheating dynamics, but at some point, a;, when the averaged Higgs mass
approaches the inflaton energy, i.e., (mp) ~ w, it starts to affect the reheating dynamics
until the end of reheating phase.

The averaged inflaton decay width eq. (4.24) with inflaton-induced Higgs mass is

given by,
) 3(2n—3)
Bn-1) oo { a ) (D w n#3/2
=~ a n a ’ )
<F¢Hhh(a)> ~ Fd,ﬁhh(af) A X Z k“’Pk’Q (441)
c k=1 {g’“—‘ : n=3/2,
9ho
where constant width f¢_>hh is defined as
2 n+l
= _ s nI‘( n ) M, (MPI)”_l (4.42)

Consequently, in the massive reheating scenario, the Boltzmann equation for the SM radi-
ation energy density (4.19) can be analytically solved with the inflaton decay rate (4.41).



In the following, we calculate the SM radiation energy density and temperature for three
different cases, n < 3/2, and n = 3/2.

In this case when n < 3/2 for a = aj the inflaton decay rate to the SM Higgs bo-
son (4.41) has no phase-space suppression, and it is equal to that of the massless Higgs
boson case eq. (4.35). Therefore for n < 3/2 and a 2 a; the SM radiation energy density
is the same as the massless case eq. (4.37). However, for a < a with n < 3/2 we have a
phase-space kinematic suppression in the inflaton decay rate (4.41) and, therefore, the SM
energy density is modified in comparison to the massless case eq. (4.37). Similarly, for the
case when n = 3/2, there is no time-dependent kinematical suppression for the inflaton
decay rate; however, there is a constant suppression proportional to [gi/gne|. Therefore,
for n = 3/2, the time dependence of the SM energy density and the temperature would be
the same as that of the massless case up to constant kinematical suppression. Hence we
can write the SM energy density for different values of n as

psm (@)
6(n—1) 4 3(2n—3)
n Qe n+1 ae (') a (n+1)
ey [(a) - (7) ] D k=1 k|7’k|2(7’§) , asag, ns3/2,
- 3 4
~ 3M§1H6F¢,_)hh 47::5'_11 |:(‘f;) A (%) :| Z;il k;|73k\2, aZap,ns3/2,
[ ()™ - () ] -
dn+1 |\ a a k=1 "1kl gy | = )

(4.43)

where the time-dependence through the scale factor is dominated by the first terms in the
square brackets above. Thus, during the kinematical suppression phase, i.e., a < aj for
n < 3/2, the SM radiation energy density and the temperature scale as

6(1—n) 3(1—n)
psSM X a nF T o a0+, asag,ns 3/2. (4.44)

Whereas, during the region of parameters where the time-dependent kinematical suppres-
sion is absent, we get the scaling as that of the massless Higgs case, i.e.,

— -3
PSM ~ pé?&[ o it ) T ~TO o @7, aZag, n ; 3/2. (4.45)

It is important to note that the above scaling behavior is very unusual for the SM
radiation energy density. Thus, the temperature of the thermal bath during reheating
when the kinematical suppression is present. It turns out that in the massive scenario for
n = 2/3, both pgy and T increases with time, whereas for n = 1 they are nearly constant.
As we have discussed earlier on, for n = 3/2 the inflaton decay rate depends on time only
though my and thus, in both massless and massive cases, we obtain the same scaling.
Finally, for n > 3/2, the psm dependence on the scale factor is steeper in the massive
reheating scenario in comparison to the massless Higgs case. The approximate scalings of
averaged inflaton decay width, (I'y_,ps), the SM radiation energy density, psm, and the
temperature, 7', with the scale factor, a, are collected in table 2 for the massless (when the
kinematic suppression is irrelevant) and massive reheating scenarios (when the kinematic
suppression is relevant).
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n Ty hn) ﬂé%)a TO |(Cyonn)| psm | T
2/3|[ a=3/5 |a=9/5]q=9/20 q12/5 | g8/5 | g3/10

1 O |32 q-3/8 || 4372 a0 a0
3/2| @35 |a=6/5a3/10| ¢3/5 |q=6/5|q=3/10
9 al a1 | g-1/4 a0 a2 | a-1/2

Table 2. Approximate scaling of the averaged inflaton decay width, (I'y—pn), the SM radiation
energy density, psm, and the temperature, T', with the scale factor, a, in the massless (with super-
script (0)) and massive reheating scenario when the kinematic suppression is relevant.

4.5 Tachyonic resonant production of Higgs bosons

Before we go onto the numerical analysis of the reheating dynamics we would like to make
some comments here regarding the possible tachyonic resonant production of Higgs boson
during the early phases of reheating. In our model Higgs boson Lagrangian has the form,

L5 V=g|g" @) (0uh) = i B> = MBI (4.46)

where the inflaton-induced Higgs mass ,u,% = gheMp1¢ (4.1) could be larger than the inflaton
effective mass mé (3.23) at the onset of reheating phase, i.e. ¢ = ¢, ~ Mp; for values of
gne satisfying (2.13) and (2.14), i.e.

2

A 3/ A2 \°/ &
m(d)Mm)Zghd)Z‘l(quPl) <Mpl) (4.47)

for « = 1/6. Therefore tachyonic resonant production of Higgs boson can constitute an

efficient source of (p)reheating [49, 50]. This can be easily seen from the equation of motion
of the Higgs field in the unitary gauge as,

? V2 d 3
(dtQ -zt 3Ha + 9h¢MP1¢> ho = —Anhg (4.48)
where the non-linear term is present due to Higgs self-interactions. General solution of the
above non-linear equation with the expanding background is difficult to handle and require
lattice simulations. However, in the following we employ the Hartree approximation to
replace the non-linear term by a linear term as A\ph3 — 3\, (h3)ho, where (h3) is variance
of the Higgs field which can be calculated using the linear solution (or iteratively in orders
of non-linearity parameter \;) for the Higgs mode function hgj with mode momentum

k as,
(h3) () = 1 /OO dk k2 |ho i (8)]2. (4.49)
212 Jo ’
The Higgs mode function hq j satisfies the mode equation
. . k2 5
o+ 3Hho e+ | =5 + guoMeid + 33X (1) | o = 0, (4.50)
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where we have adopted the Hartree approximation. Applying the field redefinition, BO,k =
ad/ 2h07k, we can recast the above mode equation as

710,14 + wihog =0, (4.51)
where the dispersion relation is
k> 9
wi = 2 + ZHQw + gheMp19 + 3\, <h%> , (4.52)

with w = p/p which can be in the range w € [—1,1] for our choice of inflaton poten-
tial (2.4). In the above dispersion relation wj second and third terms can be negative and
hence source the non-perturbative production of Higgs modes, i.e. preheating dynamics.
However, note that second term HZ?w is much smaller compared to the inflaton-induced
Higgs mass when ¢ is oscillating with an amplitude ~ Mp; and gy, satisfying (4.47).
Therefore tachyonic resonant Higgs production is mainly driven by large negative Higgs
mass term ,u,% ~ —gneMp1|¢|. However, the positive large self-interaction contribution term
An <h(2)> to mode frequency shuts off the tachyonic production for any & mode if

B\ (1) 2 Iuh. (4.53)

This gives a lower-bound on the Higgs quartic coupling for which the tachyonic resonant
production is irrelevant for 2 < 0. We calculate the variance of the Higgs field (h3) (4.49)
for 42 < 0 by using the leading linear solution for the mode function hq k(t), i.e. neglecting
Ap, term in the mode equation (4.50), see also [49], as

2 |pn|A? (4’Hh|MP1>
~ ) 4.54
e T T A2 (4:54)
Hence the lower-bound on the Higgs quartic coupling (4.53) reads,
3/2 3/2
. 167 ol B M 44/ anolo| M,
An 2 3 A2 exp| ————5— | (4.55)

For the values of Higgs quartic coupling employed throughout this work, Ay ~ 0.1, the
lower limit for g4 to block the tachyonic resonant production of Higgs boson reads,

4A4
Gho 2~ (4.56)
P~ Mgl

Note that the above lower limit for g is slightly stronger than the one in (4.47). On the
other hand we find that for

3( A4 A4>

e < <4l 1. 4.57
Ng ~Y

4<M§II¢I> " <M§1|¢| (4.57)

and Ap ~ 0.1 tachyonic resonant production of Higgs modes is possible. A detailed analysis
of this possibility is an interesting possibility, however it is beyond the scope of present
work.
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To summarize, our analysis above (with an order of magnitude approximations) con-
cludes that in the parameter space considered in this work (with g, respecting lower
bound (4.56)) the tachyonic resonant Higgs production is inefficient due to Higgs self-
interactions. Therefore in the following numerical analysis we only focus on the perturba-
tive production of Higgs bosons as discussed in the subsections above.

4.6 Numerical analysis

In this subsection, we present a numerical analysis of the reheating dynamics due to the in-
flaton decays to the SM Higgs boson through cubic interaction of the form gh¢Mp1¢|h|2 (2.6).
In particular, we provide solutions of the first two Boltzmann equations (4.5) and (4.6) for
the inflaton py(a) and SM radiation pgy;(a) energy densities. The reheating dynamics
depend only on the form of the inflaton potential and inflaton-Higgs interaction term.®
For the numerical analysis, we consider the a-attractor T-model of inflaton with po-
tential (2.4), where we have fixed @ = 1/6, such that M = Mpj, and the scale of in-
flation A = 3 x 1073Mp;. Whereas, the benchmark values for n have been chosen to
be 2/3,1,3/2,2 which correspond to the equation of state during the reheating phase
w = —1/5,0,1/5,1/3, respectively. Furthermore, we consider two values for the inflaton-
Higgs interaction gpy = 107° and 10719 which are close to its upper and lower bounds,
see eq. (2.15).

In the upper panel of figure 7 and figure 8 we have plotted the numerical solutions
for the inflaton (orange) and radiation (purple) energy densities for fixed gpy = 107°
and 10719 in figure 7 and figure 8, respectively. The lower panel of each figure presents
the evolution of the thermal bath temperature (blue), the Hubble rate (green), and the
averaged inflaton decay width (red) as functions of the scale factor. The solid and dashed
curves correspond to the massive and massless reheating scenario, respectively. The empty
(filled) dots indicate the end of reheating phase, i.e., the moment at which the inflaton
energy density becomes equal to the SM radiation energy density in the massless (massive)
scenario. Note that the py(a:n) = pgy(arm) equality roughly coincides with (I'y_pp) ~ H
in both considered scenarios.

First of all, let us recall that in the both considered reheating scenarios the inflaton
energy density scales as a~67/("+1) (4.16) for a < ayp, while after the end of reheating py
sharply drops as it is seen in upper panels of figure 7 and figure 8. However, the evolution
of the SM radiation energy density during the reheating period is drastically different in
the massive reheating scenario as compared to the case where the inflaton-induced Higgs
mass has been neglected. This non-trivial behavior not only changes the SM radiation
energy density but also affects the duration of reheating in the two cases. Note that when
inflaton-induced Higgs mass effects are taken into account, the SM radiation energy density
is suppressed compared to the massless case, which results in elongation of the reheating
period for the massive reheating case. Such effects are more significant for relatively large
inflaton-Higgs coupling gne, which is manifestly shown in figure 7 and figure 8. These

5We assume that the inflaton interactions with other SM fields and DM are much smaller than the
leading inflaton-Higgs coupling through the dim-3 operator.
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Figure 7. Solutions of the first two Boltzmann equations (4.5) and (4.6) for the inflaton pg and
radiation pgy energy densities are plotted in the upper panel as a function of the scale factor a.
The empty and filled dots indicate the end of reheating if produced Higgs boson pairs are massless
and massive, respectively. The lower panel shows thermal bath temperature T (blue), the Hubble
parameter H (green) and the averaged inflaton width (I'y_5) (red) for the massless and massive
cases.The empty and filled stars show where the maximal temperature during reheating has been
obtained for the massless and massive cases, respectively. Adopted parameters are specified above.
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Figure 8. Same as in figure 7 except for gns = 10719,
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numerical results for the SM radiation energy density agree well with our analytic results
eq. (4.37) for massless and eq. (4.43) for massive reheating cases. Similarly, the SM bath
temperature 7', shown in the lower panel of these plots, also agrees with our analytic
results obtained above. Finally, we should also emphasize that after the end of reheating,
i.e., a > amp, the energy density of the Universe is mainly dominated by the SM radiation
energy density which scales as ¢~ in both considered scenarios.

As it is shown in the lower panel of these plots, the Hubble rate H(a) scales as
a=3"/("+1) quring the reheating phase and as a2 afterward, independent of the Higgs
mass effects. However, as discussed above, the most significant effect of the non-trivial
Higgs mass during reheating is on the inflaton decay rate to the Higgs boson due to phase
space suppression. In the scenario with the massless Higgs boson, the inflaton decay rate
scales as g 3(n—1D/(n+1) (4.35), which is constant for n = 1. Whereas, in the presence of
the kinematical suppression the evolution of the inflaton decay rate presented in figure 7
and figure 8 agrees well with analytic result (4.41). Note, however, that the above ana-
lytical results are only valid during the reheating period (a. < a < a,,) when the inflaton
energy density (4.16) is analytically calculated. Since after the end of reheating a > ay
the inflaton energy sharply vanishes, therefore the inflaton decay rate scale accordingly. In
particular, as it has been discussed below eq. (4.23), the inflaton width (I'¢_4,) adopted
in the r.h.s. of eq. (4.5) depends on py through this inflaton mass (3.23). Thus, for n > 1,
according to eq. (4.24) the vanishing inflaton energy density pg4 after the end of reheat-
ing implies divergent averaged “width”, which is indeed seen in figure 7 and figure 8 for
n = 3/2,2. The Higgs mass effects are clearly important for large inflaton-Higgs coupling
e.g., gho = 10~?, however as discussed in section 4.2 even for relatively small coupling e.g.,
Ihe = 10719 for n > 3/2 the kinematical suppression can be significant. This effect is can
be seen in figure 8 with n = 2.

It should also be pointed out that when the kinematic suppression of the inflaton
decay width disappears at a 2 aj for n < 3/2, the averaged inflaton decay rate (I'y_,pp)
for massless and massive cases nearly merge. As mentioned above the convergence of the
two cases is not perfect as for the massless reheating case the inflaton “decays” to four
massless Higgs components. On the other hand, for the massive case (even if the mass
contribution is tiny), during one half of the oscillation period (P < 0 the electroweak
symmetry broken phase), the decay final state is just one real Higgs particle hgy, while
during the other half (P > 0 unbroken phase) the final state is made of four massive Higgs
components h; degenerate in mass. Therefore, eventually, the averaged inflaton decay rate
(T'¢—nn) for the massive case, in the limit when mass effects are negligible, is a factor 5/8
smaller than that of the massless case, see figure 7 and figure 8.

We have seen that the consequences of the non-zero SM Higgs mass during the reheat-
ing phase can be dramatic. Not only does it change the evolution of the radiation energy
density and the temperature, but it also affects the duration of the reheating period, cf. the
left panel of figure 9, where we have compared the number of e-folds for reheating phase,
Ny, as a function of the inflaton-Higgs coupling, gne, in both the massless and massive
cases. In the massive case, reheating is not only delayed but also strongly suppressed. In
the scenario with the massive Higgs field, the production of the SM radiation is always less
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Figure 9. Left panel: relation between reheating numbers of e-folds V,;, and the value of the
inflaton-Higgs coupling gpn4. Right panel: relation between the maximal temperature, Tinax, ob-
tained during reheating and the value of the inflaton-Higgs coupling gps. Filled (empty) dotes
present pairs of (gngs, Nyn) obtained assuming the massive (massless) reheating scenario, whereas
solid (dashed) lines are corresponding linear interpolations to the data. In the upper panel, colored
regions show constraints on Ny, for different values of n, see table (3).

efficient than in the massless case. Therefore, the thermal bath temperature, measured by
PsM, in the massive scenario is reduced compared to the massless case during the reheating
phase, shown in the right-panel of figure 9 as a function of gje. It is worth noting that
in the standard scenario with massless Higgs, the maximal temperature, Ty,ax, is typically
attained shortly after the end of inflation. However, in the massless case and for n = 2/3
it is reached after a few e-folds of reheating when kinematic suppression becomes irrelevant
and (I'4_,nn) approaches <F((ﬁol>hh>. The relation between the maximal temperature of the
thermal bath and the value of the inflaton-Higgs coupling in both reheating scenarios is
shown in the lower panel in figure 9. The largest discrepancy between the massless and
massive cases is again observed for the n = 2 curve. As the strength of the inflaton-Higgs
interactions decreases, the role of the non-zero mass of the Higgs boson becomes less and
less relevant for the dynamics of reheating, and as we can see in the left panel of figure 9,
all solid lines slowly approach the corresponding dashed lines. For the small value of the
inflaton-Higgs coupling, e.g., gnp = 10710, the distinction between solid and the corre-
sponding dashed lines is relatively small. However, the n = 2 line is an exception to this
rule, and even for gy = 10710 we observe a non-negligible deviation from the massless
case. This is caused by the fact that for the n = 2 case, the slope of psym as a function of
a is steeper in the massive scenario, and thus it takes more e-folds of reheating to drop py
below pgn.
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5 DM production during reheating

In this section, we study implications of Higgs-boson-induced reheating discussed in the
above section for the production of vector DM. As outlined in section 2 and specified
in (2.6), the vector DM X, interacts directly with the inflaton field and the SM Higgs
bosons through dim-5 (Cﬁmgg/MplqquX“) and dim-6 (Ctm3, /M3 |h|2X,X") operators,
respectively. Moreover, the vector DM couples indirectly to the energy-momentum tensor of
the inflaton and the SM through s-channel graviton exchange. Furthermore, in the massive
reheating scenario, the Higgs portal operator Cé‘(m%( /M§1|h|2XHX # expanded around vy,
provides a term oc vy ho X, X#, which accounts not only for the Higgs boson decays to DM
pairs, but it also generates indirect DM-SM interactions mediated by the Higgs exchange.
As already noted in section 2, such processes can only occur in the one-half of the inflaton
oscillations period, when the symmetry is broken and vy, is non-zero. To sum up, ignoring
the inflaton-induced Higgs mass, i.e., in the massless reheating scenario, the dark sector
can be populated either due to gravitational interactions with the inflaton and SM particles
or a result of direct higher-dimensional interactions with the ¢ and Higgs field. On the
other hand, in the massive scenario, there exist two additional DM production channels,
i.e., direct decays of the SM Higgs boson hg and freeze-in from SM particles via s-channel
ho exchange.

The DM dynamics is governed by the Boltzmann equation (4.7), which can be recast

in the following form in terms of the comoving number density Nx = nxa:
dN X a2
= Dy + Sy + S Dy, |- 5.1
da — | Pot S+ Ssm A+ o] (5.1)

The first term on the r.h.s. of the above equation takes into account DM production
through inflaton decays. The source term Sy describes the gain of DM number density
due to gravitational interactions with the inflaton. In the scattering term, Ssy(4.9), the
annihilation cross-section oy y_,q\qy includes contributions from the graviton exchange
and the Higgs portal operator. Finally, the decay term Dy, defined in eq. (4.9), accounts
for Higgs boson decays into pairs of DM vectors.

All the terms on the r.h.s. of (5.1) can be equally important for DM production.
However, their origin is very different, and thus it is convenient to discuss each channel
separately. In particular, the gravitational DM production, through the graviton exchange
with the inflaton background field and the SM radiation bath, can be treated as an irre-
ducible production mechanism that is always present, regardless of other DM interactions.
Let us also emphasize that these two sources of gravitational production of DM are very
different despite their deceptive resemblance. In this work, we treat ¢ as a homogenous,
classical field, not a quantum particle. Within this framework, DM vectors are produced
from the vacuum in the oscillating background of the inflaton field. To put it another
way, the energy density of the ¢ field is transferred to the dark sector indirectly through
gravity which couples to T(;; “ and T%". Note that in this case, DM particles are produced
non-thermally since the inflaton field is not in thermal equilibrium. Thus, this kind of DM
production mechanism is insensitive to the thermal history of the Universe and depends
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mainly on the initial value of the inflaton energy density and its evolution during the re-
heating period. Contrarily, the gravitational production from the SM particles realizes a
standard freeze-in DM scenario, in which SM quantum states couple to s-channel virtual
graviton which subsequently couples to pairs of DM species. In this case, SM species are
assumed to be in thermal equilibrium, which implies a non-trivial dependence of the DM
relic abundance on the evolution of the SM temperature T'.

In what follows, we assume that DM production does not have a significant impact on
the evolution of the first two Boltzmann equations, i.e., we adopt two assumptions: (i) the
inflaton decays mainly to the SM, and (ii) DM particles are not in equilibrium with the
SM thermal bath. Therefore, DM production does not substantially affect the evolution of
the SM bath temperature and the Hubble rate. This requires a small DM branching ratio,
ie., (Fpmxx)/(T'y) < 1, and sufficiently weak interactions between the SM and DM. It is
worth emphasizing that such suppression emerges naturally in our model with vector DM
since the inflaton-DM as well as SM-DM interactions are sourced by the higher-dimensional
terms (2.6). Thus the above two assumptions seem to be well justified and robust within
our model. Therefore, in the following, we solve the Boltzmann equation (5.1) for DM
evolution with the inflaton and SM energy densities as well as other related parameters
obtained in the previous section.

5.1 Inflaton induced gravitational DM production

Let us start our discussion with the most generic production mechanism, namely the grav-
itational DM production in the background of the oscillating inflaton field. This scenario
does not require any additional (besides gravitational) coupling of X particles to the infla-
ton and thus can be treated as a kind of irreducible “background” to any DM production
mechanism, which is present regardless of other DM interactions. In particular, the gravi-
tational DM production from the ¢ field provides an unavoidable contribution to the relic
DM abundance, which should be taken into account in any DM scenario. Recently, it was
shown [28] that in the case of scalar and fermionic DM, pure gravitational production from
the inflaton field can account for the observed abundance of DM particles,

QP*h? = 0.1198 + 0.0012, (5.2)

measured by the Planck Collaboration [40]. In this work, we focus on spin-1 DM field, for
which the source term Sy takes the following form,

2 [ee) 2 4 2
4 12 1
o |P;?”|2<1 -~ mX) X (5.3)

8¢:87rM§1 = (kw)? " (kw)? T (kw)?’

where we have expressed V(¢) using the envelope ¢ and the quasi-periodic function P as
V(¢) ~ A*(o/M)*P?"(t) and decomposed P?"(t) into the Fourier modes as

PH(t) =D Pire (5.4)
k
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with

1 to+T (to) .
Pt = / dtP?"(t) ekt 5.5
k T(to) to ( ) ( )
and the inflaton mode energy/frequency w = 27/7. For n # 1, the inflaton mode en-
ergy/frequency w is time-dependant, where this dependency is the same as the inflaton
effective mass time-dependance (3.24). Therefore, it is instructive to write the inflaton
mode energy/frequency w as

w(a):we<;) e (5.6)

where w. = w(a.) is the mode frequency at the onset of reheating phase. The values
of the 73,3" coefficients decrease with k for all considered values of n. Consequently, the
Yok \77,3”\2 sum quickly converges. Moreover, for n = 1 the only non-zero Fourier coefficient
is P2 = 1/4, whereas for n = 3/2 (n = 2) all even (odd) coefficients are zero. The numerical
values of the >, |P2"|? sum for different values of n are collected in table 1. For details
see appendix B where Sy = D s XX+

For the quadratic inflaton potential, i.e., n = 1, the frequency w = mg = V22 /Mpy is
time-independent during the reheating phase and the only non-zero Fourier coefficient for
|P2"| is for k = 2. In this case, the source term eq. (5.3) simplifies as

n=1 1 &z (1 _mk n 3m§(> _ mi.ZX (5.7)
¢ 1287 Mf‘,l mi mé mi

Note that the above expression receives time-dependence only through pg. Thus, the rate
of DM production is expected to be the largest at the onset of reheating. Similar behavior is
observed for other values of n for light DM (LDM) such that myx < w.. However, in generic
case, i.e., n # 1, the S4 term has another source of time-dependence — the frequency w,
which increases (decreases) with time for n < 1 (n > 1). For instance, for the n =1 case,
the time-independence of w implies that there exists a constant mass threshold during the
whole period of reheating. Due to the fact that in this case, the only non-zero Fourier
coefficient is P3, the phase space factor /1 — (mx/me)? requires mx < mg. This means
that DM particles with masses exceeding the effective mass of the inflaton field cannot
be gravitationally produced from the inflaton background. For the remaining values of n,
we have infinitely many non-zero coefficients 73,3” that contribute to the source term Sg.
In this case, we can compensate for the smallness of the frequency w considering higher
harmonics. By increasing the value of the denominator in the /1 — (my/kw)? factor,
we circumvent the standard kinematical suppression. However, in this case, Sy receives
another suppression that comes from the Fourier coefficients, since 73,%” rapidly decreases
with increasing k. Consequently, the main contribution to the Sy term comes from the first
(minimal) non-zero harmonic ki, which for n = 2/3 and n = 3/2 is kpin = 1, whereas
forn=1and n=21is kpin = 2.

We should also stress that for n > 1 and for a given DM mass, the mx /w ratio is the
smallest at the onset of reheating and increases with time. Thus, the DM production rate
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is the largest just after the end of inflation. Contrarily, for the n < 1 case, e.g., n = 2/3, the
myx /w ratio decreases with time. Thus, in this case for heavy DM (HDM), i.e., we < 2mx,
the source term Sy is the largest at some later moment ax > a. when w(ax) ~ 2mx.
This behavior is manifestly shown in figure 10, where we have plotted the evolution of
the a%S,/H? terms as a function of the scale factor for LDM (orange curve) and HDM
(purple and green curves) cases. For n < 1, the inflaton mode energy /frequency w increases
with time, see eq. (5.6). Thus, even if the DM mass is larger than the mode frequency,
i.e.,, w < 2mx at the onset of reheating phase, the gradual increase in the inflaton mode
energy w can provide the phase for the production of DM before the end of reheating.
This, in particular, means that the production of HDM is kinematically disfavoured at
the onset of reheating, but if 2mx < w(a,) such particles can be nevertheless produced
abundantly during the reheating period. It is useful to write explicitly the form of ax, i.e.,
kminw(ax) = 2mx, using eq. (5.6) as

1+n
2mx 3(1—n)
ax = Qe we J ’ <1 (5.8)
1, n>1
Above ‘floor’ function |--- | is defined as follows:
1, =<1,
[z] = { (5.9)
x, x>1.

In other words, ax indicates the lowest value of the scale factor for which the lowest
non-zero harmonics ki, with a given n can produce DM species with mass mx.

The number density of DM species produced gravitationally from the inflaton back-
ground can be obtained by solving the Boltzmann equation (5.1). Keeping only the gravi-
tationally produced DM from the inflaton field, i.e., Sy term, we get,

a &2
a) = % / i 41540 (5.10)

The comoving number density, Nx, approaches a constant limit around ay ~ a,,, which
results from the fact that after the end of reheating, the inflaton is depleted and the
contribution of py4 to the total energy density quickly becomes negligible. Thus, the present-
day number density of DM particles, nx(ag), can be well approximated by the solution
of (5.10) with the upper limit of the integral taken as a = a,y,. Inserting solutions for H(a)
and py(a), obtained in the previous section, we find

6n—3

n \[ e n nt1 Qe a %
= B St ()7 -

In the above equation, we have neglected the phase space factor proportional to mg( /(kw)?.

Moreover, we have also assumed that Nx(a;n) ~ Nx(ag), which reflects the fact that the
efficient DM gravitational production in the inflaton background is possible only during
reheating.
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Figure 10. The evolution of the comoving number density dNx /da = a®S,/H as a function of
the scale factor a for n = 2/3. For LDM, i.e., 2mx < w(a.) (orange curve), the source term Sy
reaches the maximal value at the beginning of reheating, i.e., a = a.. Whereas, for HDM, i.e.,
2myx > w(ae) (purple and green curves), the source term Sy is not maximized at a = a. due to the
kinematical suppression, but instead grows with time until w(a) ~ mx.

Now let us discuss the solution (5.11) in more detail. Firstly, we should emphasize that
for n > 1/2, as employed in this work, the second factor in the squared bracket is always
small, i.e., (aX/arh)G”_3/(”+1) < 1 since ax < apn, therefore this factor can neglected.
Secondly, for n > 1 we should always take ax = a., since in this case the inflaton mode
energy w is the largest at a = a,, which implies that for a > a,. the phase space suppression
increases. Finally, for n < 1, ax can be larger or equal a., depending on the relation
between 2mx and we. In particular, the for heavy DM, i.e., 2myx > w, the ax is related
to the DM mass through the following relation

: n<1. (5.12)

14+n
2mX ) 3(1—n)

axy = ae(
We

Taking into account all simplifications we can recast eq. (5.11) as

2n—1
\/g P s ae\3 n+1 2112 [ﬁ—‘ o n<l
~ — < — X ’ ’ 5.13
o) =2 (0] (50) g PR g "Ch e

In any successful model, the predicted value of a DM abundance today,

Oy = %XWO)’ (5.14)

Pc
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should match with the observed value (5.2). Above, p. = 1.054 x 10~5h% GeV cm 2 denotes
the critical density. Using eq. (5.13) we can estimate the present-day amount of DM
produced purely gravitationally from the inflaton field as

2n—1

V3 (VP \% a3 s0 1 n+1 mx|s2—| """, n<l,
o= LY a e gt I 0
Pl rh th Pe L my, n>1.,

where s is the entropy-density, and sy = 2970cm™2 denotes its present-day value and
sih = S(ayn) is the entropy density at the end of reheating. In the above relation we have
used the conservation of the entropy, i.e., s;n/s(ag) ~ ;Tg, neglecting the change of g, s in
the period between a,, and ag. "

For n = 2/3 and heavy DM, i.e., 2myx > w, we note a very peculiar behaviour of
Q§’¢h2. It turns out that in this case, the predicted abundance of DM particles does not
depend on mx, as the ‘ceiling’ function in eq. (5.15) results in w, /(2mx) and the mx factors
cancel out. This mass-independence of Q%;"z’hQ for heavy DM is observed only if reheating
lasts long enough such that w(a) equals 2mx well before the end of reheating. Thus, the
obtained approximation works only for DM particles with mass w. < 2my < w(ayy). Note
also that in other cases, for fixed value of A, «, the present-day abundance of DM species
depends only on the value of n, mx and thus on a; and a,;,. Therefore, it is rather not
sensitive to the evolution of the thermal bath but depends on the duration of the reheating
period.

5.2 Gravitational freeze-in production

Next, we discuss the second irreducible DM production mechanism, namely the gravita-
tional freeze-in from the SM particles. Gravitational freeze-in is a universal phenomenon in
which the SM particles annihilate to produce DM through the s-channel graviton exchange.
This mechanism only requires gravitational interaction between the SM and DM. Similar
to the mechanism discussed in the previous subsection, the gravitational freeze-in from
SM is most efficient during the reheating period. However, in this case, DM species are
produced in a quantum process from two SM particles in thermal equilibrium. Thus, the
abundance of DM particles produced from SM quanta is sensitive to the thermal history
of the Universe. Moreover, since the amplitude of such a process is proportional to s /Mgl,
where s is the Mandelstam variable, efficient DM production requires high energy or tem-
perature of the SM annihilating particles. In principle, it was shown, e.g., [33, 34], that
pure gravitational DM production from the SM sector can account for all the observed
DM relic density (5.2) if the reheating efficiency and the thermal bath temperature are
sufficiently high. In contrast to the production in the inflaton background, the freeze-in
DM production depends on the evolution of the radiation sector, or more precisely, on
the evolution of the thermal bath temperature during the reheating phase. Thus, the ef-
ficiency of DM gravitational freeze-in production depends on the dynamics of reheating,
which is determined by the scale of inflaton A, the inflaton-Higgs coupling gpe, 7 and the
inflaton-induced mass of the Higgs boson.
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For the gravitational freeze-in DM production, the Boltzmann equation simplifies as

Jo = S = ik Ol xxon,, s (5.16)

where we have kept only the Sgy; term on the r.h.s. of (5.1). The thermally averaged cross-
section (o|v|) for any 2 — 2 annihilation process can be calculated using the standard
formula [51],

(2J; +1)* T

<U|U|>ii—>ff = ﬁ? 39,4

2
Mmax

A ds \/s(s — 4m?) oii p1(8) K (T) ; (5.17)

where mpax = max(m;, m f), and o, ¢y denotes the cross-section averaged over possible
spin states of the DM particles i in the initial state and SM particles f in the final state. For
the gravitational freeze-in production of DM, there are four relevant annihilation processes,

11 1 Ve i 4 2 2
OXX—h,,—h;h; — == 1 {277»,1. (84mX+68me+19s )
9 2480m 3 Mpy | o gz T

— 2mj s(6m% + s)(2mX + 7s) + 3s*(6m’ + 2m% s + 52)} , (5.18)

1 1 Vo~ 4771% 47?@ 2 4 2 2
OXX shypysip = @ 1 <1—> {2m¢ (84mX—|—68me+198 )
s 9960ms2Mp, /4 _ Am? s

+ s(48mf + 56m%s + 13s%) |, 5.19
X X

11 1 /s — 4m?
v {Th%/(504m31( +408m% s + 114s%)

OXX—hu,—VV = §E 4807T53M§1

2
s —4m%

+ m¥ (408mi s + 536m3% 52 + 1185%) + 114m% 5% + 118m3 s® + 29s%|

(5.20)

111 48m¥% +56mks + 13s?
TXX == = 99 2407 M,

(5.21)
s(s — 4m%)

which account for gravitational annihilation of the X species into SM Higgs bosons, fermions,
and massive and massless vectors, respectively. Above dy = 2 for the identical gauge bosons
in the final states, otherwise dyy = 1. In the above annihilation cross sections, we have taken
into account the non-trivial SM particle masses due to inflaton-induced electroweak vev
v, where m denotes the time-averaged (over fast inflaton oscillations) mass. In the limit
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mgm — 0, the corresponding thermally-averaged cross-sections are [34],

(OV]) X X = hyp—hih 3;4 1207:Mf%1 mfé(Tz {3[(% (%) + 2K3 (%) {1 + 4(mTX>2]
4m—XK1( - )Kz(mTX)} (5.22)
(10D X X i = 3297r4 ggﬂlMél m%(TQ {11K12 (%) + &3 (=) {9 + 26(mTX)2]
+ 13—1{1( )Kg(%) : (5.23)
(0101 XX sy = 3297r4 1357:31\4;1 m%(TQ {11K12 )+ K3 () {9 + 26(mX>1
+ 13m—XK1( o )KQ(mTX)} (5.24)

On the other hand, in the massive reheating scenario, i.e., for mgy # 0, the integral
over s in eq. (5.17) cannot be obtained analytically because of the non-zero mass of the
SM species, generated by their coupling to the inflaton or the Higgs doublet. In this
case we integrate (5.17) numerically using egs. (5.18)-(5.20) and adopting the solution
for T'(a) which we have found in the previous section. It is important to notice that
even in the massive reheating scenario, SM photons and gluons are still massless during
reheating. Thus, one expects that in this case the freeze-in DM production is dominated
by the annihilation of the massless SM gauge bosons, since other annihilation channels
are Boltzmann suppressed if mgy /7 > 1. In the limit of asymptotically small or large
DM mass the source term, Sxx_n,, >SMSM = ﬁ§(<a|v\>XX_>hW_>SMSM, for massless SM
particles behaves as

A; T8

mm ) mx < T,
SXX3hyu—SMSM = 5 by —— (5.25)
371 M4 . mx > T,

where A; = 3,13,26 and B; = 3/16,1,2, for SM scalars, fermions and vectors, i.e.,
i = 0,1/2,1, respectively. The asymptotic behavior of the Sxx_p,, ssmsm term in the
considered mass regimes indicates that efficient DM production occurs only if DM mass mx
is smaller than the temperature of the thermal bath. The maximal temperature T' = Tiax
plays here an important role. Note that production of heavier, i.e., mx > Tax, DM species
is exponentially suppressed, which means that the value of T},,x sets the upper bound for
DM particle mass that can be gravitationally produced from the thermal bath.

To find a prediction for the relic abundance of DM vectors produced gravitationally,
we should solve the Boltzmann equation eq. (5.16) including all annihilation channels.
Assuming that the integrand in (5.16) is dominated by the contribution from early times,
we can integrate this equation from a = a. up to some ay, such that ay < ag. Since in
the massive reheating scenario we can enter regions where the inflaton-induced mass of the
Higgs field can or cannot be neglected, the analytical solution of eq. (5.16) is quite involved
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and not very illuminating. However, in the massless reheating scenario, we can obtain a
rather simple formula for the present-day number density of DM species

gr’SM(aO) N \/§A 14+n (Tr(}?))S 8 (%)H% (%)3 {(arh> 3(311711) B 1}, (5‘26)

X ~ 4075 6n — 3 M3\ /Do, Ge ao Qe

where A = ngAg + ny/9A41/2 + n1A1/(40r) = O(10) for ng ;21 = 4,45,12 being the
scalar, fermion and vector d.o.f. for the SM, respectively. Above Tr(}?) = TO)(q,,) is the
temperature at the end of reheating and can be obtained from eq. (4.38). Note that in
the above expression we have neglected gravitational production after the end of reheating,
assuming that the comoving number density becomes constant around a >~ a,},. In principle,
we have used the fact that the comoving number density of DM particles freezes-in, i.e.,
Nx(amn) ~ Nx(ap). Although this assumption seems robust, the full numerical solutions
consider the contribution to Nx from the late time after the end of reheating. Moreover, we
have also included contributions from all annihilation channels in both considered reheating
scenarios in the numerical analysis. Let us also emphasize that in the reheating scenario
with the massive Higgs field, two sources suppress DM production, (i) the Boltzmann
suppression that is present for the annihilation of massive SM particles, and (ii) the lower
temperature of the thermal bath. Since the source term Sy for DM particles with mass
myx < Tmax is proportional to 7% the suppression in the bath temperature significantly
affects the efficiency of the considered mechanism.

The contribution to the total relic abundance (5.14) from the gravitational scattering
of SM particles in the massless reheating scenario can be estimated as

Qg ® o, YIA L n ()P _so_ou)
X )

~ 5.27
4075 6n — 3 Ml§1~ /Do Sth Pe ( )

Qe

for n > 1/2, which is employed throughout this work. Now we can compare the contri-
bution from the gravitational freeze-in production with the inflaton-induced gravitational
production as

1-2n

r,SM(®) 0 3(2n+1) T—n
O A (T g 2o 1 S L on<l1,

= X = ~ono X
Qg?qﬁ 5t pie ae g [P 1 n>1.

(5.28)

The above estimation for the Q%;’SM(O) /O ratio indicates that for light DM with mass
myx < we the inflaton induced gravitational production dominates over the contribution
from the SM freeze-in mechanism. As we have highlighted in the previous subsection, for
n > 1 the initial value of the inflaton’s frequency, we, sets the upper bound for the mass
of DM species that can be efficiently produced from the inflaton. However, the maximal
temperature of the thermal bath may exceed the initial value of w. In such a case, the DM
production from the inflaton field is kinematically suppressed, however, for mx < Tax, the
DM particles can still be produced from the thermal bath. Moreover, for n < 1, the inflaton
induced gravitational production always dominates over the thermal DM production. In
this case, it turns out that for heavy DM particles with mass mx € (we,w(a,y)) and for
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generic values of model parameters (A, a and gpg), the inflaton mode energy at the end of
reheating w(a,p) exceeds Tax.

The relation between the inflaton-Higgs coupling, g4, and the mass of DM species,
mx, for the considered values of n (red: n = 2/3, purple: n = 1, blue: n = 3/2 and green
n = 2) satisfying the Q%;"%Q + Q%’SM(O) h? = Q‘}}Ds}ﬂ constraint is presented in figure 11.
Solid (dashed) curves are for the massive (massless) reheating scenario, respectively. In the
region above (below) each curve, the DM is overabundant (underabundant). In particular,
we note from this figure, that for all considered values of n and a fixed g4, there is a
vast mass region for which DM particles are overproduced. This region is bounded from
below (small mx) by the position of the colored curves, which show a relation between
ghe — mx for which the amount of DM vectors produced gravitationally from the inflaton
field matches the observed abundance.” For small values of ghe S 107 8 the overproduction
mass region is bounded from above also by the inflaton induced grav1tat10nal production.
In this case, SM bath temperature is not high enough to produce DM pairs through graviton
exchange. The upper limit for mx is set by the kinematics of the contribution from the
lowest Fourier mode in eq. (5.15). On the other hand, increasing the value of gp, enhances
the efficiency of reheating, hence the temperature of the SM radiation bath is higher and
the annihilation through graviton exchange opens out contributing to DM production. As a
result, the limiting curves bend outward excluding larger regions. This behavior is observed
for n > 1 around gp4 ~ 10~® in the massless reheating scenario. In this region of large
mx the inflaton contribution is eliminated by the kinematics. In the massive reheating
scenario, the kinematical suppression reduces the radiation energy density such that even
for large values of g the temperature is not high enough to produce DM particles in SM
gravitational freeze-in. In this case, we observe that only the n = 1 curve (purple, solid
line) deviates from the mass threshold myx = mg, though this deviation is much milder
than in massless reheating scenario (purple dashed line).

We shall emphasize that the result shown in figure 11 is strong and conservative, i.e.,
if any other DM production mechanism was added, the allowed region could only shrink,
in other words, the region excluded in figure 11 is always excluded by the gravitational
freeze-in and /or inflaton induced gravitational production. Let us also stress two important
features of figure 11. First of all, for the quartic inflaton potential, i.e., n = 2, the predicted
relic abundance of DM particles produced gravitationally in the inflaton background does
not depend on the value of gpe. To put it another way, the amount of DM vectors produced
gravitationally from the inflaton field is insensitive to the efficiency of the reheating period.
From eq. (5.27) we can see that for n = 2, the relic abundance of light DM particles,

gr,p n= 2 f 30 1/4mXS(] p¢e
O 3%( ) - Z ik (5.29)

depends only on the initial value of the inflaton energy density, ps., which is fixed for
our benchmark values of & and A. Moreover, it turns out that the above formula is also
valid in the massive reheating scenario. From the above formula, one can determine the

"Here the contribution from the SM gravitational freeze-in is negligible.
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Figure 11. The relation between the inflaton-Higgs coupling, gne, and the mass of DM species, mx,
that predicts the observed DM relic abundance (5.2) from purely gravitational interactions. Two
contributions, i.e., from the inflaton field and the SM thermal bath, are included. Solid (dashed)
curves are for the massive (massless) reheating scenario, respectively. Predicted abundance exceeds
the observed value QP5h? in the region above colored curves (in other words in-between the curves).

value of mx for which the predicted relic abundance matches the observed value. For
the benchmark values of «, A we obtain mx ~ 3.71GeV, which agrees with the numerical
result, cf. figure (11). Secondly, we note that for the n = 2/3 case for gns ~ 10777 the
produced amount of DM becomes mass-independent. This unusual behavior is observed for
DM vectors with mass in the range (we,w(ayn)) and was discussed in detail in the previous
subsection.

In the following part of this work, we use the results obtained in this section and
treat them as a constraint on DM production due to gravitational DM overabundance.
Strictly speaking, for fixed a, A, n and for a given g there exists a mass region in which
DM species are overproduced, purely through gravity. Consequently, we exclude this mass
region while discussing other DM production mechanisms.

5.3 Inflaton decay

Once we have discussed irreducible mechanisms of DM production, we can investigate
the possibility of direct inflaton-DM interactions. The lowest-dimensional direct coupling
between the inflaton and vector DM X fields arises at a dim-5 level and allows DM vectors
to be pair produced from the inflaton decay. In this case, the vector DM pair is created from
the vacuum in a non-thermal quantum process in the presence of the oscillating inflaton
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field. In the Boltzmann equation (5.1) the decay term, Dy, is given by

%2 (p¢>1/” < am% 12mi Am?,
D, = £e 1— 1— . .
® 7 321 \ A1 kz::1|pk| (k)™ x ( (kw)? * (kw)4) (kw)? (5:30)

For detailed derivation of the above result see appendix B, where Dy = Dé& vy in

eq. (B.46). In the above expression, one might want to include the time variation of
mx that originates from dim-5 effective interaction (2.6). Note, however, that the infla-
ton induced DM mass is C’?}((b/Mpl)mg(, which is the largest for maximal value of the
inflaton field, i.e., ¢ ~ ¢, ~ Mp; up to O(1) a-dependent corrections. Therefore, the
inflaton-induced DM mass is always smaller than the bare DM mass for C?} < 1, hence the
time dependence of mx can be dropped and mx is not subjected to the short time-scale
oscillations.

Let us also stress, that for the quadratic inflaton potential, i.e., » = 1, the inflaton
mode energy/frequency w = mg becomes time-independent and the source term (5.30)
simplifies as follows,

n=1 1C% |2 Po mé( _Amk N 12m§(> L 4m3

i 5 1 5 (5.31)
1287 A my mg my

In the general case, the mass threshold evolves in time during the reheating phase. As
we have already discussed above, for n < 1, the inflaton mode energy w increases with
time during reheating, allowing heavy DM particles (mx > we) to be pair-produced from
the inflaton decay. On the other hand, the inflaton mode energy w decreases during the
reheating period for n > 1, which means that the production of DM above myx > we/2 is
kinematically suppressed. Even though we do not observe a sharp threshold limit for DM
mass, the creation of X particles with mass 2mx > w is exponentially suppressed by the
Py values for higher modes k > 1.

Furthermore, it is also clear that DM can be efficiently produced through ¢ decays
only when the energy density of the inflaton field still makes a relevant contribution to
the total energy density. After the end of reheating phase, i.e., the equality of inflaton-
radiation of energy densities, the inflaton energy density eventually drops to a negligible
amount, and DM production freezes. The drop of the inflaton energy density depends on
the value of n and can be either very rapid for n > 1 or relatively slow for n < 1. This,
in turn, implies that DM particles are efficiently produced through inflaton decay only
during the reheating phase for n > 1. In contrast, for n = 2/3, the ¢ — XX channel
is not immediately switched off after the end of reheating. Hence, in this case, the DM
production is somewhat extended to a few e-folds after the equality of inflaton-radiation
energy densities, which might be relevant only for the very heavy DM species. However, in
the following analytical discussion, we neglect this subtlety assuming that the efficient DM
production happens only during the reheating phase. Consequently, the present number
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density of LDM particles can be estimated as

n+1 n
= e &}(%f”Z#PQ

3 6n—9 6n—9
n+1 ai Qe n+1 o ax 1
6n—9 a3 (ax> 1 Qrh L ;é 3/2’

%1n<m)7 n=3/2.

(5.32)

Note that in the above expression we have used ax, which for n > 1 coincides with the
initial value of the scale factor, i.e., a, = ax. On the other hand, if n < 1, ax is determined
by the condition w(ax) = 2mx and is given by eq. (5.8).

Moreover, let us emphasize that the first term in the above square bracket dominates
for n < 3/2, whereas, for n > 3/2, (ac/am) @ 9/("+1) <« 1. Neglecting subdominant
terms, we find the following prediction for the present abundance of DM species produced
from the inflaton decay,

4
n+1 -
Q;s( ~ \/§7T7”L4mXA6’C§|2F( n ) <P¢e)3 : Zk4‘73k|2
SPCME’I r (%)4
atl, n>3/2,
a3 S0 Arh
x fe 20 fin (52), n=3/2 (5.33)
arh Srh Qifln
gL ()", n< /2.

It is instructive to compare the vector DM production through the direct inflaton decay to
the inflaton induced gravitational production of DM, i.e.,

4
n+l n
L BT € o EA R L
Q50 T (%)4 ps.) Skl PRM?
gz_é, n>3/2,
X 51n( :)v n=3/2, (5.34)

9—6n

ot | (a2) ™, n<3/2
One can conclude that for n > 3/2 the direct and indirect (through the graviton exchange)
production of DM from the inflaton are approximately the same order for C?} ~ 1. Further-
more, in this case, both processes are relatively insensitive to the dynamics of the reheating
period, e.g., its duration. On the other hand, the direct decay of the inflaton to vector DM,
¢ — XX, is enhanced relative to the gravitational production by the (ay,/ac)®=6%/(+1)
ratio for n < 3/2.

In figure 12 we have shown relation between the Wilson coefficient C?} and the vector
DM mass my that gives the correct relic abundance for given values of gps and n. In
the region above (below) the C?} — mx curves the predicted relic density is overproduced
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Figure 12. The relation between the Wilson coefficient C?} and mx for gny = 1077 (left panel) and
gne = 1077 (right panel) that is consistent with the requirement of observed DM abundance (5.2).
Solid (dashed) curves present relation between C?} and mx for massive (massless) SM Higgs bosons.
In faded regions, DM particles are overproduced purely due the gravitational production.

(underproduced) in comparison to the observed value of Q5*°h2. In the gray hatched region,
the value of the Wilson coefficient C?} exceeds the perturbativity limit (2.10). In the faded
region of the curves, DM particles are overproduced purely by gravitational interactions.
Comparing the relation between C?Q and mx for two considered values of gp¢, we see that
for n > 1 the predicted amount of vector DM weakly depends on the details of the reheating
dynamics. Very different behavior is observed for the n = 2/3 curves. In this case, DM
particles are easily overproduced by decays of the inflaton, and fine-tuning is required to
give the correct relation between C?} and myx. As we have already noticed above, the
fo( / Q%?qb ratio is proportional to (a/a.)® which can be very large for the n = 2/3 case,
due to the long duration of the reheating period. That is why one needs extremely small
values of the Wilson coefficient C?} to suppress this effect. Moreover, in this case, DM
particles are gradually produced during the whole period of reheating, and the production
rate increases with time. Thus, for the n = 2/3 scenario (in general for n < 1), the
production of DM vectors is prolonged in time, and simultaneously enhanced. For n > 1
the reheating number of e-folds N,y is typically much smaller than for n = 2/3. Thus, DM
particles are produced for a shorter period. Moreover, the direct inflaton decay to DM,
¢ — X X, is most efficient at the onset of reheating for n > 1. In this case, the comoving
number density of DM species approaches a constant limit quickly after the start of the
reheating phase. Consequently, for n > 1, DM production from the inflaton decay becomes
almost independent of the duration of the reheating period.

Finally, let us also mention that DM production from the inflaton decay can be re-
garded as a non-thermal production mechanism, which does not depend on the temperature
of the thermal bath. That is why we do not observe a significant difference in the relation
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between Cﬁ- and my in the massless and massive reheating scenarios. Rather small devi-
ations are observed only for the n = 1 and n = 2/3 curves and result from the fact that
in these two scenarios, DM relic abundance is sensitive to the number of e-folds during
reheating phase. Since in the massless scenario reheating ends earlier, DM particles are
created for a shorter period. Thus, for a given mass of DM species, one needs a slightly
larger value of C?} to reproduce observed DM relic abundance in this case.

5.4 Higgs boson decay

Let us now discuss the DM production mechanism that emerges from the inflaton-induced
EW symmetry breaking during the reheating phase. As it was already pointed out before,
in the massive reheating scenario the Higgs boson develops a time-dependent vev due
to its coupling to the oscillating inflaton. The DM-Higgs effective contact interaction
term, C% /2 (m% /M3))|h|? X, X", expanded around vy, in the EW symmetry broken phase
provides a cubic term, C% /2 (mx/Mpi)*vphoX, X", that accounts for the direct Higgs
field decay to the vector DM. The resulting time-averaged Higgs decay width <FhXOX ) =

(Thy—xx) is given by

ICh|? Jvpmi 4m3 12m% 4m?
(DX = 01— - 1— : (5.35)
0 1287 Mfl,l ( mio m‘,lL0 ) m,%o

Let us emphasize that the hg decays to DM vectors can only occur during one-half of
the inflaton oscillations period, i.e., when P < 0 and the Higgs boson acquire a non-
zero vev (4.3). Moreover, we should note that such interactions are only allowed during
the reheating phase. After the end of reheating, v;, rapidly drops as v, o |¢|, and the
ho — X X channel is switched off as the Higgs boson goes into the EW symmetric phase.
Thus, DM vectors are produced from the SM Higgs field in the period between a. and ay,.
After that, the comoving DM number density Nx produced in the Higgs decays becomes
constant, i.e.,

(12

Nx(ao) >~ Nx(arh) = /a‘:rh dampho, (5.36)

where

K (mno /T)

Dho = Ting (Tiy* Ven = (T
ho nh0< ho >th < ho >K2(th/T)’

(5.37)
and <FffOX )th is the thermally-averaged Higgs decay width. We should point out that the
amount of DM produced from the Higgs decay strongly depends on the relation between
Higgs mass my, and SM bath temperature 7. The equilibrium number density of the
Higgs particles, ny,, is exponentially suppressed in the non-relativistic limit, i.e., mp, > T
However, since the inflaton-induced Higgs boson mass typically decreases more rapidly than
the temperature 7', therefore the DM production rate grows with time. Thus, the main
contribution to the integral in eq. (5.36) comes from the moment at which the Higgs mass
becomes comparable with the thermal bath temperature, i.e., mp, ~ T'.
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The present-day relic density of the DM species produced from the Higgs decay, Q’}( h?,
can be calculated analogously to the mechanisms discussed above. The contribution of
Qg(h2 to the total DM abundance is presented in figure 16 in dashed colored curves, which
we discuss in the following subsection.

5.5 Higgs portal freeze-in production

Let us now explore a standard freeze-in scenario in which DM particles with negligible
initial density are gradually produced from the SM thermal bath in the early universe. In
particular, we focus on a scenario in which DM vectors are pair-produced from Higgs par-
ticles via the effective dim-6 contact operator C% m% /(2M3) X, X" h|? [38]. As we have
already pointed out above, in the massive reheating scenario, the Higgs portal generates the
3-point vertex hg — X X, which not only accounts for the direct Higgs decays but also en-
ables massive SM particles to annihilate into DM vectors through the SMSM — hg — XX
channel. It should be noted that such interactions might occur during reheating only in the
broken phase when vy, # 0. Furthermore, we assume that DM interactions with the SM sec-
tor are feeble such that vector DM can neither reach thermal equilibrium with themselves
nor with the SM thermal bath due to the Planck mass suppress effective operator. As a
result, the X X — SM SM channel is almost completely turned off, and thus, DM particles,
produced in the reverse process, accumulate as the Universe expands, i.e., the freeze-in
mechanism. In the rest part of this section, we will discuss solutions to the Boltzmann
equation (5.1), assuming that DM species are only produced from the annihilation of SM
particles, neglecting contribution from the inflaton decay, i.e., keeping C§ = 0. Addition-
ally, we impose gravitational constraints, obtained in the first two subsections, on the final
results.

The cross-section that accounts for all considered diagrams of the type X X — SM SM

can be written as a sum of four contributions

OXXSMSM = OXX—shoho + (M0 — 1)oxxh;n; + 1120 x x gy +110xx5vY.  (5.38)

Note that the oxx_snn, term contains contributions from the XX — hoho process, s-
channel Higgs exchange XX — h§j — hoho and the interference term. The second term in
the above expression, ox x n;n;, accounts for the contact diagram XX — hjh; with j # 0.
While oy S and oxx_ vy describe the DM annihilation into massive SM fermions
and vectors through the Higgs exchange, respectively (see figure 4 second line). Note,
however, that we neglect the interference terms between the Higgs portal and graviton
exchange SMSM — X X processes. As discussed in the previous section, we treat the
graviton-mediated freeze-in production as an independent mechanism as it only depends
on the gravitational interactions. Whereas, the Higgs portal interaction is non-minimal
and requires a UV model where the DM-Higgs effective operator is generated. Let us start
our discussion with the contact Higgs-DM interaction which is present in both considered
reheating scenarios. The spin-averaged annihilation cross-section for the XX — h;h;
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diagram takes the following form

L|Ch)? s am3  12mi\ | s —4mj
h = = 1-— ‘. 5.39
OXX=hihi = 97087 M3, ( s + 52 ) s —4m5 (5-39)

Note that for mp, # 0 the integral over s in eq. (5.17) cannot be calculated analytically.

In the massless reheating scenario, we get the following thermally-averaged cross-
section,

ool ™ AL PO A 3 () ket () + 2 (2 ()|
(5.40)

In the above expression we have factored out a factor of 4, which arises from the fact

that for temperatures higher than the temperature of electro-weak symmetry breaking,
we have Z?:o<U’U|>XX—>hihi = 4(o|v]) x X hoho = (0|V]) xx—nn- In this case, the source
term, Sxx_shh = <a]v|>XX_>hhﬁ_2X, can be approximated as

m =0 BICR[P )T mx <T,

s =0 3ICXI 5.41
XX —hh 1287T4M1§1 mg(TB e—2mx/T7 mx > T. ( )

From the above formula, it is clear that efficient DM production can only occur in the
early Universe when the temperature of the thermal bath exceeds the DM mass. Moreover,
this mechanism is most efficient at the maximal temperature Ty, which, in the standard
(massless Higgs boson) scenario, is obtained shortly after the end of inflation, see eq. (4.40).

The evolution of the source term Sxx_,5,n, @s a function of the scale factor a for two
values of n, i.e., n = 2/3 (left panel) and n = 3/2 (right panel), and for two DM masses
mx = 5-104GeV and myx = 102 GeV is shown in figure 13. As we can see from these
two figures, in the massless scenario (dashed curves), the source term has a maximum
at a = aﬁ?&x, i.e., at the moment at which the temperature is the highest. Note that we
have used DM mass such that myxy < Trgg)x. Following approximation (5.41), Sxx_shn
evolves independently of the DM mass at the onset of the reheating period, as long as
mx < Tr(r?a)x. When the thermal bath temperature drops below the DM mass myx, the
source term becomes exponentially suppressed and DM particles are no longer efficiently
produced. The temperature-DM mass equality (empty circles) can happen both during
reheating (e.g., for mx = 5- 10 GeV and n = 2/3) and after (e.g., for my = 102 GeV
and n = 2/3 or n = 3/2). In both cases, the comoving number density of DM species X
becomes constant quickly after this moment. For the sake of simplicity, in the following
analytical approximations, we assume that the main contribution to the comoving number
density of vector DM comes from the reheating period. However, in numerical calculations,
we also take into account the evolution of the source term after the end of reheating.

We assume that the comoving number density of vector DM, approaches a constant
value around the end of reheating phase, which implies the following formula for the present
DM number density,

nhh () ™ V3(n+1)Ick]? (T)® " (%)3(11+f) <%>3[(%>3<3111> _ 1] (5.42)
XATT = Ty ns (20 — 1) M3, /Po. e ap Qe R
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Figure 13. Evolution of the source term Sx x s n,h, (@) for the massive (solid) and massless (dashed)
Higgs field for n = 2/3 (left panel) and n = 3/2 (right panel). In both panels blue (red) curves are
for mx =510 GeV (mx = 1012 GeV), other parameters are specified above each plot. Dashed
gray lines @ = amax (a = aggx) indicate the moment of time at which T is maximal in the massive
(massless) reheating scenario, while black dashed lines signalize mp,(a) = T'(a). Filled (empty)
dots indicate myx = T'(a) equality, for the massless (massive case), respectively, whereas filled stars

represent the moment at which mp,(a) = mx.

The above result holds for vector DM mass mx < TISI(QX. Note the similarity between the
above equation and eq. (5.26), obtained from the gravitational annihilation. If Cé’( ~ 1, the
strength of these two interactions is comparable, and thus by adjusting the value of the
Wilson coefficient, one can control the production of DM. In particular, we can estimate the
value of the C;‘( coupling for which the gravitational and the Higgs portal DM production
are equal, i.e.

hh
nx"(ao) h A
=1 =—= C = 5.43
n§7SM(a0) X|eq 307 ( )

where A ~ O(10) factor. Thus, for a DM vector with mass mx < TrEPJX, if Cg’( exceeds
Cﬁ’(\eq the contact diagram hh — X X dominates over the gravitational annihilation of SM
particles, while if C% < C;Heq, the contribution from the Higgs portal is negligible. The
relic density of DM particles produced through the Higgs portal is given by

V3 +D)[Ck2 (T s (@m)s’rl

ng(h ~ Zrh
W 1) Mivhs e

(5.44)

Qe

for n > 1/2. For a given DM mass mx one can find the value of the Wilson coefficient
IC%|2 such that Q% = Q5. The relation between |C%|? and mx that gives the observed
DM relic density is plotted in figure 14.
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Figure 14. The Wilson coefficient C% as a function of mx for gis = 1075 (left panel) and gy =
10~7 (right panel) consistent with the requirement of observed DM abundance. Solid (dashed) lines
satisfy Q3P5h? constraint assuming that the Higgs field is massive (massless) during reheating. In
gray hatched region C% exceeds the perturbativity limit (2.11). Solid (dashed) lines are constrained
by the corresponding faded regions due to gravitational production.

In this case of freeze-in from the massive reheating scenario, we should note two non-
trivial aspects of the non-zero inflaton-induced Higgs boson mass. First, as demonstrated
in the previous section, the inflaton-induced Higgs mass significantly affects the dynamics
of reheating, modifying the evolution of the thermal bath temperature and suppressing the
energy accumulated in the radiation sector. Secondly, at the onset of the reheating period,
my, typically exceeds the SM bath temperature 7. In this case, even if mx < Tjax, One
expects similar exponential suppression in the source term as was observed for myx > Tiax-
Such suppression results from the lower limit of the s-integral in eq. (5.17), which for
myx < my, is equal 4my,. Since the Higgs mass term decreases with time, the suppression
of Sxx_pn is the strongest at the beginning of reheating. This, in turn, results in a
significant reduction of DM production compared to the massless reheating scenario, in
which the maximum temperature and thus the most efficient production is reached just
after the onset of reheating phase. In the massive reheating scenario, depending on the
value of g4 and n, the maximal temperature is obtained at the very beginning of reheating
or slightly later.

Let us first consider the case for which the maximum temperature is obtained shortly
after the start of reheating, which happens for n = 3/2, cf. left panel of figure 13. At that
moment, the averaged Higgs mass my,, exceeds T', and DM particles cannot be efficiently
produced due to the exponential suppression in the source term. If the mass of DM species
is larger than the reheating temperature T}y, (solid blue curve in figure 13), the source term
SxX—hoho rapidly increases until the moment at which my, drops below mx (blue star)
and then decreases as e~™x/T. For DM particles with mass smaller than Ty (solid red
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curve), Sxx—shoho eaches its maximum value at the moment when mp, crosses T (red
star), which in this case occurs right after the end of reheating. After that, the source
term decreases as o< T® until the moment at which DM particles become non-relativistic
(red, filled circle). On the other hand, the dependence of Sxx_,5h, On the scale factor a
looks slightly different if the maximum temperature is not reached at the very beginning
of reheating, cf. right panel of figure 13. For n = 2/3 and mx > Tax (blue solid curve),
the source term grows exponentially until mp, crosses my (blue star). Then, Sxx_hon,
evolves as a power-low, Sxx—ynohe X T8, up to the point at which T = Tinax. After that,
the source term receives strong exponential suppression. For DM particles with a mass
smaller than Tiyax (solid, red curve), the peak of the Sx x_pn, term is reached at T ~ my,.
Then, it decreases as T° until the temperature drops below my (red, solid circle). The
source term receives an exponential Boltzmann suppression from that moment, and the
DM production again becomes inefficient.

The predicated abundance of DM species in the massive reheating scenario can be
estimated numerically, analogously to the massless reheating case discussed above. The
final results are presented in figure 14, which shows the relation between myx and CSL(
required to achieve the observed DM relic density in both considered scenarios. For a
given value of gps and n, colored solid (dashed) curves give the correct abundance in the
massive (massless) Higgs reheating model. In the gray hatched region in the upper right
corner, the value of the Wilson coefficient exceeds the perturbativity limit (Mpj/mx)?.
Several curves are also constrained by the condition C% < (Mpj/Tmax)? (the thick grey
part of the lines). Moreover, the faded parts of the curves show regions of DM masses
where vector DM is overproduced due to pure gravitational interactions.

Note that for a fixed DM mass, a larger value of the Cé‘( coupling is needed to obtain
the observed DM relic abundance in the massive reheating scenario in comparison to the
massless reheating scenario. Hence, all dashed curves lie below the corresponding solid
ones. This behavior results from the fact that in the massive reheating scenario DM
production is Boltzmann suppressed and occurs in the lower temperatures than in massless
reheating scenario. Furthermore, decreasing the value of the inflaton-Higgs coupling leads
to a cutdown of the allowed parameter space in both considered scenarios. For weaker
inflaton-Higgs coupling, the efficiency of the reheating process is reduced, which implies a
lower temperature of the thermal bath. Thereby all the curves move up towards a larger
value of C;‘(. Moreover, in the massless reheating scenario, for a given myx the largest
(smallest) value of C% is required for the n = 2/3 (n = 2) cosmology to produce the
correct amount of DM abundance. In contrast, in the massive reheating scenario, we
observe different hierarchies in the position of the solid curves. Finally, in both considered
scenarios, for DM particles with mass my < Tmax, the maximal value of the source term
Sxx—nn does not depend on myx. This, in turn, means that the relic abundance Q’}(th
of DM species is proportional to the vector DM mass for mx < Tmax. Contrarily, for
mx > Tmax, the Boltzmann suppression of the source term causes a turnover of the curves
around myx =~ Tiax. Consequently, a larger value of the Wilson parameter C;L( is required
to produce heavy DM particles.
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Finally, we move on to the last DM production mechanism discussed in this work, i.e.,
the freeze-in production from massive SM particles mediated by a Higgs particle ho.® The
spin-averaged cross-section for the XX — hohg, XX — 11, XX — V'V processes are
given by

1 Ch 2 4 2 12 4 s — 4m2 3—1—27712 2
OXX—hoho — 9‘1%’ ]\;4 (1 — M + TZX) 4 }21() (7 2 h07)2 =9 (545)
T Mp, s s s —4mx (s —mp,)* +mj Ty
Lo Ch? s <1 Am? . 12m§(> s —4m3  mi(s—4m3)
IXX—yyp = 9 T\t 2 - —5 o
- 9 ¢ 321 Mp, s s? s —4mx (s —mp,)? +mj T

(5.46)
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_4—2 2
Vo ——— (5.47)
s —4mx (s —mpy)* + mj I

where V. = W+, Z with §yy = 1, 6; = 2 for the W* and Z bosons, respectively. The
time-averaged total Higgs decay width f’ho can be written as a sum of three contributions,

fho = f‘h()—HZ’(P + f‘ho—>VV + fho—)XXa (548)

where f‘hoaXX is given in eq. (5.35), and

_ NY g2 4m3,\ 32
¥ ho
_ 1 mp 4m2,  12mi 4m?
r = 0(1 - —Y¥ V1 — =Y. 5.50
o = s U 2, (5:50)

Note that oxx_sn,n, contains contributions from the contact interaction XX — hoho,
the indirect interaction XX — h{ — hoho, as well as interference between these two
diagrams. Moreover, we should stress that we do not consider any RGE running effects in
our calculations and adopt the EW value for the Higgs quartic couplings, i.e., Ay >~ 0.13.
During the reheating phase, SM fermions and massive vector bosons acquire a non-zero
mass via a standard Higgs mechanism,

_ . EW UYh mgn 0, #(t) > 0,
MM = Mgy = > (5.51)
VEW  VEW 7‘“7\(‘1’”, B(t) < 0,
h

where vpw = 246 GeV, and mgl\vdv denotes the electro-weak mass of the SM species. After
the end of reheating, when the inflaton field value reduces to a negligible amount, masses of
SM particles decrease very rapidly, and DM production through the SM SM — h§j — XX
channel is terminated.

8The unitary gauge is adopted here.
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Let us also emphasize that for the EW value of the Higgs quartic coupling, a mass
hierarchy in the SM sector is time-independent, and it turns out that for all considered
values of n, my < m; < mp,. The ratio of the masses is thus clearly different from that
observed today. At this point, we should notice that the mass of the SM Higgs particle is
somehow fixed by the inflaton dynamics and does not depend on Ap. On the other hand,
masses of other SM species are sensitive both to the inflaton potential form and the value
of Ap. Thus, the observed EW mass hierarchy for the SM particles can be recovered by
running the value of )\;, during reheating.

In figure 15 we compare the evolution of the scattering Sx x_vv, SXX_HW, Sxx—hh,
and decay Dp,,_, x x terms for two values of n, i.e., n = 2/3 (left panel) and 3/2 (right panel)
with fixed DM mass myx = 5- 10" GeV. At the beginning of reheating for n = 2/3, DM
particles are produced mainly by the Higgs decay and annihilation of SM vectors. When
the mass of the Higgs field drops below DM mass threshold, the total source term, S + D,
becomes dominated by the Sxx_,vy term. Slightly after that moment, my,, equalizes with
myx and Sxx_nn become of the same order as Sxx_,vy. Then, we restore the standard
evolution of the source term, i.e., S + D, peaks at a = apax when the temperature of the
thermal bath reaches its maximum value T},,x and then decreases exponentially. We also
should emphasize that the source term that accounts for the 1 annihilations into DM
pairs is always subdominant since the cross-section is proportional to the fermion mass.
The total source term, S + D, and thus DM production is dominated by the hh — XX
and V'V — X X annihilations, while the contribution from hg — XX decays is negligible.
It turns out that this observation is also valid for lighter DM particles. For n = 3/2, the
total source term is dominated by the contribution from the Sxx_.yv term. The decay
term, Dy, xx, is initially subdominant and becomes of the same order as Sxx_,yv near
the mass threshold. All source terms grow until the mass of SM particles that annihilate
into DM vectors drops below mx. After that, they receive exponential suppression.

The full scan of the Cg( — mx plane for a given n and two values of the Higgs-inflaton
coupling is shown in figure 16. Each curve determines the value of C;L( such that for a
given DM mass, the total relic abundance is consistent with the observed value Q_‘;})shQ.
Note that here we consider only the massive reheating scenario and take into account all
interactions responsible for the DM production from the SM sector. Dashed curves present
the contribution of the decay term, Dp,—xx, to the total DM relic density. The gray
hatched region (top-right corner) C?} exceeds the perturbative limit, whereas the gray part
of the curves, is excluded by requiring C% < (Mp)/Timax)?. Moreover, the faded colored
parts of the curves are constrained by the pure gravitational production of DM. To highlight
the result in these plots, let us focus on the n = 1 case with gy = 1075 (left panel, purple
curve). For this case the allowed vector DM mass, which produced the observed DM relic,
is in the range my € (10710,103) GeV for the values C% € (10°,10%). Note that a smaller
vector DM mass requires a larger value of Cé‘(. We point out that large values of C;’“( are
consistent with the effective field theory since we parametrized the dim-6 effective operator
in eq. (2.8) with 1/Mg,. Therefore, the real cutoff scale of new physics (NP) should be

understood as Axp ~ MP]/\/CQ(.
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Figure 15. Evolution of the decay term, Dp,_, xx, and various source terms, i.e., Sxx_vv,
SXX_HN and Sxx_nn as a function of the scale factor a for n = 2/3 (left panel) and n = 3/2
(right panel). The Higgs boson decays are only allowed in the pale red, dashed region.

Ihe=10"%, X, =0.13, a=1/6, A=3- 1073 Mp, Ghe=10"7, A, =0.13, a=1/6, A=3- 107> Mp,
T T T L L LI TN \ ]-2 F ¥ T N N T T T T BN
| 10 L9 \|
4 : + ‘Z N
\ 8:— Y
. \ . 6L \
< \| =T r \|
) SR
3 1 &% ‘
3 3 n
] 2 2/3 .
—
oF . oF .
—3/2 .. ho — XX ] ——3/2 .. ho — XX ]
o2 __SMSM — XX, hy— X y o2 __SMSM — XX, hy > XX y
Lo b b b b b Lo b e e b b e e Ly
-10 -5 0 5 10 15 -10 -5 0 5 10 15
Logyo[mx/GeV] Logy[mx /GeV]

Figure 16. The Wilson coefficient C%t as a function of mx for gn, = 107° (left panel) and
gne = 1077 (right panel) consistent with the requirement of observed DM abundance (5.2). Dashed
lines show the contribution of the Higgs decay to the vector DM, hyg — X X, to the total DM relic
abundance. In the gray hatched region Cg} exceeds the perturbative limit. In these plots the faded
colored parts of the curves are constrained by the pure gravitational production of DM, whereas
the gray part of the curves is excluded by the condition CSL( < (Mp1/Tmax)?.
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6 Summary

We have investigated reheating dynamics in a system of an inflaton field ¢, the SM Higgs
doublet h and an Abelian vector DM X,,. We have employed a cubic interaction of the
inflaton and the Higgs boson of the form gnsMpig|h|? to facilitate the reheating process.
To specify inflation dynamics, the a-attractor T-model potential for the inflaton field has
been adopted, which provides a relatively flat potential for large field values suitable for
inflation and a monomial potential of the form ¢?" during the reheating phase. Our analysis
is valid for generic values of n, however, for numerical illustrations we have considered
n=2/3,1,3/2,2.

One of the novel aspects discussed in this work is the inflaton-induced mass term
of the Higgs boson that generates a non-trivial phase-space suppression of the reheating
efficiency. As a result, the reheating period is extended, and the maximal temperature of
the SM thermal bath is reduced due to the non-trivial Higgs mass, which we have dubbed
as massive reheating scenario. The inflaton-Higgs coupling leads, due to oscillations of the
inflaton, to periodic transitions between phases of broken and unbroken electroweak gauge
symmetry. The consequences of the oscillations have been studied in detail. It turned out
that Higgs mass effects are, in general, substantial and must be taken into account while
investigating the reheating period in the presence of the inflaton-Higgs interactions.

As a dark matter candidate, a massive Abelian vector boson, X,,, has been adopted.
Various production mechanisms of X, have been discussed; (i) gravitational production
from the inflaton background during the reheating phase, (ii) gravitational freeze-in from
the SM radiation, (iii) inflaton decay through dim-5 effective operators, and (iv) Higgs
portal SM freeze-in (and Higgs decays) utilizing dim-6 effective operator. First of all, the
gravitational production of DM is treated as a background/irreducible relic from (i) and
(ii) and has been adopted to exclude ranges of DM mass mx (for given values of other
parameters) corresponding to the pure gravitational overproduction of DM. Then each
DM production scenario had been separately discussed, and relevant coupling constants
(as a function of DM mass mx) required by the observed relic abundance were calculated.
For instance, for the inflaton decay (iii) or Higgs portal production mechanism (iv), the
abundance condition implies a constraint on the Wilson coefficients C?} or C;‘(, respectively.
Effects implied by the Higgs mass were illustrated by comparing the massless and mas-
sive Higgs cases. Then SM annihilations into DM have been considered, and parameters
consistent with the abundance have been determined.

It is worth emphasizing the result presented in figure 11 are generic for the gravitational
production of DM from the background inflaton field and SM freeze-in through graviton
exchange. In this figure the excluded conservative regions in the space (gng, mx ) are shown
for various values of n. Note that the g4 parameter controls the efficiency of reheating and
it is hence directly related to the SM bath temperature as well as the duration of reheating.
Such gravitational production of DM is present in any model where reheating is non-
instantaneous and, to a large extent, unavoidable. In our model, we consider the simplest
way to reheat, i.e., by the cubic interaction between the inflaton and SM Higgs fields,
gne®|h|?. Note, however, that even in the limit of vanishing inflaton-Higgs interaction, the
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figure is useful, then two-dimensional regions reduce to excluded ranges of DM masses.
Furthermore, it is straightforward to extend these results for gravitational production of
DM to other models of reheating.
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A Constraints on reheating from inflation

In this appendix, we outline the procedure for obtaining constraints on the model param-
eters from inflationary dynamics. For the a-attractor T-model of inflation, we have three
parameters of the model (2.4), namely n, «, and A. As mentioned above the inflation
scale A is uniquely constrained by tensor-to-scalar (power-spectrum) ratio r and amplitude
of the scalar power-spectrum Ag from the CMB measurements. Furthermore, as we see
below the parameter « is also constrained by the tensor-to-scalar ratio r, see also a recently
dedicated analysis [52].

We start with revising some of the necessary inflationary parameters and their corre-
sponding values from the CMB measurements. The tensor-to-scalar ratio is defined as

A (k)
A3 (k)

r (A.1)

where A?(k) and A2(k) are the dimensionless tensor and scalar power spectra, respec-

1

tively [3]. In the following we use k, = 0.05 Mpc™ " as pivot scale for the CMB observations

by Planck [4]. The amplitude of scalar power-spectrum measured by Planck at k = k, is
A2(ky) =2.1x107°. (A.2)
whereas the upper-bound on tensor-to-scalar ratio r is,
r < 0.032, (A.3)

at 95% C.L. by the Planck [4] and BICEP/Keck [53] combined analysis [54]. Hence, from
the above equations, the amplitude of the tensor power-spectrum is constrained to be,

A?(ky) < 6.7 x 1071, (A.4)

The explicit form of tensor power spectrum for k = ky is given by [3],

2 H?
2 _ *
Af (ki) = ﬁngla (A.5)
where H, = H(a,) and a, marks the moment of horizon crossing of the mode k, during
inflation. Therefore, from eq. (A.4) we set an upper-bound on the Hubble scale during

inflation as
H, ~ Hy < 4.4 x 10" GeV. (A.6)
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Since, the Hubble rate during inflation is given by,

H2 ~ V(¢*) ~ A4
* 7 3M2 T 3MZ)
Pl Pl

(A7)

where ¢, = ¢(a,). In consequence, the upper-bound on the Hubble scale can be recast on
the scale of inflation A as
A < 1.4 x10'°GeV. (A.8)

Next, we calculate the number of e-folds during inflation N,, defined as
1 o do

T MpJs, 260 (9)

where ey (¢) is given in (3.6), and ¢, refers to the value of ¢ at the end of inflation as in
eq. (3.17), and ¢, = ¢(k«/H,.). We obtain ¢, from measurement of the spectral tilt ns (3.5)
by the Planck satellite for the modes ky, i.e.,

N, (A.9)

ns = 0.9649 =+ 0.0042. (A.10)

Employing the above result for ns; and using eq. (3.5), we can calculate the value of ¢,,
which then can be used to get the corresponding value for the number of e-folds during
inflation N, from eq. (A.9). For example, employing 1 o level constraint for ng leads to
range for the number of e-folds during inflation N, € [50, 65].

In the following, we calculate constraint on the number e-fold during reheating Nj
due to inflationary observables, in particular N,, and due to the BBN lower-bound on
the reheating temperature 7y, 2 1 MeV [55]. Note that the comoving scale k, relates the
quantities during inflation at a., when the modes exit the horizon, with the late universe
when they re-enter the horizon at the pivot scale. In particular, one can evolve the scale
factor starting from the mode crossing during inflation to the late time universe with
different epochs. For instance, we can write

k. Gy Qe Arh

— = L — ——Qgq, A1l

H, Qe Arh Qeq « ( )
where aeq is the scale factor at the matter-radiation equality. Taking the logarithm of the
above expression gives,

In <k*) = —N, — Nih — Ny + In(aeq), (A.12)
H,

where N, = In(ac/a+), Nyn = In(amn/ae), Nya = In(aeq/amm) are the number of e-folds
during inflation, reheating, and radiation-dominated epochs. The above expression relates
different epochs in the history of the universe.

Assuming a generic equation of state during the reheating phase, one can calculate
the Ny, in terms of temperature at reheating and energy density at the end of inflation as
follows. From eq. (4.16) we get the energy density at the end of reheating as

e )3(1-!-1?)) (A 13)

Prh = Pe (
Grh
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where averaged equation of state during reheating phase w = (n —1)/(n + 1) is defined in
eq. (3.14), pe = 3V (¢e)/2 is the inflaton energy density at the end of inflation, and pyy, is
the energy density at the end of reheating defined as

2 rh

™™g
Prh = p¢>(arh) = pSM(arh) = 370*7}%1’ (A14)

with gt = g, (Ti,) being the effective number of relativistic d.o.f. at the reheating temper-

ature Ty,. Assuming no extra relativistic d.o.f. beyond the SM ¢, (T 2 100 GeV) ~ 106.75
and g.(T ~ 1MeV) ~ 10.75, whereas in between, i.e., for 1 MeV < T < 100 GeV. the g,
varies depending of number of active relativistic d.o.f.. We can write the number of e-folds
during reheating phase from (A.13) and (A.14) as

Ny =In (“h) =3 ! ln( 15 V(d’e)), (A.15)

Ge 1+ w) n2grh T;‘B

where the energy density at the end of inflation p. = 3V (¢.)/2 defined as ey = 1. Em-
ploying the entropy conservation during the radiation-dominated epoch, one can relate the
reheating temperature 7y, with the temperature at the matter-radiation equality 7T.q as

eq~ 1/3 acd
Ty = (9 ) <arh>Teq’ (A.16)

h
Gs

where gt is the effective number of relativistic d.o.f. contributing to entropy density at
temperature 7;. Now we can rewrite eq. (A.15) as

Ny, = 1 ln( 45 V(¢e) (912)4/3<arh)4>7

3(1+w) mw2grh Téq Gis atd
4 1 45 A 1. ,gh
~——— |SIn(——r) 41 “ln () — N, A17
301+ ) i (agm) + »(7) 30 () 1 (A.17)

where in the last step we use V(¢.) ~ A*. We use eq. (A.12) to express Nyq in the above
equation, after solving for V., we obtain,

—4 1 45 1. (gh A ks
Now= 1= |10 () + 310 (5) + i)+ In () + In (75) + N (a9
Note this relation is only valid for an effective equation of state during reheating w # 1/3
since for w = 1/3 expansion rate of the Universe is the same as that of the radiation-
dominated universe. Assuming the reheating temperature Ty, = 1 MeV, we can approxi-
mate the above relation as

4 A
New® 15 [61.6 —In (F) - N*], (A.19)

— 3w «

where we have used giP = ¢t = 106.75, go¢ = 3.94, aeq =~ 1/3400, Toq ~ 0.8€V and k, =
0.05 Mpc~!. For w # 1/3 the above relation sets a constraint on the duration of reheating
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a | n |Np[ng: 1o]|Np[ns : 20]
1/6]2/3] 138 26.1
1/6) 1| 220 417
1/6|3/2|  48.0 47.8
1/6| 3| 384 38.4
1 (2/3 15.2 27.5
1|1 23.4 43.1
1 |3/2] 478 47.7
1|3 38.2 38.0

Table 3. Constraints on Ny, for different values of « and n. For n = 2 the constraint is only from
the lower limit on reheating temperature from BBN, which is Ny, < 44.

from inflationary observables along with the constraint on the reheating temperature Ty, 2
1MeV from BBN as

N,

)} . (A.20)

[6.7 +1In (1 é\eV

h < o 74 . =\

~3(1+4 w)
Using the upper-bound on A < 1.4 x 10'6GeV, we get the following upper-bound on
Ny < 59/(1 + w). For w = 1/3, i.e., n = 2, one finds Ny, < 44. We summarize the

constraints on Ny, in table 3.

B Inflaton induced gravitational production

In this appendix, we calculate the energy gain of the SM and DM sectors due to the inflaton
field. In particular, we calculate the collision terms that account for interactions between
these three sectors. We focus on cubic interactions of the inflaton with the SM Higgs
field and vector DM X as well as indirect interactions through gravity. This appendix is
supplementary to section 4 and section 5.

During the reheating phase, we assume the inflaton field as a classical, homogeneous
background that coherently oscillates in time. The character of these oscillations depends
on the form of the inflaton potential during the reheating phase. Following refs. [9, 13,
26, 42], we parametrize the evolution of the inflaton field ¢(t) by a slowly time-varying
envelope ¢(t) and a fast oscillating quasi-periodic function P(t), i.e., ¢(t) = ¢(t) P(t). The
envelope function ¢(t) is given by eq. (3.16), whereas the fast oscillating function P(t) is
decomposed into Fourier modes with oscillation frequency w.

The inflaton field is a given by (appropriate EoM) external time-dependent field which
enters the Lagrangian implying various interesting phenomena. In this framework, SM or
DM particles are produced in quantum processes from the vacuum in the classical inflaton
background. Thus, we consider the quantum transition from the vacuum, i.e., |ag) = |0)
to two-particle final states. The S-matrix element is defined as

Sga = <ﬁ0‘T[eXp ( — i/d4m ‘Cint)} ’a0>, (B.1)
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where the interaction Lagrangian relevant for the inflaton induced interactions is,
N2

1 4 m2 h
Ling = ghoMp1o|h|* + §C§;M—§¢XuX“ i (75, + TR+ TOM) (B.2)

Above T[f’l, denotes the energy-momentum tensor for the inflaton field,

1
TS, = 0,006 — | 50%00a0 — V(9)], (B.3)
while the energy-momentum tensor for real scalar (spin-0) and vector (spin-1) fields take
the forms
S Nupv [ oo
TS, = 8,50,5 — *2* (075008 — m%s?], (B.4)

1 1
Ty, = 1" XuaXys + miy X, X, — mw[ - Zn””naﬁxpaxgg + 5mzvnf"’XpXU] (B.5)

The next step is to quantize the graviton h,,, vector DM X and scalar field S fields
in terms of creation and annihilation operators as

o)=Y [ AL (G parm)e ™ e, (B6)

A=tt,——

R = / I, (€7 (p)as ()" + h.c.). (B.7)

o=L,%+
S(z) = /de (&(p)e_ipx + h.c.), (B.8)
where the phase-space is dIl, = (2752%. The polarization vectors for the spin-2 massless
field satisfy the following relation:
A (D)eNs(p) = — =P B.9
Z e,ul/(p>€aﬁ(p) D) NuaMvp + MuMva — MuwNaB| = Luvaps (B. )

A=++,——

whereas, for massive vector field we have

oo\ o Pup
Y @@ (p) = —nuw + 5 (B.10)
o=L+ mx

The annihilation and creation operators satisfy the following commutation relations:
[a0(p), al, ()] = (2m)*6®) (p — q)0,0r- (B.11)

B.1 S-matrix for the SM and DM production

In this subsection, we derive the S-matrix for various processes in the presence of the
inflaton background field. At the leading order, we calculate the S-matrix for the Higgs
boson and vector DM production with single interaction of the interaction Lagrangian, i.e.,

S =i / d*z <60’T{Lim(x)] ’a0>, (B.12)
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These processes would mimic the “decay” of the inflaton to the SM Higgs boson and vector
DM. In the case of SM Higgs boson, the lowest-order non-zero element of the S-matrix is
given by

Séllhm,- = —59nsMp1 <ﬁo!/dt/d3w¢ t)hihi |0)

i 00 ‘
= —59neMp1p(t) > Pk/dte"’“”t/d%/dnp
k=—o00
[ i, 0 atpra(pal (af () [0) /1ppg 7 eine,

= —ignsMpio(t) > Pr(2m)*6(kw — pd — p3)3®) (B + ). (B.13)
k

Analogously, for the DM production channel, we find

;uza

oo’ (1
S0\ = —iCy X Vo sO( )g

(p1)e)” (p2 Zpk (2m)*6(kw — p) — p9)6® (51 + Fa).
(B.14)

Next, we calculate the S-matrix for the SM and DM production from the inflaton
background through the gravitational interactions. To take into account such processes
mediated by virtual gravitons we have to expand the S matrix up to the second-order, i.e.,

goao— 2, /d4 /d4 Bo\T int ( mt(y)Hao) (B.15)

Such processes mimic the “annihilation” of the inflaton field to a two-particle final state

mediated by a graviton. In this case, we can rewrite the above expression as

Sg))ao: ! Mgl/d4 /d4 Bo]T[h“” AP (y )( (w)che(y)+T;ﬁ(x)Tfﬂ(y))”0‘°>’
(B.16)

where T,f; denotes the energy-momentum tensor for a generic field F' in the final state.

Let us first consider gravitational mediation from a quantum vacuum in the presence of
the inflaton background to a pair of scalar .S particles. We obtain the following expression
for the h””(m)haﬂ(y)T;f (x )Tsﬁ(y) term of the S-matrix:

—i)? 1 o Vi
CIRIER 2,) i [ @' [ ato i (ofa )it T ﬂ<y>T5y<x>T55<y>1]o>,

_ 4 4
= M§1§/d /d /dH /dH /dl‘[kl/dﬂk2

(O] (e (kr)an (ke =817 + ue.) x (€2 (ko) (ka)e ™™ + h.c.) ]o>
(0la(pr)a(p2) | (ipad! (p)e™ + h.c.) (igsat(q)e™ + h.c.)

77;5 (ZpﬂaT( )ePY + h.c-) (iqp&T(Q)eiqy T h‘c‘)

b 1s ™ () + ) (ala)e + 1) ||o) (B.17)
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where p1, ps are the final state momenta. Contraction of graviton operators leads to the
following propagator:

Dumﬁ(x —y) = / d4(j i e~ i(z—y)q ppraf (B.18)
¥= (2m)% @2 + ie ’ )
such that
75, Pl = 0%¢0° ¢ — PV (¢). (B.19)

After some tedious but straightforward computations, we get

4 4 i e~ @—y)q
S¢HSSDM2/d /d/ q~|—ze

x (—(aaaspla)(a%pm) — V(Op18 — 2BV (6) + 30700,0(p b2 + ) ).
(B.20)

Using the fact that the inflaton field is a homogeneous background, i.e., ¢ = ¢(t), we can
write the kinematics as

$ s
PLop2=g = ms, Py =pY = \2[7 (B.21)
where s = (p1 + p2)? is the Mandelstam variable. Now, we can further simplify the above
result as
@ iy [ty - 2\ —ie)d g Hilpr+p)

(B.22)

It is convenient to Fourier transform the inflaton potential V' (¢) instead of the inflaton
field ¢, i.e.,

2n .
Vo =at(5) PR =P, PR =S PR (Ba23)
k
Therefore,
1 m? L
Sihss D 3o 7 2P (H)é(k«a P} = D)0 (51 + ). (B.24)

The same result emerges from the A" (x)h®? (y)1T}, S (2)T? op term in the S-matrix eq. (B.16).
Therefore the final result for the S-matrix element describing the gravitational production
of massive scalars reads

m?
dHSS = ZP <1 + ) §(kw — Pl Pg)5(3) (P1 + P2). (B.25)
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Similarly, for the final state vector V particles the h* (x)h®?(y)T, /f’,/(w)To‘é/ﬁ(y) term of
the S-matrix takes the form

2 l —i(x—y)q i
> G i [t it [ v
S * * * * * * QBZ * * * ok
X \2[¢2((62'p1)(€1)0+(€1'P2)(€2)0\/g(el)o(ez)o)Jf2(62'P1)(€1‘P2)+V(¢)m%/€1‘€2
A(B.26)

(B.26)

We choose the frame in which the spin-1 particles move along the z-direction, i.e.,
S S
plf = ({7 07 07pz> ) pg - ({7 07 07 _pz> . (B27)

In this case, polarization vectors can be written as

L yo_ [Pz Vs
(61,(2)) (i my ’ 07 0’ 2 > ;

my

1 .
(Ef(z))“ = \ﬁ(()’ 1, +i,0). (B.28)

For the transverse modes, the expression in the square bracket in eq. (B.26) reduces to
A%(B.26) = =V (¢)m?,, (B.29)

whereas for the two longitudinally-polarized modes, we have

S

AL(B.26) = —V () (2 - m%/) . (B.30)

Thus, the total S-matrix element accounting for the gravitational production of spin-1
particles is given by

Sy = Lo ST P My () 2m) Sk — ) — )8 (B + 7)., (B.31)
Pl k

where the matrix elements for the longitudinal and transverse polarizations are

2m%/
(kw)?’

B.2 Production of the SM and DM from the inflaton

MEE)=1- (B.32)

Next, we can calculate the probability P for the production of two particles with momenta

p1 and po in the presence of the inflaton background field
|SI?

(0[0) (p1lp1) (p2lp2)’

where (0]0) = 1 and (p;|p;) = (27)32p6)(0) for i = 1,2. Whereas S is the S-matrix for a
given process, which for our model can be:

P(p1,p2) = (B.33)
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(1) direct production of final state pair of particles f,

2 _ 1 2 — — 2
[SS0 1717 = MBS PRI My (k) [*[(2m) 6 (ko — b — p)0 51+ 2)|
k

(B.34)

(2) the gravitational production through the graviton mediated process,

2
2) 2 P nj2 72 2 54|
ISE05l” = g PR 1M 1y ()2 6k = o = )60 5 + )]
k

(B.35)

Above |M(k)|? represents the spin-averaged amplitude square for a given process and it
depends on the Fourier mode number k of the background inflaton field. In our model, the
first-order amplitudes result from the direct production of the SM Higgs boson and vector
DM pairs, i.e.,

2 o 5 (kw)? ( 4m3 12m§()

ghd) ’ ¢>—>XX| | X| 4M1§1 (kw)z (k‘w)4 ( )
Whereas the second-order amplitudes in our work correspond to the gravitational pro-
duction of the SM and DM particles through the graviton exchange, and for a final state
massive scalar S or vector V particles are given by

——(2) o 4m? 4mi 2 4m?,  12mi
=1+ —=+—= =1-—5+—7 B.
Mg~ 55 + (hw)? + (k)T |M¢va ()2 + (h)? (B.37)

where we have summed over polarizations of final states.

In order to simplify (B.34) and (B.35) one has to square two delta functions. To that
end, we assume that the process of particle creation from the vacuum takes place in a box
of volume V' with time duration T'. At the very end of the computations, the regulators V'
and T are removed by taking the limit V, T'— oco. The square bracket in (B.34) and (B.35)
can be written as

2
[(2m) 6 (ke — p§ — P96 (B +p2)|” = (2m) 3 (kw — p) — pB)SE) (1 + ) x (2m)"510)(0),
(B.38)

where the regulators V' and T are defined as
(2m)16™ /d4xe = (27)36®) /d3IL‘€ 0E_y, (B.39)
This result allows us to rewrite (B.33) corresponding to (B.34)

——(1) 2
(1) 242 2 |M¢%ff(k)| 4 0 0N <(3) /= -
P, ;1 (p1,p2) = " Mp, Zk]m v (2m) 20 (kw — pY — p)6®) (51 + Po) VT,

(B.40)
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for the direct production through the inflaton interactions, and to (B.35)

2
wp MG (R) .
P y(01,02) = Mﬁ;' PRt %(271')45(/{?(.0*]9?—])8)5(3)(1)1+p2)VT7

(B.41)

for the indirect, gravitational production of final state particles f through the graviton
exchange, respectively.

To get the total probability one has to sum over each outgoing momenta. In the contin-
uum limit, this reduces to multiplying P(p1,p1)/T by a factor Vd3py/(27)3 Vd3py/(2m)3.
Note that the energy gain of created particles in volume V and time dt can be calculated as

VA Vi, Py p(p1.p1)
(2m)3 (2m)3 T

dED (p1,p2) = () + pY) dt, (B.42)

where ¢ = 1,2 for the direct production and from the graviton mediation, respectively.
Thus, the total energy gain per volume and time for the ¢ — ff process for the direct
production through the inflaton field is given by

de 2 2 (1 d*py
var ¢ MPIZ|PI€’ (M2 gy (K ’/27? 1920

d3 D B }

Assuming the final particles have the same mass the resulting energy gain reads

2
dBW P M) & Amy

2 B.44
vl . kZlkw\Pk! ’M¢—>ff )| T ) (B.44)

For the graviton mediated production we get the following result:

d E(2) pi 0 — 4m?c

_ kw 2n|2 ( ) B.4

For the final state vector DM, the rate of production, or in other words, the collision term for
DM number density due to the direct production and through the graviton mediation are

92 1/n oo 2 4 2
o _ |Ckl (%) 9 4< _ 4m% 12mX) _4m%
Dylxx = 5o\ ;ym k) (1= Gz t Gyt )V G (B40)

4m3 12m4 4m?
DY y792n|2<1 - %4 X) 1- X (B.47)
o Mél ,; (k)2 " )t )\ (k)2
B.3 Inflaton decay rate
The continuity equation,
pp +3H (1 4+ w)py = 0, (B.48)
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indicates that the energy density of the inflaton field decreases due to the Universe’s ex-
pansion. On the other hand, the inflaton loses its energy during reheating while the SM
radiation and DM sector are gaining energy. Due to the energy conservation, the total
energy density gained by the SM and DM particles must be equal to the energy loss of the
inflaton field. Therefore the following time-averaged Boltzmann equation for the inflaton
energy density could be written as

P +3H(1 +w)py = —(Tg)ps, (B.49)

where (I'y) and w are the time average of the inflaton decay rate, Iy, and the equation-of-
state parameter defined in (4.23) and (3.14), respectively. For the considered interactions,
the total decay rate for the inflaton field can be written as a sum of several contributions

1 1 2 2 2
T = Tghmn + Telxx + Tihun + Doty + Ty + Tixxs (B.50)

where the superscript (1) and (2) indicate the direct production through contact interac-
tion with the inflaton field and the indirect gravitational production through the graviton
exchange between the inflaton field and final state particles, respectively. Above ¢ and V
denote the SM fermions and gauge bosons, respectively. The inflaton partial decay rates
through direct interactions in our model are

2 1/n 3 oo
£ = S22 (5) 5= a1 - (851
81 py \A =i (k )

¢ 12 1/n oo 4 2
m _ ICK] 1(%) ( Am% 12mx) _ Amxy
Tolixx = 5o PRVT Zym (kw) (e )2+ (Fo)! 1 (ho)? (B.52)

whereas the inflaton partial decay rates through the graviton mediation are

MZZ S >z< (ZW B3
o iy *P%”P(l— :*;;%z : iZTfi) S o

The gravitational inflaton decay width to massive fermions was also calculated in [26].
Note that for the direct inflaton decay rates, the ¢ — X X rate is strongly suppressed
relative to the SM Higgs boson decay channel. Thus, in the main text above neglecting
the F((;l yx term in the Boltzmann equation for the inflaton energy density is justified.
Moreover, the inflaton field cannot transfer its energy to massless vectors and fermions
through gravitational interactions. Furthermore, for the gravitational inflaton decay rates
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: (2
to the SM particles we note that FQHWJ

straightforward to find the dominant source of reheating, i.e., whether it is due to the direct

< Fglhh ~ F((flvv. From the above results, it is

interactions of the Higgs field with the inflaton through g4 term or it is due to gravitational
interactions between the inflaton field and the SM. To obtain the condition on the inflaton-
Higgs direct coupling gpe such that the direct interactions dominate the reheating process
to that of due to gravitational interactions we require I‘Sﬁllhh > F<(¢>2l>hh' This implies that
the reheating occurs dominantly due to ¢ — hh channel if the inflaton-Higgs coupling, gne,

satisfy

1

4\ 3n

ps (A Py

Ihé 2 — | ~ , (B.57)
’ Mf%l <P¢> Mé’l

where we neglect corrections proportional to phase space factors and the last approximation
follows from the fact that pg ~ A* at the onset of reheating phase and it gradually decreases
during the reheating period. Note that the above inequality puts the strongest constraint
on the value of the g4 coupling at the beginning of reheating when py is the largest and
scales as pgy ~ A%, The efficiency of the gravitational interactions quickly decreases with the
Universe’s expansion. Consequently, such interactions can be relevant for the dynamics of
the radiation sector only at the highest possible energy scales, i.e., at the start of reheating
phase. Neglecting terms of order one and adopting our benchmark value of A, we find the
following limit gns = 107!, Thus, we can conclude that for the inflaton-Higgs coupling
Jhe € (1075,10719) as adopted in this work, the inflaton decay to pairs of SM Higgs bosons
always dominates over graviton-mediated contributions.
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