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Abstract. In the Starobinsky model of inflation, the observed dark matter abundance can be
produced from the direct decay of the inflaton field only in a very narrow spectrum of close-
to-conformal scalar fields and spinors of mass ~ 107 GeV. This spectrum can be, however,
significantly broadened in the presence of effective non-renormalizable interactions between
the dark and the visible sectors. In particular, we show that UV freeze-in can efficiently
generate the right dark matter abundance for a large range of masses spanning from the keV
to the PeV scale and arbitrary spin, without significantly altering the heating dynamics. We
also consider the contribution of effective interactions to the inflaton decay into dark matter.

Keywords: dark matter theory, inflation, particle physics - cosmology connection, physics
of the early universe

ArXiv ePrint: 2006.02442

© 2020 IOP Publishing Ltd and Sissa Medialab https://doi.org/10.1088/1475-7516/2020/10/021


mailto:nicolas.bernal@uan.edu.co
mailto:javier.rubio@helsinki.fi
mailto:hardi.veermae@cern.ch
https://arxiv.org/abs/2006.02442
https://doi.org/10.1088/1475-7516/2020/10/021

Contents

1 Introduction 1
2 The Starobinsky model 2
3 Standard Model production 4
4 Dark matter production 9
4.1 Direct decays 10
4.2 UV freeze-in 12
4.3 Non-thermal effects 14
4.4 UV sector induced scalaron decay 15
5 Conclusions and discussion 17

1 Introduction

The celebrated Starobinsky model of inflation, in which cosmological perturbations were
originally computed [1], remains in excellent agreement with observations [2, 3] even four
decades later of being proposed. This scenario is based on the presence of a R? term on top of
the Einstein-Hilbert action and leads generically to three distinct epochs: i) an inflationary
state at large curvature values, ii) a matter-dominated era following inflation and iii) a
crossover regime where particle production takes place and the Universe transitions from
matter domination to radiation domination.

One of the attractive features of Starobinsky inflation is that gravitational degrees of
freedom are responsible for both inflation and the onset of the hot big bang. Compared
to other inflationary scenarios, the Starobinsky model is highly predictive — it contains a
single free parameter which is determined by the observed amplitude of primordial density
fluctuations [4]. All interactions with matter fields in its dual scalar-tensor representation
are universally dictated from their conformal properties, reducing the usual uncertainty in
post-inflationary model building.

The heating stage in Starobinsky inflation proceeds through the gravitational particle
production of non-conformally coupled fields. This slow but continuous process produces
a subdominant radiation component even before the heating of the Universe is complete.’
During this period, the temperature of the radiation bath exceeds the heating temperature
(see e.g. refs. [5-9]), opening the door to the indirect production of dark matter (DM) out of
the Standard Model (SM) plasma.

In this paper, we study the direct and indirect production of DM in the Starobinsky
model of inflation with a particular focus on the so-called UV freeze-in mechanism [10-
12]. This mechanism is highly sensitive to the dynamics of the thermal bath during the
intermediate period between inflation and radiation domination [13, 14], and therefore, it is
natural to be analysed within a specific heating setup like the one under consideration (for
related studies, see e.g. refs. [14-26]). Unlike IR freeze-in scenarios, where the bulk of the

!The time of (complete) heating is usually defined as the moment at which the energy densities of radiation
and the inflaton become equal. The heating process is often referred to as “reheating”.



DM abundance is produced at low scales, typically when the temperature of the SM thermal
bath is of the order of the DM or the mediator mass, UV freeze-in is mostly effective at
high temperatures. In particular, this mechanism is possible if the thermally averaged cross
section connecting the dark and visible sectors grows with temperature. The last feature
implies that the two sectors are effectively connected by higher dimensional operators, which
can naturally appear in the presence of heavy mediators once these are integrated out (see
e.g. ref. [14]). As such operators are not conformally invariant, they will inevitably couple
both sectors to the inflaton field, inducing additional decay channels.

We consider a minimalistic matter sector containing the SM and an additional DM
candidate. After showing that the direct perturbative production of DM via two-body infla-
ton decays is only viable for close-to-conformal scalar fields or spinors of very specific mass,
we demonstrate that the observed DM density can be produced via the above UV freeze-
in mechanism. In fact, if the visible and DM sectors are connected by higher dimensional
operators, the whole DM relic density can be viably produced by UV freeze-in for a broad
range of DM masses between the keV and the PeV scale, and arbitrary spin. These new
interactions can leave the heating dynamics in the Starobinsky model unaltered. However,
the higher dimensional operators open new decay channels into the dark sector which, in
general, cannot be a priori neglected as they may compete with the UV freeze-in process.

This paper is organized as follows. In section 2 we review the Starobinsky model of
inflation, connecting it to its dual scalar theory. The heating dynamics is studied in section 3.
The production of the DM relic abundance via the UV freeze-in mechanism is discussed
in section 4. Finally, we provide a summary and some concluding remarks in section 5.
Throughout the paper we use the metric signature (—, +, +, +) and natural units 1 = ¢ = 1.

2 The Starobinsky model

Consider the action? [27-30]

. R?
R4 v
+6

M2 +SM((/~)77J)7AM) ’ (21)

M2
S = 2P/d4x\/ —g

with Mp = (87 G)~'/2 ~ 2.4x 10'® GeV the reduced Planck mass, M a mass parameter to be
determined from observations and Sjs a matter action accounting for the SM model content
and other potential beyond the SM sectors including DM. For the sake of concreteness, we will
assume this matter action to include n,, scalar fields (¢) non-minimally coupled to gravity,
ny, fermions (1)) and n4 vector fields (A,,), namely Sy = So + S1/2 + 51 with

Sp = / dloy/=5 3 [~Dud D e — (m2 — &, R)IP2 — N3l |
ny
S = / a5y _jlﬁwﬁw] .

*We include a tilde to denote Jordan-frame fields in order to have simpler expressions in the scalaron-
frame (2.5), where most of the computations in this paper will be performed.
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Figure 1. Potential for the Starobinsky model of inflation in the scalaron-frame (left panel) and
evolution of the scalaron field as a function of the number of number of e-folds (right panel). As a
reference, dotted lines corresponding to ¢ = ¢, ¢ = pena and N = N, = 54 are overlaid (cf. section 3).

Here F* stands for the field strength of /Nlu ) f)ﬂ p= (Gﬂ—igflu)gb and [Py = é’*avo‘(ﬁﬂ—fu—
ig[l#)& denote respectively scalar and spinor covariant derivatives with g a gauge coupling
constant, e, a vierbein field and fu = —%Zaﬁé%@ué,\ﬁ a spin connection, with X% =
—yfe = %['ya,yﬁ] the Lorentz group generators [31]. Space-time indices are raised and
lowered with the g, metric.

The presence of the R? term in eq. (2.1) allows for an inflationary state able to generate
the observed amount of primordial density perturbations for suitable values of the mass
parameter M [27, 28]. This can be seen explicitly by rewriting R? in terms of an auxiliary
field ®,3

4 ~ (1.1 np Mgl S T3 _ 3Me?

S = /d z\/—§ [Q(MP+§<I> )R- S0 ] +Su(@, 0, Ay), A= B (2.3)

Now, by performing a Weyl transformation g,, = 0?2 9w With the conformal factor

RS \/ﬂs
Q —1+]W]%—exp< 3MP>7 (2.4)

the action (2.1) is recast as [32-34]

2
5= / Ao/ =g [J\gPR _ %gwew B0 — V(¢)] + a0, Ay) | (2.5)

where

B 2
V(g) = ZM% M? {1 - e_ﬁ”?f?] (2.6)

is the potential of the so-called scalaron field ¢ (cf. figure 1). In terms of the conformally
rescaled fields,

e=0"13, ¢Y=03%%,  A,=A4,  ,=Q7te",, T,=T,, (2.7)

3Note that upon integrating out ®, one gets back the original theory.



the matter action Sjp; reads
So = / dav/=g ) {— (D) Dl — (72 mi, — £,R) o
T
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1
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with F* the field strength of A* and D*, Ip scalar and spinor covariant derivatives depending
on the corresponding untilded quantities. The kinetic terms of fermions and vectors as well
as contact interaction terms of mass dimension 4 are Weyl invariant. Note, however, that
this does not apply to dimensionful parameters, explicit mass terms or the kinetic terms of
non-conformally coupled scalar fields such as the SM Higgs. Since the matter sector still
contains non-minimal couplings to gravity, we will refer to this frame as the scalaron frame,
refraining from using the more common FEinstein-frame terminology.

The approximate shift-symmetry of eq. (2.5) at large field values can be understood
as the scalaron-frame manifestation of the emergent scale symmetry of eq. (2.1) in the large
curvature regime. In this form, the usual slow-roll techniques allow to compute the amplitude
P of the power spectrum of primordial density fluctuations, its tilt ns and the tensor to scalar
ratio r [1, 29, 34],

N2 [ M\? 2 12
= 247-‘-2 (]\4_]3) s ng >~ 1— F*, rx~ m (29)

The scalaron mass M is determined by the COBE normalization P = 2.1 x 1079 [3],

4
M~13x107° (;) Mp. (2.10)

The precise number of e-folds N, to be inserted in these observables depends on the reheating
temperature Try at which the Universe becomes dominated by radiation, namely [35]

1 Tru
N, ~54+ —log [ 21 ) | 2.11
Tgioe <109 GeV> (2.11)

This temperature depends itself on the details of the heating stage, which we now proceed
to describe.

3 Standard Model production

The heating stage in the Starobinsky model of inflation proceeds through the gravitational
particle production of non-conformally coupled fields.* It can be computed via the Bogoli-
ubov’s method in the Jordan frame (2.1) [27, 28] or using standard perturbative techniques

4The formation of massive oscillons, typically associated with potentials that away from the minimum are
shallower than quadratic [36], does not take place in this setting [37].



Figure 2. Feynman diagrams for the 1-loop (anomalous) scalaron decay into gauge bosons.

in the scalaron frame [38, 39], getting the same result in both cases [40, 41]. We will follow
here the second approach.

Taylor expanding the conformal factors in eq. (2.8) in ¢/Mp, we obtain a series of
trilinear interactions involving the scalaron field ¢. Since the only non-conformally coupled
field in the SM is the Higgs boson, the scalaron will only decay to it at tree level. The
corresponding two-body decay width is given by

(3.1)

m%{ 2 M3
247

1

T ~— |1+4+6 2—= | —=,
tree, SM |: + €H+ M2 M]%
where we have taken into account that the mass of the Higgs is much smaller than the scalaron
mass, myg < M, neglecting therefore phase-space suppression factors. We remark that the
non-minimal coupling &5 affects the Higgs potential and thus the stability of the electroweak
vacuum [42]. In particular, negative but moderate values® of £y enhance the effective Higgs
mass during inflation [44, 45] without generating strong tachyonic instabilities during the
heating stage [43, 45-47]. Having this in mind, we will restrict ourselves to a conservative
range —1/6 < &y < 0 in what follows. Note also that, at the leading-order, the decay width
Iiree, sm vanishes when the non-minimal coupling of the Higgs field to gravity is close to its
conformal value £ = —1/6.

Although absent at tree level, the anomalous decay of the scalaron field into gauge
bosons is possible at 1-loop (cf. figure 2). In particular, the breaking of scale symmetry
during the regularization process translates into an induced breaking of the gauge conformal
symmetry. If the intermediate states running in the loops are integrated out, the effect of
the anomaly can be expressed through a local effective action

Sy = / d*z/—g [%g’”(m QHFME,,| , (3.2)
with
g>b 1
Br(g) = e b= > 3 [(1LN — 1) Ny — Ng — 2N, 5] (3.3)
internal

the contribution of the internal fields to the 1-loop Callan-Symanzik g-function and N,
Nyj2, and Ny the quantum numbers or flavours of the corresponding scalar, fermion and
SU(N) vector species [48]. This contact-like interaction can be alternatively interpreted as
a scalaron coupling to the trace of the energy-momentum tensor of the gauge fields, which
is now non-vanishing. Taylor expanding the conformal factor in powers of ¢/Mp, we get an

®The precise range depends on the value of top pole mass [43].



effective decay width®
naa?b® M3

e B 3.5
153673 M2’ (3:5)

Fanom,SM =
with o = ¢%/(47) the gauge structure constant. Note that we have implicitly assumed the
electroweak symmetry to be unbroken during the heating stage, such that the n4 SM gauge
bosons in the final states are massless.

The dominant contribution to the total scalaron decay width into SM particles,

I~_\SM = I_\tree, SM + Fanom, SM » (36)
depends on the specific matter content. At this point, we can consider two limiting scenarios:

1. Tree-level dominated decay. For a small number of internal particles and provided that
the Higgs field is non-conformally coupled to gravity, the tree level decay in eq. (3.1) be-
comes the dominant decay channel, i.e. I'syi = I'iree, sM. Numerically, this corresponds
to a decay width

Dom ~ 2.9 x 10717(1 4+ 665)2 Mp, (3.7)

where we have omitted O(m?;/M?) corrections that are important only in the close-
to-conformal limit i — —1/6.

2. Anomaly dominated decay. The scalaron decay rate becomes dominated by the anoma-
lous contribution, I'syt >~ Tanom, sm, if

0.1\ [ 16\*? m?
b|>20m | — ) [ — 1+6 21 ) 3.8
o >20m (%) (22) 7 (14 oeu + 252 ) (35
As shown in ref. [50], this restriction is easily satisfied in the SM with a conformally
coupled Higgs (£ = —1/6).7 Alternatively one could consider non-conformally coupled

scenarios involving additional SM-charged particles so that b is increased (see e.g [37]
and references therein).® The effective scalaron decay rate can be estimated as

2/ p\2
T =~ 4.6 x 10-2 7, (00‘—1) <10> Mp. (3.9)

SIf the particles running in the loops are lighter than the scalaron, the anomalous decay ¢ — A A can
still take place, but the associated rate must be computed directly from the 1-loop diagrams in figure 2.
Remarkably, the corrections associated with the intermediate masses appear only as a multiplicative O(1)
factor. For instance, the decay via bosonic and fermionic loops is given by [39]

2
2 3 2 2
M M M
chact _ nao M 27 M I M 4
anom,SM 1536 73 M123 E 1/2 m?r/} + — 0 mi ) (3 )
0

Ny/2

with Iy /o(M?/m3, — 0) = Io(M?/m2 — 0) = 1/3 for heavy internal degrees of freedom and Iy /o(M?*/mj, —
o0) = 0 and Io(M?/m2 — oo0) — 2 for light ones. A similar albeit more involved computation entailing
Faddeev-Popov ghosts can be also performed for intermediate gauge bosons [48, 49]. Having in mind these
mild corrections, we will stick to eq. (3.5) in our estimates.

"The close-to-conformal value £ ~ —1 /6 suppressing direct decays into the Higgs is required at the scale
of the inflaton mass. It may be slightly different at the scale of inflation due to the logarithmic running of the
non-minimal coupling [51].

8We note, however, that perturbativity might be eventually lost if the number of SM-charged degrees of
freedom in a given scenario is too large as quantum corrections scale with « - b. We do not consider such
scenarios as a non-perturbative treatment is beyond the scope of this work.



The anomalous contribution due to the SM particle content provides an irreducible
contribution to the scalaron decay width and thus implies a rough lower bound on the
heating temperature.

The early evolution of the Friedmann-Lemaitre-Robertson-Walker Universe is deter-
mined by the first Friedmann equation, the Klein-Gordon equation for the scalaron field,
with its decay rate accounted for by an effective dissipative term [52, 53], and the equation
for the radiation energy density, namely

+ . . ) .
H? =Pt G4 BHATswWd+Ve=0,  pr+4Hpp=Tsud”.  (3.10)
P
Here H is the Hubble expansion rate, py = $? /2+V and pr denote respectively the scalaron
and SM radiation energy densities, and we have approximated the total scalaron decay width
by its SM counterpart I'y ~ I'sy1, since, by phenomenological reasons, the branching ratio into
the DM sector must be small. In terms of the number of e-folds N = In a, these equations read

+V H'  Tsu 2
H? = P ¢”+<3++ =0,  prtdpr=TsuH¢",
3~ 107 A
(3.11)
with the primes denoting derivatives with respect to NV, and the Hubble damping term
H SPY\ Vi

— = = —-3€[-3,0 3.12

7= () = el (312

following from the continuity equation.

Slow-roll inflation is followed by a matter-dominated era associated to the coherent os-
cillations of the scalaron field around its minimum and a radiation-dominated stage following
its complete decay into the SM thermal bath. The evolution of the different energy densities
during each cosmological epoch can be analytically understood using simple approximations:

1. Inflationary phase. As mentioned in section 2, the inflationary phase is well described
by the slow-roll approximation, where py ~ V ~ 3M]23H2 and 3H¢ + V4 = 0. Since
the scalar energy density can be taken to be independent from radiation, the equation
for the latter can be easily integrated, yielding

oMp [N ,
pr = pr(No) + 73” AN e NNV Ty ey (3.13)

with ey = (V//V)?/2M?3 the first (potential) slow-roll parameter. As any initial ra-
diation density pr(Np) is diluted during the inflationary stage and the field value is
roughly constant within 1/4 e-folds, the radiation energy density quickly approaches
the stationary value’

P
~ VI = — . 3.14
PR 2\[\/ SM €y = 6 HP¢<<P¢ (3.14)

This expression shows explicitly that the radiation energy density is suppressed as
compared to the scalaron counterpart, both by the slow-roll parameter ey < 1 and

9This relation is exact when vV I'sm ey is constant and No — —oo.



by the small decay rate, I'spy < H. However, as ey grows during inflation, so does
PR, reaching its maximal value around the end of inflation, defined by the condition
ey = 1. Assuming instantaneous thermalization of the decay products,the maximal
effective radiation temperature of the associated SM plasma can be estimated as

1/4

30 V4 53

Tinax = |: 3 pR(Tmax):| ~ [ 5 vV VMpTsm . (315)
T gx T Gx

For a minimally coupled Higgs, this corresponds to
Tmax ~ 2 x 10'% GeV. (3.16)

This is the exact value obtained by numerically solving the evolution equations (3.11).
The analytic estimate (3.15) gives a slightly lower value due to the small delay between
the end of inflation and the period when the scalaron begins to oscillate. An example
of this is depicted in figure 3.

2. After inflation, the total energy budget of the Universe is dominated by the now oscil-
lating scalaron field, whose energy density evolves as

po = —(3H + T'sm)d” . (3.17)

Since the frequency of oscillations is determined by the scalaron mass M, which sig-
nificantly exceeds H in this epoch, the scalaron energy density remains approximately
constant within a single oscillation period 7. This allows us to replace the square ve-
locity ¢? in eq. (3.17) by its time average ($?),. Expressing this quantity as a function
of pgy [54], we get!” .

(@27 ~ py. (3.18)

At early times (3H > I'sm), the oscillating scalaron field has an effective equation of
state parameter wg ~ 0, being its energy density diluted as that of non-relativistic
matter, pg o a~3. On the other hand, the density of radiation continues to be deter-
mined by the source term sy ¢2 in eq. (3.10). Plugging pr o pgs I'sm/H into the last
equation in (3.11) and averaging over oscillations, we obtain

~ 2 1
PR o5 Po X a (3.19)

meaning that the radiation fluid is diluted at half the rate of the scalaron energy density.
The temperature of the SM plasma within this period is in the range Try < T < Thax,

with
Trn =~ g5 /" /Tsm Mp (3.20)

the standard reheating temperature, defined approximately by the moment at which the
total scalaron decay width into SM components equals the Hubble rate, I'spy = 3H. For
g = 106.75, the tree-level and anomalous scalaron decays in egs. (3.7) and (3.9) yield
Tru ~ 4.2x10° GeV and Ty ~ 1.7x108 (%) (Tbo) GeV respectively, in agreement with
refs. [50, 55]. Note that lower reheating temperatures imply a longer matter-dominated
stage between the end of inflation and radiation domination, cf. eq. (2.11).

1071 this epoch, the scalaron potential can be approximated by a quadratic expansion around the minimum.
By the virial theorem, the time averaged kinetic and potential energies of a ¢? potential are equal.
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Figure 3. Evolution of the scalaron and the radiation energy densities (left panel), and the radiation
temperature (right panel) as a function of the number of e-folds. We assumed N, = 54 and a SM
heating through a minimally coupled Higgs, that is, Iqy = 2.9 x 10717 Mp.

3. After complete heating, the energy density of the scalaron decays exponentially. The
SM radiation dominates from there on, scaling in the usual way, pr o< a .

An example of the evolution of the scalaron and radiation energy densities previously
described is shown in the left panel of figure 3. The right panel depicts the corresponding SM
temperature. We have assumed N, = 54 and a tree-level dominated decay of the scalaron
field into minimally-coupled Higgs bosons, i.e. T'sy = 2.9 x 10717 Mp. The red dotted lines,
corresponding to T' = Try, T" = Thax and N,, have been added for reference.

Before closing the section, we note that SM particles do not necessarily thermalize
instantaneously, and thus the decay products are initially distributed with smaller occupation
numbers and harder momenta, (p) ~ M (see e.g. refs. [56-58]). In fact, the SM particles are
thermalized approximately at a scale [56]

2/5
FSMMI%) / (3.21)

Tiy =~ oM ( e

which, for a minimally coupled Higgs and a ~ 1072, corresponds to Ty, ~ 10 GeV; an order
of magnitude below Tinax. AS Thax has a milder dependence on I'sy than T3y, the latter can
exceed Thayx if sy > 2x 1079 Mp. Instantaneous thermalization can be safely assumed in this
case. If Tnax 2 Tin, then Tiax should be interpreted as an effective quantifier of the maximal
radiation density defined through eq. (3.15). Non-thermal effects at the moments following
inflation can significantly affect UV freeze-in when the DM production cross-section has a suf-
ficiently strong temperature dependence [58]. We will further develop this point in section 4.3.

4 Dark matter production

On top of the SM production, any successful cosmological scenario should be able to generate
the proper DM abundance. In our particular setting, the evolution of the DM number density
npM is given by the Boltzmann equation

dn
d]iM +3H npm = —(0v) (nfy — ngq) +2Brpy I’ % . (4.1)

The first term in the right-hand side of this expression corresponds to the DM production
via 2-to-2 scatterings of SM particles, with (ov) the corresponding thermally-averaged cross



section. Additionally, neq = Cp % gT? is the equilibrium DM number density for ultra-

relativistic states in terms of the DM number of degrees of freedom g, with C,, = 1 or 3/4 for
bosonic or fermionic DM, respectively. The second term gives the direct production via the
scalaron decay into a couple of DM states.!!

Since the number of DM particles is constant after production, it is convenient to express
the evolution of the DM density in terms of the co-moving yield Y = npy/s, with

212 3
s(T)= —gus(T) T (4.2)
45
the SM entropy density and g.s(7") the effective number of relativistic degrees of freedom
contributing to the SM entropy [67]. In terms of this quantity, eq. (4.1) becomes

dY  (ov)s
dT HT

I _re
sHT M’

(Y2 -Y2) — 2Brpu (4.3)

In the following subsections, we describe in detail the two production mechanisms pre-
viously mentioned, namely direct decays and scatterings.

4.1 Direct decays

As we have seen in section 2, all type of non Weyl-invariant particles with masses smaller than
the scalaron mass can be generated by perturbative gravitational particle production.'? This
applies also to the DM sector [55, 68]. In fact, if DM is mainly produced by the direct 2-body
decay of the scalaron field, eq. (4.3) admits an asymptotic solution Y (T < Try) = Yo, with

Brpu . (4.4)

In order to reproduce the observed DM energy density Qpyh? ~ 0.12 [2], the DM yield has
been fixed such that

1 pe _
mpm }/0 = QDMh2 % % ~ 4.3 x10 10 GeV, (4.5)

with p. ~ 1.1 x 107 h? GeV/cm? the critical energy density and sp ~ 2.9 x 10% cm™3 the
present entropy density. For the scalaron decay not to overclose the Universe, the branching
ratio into DM particles must satisfy the bound

1 TeV 54 2.8 x 109 GeV
B <3x107? =) (== 4.6
DM =2 (mDM> <N*> ( Tku >’ (4.6)

with the equality associated to the case in which the scalaron produces the whole DM relic
abundance. Let us emphasize again that the scalaron field must decay mainly into SM par-
ticles (Brpy < 1), and thus eq. (4.6) implies that DM has to be heavier than mpy > 3keV.
Depending on the DM spin, we can distinguish three scenarios:

" Thermalization and number-changing processes within the dark sector can have a strong impact on the DM
relic abundance. In particular, they can enhance the DM abundance by several orders of magnitude [59-66].

12YWe restrict ourselves to perturbative production of DM below the scalaron mass M, acknowledging the
potential production of super heavy candidates via non-perturbative processes [68].
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Figure 4. Non-minimal coupling required for the production of scalar DM via the decay of the
scalaron for £ = 0 (solid line) and £y = —1/6 (dashed line).

1. Spin-0 DM. The scalaron efficiently decays into scalar states through derivative inter-
actions. In particular, if heating proceeds through a minimally coupled Higgs, then
the branching fraction for a minimally-coupled real scalar DM candidate is ~ 1/5, cf.
egs. (3.1) and (3.6), clearly overshooting the observed relic abundance for cold DM can-
didates. This branching ratio can be however tuned in the presence of a non-minimal
coupling £py between the scalar DM component and gravity. The observed DM abun-
dance is then obtained for

1TeV
14 6&py ~ 1074 mDeM : (4.7)

with a mild dependence on the Higgs non-minimal coupling. Figure 4 shows the non-
minimal coupling &py required for the production of scalar DM via the decay of the
scalaron field. In particular we notice that this mechanism is only compatible with DM
masses below mpy < 101 GeV for non-minimal DM couplings and mpy ~ 10keV if
DM is minimally coupled. These results agree with those in refs. [55, 68].

2. Spin-1/2 DM. A fermionic DM candidate with explicit mass term will couple to the
scalaron when moving to the scalaron frame. The associated decay width is given by

3/2
V27 48y M2 ME M? ‘ ‘

The direct decay of the scalaron in this case can only produce DM particles of mass
mpym =~ 107 GeV, with a very small dependence on the Higgs non-minimal coupling.
This result agrees with that in ref. [55].

3. Spin-1 DM. The scalaron can decay into vector DM via anomalous processes generated
by b fields coupled to the DM charge. Recovering the observed DM abundance in this
case requires (cf. egs. (3.6) and (3.9))

100 MeV
a-b~3 76, (4.9)
mpMm

with a very small dependence on the Higgs non-minimal coupling to gravity.
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4.2 UV freeze-in

In the previous section we have seen that the direct production of DM out of the scalaron
field is either not phenomenologically viable, restricted to specific mass values, or associated
to a close-to-conformal scalar field. Another production channels are therefore generically
required. Here we study an alternative mechanism working independently of the DM spin
(although we will assume a conformal coupling for the scalar DM hereafter) and taking place
in a time window between the creation and thermalization of the SM plasma (tgn ~ thl/[)
and the time at which the direct DM production out of the scalaron field would become
relevant (tdivect ~ (M?2/m3y;) tsm)-

If the interaction rates between the visible and the dark sectors were never strong
enough, the observed DM relic abundance could have been produced in the early Universe
by non-thermal processes. One possibility for having small DM production rates is to consider
non-renormalizable operators Op with mass dimension D > 4. This corresponds to the so-
called UV freeze-in mechanism, where the thermally-averaged DM annihilation cross section
(ow) in eq. (4.1) has typically a strong temperature dependence

mn
(ov) = %, (4.10)

with n > 0 and A the cutoff scale of the effective field theory, potentially interpreted as a
proxy of the mediator mass connecting the dark and visible sectors.'> This cross section is
generated by a non-renormalizable operator with mass dimension D = 5 4 n/2, for n even
and non-negative. Additionally, for this effective operator description to be valid, A must be
the highest scale in the calculation, and we assume throughout the hierarchy mpy < Tru <
Thax < A.

In the case where the DM abundance is mainly produced in the early Universe by
annihilations of SM particles, eq. (4.3) can be rewritten as

dy  {ov)s

_ f{ov)s
e (Y2 -Y2) ~ Y2 (4.12)

S oTed) T g Tear

where we have used the fact that DM never reaches the equilibrium distribution in freeze-
in production, ie. ¥ <« Yoq. At T' < Tgrpu, this equation admits the asymptotic solu-
tion'? [13, 14]

22 QMTn-i-l
v, = 15CEBPC [10 o> pRH{ 3 ..

77 Ox Gus  APT2 2(n+1) n—=6

LIRS [

Few comments are in order here: i) the first term in this equation arises from the produc-
tion below Try, where the Hubble expansion rate is driven by the SM energy density. This

13Non-conformally coupled scalars can interact via a scalaron-mediated s-channel. Due to the derivative
couplings, the corresponding cross section can scale strongly with temperature. For example, the production
of scalar DM S via Higgs annihilation is given by

(1+6£m)°(1+66om)° 5

CHH—8S* = 576 MB M4 s° 4+ 0(s%), (4.11)

for m% <« s <« M? and s the center of mass energy squared. However, this channel is strongly suppressed by
high powers of M and Mp and therefore subdominant with respect to the production via scalaron decays.
4When n = 6, the term in the square brackets is In(Tmax/Tru)-
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Figure 5. Parameter space reproducing the observed DM relic abundance for different temperature
exponents n, via 2-to-2 scatterings only (colored bands) or scatterings and scalaron decays (dashed
lines). The thickness of the bands is due to the limiting cases in egs. (3.7) corresponding to reheating
into the minimally coupled Higgs (upper bounds) and (3.9) corresponding to reheating via anomaly
induced scalaron decays (lower bounds). The gray areas correspond to regions A < Tp,ax and mpy >
Try outside the expected limit of validity of the effective field theory. Reheating through the minimally
coupled Higgs is assumed in this figure.

corresponds to the usual assumption of a sudden decay of the scalaron field. i) However, as
we have seen in section 3, the decay of the scalaron is rather a continuous process. In fact,
during the period Tinax > T > TR, the energy density of the Universe is still dominated by
the oscillating scalaron component, WhSiCh displays an effective equation-of-state parameter
w =~ 0 and leads to a scaling H « a™ 2 for the Hubble rate. Additionally, as the scalaron
decays into SM rsadiation, the SM entropy is not conserved and the photon temperature
scales as T' < a” 8. The DM production previous to complete heating is estimated by the
second term in eq. (4.13). This term dominates if the DM annihilation cross section has
a strong temperature dependence, and can appear as a logarithmic boost In(Tiax/Tru) for
n = 6, or power-law boost (Tiax/Tri)"° for n > 6, relative to the abundance in the instant
decay approximation [13, 14]. #i7) Finally, we note that the inflaton decay products typically
thermalize on a much shorter timescale than F;l, so it is appropriate to assume that the
thermal bath existed before heating [56, 57, 69-71]. Since the DM abundance in eq. (4.13) is
mildly dependent on Ty, for n < 6, the thermal abundance is mostly insensitive to poten-
tial physics around T},,x. However, as thermalization can take place at temperatures slightly
lower than Ti,ax, the non-thermal contribution must be studied separately.

The colored bands in figure 5 show the parameter space reproducing the observed DM
relic abundance via the UV freeze-in mechanism for different values of n. The thickness of the
bands is related to the uncertainty of the scalaron width, which could be either dominated by
tree-level (upper bounds) or anomaly-induced (lower bounds) decays. The gray areas stand
for the regions A < Tiax and m > Try where our effective field theory approach ceases to
be trustable. We find that n = 6 case is at odds with the effective field theory approach.
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4.3 Non-thermal effects

The non-thermal mode for freeze-in production of DM is active when Tyax = T 2 Tin. Due
to the linearity of the Boltzmann equations for freeze-in, we can split the DM abundance to
a thermally and a non-thermally produced component npym nT satisfying

dnpm,NT
dt
Assuming that the cross-section responsible for DM production scales as o o< E™, the cross-
section (ov)NT averaged over the non-thermal component and relevant when Thyax > T > Tip,
is approximately given by [58]

o= (o0 (137 ) =1 (1) (4.15)

where the numerical factor 13 was obtained by fitting the more precise expression given in
ref. [58]. In the minimally coupled Higgs scenario, (cv)nT 2 (ov) for T' < Thax, and the DM
production from the non-thermal component is thus always enhanced. Note, however, that
eq. (4.15) assumes the dominant production channel to be the same for both the non-thermal
and thermal components of SM radiation. For example, if the scalaron decays dominantly
into Higgs particles but the thermal production (4.10) receives a negligible contribution from
Higgs annihilation, then the enhancement implied by eq. (4.15) is not realized. In conclusion,
when non-thermal effects are relevant, one may have to specify the dominant channels of DM
production, and work out the particularities of visible sector thermalization.

The number density of scalarons satisfies ny ~ ng o (ag/a)® e, where v ~ gy (t—tg) ~
3l'spm/(2H) and to denotes the point where the scalaron starts oscillating. As thermalization
takes place before reheating, we can safely assume v < 1 or, equivalently, H > I'y. In the
absence of number-changing interactions and assuming 2-body decays of the inflaton, it holds
that 2ny + ngy o a3, and therefore we have ngy ~ 2nsv. Following refs. [56, 70-72], the
effect of depletion of the non-thermal SM component and number density of non-thermal SM
particles can be estimated as

Uerpie \ /2
NSMNT = 214V [1 — (;?) ] , (4.16)

+ 3HnpMmNT =~ (0V)NT n%MNT . (4.14)

where

5
al®Mpv? M <4T§1> (4.17)

kspht 2M3F§M 2 5 pr
is the splitting momentum below which a particle can deposit a significant fraction of its
energy and participate in the thermal plasma. Noting that pp = (2/5)M ngv < H, the
Boltzmann equation (4.14) can be easily integrated in terms of the number of e-folds, yield-
ing the non-thermal DM number density at the time of thermalization npmNT|7=1), =~
2(0’1})7”%1}2 /H|7r=r,,. This expression holds when the beginning of the scalaron oscillations
and thermalization are separated by N 2 1 e-folds. Otherwise, ngy nT is suppressed by a
factor proportional to N3. After thermalization, the comoving number density of this DM
component is conserved. Thus the resulting DM yield is

Yar — npMNT (Tin) ( Qth >3 . 9° TRu{ov)nr
SRH aru)  Grs  HpM?

_ 14/5—n
~ 3y (L@ T Tru
~0(107) (10*2) 2.4 x 1012 GeV Yo,

(4.18)

— 14 —



where the second line shows the explicit comparison with the thermal yield (4.13) when
n < 6. When Ty < 2.4 x 1012 GeV, the last term in the brackets can dominate when n > 3,
as pointed out in ref. [58]. However, a direct numerical comparison of Yy with Yj in the
minimally coupled Higgs scenario shows that the non-thermal contribution is subdominant
when n < 4 and comparable when n = 4. On the other hand, the n > 6, the non-thermal
DM yield exceeds the thermal one by a factor of O(10%).

An increase of the yield allows weaker interactions and thus higher values for A. Non-
thermal effects will thus shift the n = 6 band in figure 5 up by about a factor of 10. However,
in general, it will not be sufficient to compete with the production via induced scalaron
decays. All in all, we find that the non-thermal effects can be safely neglected if n < 2,
while for larger n, the DM abundance estimate cannot a priori omit the, potentially model
dependent, contributions from non-thermal effects and induced scalaron decays.

4.4 UV sector induced scalaron decay

The operator Op responsible for the scattering cross section (4.10) is not Weyl invariant for
D > 4. Thus, the conformal transformation (2.4) will generically generate a scalaron-frame
coupling of the form!

. Op Op D—-4 ¢ Op
b4 ~ 4.1
AD—4 AD—4 + \/6 A[P AD_4 + ( 9)

The last term in the right hand side of this expression contributes to the direct scalaron
decay into the dark sector, inducing a decay width of order

2(D—4)
Fo~10° (é{) I, (4.20)

where I', = M3 /(247 M%) corresponds to the minimally coupled Higgs case given in eq. (3.1).
To have a consistent UV freeze-in scenario, this channel should not dominate the DM pro-
duction. Compared to the scattering cross-section (4.10), the decay width (4.20) is further
suppressed by phase-space factors. More precisely, in deriving this rough estimate, we as-
sumed UV freeze-in via 2-to-2 scattering. In the scalaron frame, this implies a scalaron
decay into two dark and two SM particles, yielding a phase-space suppression of about
(30727%)~1 ~ 3 x 107% when compared to the phase space of the scattering process.

In order to avoid the production of states living at the scale A (e.g. heavy mediators)
out of the perturbative scalaron decay, we must require A = M. This implies that the
branching ratio for the decay (4.20) is suppressed at least by a factor of 1079, assuming
heating to proceed through a minimally coupled Higgs. In this case, UV freeze-in with n = 6
is disfavoured, as shown in figure 5.

The induced scalaron decay contributes to the DM abundance and may even dominate
DM production. The dashed lines in figure 5 indicate the parameter space that reproduces
the DM abundance, taking into account both 2-to-2 scatterings and the production via the
decay of the scalaron, estimated using eq. (4.20). In the case n = 0, the DM production is
completely dominated by the scattering, while for n = 2 the two production mechanisms can
be of the same order of magnitude. When n > 2 the decays, given by eq. (4.20), are expected
to dominate. We stress, however, that eq. (4.20) is only a rough order of magnitude estimate.

15We remark that, on top of the simple rescaling assumed in this expression, additive contributions might
be generated by the Weyl rescaling if the effective operator contains also derivatives.
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Y {5
(2

Figure 6. The competing interactions for the production of the 5 particle in our toy model:
annihilation into 19 responsible for UV freeze-in (left panel) and the induced 4-body decay of the
scalaron (right panel).

The interplay between DM production via induced decays and scatterings must be worked out
in the specific model under consideration. For example, UV freeze-in in the n > 2 case may
still dominate if the induced scalaron coupling is strongly suppressed for on-shell scalarons.

The specific realization of the UV freeze-in depends on unknown UV physics beyond
the theory cutoff. In order to obtain a clearer picture of the relation between scatterings and
direct decays, it is instructive to consider a simple but explicit toy model for UV freeze-in.
To this purpose, we choose a heavy scalar S with mass mg 2 M coupled to two fermions 1,
1)9 representing the visible and DM sectors, respectively. We assume trilinear interactions
y; Sbi i, with y; denoting Yukawa couplings, cf. left panel of figure 6. At energies s < M?2,
the two sectors are connected via a cross section

2,2
Y192
~ 4.21
01122 167rm§8’ ( )
leading to a thermally-averaged cross section
T?
(01125220) ~ 0.4 with A=T5 (4.22)

A% NI

In the scalaron frame, the Weyl rescaling couples the scalaron field to the heavy scalar
S via a ¢SS interaction as that following from eq. (2.8) at small ¢ values. This produces a
tree-level four-particle decay ¢ — 11192109 through a pair of off-shell S mediators, cf. right
panel of figure 6.'® Assuming the fermion masses to be much smaller than the scalaron mass,
my,2 < M, the corresponding decay widths at leading order are given by

I, M4y%y% (M !
Pooti22 = 50 T5ml ~2x1077 (=) T,

Ly M43/z4 s (M ! Y
Voot = gomotqomt, =210 (3 ) 2 ) T

k3

(4.23)

with the numerator of the first fraction corresponding to the minimally coupled Higgs case in
eq. (3.1) and the denominator accounting for the suppression due to the 4-body phase space,
such that the decay widths have the same form as (4.20). We neglected the contribution

16We remark that the 2-body decay ¢ — ¥;1); is induced at one loop with a decay width proportional to the
fermion mass. Thus, the loop-order decay is subleading as compared to the tree level decay (4.8) of massive
fermions and can be neglected in this order of magnitude analysis.
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from the derivative couplings between the Higgs and the scalaron since the ¢SS interaction
is generally dominated by the mass term for mg > M.!" We remark that the prefactor in
eq. (4.23) is about an order of magnitude smaller than in general estimate in eq. (4.20). This
is sufficient to suppress the decay into DM so that, in the toy model, the DM production due
to UV freeze-in can compete with the production via direct decays.

In all, we see that all mediator-induced scalaron decay widths in our toy model are
consistent with the above dimensional analysis. We further see that, due to the phase-space
suppression, the induced decay widths are several orders of magnitude smaller than ', as
long as A > M and the interactions between the mediator and the visible and dark sectors
are of relatively similar strengths; in the toy model, min(y; /y2, y2/y1) < 1074

5 Conclusions and discussion

Despite decades of experimental efforts, non-gravitational interactions between the dark and
the visible sector have not been found. This has turned the attention away from the standard
WIMP paradigm, motivating the quest of alternative scenarios where DM is produced by
feeble interactions. A natural possibility that has recently received considerably attention is
the use of non-renormalizable operators involving large cutoff scales typically associated with
the mass of a heavy mediator. Given the extreme temperature dependence of these operators,
it is natural to embed them in specific heating models where the maximum temperature of
the SM plasma can be accurately computed. One remarkable scenario in this regard is the
Starobinsky model of inflation, where the interactions among the inflaton field and the SM
constituents are completely dictated by conformal symmetry.

We considered the generation of the observed DM abundance in the Starobinsky model
of inflation, showing that its perturbative production from the direct decay of the inflaton field
is only viable for a very narrow spectrum of close-to-conformal scalar fields and spinors of mass
~ 107 GeV. This spectrum can be, however, significantly broadened in the presence of non-
renormalizable interactions between the dark and the visible sectors. In particular, we showed
that UV freeze-in can efficiently generate the right DM abundance for a large range of masses
spanning from the keV to the PeV scale and arbitrary spin, without significantly altering the
heating dynamics. However, the higher dimensional operators responsible for UV freeze-in
will also generate additional decay channels for the inflaton field and we find that, when the
cross section scales as (ov) o< T™ with n > 4 they cannot be a priori neglected. Similarly,
we further found that, when n > 4, the instantaneous thermalization approximation may fail
as, in this case, the non-thermal contribution to the DM yield will likely dominate.

Although the scenario presented here assumes a trivial dark sector dynamics, it is con-
ceivable that it could display sufficiently strong interactions leading to self-thermalization.
This could have a strong impact on the DM abundance, opening the possibility of having a
dark freeze-out in the dark sector [59-65]. In particular, if the dark sector could thermalize
within itself, its entropy would be conserved instead of its number density, leading to an
additional enhancement of the DM abundance [66].

'"The non-minimal coupling becomes relevant when |£s| > m%/M?. Moreover, in case {5 ~ —1/6 —
m2/(2M 2)7 the Weyl-induced trilinear couplings of the on-shell ¢, and therefore the decay of ¢, are suppressed.
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