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Freeze-in production of scalaron dark matter in f(R) gravity
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We demonstrate that the scalaron, a scalar degree of freedom, emerging from the f(R) theory of gravity,
can account for the observed dark matter (DM) abundance if its mass is around the MeV scale, to ensure its
cosmological stability. Focusing on two well-known f(R) gravity models, we systematically show that if
scalaron production proceeds via the freeze-in mechanism, the right relic abundance is satisfied over a very
narrow window of reheating temperature 104 < T, < 10'® GeV. We delineate the viable parameter space
of the f(R) models consistent with the observed DM abundance, and highlight relevant experimental
constraints from searches targeting DM decay signatures.
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I. INTRODUCTION

The ordinary matter that makes up stars, planets, and all
visible structures accounts for only about 4% of the total
matter-energy budget of the Universe [1]. About 26% is
made up of what is known as the dark matter (DM) [2,3],
whose nature remains one of the most significant open
questions in both particle physics and in cosmology. A
popular class of candidates are weakly interacting massive
particles (WIMPs) [4], which have been widely studied (see
e.g., [5-7]). In the standard WIMP paradigm, the DM is
assumed to be in equilibrium with the visible sector, also
known as the Standard Model (SM), at a temperature much
above the DM mass. As the Universe expands and cools,
the DM undergoes “freeze out”, leaving behind a relic
abundance that matches the observed DM density,
Qpyph? ~0.12 [1]. This is an attractive framework since
it provides the right DM abundance for a DM-SM inter-
action strength that roughly matches the weak scale.
However, the absence of experimental signals, typically
from the direct search experiments, has increasingly chal-
lenged this picture [8—10]. Out of several alternative DM
production mechanisms, the feebly interacting massive
particles (FIMPs) [11-16] has gained quite an attention.
In the early Universe, FIMPs can be produced via decays or
annihilations of the particles in the radiation bath. As the
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temperature drops below the relevant mass scales, these
processes become suppressed, and the FIMP population
freezes in, reaching a constant comoving number density.
The freeze-in mechanism requires very small interaction
rates, either through tiny renormalizable couplings [of size
~O(10719)], or through nonrenormalizable operators sup-
pressed by a high mass scale. The latter, known as ultra-
violet (UV) freeze-in [17], is especially intriguing because
the DM abundance becomes sensitive to the maximum
temperature reached by the Standard Model (SM) plasma.
Under the sudden decay approximation, this maximum is
identified with the reheating temperature 7,, marking the
beginning of the radiation-dominated era. What is interest-
ing is the fact that the DM-SM interactions can be naturally
suppressed by the Planck mass M p, if the effective coupling
is composed solely of gravitational interaction at high
energies.

The ACDM model, often supplemented by an infla-
tionary mechanism driven by a scalar field known as the
inflaton, stands as the simplest framework that aligns fairly
well with current observational data. Despite its empirical
success, ACDM leaves several fundamental questions
unresolved—most notably, the origin of the inflaton and
the true nature of DM. In addition, it suffers from the well-
known cosmological constant problem [35,36]. While
scalar-field models of inflation and dark energy represent
modifications to the energy-momentum tensor within
Einstein’s equations, an immediate question can be raised
that whether the Einstein’s general relativity (GR) is
sufficient to explain the cosmology of the very early
Universe. From the fundamental theory such as string/

'One way to realize this is to consider the minimal irreducible
interaction that arises from graviton exchange [16,18-33] (see
also, Ref. [34] for a recent review), that can successfully
reproduce the observed DM abundance.
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M-theory, it is predicted that GR applies in the region of
low curvature and thus represents an approximate theory.
Therefore, it is legitimate to hypothesize that the early
epoch of the Universe was governed by alternative theories
of gravity which offer an unified and consistent description
of inflation to dark matter to the present day accelerated
epoch of the Universe. In the context of cosmological
evolution, modified gravity theory should include the terms
relevant to the high-energy regime of the Universe such as
during inflation. As the Universe evolves, the background
theory should reduce to the Einstein’s GR describing an
intermediate phase and lower energy epoch compared to
inflation. Subsequently, with the further decrease in the
curvature some subleading terms in the gravitational action
become significant and trigger late-time cosmic acceler-
ation. Therefore, in the background of the promising
modified gravity theories the early- to the late-time cosmic
expansion can be consistently explained solely by the
curvature of spacetime and its dynamics. It is worth
mentioning that such models should stem from more
fundamental theories and are part of the long standing
quest for a “theory of everything” in physics. At this stage
we also emphasize that in the present manuscript our prime
focus is to explore the DM sector in the background of
modified gravity theory. One of the simplest extensions of
the modified gravity theory is f(R) theory of gravity, where
the Lagrangian density is generalized to an arbitrary
function f(R) of the Ricci scalar R (see e.g., Refs. [37-
40] and the references therein). Interestingly, the f(R)
gravity can be expressed as the scalar-tensor theory, which
includes the Einstein—Hilbert action and an extra scalar
field, originating from higher derivatives of f(R). This new
scalar degree of freedom, dubbed as “scalaron,” could serve
as a viable DM candidate as has been investigated in several
works [41-52]. In these studies, the scalaron is typically
considered to be produced either through the misalignment
mechanism (oscillating condensate) [45,49,53], with a
mass around the eV scale, or thermally from scattering
involving the SM particles in the primordial plasma [54],
where in the last case it was shown that such a contribution
is negligible compared to the energy density of the classical
condensate.

Motivated by these considerations, in this work we adopt
f(R) gravity as the underlying theory of gravitation where
the scalaron, emerging from the f(R) framework is
produced nonthermally from the radiation bath via
freeze-in. Upon transforming from the Jordan frame to
the Einstein frame, the couplings between the scalaron and
the SM fields naturally become suppressed by the Planck
scale, ensuring that scalaron production remains out of
equilibrium in the early Universe. The conformal trans-
formation also leads to three-point interaction vertices
involving one scalaron and two SM particles, which
facilitate scalaron decay. By analyzing both tree-level
and loop-induced decay channels, we first derive an upper

bound on the scalaron mass to ensure its lifetime exceeds
(or is comparable) to the age of the Universe, thereby
promoting it to a viable DM candidate. On top of that, such
decays into SM final states constrain the scalaron mass and
lifetime from several experiments that, for instance, search
for diffuse gamma or x-rays from the Galactic Center.
Subsequently, we consider two well-motivated models of
f(R) gravity as specific examples and explore regions of
parameter space consistent with the observed DM abun-
dance. These results, in turn, impose constraints on the
corresponding f(R) models. Importantly, modifications to
Einstein gravity also alter the Hubble expansion rate
through the changes in the field equations, leading to an
modified expansion history as discussed, for example, in
[55—60].2 We derive the modified Hubble rate in detail and
compute the resulting asymptotic DM yield. Our analysis
shows that, to achieve the correct DM relic abundance via
UV freeze-in, the Universe must have reached temperatures
>10'* GeV following inflation, assuming instantaneous
reheating and a scalaron with mass <O (MeV). This work
is entirely devoted in investigating the viability of the
scalaron as a DM candidate produced nonthermally via
freeze-in, with issues related to the early-/late-time accel-
eration of the Universe and dark energy left unaddressed.

This paper is organized as follows. In Sec. II we discuss
the f(R) theory formalism, followed by Sec. III, where the
details of the two f(R) models is provided. In Sec. IV, we
elaborate on freeze-in production of scalaron as DM and
show the viable parameter space. Finally, we conclude in
Sec. V. Appendix A provides scalaron interactions with the
SM, which are then utilized to calculate the scalaron decay
rates in Appendix B. The modification to the Hubble rate in
our f(R) models is detailed in Appendix C.

II. FORMALISM

In this section we briefly present the metric formalism
for the f(R) gravity theory, where the four-dimensional
action can be written as

1
S = F/ d*x\/=gf(R) + / d*x\/=gL,, = Sg +S,,,
K
(2.1)

where k*> = 1/M?% depicts the gravitational coupling
strength, Sp denotes action for modified gravity theory,
while S, corresponds to the matter action. In this work we
follow mostly minus metric signature. The Ricci scalar is
defined as R = ¢"“R,,, along with the Ricci tensor,

R, = 0,I%, —,} + 4,10, — %1%

vpT ud? (22)

2Intelrestingly, such modified Hubble rate can also result in
blue-tilted primordial gravitational waves (GW) that may fall
within the sensitivity of several futuristic GW detectors [61,62].
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where I'’s are the usual affine connections defined in terms
of the metric tensor g, as

1
I, = Egaﬂ(gyﬂ.ﬂ + Gipy = Ipra)- (23)
g depicts the determinant of the metric tensor g,,. The
Lagrangian £, contains all the matter fields, including the
SM fields. For the f(R) theory in metric formalism,
the action in Eq. (2.1), can be recast in the form of
Brans-Dicke theory [63],> where a potential term emerges
for the effective scalar degree of freedom. Thus, with the
help of an auxiliary field y, Eq. (2.1) can be rewritten as

Sy =5 | X+ FOR=D). 24

where the subscript “J” stands for Jordan frame of

reference. Varying this action with respect to y yields

the equation of motion for y as
") (R—x) =0. (2.5)

For f”(y) # 0 one obtains y = R, which in turn produces
the exact form of the action in the Eq. (2.1). Defining

¢ = f'(y), we write Eq. (2.4) as
5= [ eyl 0 - v
D)~ 164))

with  U(¢p) = -2 (2.6)
The action in Eq. (2.6) can be further written as
51 [ R )]
with U(¢) = %’;ﬂ), (2.7)

where f'(R) is the derivative of f(R) with respect to R.
Next, we redefine the metric tensor by performing a
conformal transformation as below,

9w — gﬂl/ = ngyw

which leads to

R = Q*[R + 60w — 63"0,00,0), (2.8)

where w =InQ, 0,0 = 2%, Ow = JL__ga,,[, /=g 0,w], and
V=9 = Q™*/=3. Due to this transformation, Eq. (2.6)
becomes

The f (R) gravity in the metric formalism corresponds to
generalized Brans-Dicke (BD) theory with a BD parameter
wpp = 0 [64,65].

/d“x\/i[fl {R + 600w — 63“0,w0,w} |.

(2.9)

The above action reduces to the Einstein frame action under
the conditions Q? = f/(R) and f'(R) > 0. We further take,

® = \élnf’(R),

which results in @ =InQ = k®/ /6, with the subsequent

action,
o fouiaf-ors(En()
- V((I))} , (2.10)
where
VO = s G

with ¢ = f'(y) = f'(R) = V& The subscript “E” refers
to the Einstein frame. We finally write down the action in
the Einstein frame as

/d4x\/_[———¢acbacb V(®)|, (2.12)

along with the matter part,
. B R
S = [ /| D, (D) = P
+ lfyﬂay}+ (EY - VH)
2
+ K{ —\[gcbgﬂ”(DﬂH) "(D,H)
3.2 . = -
~\[5i(®Fr9,F - fra,@f)

- 2@@(5 - VH)H.

From this point onward, we work entirely within the
Einstein frame, where the pure FEinstein’s gravitational
action appears and an additional scalar field ® emerges
due to the higher-order curvature effects as introduced by
the f(R) theory of gravity. The matter part of the action in
Eq. (2.1) reduces to Eq. (2.13), where all terms proportional
to x give rise to several new interactions between the
scalaron (®) and all the SM fields in the Einstein frame.
This ultimately results in scalaron decay to the SM fields.

(2.13)
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FIG. 1.

Lifetime of scalaron as a function of its mass before (left panel) and after (right panel) EW symmetry breaking. The horizontal

and vertical shaded regions are disallowed from DM lifetime shorter than that of the Universe as well as the warm DM limit,

respectively.

All the scalaron-SM interaction vertices are reported in
Appendix A.

In order to promote the @ to a viable DM candidate, two
conditions need to be satisfied; (i) the lifetime of ® needs to
be (at least) comparable to the lifetime of the Universe
7y ~4.3 x 10!7 sec, ensuring the stability of ® over cos-
mological timescale and (ii) ® should be able to explain the
Planck observed DM abundance [1]. Now, from the action
in Eq. (2.12), it is clear that @ shall inevitably undergo
decay into various SM final states. Hence, we first check
the viable scalaron mass range over which its lifetime
matches that of the Universe, satisfying condition (i). For
that we consider two-body decay rates of the DM into all
possible SM states (see Appendix B for all relevant decay
rates). The bound on DM mass from the requirement of
Tg 2 Ty, 1S shown in Fig. 1. Before the electroweak (EW)
symmetry is broken, we consider all the SM fields are
absolutely massless. Although in this case the DM can be
very light, but still it needs to satisfy mqe = 3.5 keV, the
warm dark matter (WDM) limit [66,67]. After EW symmetry
breaking, all SM fields become massive. As a consequence,
in the right panel, we observe several DM mass thresholds,
corresponding to the opening of different decay channels into
SM final states. In either cases, we obtain an upper limit of

o S 0.17 GeV on DM mass, to satisfy the lifetime bound.
‘We emphasize that this bound in independent of the choice of
any particular f(R) gravity model, and stems simply from the
action itself. Later, we show that this in turn constraints the
parameters of a given f(R) model.

We now turn to various observational constraints on the
scalaron mass. As pointed out in [53,68], a light scalaron
induces an additional universal gravitational interaction
of Yukawa type. This modifies the total gravitational
potential per unit mass t0 Vg, (r) = —=2% (1 4 4e7me").
Experimental nonobservation of such short-range devia-
tions from Newtonian gravity in tests involving nonrela-
tivistic masses imposes a lower bound on the scalaron

mass, mg > 2.7 X 1073 eV, at 95% CL [52,69-72]. Next,
observations of both galactic and extragalactic diffuse x-ray
and gamma-ray backgrounds impose stringent constraints
on decaying DM. In Ref. [73], lower bounds on the DM
lifetime of 7y = 10! seconds have been established for
DM masses ranging from 40 keV to 14 MeV, assuming
two-body decays with at least one photon in the final
state. In particular, for DM decaying into two photons, a
more stringent constraint has been derived in Ref. [74],
yielding 7py = 5 % 102 (mpy/MeV) ™! s, over the mass
range 0.054-3.6 MeV. As mentioned in [53], if mg >
1.2 MeV (rp < 1.2 x 10* 5), the scalaron can not con-
stitute the total local DM since in that case we should
observe a bigger excess of the 511 keV line emission of
photon coming from the Galactic Center. More broadly, as
discussed in [75], for light DM (from a few keV to a few
GeV) undergoing radiative decays, the lifetime limits
typically span from 10%* to 10?® seconds, from HEAO-1
[76], COMPTEL [77], INTEGRAL/SPI [78,79], EGRET
[80] and Fermi [81]. The weaker bounds generally corre-
spond to scenarios involving final state radiation (FSR),
while the strongest constraints apply to direct photon
emission. Furthermore, energy injection into the interga-
lactic medium due to DM annihilation or decay can
significantly affect the temperature and polarization spectra
of the cosmic microwave background (CMB) by altering
the post-recombination ionization history. High-energy
electrons and photons produced from such processes
contribute additional ionization and heating, thereby modi-
fying the CMB signal. This effect has been explored in
Refs. [82,83], which consider DM decays specifically into
electron-positron pairs. For a DM mass of 100 MeV, this
places a lower bound on the lifetime of 7y = 4 x 10% s.
A dedicated study on the constraint on decaying scalaron
from diffuse x-/gamma-rays is beyond the scope of the
present work, however, we will project the most stringent
bounds on the viable parameter space.
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III. MODIFIED GRAVITY SCENARIOS

To this end our discussions have been completely
independent of the choice of any particular f(R) model,
and followed simply the action in Eq. (2.12). We now take
up two representative models of f(R). It is clear from
Eq. (2.11), the potential of the scalaron depends on the
choice of a particular form of f(R), which, in turn, decides
the DM mass. Before moving on, it is important to mention
that in general, f(R) models must satisfy the following
conditions in order to ensure their stability [84-87]:

(i) For the scalaron to remain nontachyonic, it is

required to have d>f/dR> > 0;

(ii) df/dR > 0O for all finite R, to prevent appearance

of ghost instabilities. This is simply translated into

eV2/3k® 5,
In the following subsections we will see, these conditions
are going to impose constraints on the choice of parameters
for a given f(R) framework.

A. Scenario-A

We first consider the following form of f(R),

f(R) = R+ aR", (3.1)

which includes the Starobinsky’s model [88] for a specific
choice i.e., (n =2). Here a, n > 0. Utilizing the fact

f(R) = eV3® we can recast R in terms of the field @
as follows:

R(®) = (na)i(eV3® — )7, (3.2)

Thus one obtains the following form of the scalaron
potential from Eq. (2.11) as

(an)ll_n
2n

V(®) = M3 (n— 1)e V83 (/23 _ 1y,

(3.3)

Here o has a mass dimension of 2(1 —n). As discussed
before, to avoid tachyonic instability we require
f"(R)=na(n—1)R"2>0=n>1, a>0. (3.4
To understand the behavior of the scalaron potential
more clearly, let us first note that its extrema, defined by
V/(®) = 0, occur at those R that satisfy
Rf'(R) = 2£(R) = 0, (3.5)
following Eq. (2.11). The scalaron mass at such an
extremum is given by

, 0%V
mg =—=
0P?

1 Rf"(R
] (1 R )>. (3.6)
ot R\ PR
Now, for the given power-law model, two cases may
arise depending on the values of n:
(i) For even n, Eq. (3.5) admits two real solutions,

R=0, R'= [ (3.7)

=)

Now, for n = 2 (Starobinsky case) the only possible
extremum is R = 0, which is a regular minimum
with corresponding scalaron mass,
m% =1/(6a). (3.8)
For n > 2, however, the nonzero root in Eq. (3.7)
corresponds to a maximum of the potential, while
the point R = 0 becomes a point of inflection rather
than a minimum. This can be seen from the left panel
of Fig. 2, where we show the scalaron potential as a
function of the field values for different choices of n,
for a fixed a = 0.1;
(i) For odd n, the extremum equation yields three real
roots,

R=0, R"l—1 [ﬁ] (3.9

Here, R = 0 again corresponds to a point of in-
flection. The two nonzero extrema form a regular
maximum at the positive root and a regular mini-
mum at the negative root, with

2—n

————R¥™".
6na(n—1)

m3 = (3.10)

The negative root corresponds to an anti-de
Sitter space, which is not exactly of our current
interest. Note that, n — 1 is even for odd n, and

therefore R"~! > 0 for all real R. Consequently, ® =

\/3/21n f'(R) > 0 admits solutions only for ® > 0,
even though negative curvature is mathematically
allowed. This is once again can be clearly seen from
Fig. 2 for n = {3,5}, shown via blue-dashed and
red-dotted curves.

(iii) Finally, for 1 <n <2, n—1€(0,1) is fractional.
For negative curvature, R"~! is generically complex.
Consequently, f'(R) and ®(R) are not real in this
regime. Therefore, the scalaron field is defined only
for R >0, and the corresponding Einstein-frame
potential possesses no negative-® branch. These
are shown by the gray dot-dashed curves in Fig. 2.

Following the above discussion, we find that for n =2
the potential admits a minimum at @ ;, = 0, with the
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2.0

mg [GeV]

WDM limit

0.001 0.100 10 1000 10° 107

a [GeV?

FIG. 2. Scenario-A: The left panel shows the scalaron potential, for different choices of n as shown with different patterns and for a
fixed a = 0.1. Corresponding scalaron mass as a function of a, for n = 2 is shown in the right panel. The red shaded region is disallowed

from WDM bound.

corresponding scalaron mass given by m3 = 1/(6q).
In contrast, for n > 2, the potential exhibits an extremum

located at @, = /1/2MpIn[(2n —2)/(n —2)]. In sum-
mary, within the class of power-law models f(R)
R + aR", the only phenomenologically viable choice is
the Starobinsky case (n = 2), for which the scalaron mass
is given by Eq. (3.8).

Since now the scalaron mass is a function of a, the
requirement of having 7¢ « 1/m}, o« a¥/? 2 7, shall pro-
vide certain bound on the range of @. This is illustrated in
Fig. 3, for a€[1073,10%] and n = 2. In the left panel we
show the scenario where the EW symmetry remains intact,
and hence all the SM particles are assumed to be exactly
massless. On the other hand, in the right panel, EW broken
scenario is considered, and thus we see several mass
thresholds corresponding to mg, = 2mgyy, at which differ-
ent DM decay channels open up for massive SM final
states. Since, mé « 1/a, hence for larger «, the scalaron

mge|GeV]

1.3 1.3x1072

13
n=20

0.13

1020 L

Te [S€C]

L Te<Ty

1010
10~

107! 10 10t 10® 10°

@ [GeV?

1073 1072

FIG. 3.
and after the electroweak symmetry breaking (EWSB).

can have on shell decay into lighter SM fermions. We find,
mge <0.17 GeV(0.73/a)? such that 7¢ > 7.

B. Scenario-B

We next consider a logarithmic model of f(R) of the
following form:

— (3.11)
u

A more generalized version of this model has been
considered in [89], in order to address late-time acceler-
ation of the Universe. However, as advocated earlier, that is
not our concern here. Note that, y has a dimension of mass
squared, while for 4 it is inverse of y. Once again, to ensure
absence of tachyonic instability,

f(R) = R+ylog(R> + AR2.

2 f 4
—L =2-L>0=y < 2\R% 3.12
1R e Y (3.12)
mge[GeV]
13 1.3 0.13 1.3x1072
T ' I n=20
s s !
[N N N i/
oy
3
& 10"
) T <Ty
1010
104 107 102 107! 10° 10! 10> 10°
@ [GeV 2

Scenario-A: Lifetime of scalaron as DM, as a function of a. In the left and right panel, respectively, we show scenarios before
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1=0.1GeV? |
121\  y=-02GeV*!

—— 4=0.1GeV |

T

— u=0.1GeV

FIG. 4. Scenario-B: The left panel show the scalaron potential for different choices of u, with a fixed 1 = 0.1 GeV? and
y = —0.2 GeV?. The right panel shows the same for 1 = 0 and y = —0.2 GeV?.

For A = 0, the inequality trivially becomes y < 0. As before, one can express R as a function of @ as

B2
R((I)): ﬁ[x_li (x_l)z—gc], /1>0/\7<$(1—e\/§®),
b

x—1’

where x = e\/%’“b and ¢ = Ay is a dimensionless quantity. With these, we obtain the scalaron potential as

EEDT (1410

where x = (1 + z). Only for + sign in the first line of
Eq. (3.13) (along with 4 > 0, y < 0) we obtain a minima in
the potential. An analytical expression for the minima of
the potential is not possible to compute for 4 # 0, while for
A = 0, one obtains

3 1
D in \/:MP log |1 +——F—<|, (3.15)
2 Qw<&)
v

for y < —u’e, where W is the Lambert W function. Before
proceeding further let us notice that here we have the three
independent parameters; {u,4,y}, for 1#0, while for
A = 0, this reduces to two.

In the left panel of Fig. 4 we show the potential as a
function of the field for 1 # 0, while the right panel shows
the same for 1 =0. For 4 >0 and y <0, we see, the
minima occurs for ® > 0, depending on the choice of y,
whereas for 4 = 0, the minima shows up for ® < 0 (right
panel). In either cases we obtain a physical mass (m2, > 0)
for the scalaron. One can find an analytical expression of
the scalar mass for 4 = 0 as

A=0 (3.13)
M ﬁ{zzizm“c—gclog%—iz} 1#0,
P 7
(3.14)
2=0,
0.84°
8y [0.842\2 1+W<—)
m%"__?yw< M) S AT
4

1+ 2W(%)

which is positive definite for y < —u?e. The DM lifetime,
as a function of 1 is shown in Fig. 5, considering both
before and after EW symmetry breaking scenario. We see,
depending on the choice of y, it is possible to provide a
lower bound on A, above which the DM is cosmo-
logically stable. This is due to the fact that a larger A
results in lighter scalaron, making its lifetime even lon-
ger, since 'y xm. For example, with y = —0.1 GeV?
and u = 0.1 GeV, one requires 4> 1.2 GeV~? to ensure
stability of the DM against decay. This is translated
into an upper bound on the DM mass, requiring
me < 0.08 GeV. This bound can be relaxed by choosing
lower y-values, for a fixed p. Interestingly, for A = 0, we
find that the DM lifetime is always below that of the
Universe’s lifetime. Thus, for Scenario-B, A = 0 is not a
viable option.

At this point we would offer some remarks on the class
of f(R) models under consideration. As analyzed in detail
in Ref. [89], Scenario-B has the potential to explain the
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FIG. 5.
i =0.1 GeV.

present cosmic acceleration. The inclusion of the R? term is
crucial not only for realizing early-time inflation, but also
to satisfy local gravity constraints, such as solar system
tests. A similar model was studied in the Palatini formalism
in Ref. [90], where it was shown to yield an accelerating
late-time universe, complying with the conclusion obtained
in [37]. However, unlike Scenario-A, the presence of a
nonzero vacuum energy in this case raises concerns
regarding the existence of a Minkowski vacuum solution
(existence of a flat spacetime solution). One way to address
this issue, as proposed in Ref. [91], is to modify the
argument of the logarithm to the form log (1 + R/u?),
which ensures f(R = 0) = 0. This leads to zero vacuum
expectation value for the scalaron, thereby allowing for a
flat spacetime solution. In the absence of such a modifi-
cation, an alternative approach is to introduce a constant
term in the f(R) function in such a way that the excessive
vacuum energy is canceled and the result matches the
observed value of the cosmological constant. Thus it
requires some fine tuning through the added constant term
to match the current energy density of the universe. As
discussed in [92], this issue can be addressed in the

me[GeV]

0.2 0.02 2x1073

y =-0.1 GeV?

1020 L

2 my
2my
2 my \\

T [sec]

1015

107! 10 10 102
A [GeV 2]

Scenario-B: DM decay lifetime as a function of 1 before (left) and after (right) EWSB. In both panels we have fixed

background of a more fundamental theory such as string
theory or supersymmetry.

IV. DARK MATTER GENESIS VIA FREEZE-IN

Cosmological models that arise from the alternative
theories of gravity often predict an early Universe expan-
sion rate H(T), that exceeds the Hubble rate Hy(7) of
standard cosmology. This deviation can be conveniently
captured by introducing a temperature-dependent enhance-
ment function £(T), defined as

H(T) = E(TYHW(T). (4.1)
We parametrize the enhancement factor as &(T) =
p(T/T, )4, where T, denotes the transition temperature
marking the onset of standard cosmological evolution.
Although T, is a free parameter in principle, it must
satisfy the bound 7T, = Tggny >4 MeV to preserve the
successful predictions of big bang nucleosynthesis
(BBN). A schematic diagram showing different epochs
is shown in Fig. 6, where for T T,, we consider a

—> time

T T. Tppn Teg
I I I | .
@i aaaa O P PPTEY
f(R) dominated GR

FIG. 6. A schematic (not to the scale) showing different epochs appearing in the present analysis. Here T, is the reheating temperature
implying the onset of radiation domination, T, is the temperature at which the Universe transits from f(R)-gravity to standard GR, Tgpy
corresponds to the temperature at the onset of BBN and T, is the epoch of matter-radiation equality. Time flows from left to right, as

indicated by the arrowhead at the top.
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FIG. 7. Hubble rate as a function of the bath temperature for
Scenario-A with n =2(q = —1), where we considered a =
10 GeV~2 and # = 0.1. The solid and dashed curves correspond
to modified and standard Hubble during radiation domination,
respectively. The vertical dashed straight line corresponds to the
transition temperature 7 = T, given by Eq. (C16). For Scenario-
B (not shown) we obtain similar pattern.

radiation-dominated universe, until the matter-radiation
equality T = Ty, beyond which matter domination begins.
The dimensionless constants p and ¢ are determined by the
specific form of the underlying f(R) theory. For instance,
in Scenario-A, characterized by f(R) = R + aR", we find
p=2pfand g =2/n—-2 = —1asn =2, where f encodes
the relation between the modified scale factor and time
(see Appendix C for details). The variation of (modified)
Hubble rate with the temperature 7" is shown in Fig. 7. For
q = —1, the modified Hubble rate is reduced compared to
the standard Hubble rate during radiation domination for
T >T,, as H(T) x Hy(T)/T. Although Fig. 7 corre-
sponds to Scenario-A, however for Scenario-B we obtain
the exact same nature of the modified Hubble rate, since in
that case also we have g = —1 [cf. Eq. (C28)]. In a
radiation dominated Universe, f and n are related via
p = n/2 for Scenario-A [from Eq. (C10)], as the trace of
the energy-momentum tensor 7' = 0. However, here we
would consider 7 # 0, for which f and n can vary
independently. This point is further supported by the
observation that, in a radiation-dominated universe with
a traceless stress-energy tensor, one obtains =1 for
n = 2 in Scenario-A. Now, the choice n = 2 stems from
the specific structure of the underlying f(R) model, which
ensures a physical mass for the scalaron and is therefore
fixed. However, as noted below Eq. (C16), maintaining
T, > 0 necessitates f < 1/2. The resolution lies in
introducing an exotic component with an equation of
state close to radiation, yet possessing a nonvanishing
trace. This radiationlike fluid decouples f from n by virtue
of its nonzero trace, thereby permitting # < 1/2 even with
n = 2. We stress that this exotic fluid is not an additional
DM candidate, it only provides a radiationlike background

with nonzero trace.* The scalaron continues to play the
role as the sole viable DM component in our framework.
Strictly speaking, a nonzero trace challenges the inter-
pretation of the fluid as “radiation”. However, we main-
tain the thermodynamic relation p = p/3, while allowing
for an imperfect fluid in the background,5 that is charac-
terized by an energy-momentum tensor containing, in
general, the bulk viscosity pressure, the energy flux and
the anisotropic stress [96]. The system thus mimics
radiation from a thermodynamic perspective, while pro-
viding richer phenomenology due to modified gravity.
Following [59,97-99], the bulk viscous pressure can
be given by pyux = —ep/3, where € = Y(f,n)/A(p, n),
where Y(f3,n) and A(f, n) are defined in Appendix C 1.
We find, e =4(1 —p)/p =6, for f =04 and n =2,
implying pyux = —6p/3.

Due to purely gravitational origin, all DM-SM inter-
actions are naturally suppressed by the Planck scale. This
huge suppression prevents the DM to thermalize in the
early Universe. Consequently, freeze-out production of DM
no more remains a viable option, making freeze-in [15,16]
a more natural alternative. The key assumption of freeze-in
is to consider that the DM had zero or negligible abundance
at the earliest epoch, and then the DM yield gradually
builds up from the thermal bath with time. In the absence of
inverse decay, in the present set-up, DM is produced via
2-to-2 scattering of the bath particles. In order to track the
DM number density ng, we solve the Boltzmann equation
(BEQ), that in the present scenario reads [15],

dYe dYg
dT  dT

dYe

o (4.2)

9
inv.decay 2-2

where Y4 = ng /S represents the DM yield. In the above
equation the first term corresponds to contribution from
inverse decay, whereas the second term takes into account
the 2-to-2 scattering of the bath particles. Now, the
contribution from inverse decay is proportional to the
DM decay rate I'¢, and since I'q, needs to be very small
in order to ensure the DM stability, one can safely ignore
this contribution with respect to the DM yield via scatter-
ing. It is possible to write down the BEQ in terms of a
dimensionless quantity x = mgq/T as

ave _

xHS dx —V(T)z—m (4-3)

where the entropy density S and Hubble parameter H are
given by

“Effect of bulk viscous fluid on particle DM production in a
nonstandard cosmological scenario has been recently explored in
[935,94].

As shown in Ref. [95], it is possible to realize a model of
viscous fluid has no effect on the behavior of radiation, i.e., fluids
with an equation of state w = 1/3.
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27>

s =g - o302 (1

(4.4)

3V 10 My \T,

with ¢, and g, being the effective number of relativistic degrees of freedom. Here,

(Drr =590 |
Y ) = 949
=2 327 b max [(mq+my)?,(my+my)?|

2

4y lls = m2 = m2)? = 4mim)

o(5) gy 2K (g) , (4.5)

NG

is the reaction rate density [100,101], where a, b(1, 2) are the incoming (outgoing) states, g, , being the degrees of freedom
of the initial states, and K[...] is the modified Bessel function of the first kind.
Now, before EWSB, we have the following 7-channel massless SM Higgs mediated 2-to-2 scattering amplitude,

|/\_/l|%h—>q><1> =

288M%,

where 6 is the scattering angle in the center of mass frame.
Since we are considering all the SM states to be exactly
massless before EWSB, all other amplitudes vanish. For
T > mg,, we can ignore the DM mass as well, and further
obtain,

N

L 4.7
o) = T52mtt (4.7)

which leads to an approximate analytical expression for the
reaction density as

TS

—_—. 4.8
487I5M‘}, (4.8)

Y(T)yon =

Note that, the reaction density has a strong dependence on
T. This is a quintessential feature of UV freeze-in [15,17].
As a consequence, in this scenario, bulk of the DM
production happens around the maximum temperature of

s [(s=2m3)* + (s +2m3) (2m3, — cos 20(s — 4m3))]?
(s —2m3)? — scos®0(s — 4m3,) '

1060 . .
----- Analytical
ol — Numerical
10
%
g 1020,
o
)
T
=
S
10720}
10 108 10 10 10" 10'°
T [GeV]

FIG. 8.

(4.6)

the thermal bath. In the left panel of Fig. 8 we have shown
the reaction rate as a function of the bath temperature,
considering before the EWSB scenario. The reaction rate
steadily increases with 7, as one would expect from
Eq. (4.8). Note that, the analytical result (in dashed)
matches excellently with the numerical computation (in
solid) over a wide range of temperature. Since freeze-in
demands out of equilibrium production of the DM, hence
we need to ensure

Y hh—od

R = T H(T)

<1, (4.9)

in the early Universe, where ngy (T) = 55 mg, K (%) is the
equilibrium DM number density. This is shown in the right
panel of Fig. 8, as a function of T, for both Scenario-A and
Scenario-B. Clearly, R < 1 over a large temperature range
shows the validity of freeze-in production. Here we have

considered an equilibrium DM number density, which

10
< 109
§ 1077 ¢ Scenario—A
:8“ ----- Scenario-B
g
210719}
=
N
10729¢
103 10° 10° 10!2 105

T [GeV]

Left: Numerical vs analytical comparison of DM production rate, considering DM of mass 1 MeV. Right: DM production rate

vs Hubble rate, as a function of temperature for Scenario-A (with a = 100 GeV™2) and Scenario-B (with A = 10 GeV~2,
y = —0.1 GeV? and p = 0.1 GeV), shown via solid black and dashed blue lines, respectively. The top gray shaded region corresponds
to DM equilibration with the SM bath, hence forbidden. In both cases = 0.1 is fixed.
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provides a conservative estimation. The requirement of
having R(T,,) < 1, also puts an upper bound on the

reheating temperature,
1/4
) , (4.10)

1/4 T
T <2% 105 Gev( 2~ =
o~ 2 v <0.1 I Tev

for ¢ = —1. Using Eq. (4.8), we can obtain an analytical
solution of Eq. (4.2) as

MLV EE
" 33927° 53

Ty \3 (T, \4 3—q
g () (7)1 - ()] a<s
7,\3 T,
2 el

Yo(T)

(4.11)

which provides the asymptotic DM yield Y (T << Tyy,) =Y,
and we have considered g, (T') =~ g,,(T) =~ 106. Here, Ty, is
the reheating temperature which, in the approximation of a
sudden decay of the inflaton, corresponds to the maximal
temperature reached by the SM thermal bath. Thus, the DM
yield becomes maximum at 7"~ T, Finally, to satisfy the
observed DM abundance, we demand

1 pe
Yomo = QI? —06 4.3 % 10710 Gev.

(4.12)
S0

where Yo = Yq(Ty) is the DM yield today, Ty=2.3 x
10713 GeV being the present day temperature of the Uni-
verse. Furthermore, p, =~ 1.05 x 10734 GeV/cm?® is the
critical energy density, sy ~2.69 x 10’ cm™ the present
entropy density [102], and Qh* ~0.12 the observed abun-
dance of DM relics [1]. By inverting the first line of Eq. (4.11)
we obtain

T, \/4/1 MeV\ /4
T, ~4.7 x 10* GeV a . (413
" * ) (1 TeV) ( Mo ) ( )

for p =2 =1,qg = —1, in order to saturate the total DM
relic. It is worth mentioning that for the same DM mass and
T, standard radiation domination would require a super-
Planckian reheating temperature to produce the right abun-
dance. However, due to a modified Hubble rate it is possible
to achieve at lower T, Since now, because of the f(R)
background, the Hubble rate becomes slower (for T > T)
[cf. Fig. 7], making the DM production rate more efficient.
Note that, the reheating temperature required to produce the
right DM abundance is far above the EW transition temper-
ature (~160 GeV), as a result, most of the contribution to
DM yield comes from processes before EWSB. It is worth
mentioning here that models of inflation typically suggest an
upper bound around T,, < 10'® GeV (see, for example,

Ref. [103]). In particular, a large T4, can potentially lead
to the overproduction of long-lived exotic relics, which
may overclose the Universe. A prominent example of
such an issue is the cosmological gravitino problem in
supergravity theories [104], that leads to an upper bound®
of Ty, < 10'° GeV. To keep the BBN predictions unharmed,
we require Ty, = 4 MeV [107-112], which provides a lower
bound on T,.

The relic density allowed parameter space for Scenario-
A is illustrated in the top panel of Fig. 9. Note that, here we
have following set of independent variables, over which we
will scan to obtain the viable parameter space: {a, 3, Ty, }.
First of all, there is a lower bound on @ coming from the
requirement of 74 > 7y, while the upper bound is arising
from WDM limit of mgq, 2 3.5 keV. Putting these together,
we obtain, 0.67 <a < 1.3 x 10'°. From the first line in
Eq. (4.11), we find the asymptotic DM yield as

45 5/( T4
Yo =673 \V33\ o )
2713675 \ S3\M3T,

where we have used ¢ = —1, corresponding to n = 2. The
above expression clearly shows that the DM yield is highly
sensitive to the reheating temperature. Moreover, it is
evident that #£0. The transition temperature 7', is deter-
mined by [cf. Eq. (C16)],

1/10 GeV-2\ 1/4
Tyl =2 x 108 GeV, /07<&> . (4.15)
a

implying 7', decreases with increase in a [cf. left panel of
Fig. 11]. Along with Eq. (4.14), we find, the DM yield
becomes Y, o (Ty,/a)'/*. Consequently, higher T, is
required to satisfy the observed DM abundance with
increase in «, for a given . However, T, cannot be
arbitrarily large, as doing so would violate Eq. (4.10),
leading to the thermalization of DM. This constraint is
shown by the upper gray shaded region for # = 0.01, which
yields the most stringent bound. For larger values of f, this
restriction becomes less severe. Additionally, as discussed
in relation to Eq. (C16), the upper limit § < 1/2 imposes a
corresponding upper bound on T, depicted by the red
shaded region. As one can see from Eq. (4.15), for a given
a, T, reduces on increasing . As a result, with increasing
p, the contours shift to higher 7';, to produce the right
abundance. Based on the discussion in Sec. II, we
show bounds from observations of the galactic and extra-
galactic diffuse x-ray or gamma-ray background via
the dashed vertical lines (regions to the right are allowed).

(4.14)

°It has been demonstrated in [105,106] that for gravitino
masses of order 100 GeV, the constraint on the reheating
temperature becomes even more stringent, requiring
Ty < (10°-107) GeV.
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FIG. 9. Summary of viable parameter space. Top: Scenario-A:
Contours of right relic abundance in 7';, — a plane corresponding
to = {0.01,0.1,0.2,0.3} shown by black solid, blue dashed,
red dotted and green dot-dashed curves, respectively. Bottom:
Scenario-B: Contours of right relic abundance in T, — 4 plane for
the same choices of § as in the top panel. Here we have fixed
y = —0.1 GeV? and y = 0.1 GeV. The vertical dashed lines are
bounds on DM lifetime obtained from different observations, as
discussed in Sec. II. Various shaded regions are forbidden from
DM lifetime, WDM bound, positivity of 7, ($#0.5) and DM
thermalization (see text for details).

As discussed in Sec. II, scalaron decaying entirely into a
pair of eTe” puts a lower bound on a> 10° GeV~>
(corresponding 74 = 10%* s), while decay into photonic
final states makes this lower bound even stringent a 2
4.3 x 107 GeV~2 (corresponding 74 = 10?® s). The bottom
panel of Fig. 9 illustrates the viable parameter space for
Scenario-B. In this case, we have the following set of free
parameters that determine the resulting relic density
allowed parameter space: {1, u,y,, Ty}. Note that, the
expression for the final DM yield remains exactly same as

109F
106}
k%
§ =
1000}
1

1073 10° 108 108
T [GeV]

FIG. 10. Comparison of scalaron bare mass mg, to the effective
mass mgg [cf. Eq. (4.18)] as a function of temperature T for
f = 0.2, considering Scenario-A. The lower and upper bounda-
ries correspond to a-values that result in cosmologically stable
scalaron DM and bound from warm DM, respectively (same as in
the upper panel of Fig. 9). The blue shaded region is the viable
range of scalaron mass, where it can be considered as a freeze-in
DM candidate.

Eq. (4.14), excepting for the fact that now 7, is given by
[cf. Eq. (C26)],

[0.1 /10 Gev—2\ 1/4
T, ~3x10% GeV %(%) :

Once again, we see that the UV freeze-in characteristic is
apparent, where a larger T, requires lighter DM (a larger 4
results in lighter DM as shown in Fig. 5) to tame the over-
production. From the right panel of Fig. 11, one can see that
T, decreases with y, with a maximum value of ~10° GeV
for y =0.1 GeV~2. We note, in both Scenario-A and
Scenario-B, T, < Ty, for our choice of parameters. For
y€[0.1 = 100] GeV~2, along with 4= —0.1 GeV? and
u=0.1 GeV, the DM lifetime 4 x 107 <74 <107 s,
which is slightly below the lower bound on lifetime from
observation, typically for DM decaying into electron-
positron pair. Thus, for these choice of the parameters,
Scenario-B is in tension with bounds from diffuse x-/
gamma-rays and as well as from CMB. This constraint,
however, can be alleviated for u < 102 GeV, which results
in a lighter scalaron and eventually a longer DM life-
time 7 = 10%* s.

Before closing this section, it is useful to comment on
an important aspect of the scalaron mass. As shown in
Refs. [44,45,113], starting from the scalaron equation of
motion one can construct an effective scalaron potential of
the form,

(4.16)

1
veff(qa):wcb)—ze—‘* Voxb u (4.17)
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Left: Scenario-A: The transition temperature 7, as a function of «a for different choices of 3, following Eq. (C16), for n = 2.

Right: Scenario-B: Transition temperature 7, as a function of A for different choices of f, following Eq. (C26).

where V(@) is defined in Eq. (2.11), and 7,* denotes the
trace of the energy-momentum tensor. The corresponding
effective scalaron mass is then given by

2
mz _ 0 Veff o m2
eff = 2 — Mo
oP O=0,

— *¥'min

2x2
+ e VIR (41)

2 . .
where mg, = 95 is the bare scalaron mass. This

|‘D:‘1’min
explicitly shows that the visible-sector matter content
(i.e., the SM energy density) modifies the scalaron
potential, implying that the scalaron mass depends on
the background matter distribution. The minimum of the
effective potential satisfies

aVeff
=0, 4.19
a¢ CIJmin ( )
which leads to
2f(anin) - RminfR(Rmin) + KZT”/J = 07 (420)

where R = R,,;, denotes the minimum. Using this con-
dition, the scalaron mass can be written as

2 fR - RfRR
m — AL -
T 3f RS ke

where fr(R) =df/dR and fri(R) =d*f/dR*. Let us
now consider Scenario-A, for which one obtains

(4.21)

2

L) mapepn
" 6a(l+2aR) | L

6a

20R > 1,
(4.22)
20R < 1,

where the first expression applies at early times, while the
second corresponds to the late-time limit R — 0, and we have
used Eq. (C5). Using Eq. (C12), one can determine the
temperature T, at which the condition 2aR = 1 is satisfied,

3 5 1/4 2 x 107
T*_\/;Lg*m)(l—zﬂJ *5'3M6V< a )

(4.23)

which is around Tppy=~4 MeV. It is evident that T
decreases with increasing «, indicating that the condi-
tion 2aR =1 is fulfilled at progressively later cosmo-
logical times, while the dependence on f is rather mild.
Substituting Eq. (C12) in Eq. (4.22), we further find,

594(T) W] , (4.24)

7

1-2

g o vl [1 S
which shows, m.; — mgq for T — 0. It is evident that the
scalaron becomes lighter in the early Universe when the
curvature is large. We further note that, according to
Eq. (4.12), the observed DM abundance depends on
me(Ty), which coincides with the bare scalaron mass at
the present epoch, as follows from Eq. (4.24). This behavior
isillustrated in Fig. 10, where we compare the bare mass with
the effective mass in Scenario-A. As shown, the effective
mass is several orders of magnitude smaller than the bare
mass at high temperatures, typically around the reheating
temperature where the UV freeze-in occurs [cf. Fig. 9]. The
effective mass approaches and eventually coincides with the
bare mass well before the EW symmetry breaking temper-
ature Tgw ~ 160 GeV. Thus, although the scalaron mass
varies with the background curvature in the early Universe,
this time dependence does not affect the determination of the
present-day freeze-in abundance, which is fixed solely by the
late-time (bare) scalaron mass.

V. CONCLUSION

The f(R) theory of gravity stands out as a compelling
framework for describing cosmological evolution in a
consistent way. Moreover, higher-order curvature terms
such as R2,RWR’“’ etc., naturally emerge from quantum
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gravity corrections, providing strong theoretical motivation
for studying the consequences of f(R) framework. A
particularly appealing feature of this theory is that it can
be decomposed in terms of a pure gravitational sector,
dictated by the Einstein’s General Relativity and a scalar
field, known as scalaron. Importantly, this scalar degree of
freedom is not introduced by hand; rather, it arises
inherently from the higher-curvature modifications of the
gravitational action.

In the present work, we investigate the possibility of
scalaron acting as a viable DM candidate. We employ the
key merit of the f(R) gravity that a scalar DM candidate
appears naturally from the higher curvature effects of the
underlying theory removing the need to introduce it by
hand. Subsequently, we obtain the interaction of scalaron
with the visible sector, where owing to its Planck-suppressed
coupling strength with the visible sector, the freeze-in
mechanism becomes a natural way to produce the DM
nonthermally. The nonrenormalizable nature of these inter-
actions renders the DM production rate highly sensitive to the
maximum temperature attained by the Universe, which we
identify with the reheating temperature at the onset of
radiation domination. By imposing observational constraints
on the lifetime of scalaron DM, we find that satisfying the
observed DM abundance requires a very high reheating
temperature, Ty, > 10'* GeV. We translate this requirement
into constraints on two well-known f(R) gravity models,
thereby placing bounds on the free parameters of these
theories. In the power-law model, we restrict our analysis to
the Starobinsky case with n =2, for which a physical
minimum of the potential exists, giving rise to a well-defined
bare mass term for the scalaron. In contrast, for n # 2, the
potential does not admit a physical minimum, thereby
requiring one to instead consider the effective scalaron mass.
As discussed, despite the effective mass being small in the
early Universe, the DM abundance is governed by its present-
day value. Therefore, the scalaron remains a viable DM
candidate today, with its relic abundance produced via the
freeze-in. It is important to emphasize that, unlike earlier
studies such as Ref. [53], which examined constraints on an
eV-scale scalaron produced through coherent oscillations,
our analysis derives bounds on a MeV-scale scalaron
generated via the freeze-in mechanism from the thermal
bath. Moreover, this work provides insights into the maximal
reheating temperature of the Universe, under the assumption
of instantaneous reheating, consistent with avoiding scalaron
DM overproduction. Finally, it is noteworthy that, unlike the
chameleon mechanism where the scalaron mass is highly
sensitive to the environment surrounding the scalaron field,
the freeze-in mechanism works independent of the DM’s
effective mass.

A notable feature of this framework lies in the fact that
(i) no additional beyond the Standard Model fields are
introduced by hand, and (ii) the same modification to
gravity also leads to a modified cosmological expansion

history, particularly in the pre-BBN era. The only subtlety
in the present framework is that the freeze-in mechanism
operates successfully in the presence of an imperfect fluid,
characterized by a nonvanishing energy-momentum trace,
which nonetheless behaves like radiation in terms of its
equation of state. Our results generally point toward a high-
scale inflationary origin for MeV-scale scalarons produced
via freeze-in during a radiation dominated epoch, indepen-
dent of the underlying f(R) model. A detailed investigation
of scalaron production during post-inflationary reheating
will be interesting and shall be pursued in a future work.
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APPENDIX A: SCALARON INTERACTIONS

In the Einstein frame, we adopt unitary gauge for the

Higgs doublet H = (0h/+/2)". The covariant derivative is
defined as

D, =0,—ig(c"/2)Ws —ig(Y/2)B,.  (Al)
where ¢ are the Pauli spin matrices a = 1,2,3; W(B) , are
the generators corresponding to SU(2), [U,(Y)] groups, g
are corresponding coupling strengths and Y =1 is the
Higgs hypercharge. From the action in Eq. (2.13) we can
then write down the following interaction between the SM
and the scalaron in the weak basis:
(i) With gauge kinetic term:

2 N 712
- g;<<1>|D,,H|
2K 2K
= —[Z2®(0,hd"h) — 1| == OH 2> W WH-
\ﬁz (9uhoh) \/;8 29 W
3 2
— (oW - ¢B,)")

2
- \/ So(—gw + ¢B,)h(0"h),

i35 (A2)

where Wi = (W), F iWﬁ)/\/i;
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TABLE 1. Lorentz structure of relevant scalaron-SM vertices
obtained from Eq. (2.13). Here f and V stands for SM fermions
and gauge bosons, respectively.

Interactions Before EWSB After EWSB
@(p) = h(py) = h(p,) pi-P2 2mj — pi - ps
@(p) = f(p1) = f(p2)  3ir'(p—p1), 3ir'(p—pi1), —4my
®(p) = V(p1) = V(ps) T 9’“”614(171) €,(p2)

(i) With fermion kinetic term:

ix\é@?wa,,f ~ 79, ®F);  (A3)

(i) With Yukawa term:

—2K\@c1>zy = —2x\@q>(—y f}L}R)h +Hec. (A4)

where y; is the corresponding Yukawa coupling
strength;
(iv) With Higgs potential:

2 2
2K\£q>v,, = 2K<1>\/§(—uﬁh2 +4,hY),  (AS5)

where y;, is the Higgs mass and 4, is the self
coupling strength.
Before EWSB, we consider all the SM fields to be
absolutely massless. Once the EW symmetry is broken
(post-EWSB), the Higgs field obtains a nonzero vacuum
expectation value (VEV) that can be parametrized as

(0(h 4+ v)/+/2)", and the SM sector becomes massive.

In the mass basis,

(z)-(5 2))

ZM -8y, Cy W?l '

where (c)s,, is the (co)sine of the Weinberg angle and
A(Z), is the physical photon (massive Z-boson). In
Table I we have listed necessary scalaron-SM interaction
vertices. We implemented the model in LanHEP [114], and
obtained the relevant vertices and decay rates using
CalcHEP [115].

(A6)

APPENDIX B: SCALARON DECAY RATE

Pre-EWSB, considering all SM fields are massless,
only possible two-body DM decay is into massless
Higgs final state,

K2m3

1927 (B1)

Ty =

Post-EWSB, where all the SM fields become massive,
one finds,

K2m3 /
Fq)_,hh:TZj; 1—47'[2(1—67'[2)2,

—4r? )32,

2.3
F‘D_A/V:5X§9r;:1/1—4r12(1—4r12+12r;‘), (B2)

where N. = 1(3) for leptonic (quark) final states and
ri =m;/mg, 5 = 1(2) for V.= Z(W*), and m; is the mass
of the respective final state particle.

On top of the tree-level decay rates reported above, there
are decays into gluonic and photonic final states that are
generated at one-loop [44,54],

a2 m3
— em™" "y ff
FCD—’}’}’ - 10247[3M%) b (6) + aW(TW)
2m’i 2
— sy
Fq)—’gg T 321 3M2 be“ gs + Zf quarks f( f) ’ (B4)

where Q; is electromagnetic charge of the fermions,
Uem = €2 /4m,a = g3 /4m, Tw)r = 4m%v/f/m§, with e
and g, denoting the electromagnetic and QCD gauge
couplings, respectively. Further, we have [116,117]

aw(tw) = =[2+ 3ty + 3tw(2 —7w)f(zw)].  (BS)
ag(tp) = e[l + (1 —77)f(zf)]. (B6)
[sin‘1 (%)}2 > 1,
o) = 1 14+v1-—1 2 (B7)
-z |:1n(l_—\/1TT> l77.':| < 1,
where, b°(e) = —11N,/2, bt (g,) = -3N,/2, with
N, = 3 being the number of generations.
APPENDIX C: FIELD EQUATIONS
IN MODIFIED GRAVITY
Considering the background metric to be
ds* = —dr* + a(t)*dx>, (C1)

the 00 component of the field equation can be written as

f

3" 3f/(H + H?) + I18f"(4H*H + HH) = %p,  (C2)
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where the primes denote derivative with respect to R and
the dots are derivatives with respect to 7. The Ricci scalar is
given by

R = 6(H +2H?), (C3)

and

== T = =R T = 2/ = 6/,

(C4)

where we have considered the scale factor a(t) o«
prior to the transition from f(R)-dominated to standard
radiation dominated Universe. Using the timescale factor
relation we obtain,

6p

R="7(p-1). (C5)

Note that, for f = 0.5, the Ricci scalar vanishes. This is
expected since f# = 0.5 corresponds to the Universe enter-
ing a radiation-dominated phase, where the spacetime
curvature sourced by matter vanishes due to the traceless
nature of radiation. This is the expected behavior in GR and
serves as a consistency check or matching condition for the
transition from a modified to standard cosmology.

The field equation can be obtained by varying the action
in Eq. (2.1),

f(R)

f/(R)R;w - 2

__ -27matter
=K T/w s

9w — vyvvf/(R) + g/u/Df/(R)
(Co)

where T} is the energy-momentum tensor of the matter
fields defined by

Tpater — —LMLE;;“”. (C7)
V=9 o
The trace of Eq. (C6) is given by
30f + f'/R = 2f = «*T, (C8)
where
Of = - - 31", (C9)

and T = ¢ T,;;". Einstein gravity, without the cosmo-
logical constant, corresponds to f(R) = R and f'(R) = 1,
so that the term [Jf’ vanishes. In this case, we have
R = —«T, and hence the Ricci scalar is directly deter-
mined by the trace 7.

1. Scenario-A
The trace equation in Eq. (C8), can be further reduced to

aX(p,n)R" = K*T, (C10)
using the modified scale-factor, where
_(@2p-n)

Utilizing the fact pg = (7%/30)g, (T)T*, we obtain the
following relation between the cosmic time ¢ and bath
temperature 7" from Eq. (C2),

alA(B,n)R" = k*pg =t

/2 ( T >—2/n <30A(ﬂ, n) )i
= — —_— —_— s
Mp \Mp 7*g5(T)

A(p.n) =%<1 - ["(ﬂ;;—iznz]) (C13)

(C12)

with

&= (C14)

Here, z = |64(2f — 1)|, such that time is real for all 5 [59].
The transition time ¢, from modified to standard cosmol-
ogy can be obtained by equating,

al(B,n)R"(t,) = Hst(t*)z =

1 4 2n-2
= —| = _A n N

where H,, stands for Hubble during radiation domination,
considering  standard  cosmological ~ background.
Corresponding transition temperature is given by

30 \VAT 42\ T
o) ()]

For n =2, which is our choice of interest, the above
equation simplifies to

(C15)

(C16)

AN
Te=3 <g) P —apa Y

which is positive if # < 1/2. From Eq. (C12) one can write,

T\ —2/n
= Z* T_ .
*

(C18)
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Therefore,
=t LT\ Cl19
~i=n(7) )
One can further write
_ BTN Ha(T) Ha(Ty)
= <T) Ho(T,) Hy(T)
BTN\ H((T) (T2
A (T_> 1/(21,) <7>
= 1) =2() M) a2/ -2
(C20)

where H,, « T? is the Hubble rate in standard cosmology.
Clearly, there is an enhancement in the standard Hubble
rate, that can be parametrized as

E(T) = 28(T/ T, )". (c21)

2. Scenario-B

Keeping terms proportional to R? only, the trace equation
in this scenario reads,

64(1 - p)
— L R? =T, (C22)
p(1—2p)
while the 00 component of the field equation is given by
32
———R?* =«%p", C23
21-2p) 7 (€23)

where we have ignored terms that have logarithmic
R-dependence, with respect to R%. As before, we find
time-temperature relation,

A1/2 90 /4 /1 \-1
t= /5|5 S N (e
Mp [7°g«(2 —4p) Mp
while the transition time reads,
t, =2 L (C25)
* T Z 2 _ 4ﬂ7

with corresponding transition temperature,

T, =

Mp [2=4p 1 [ 90

2 2 \JAPM, |79 (24P

Once again, we note that 7, > 0 for # < 1/2. We therefore

have
T
1= t* (7*> )

Therefore, the modified Hubble rate can be expressed as

v C26
J . (C26)

W BT

=2 C27
LT, (€C27)

H(T) = 2H(T) <%> = £(T) = 28 <T7> (C28)
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