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Abstract

We demonstrate that the matter sector itself can drive baryogenesis in energy-momentum
squared gravity, f (R, T 2) with T 2 ≡ TµνTµν. High-density matter corrections provide
new time-dependent sources for the baryon asymmetry through derivative couplings
to T 2 and to the full combination f (R, T 2). Notably, the decoupling temperature is not
treated as a free parameter; instead, it is fixed by the freeze-out of the Weinberg B − L-
violating operator, directly linking the asymmetry to the light-neutrino mass scale and
to the modified expansion history. Analyzing representative powers n = 1/4, n = 1/2,
n = 5/8, and n = 1, we find that entropy evolution sharply distinguishes the models.
The n = 1/4 branch cannot serve as a self-contained radiation-era model, the n = 1/2
branch is entropy-safe but too weak to reproduce the observed asymmetry, and the n = 1
branch survives only after entropy dilution. Remarkably, the n = 5/8 branch provides the
cleanest viable realization, generating the observed baryon-to-entropy ratio with controlled
effective-field-theory hierarchies.

Keywords: baryogenesis; early universe; cosmology; f (R, T 2) gravity

1. Introduction
One of the central open problems in modern cosmology is the origin of the observed

matter–antimatter asymmetry of the Universe [1]. This asymmetry is usually quantified by
the baryon-to-entropy ratio

YB ≡ nb
s

=
nB − nB̄

s
, (1)

where nb is the net baryon number density and s is the entropy density of the radiation
bath. Measurements from Cosmic Microwave Background anisotropies and Big Bang
Nucleosynthesis constrain this quantity to be approximately [2–5]

Yobs
B = (8.8 ± 0.6)× 10−11. (2)

Although this number is small, it is crucial: it encodes the fact that the visible Uni-
verse contains an excess of matter over antimatter and, therefore, requires a dynamical
explanation beyond a perfectly symmetric primordial state.

The standard theoretical framework for generating such an asymmetry is based on
the Sakharov conditions [6], which require baryon-number violation, C and CP violation,
and departure from thermal equilibrium. In the Standard Model, anomalous electroweak
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processes such as sphalerons violate B + L, providing an important ingredient for baryoge-
nesis. However, conventional electroweak baryogenesis within the Standard Model faces
well-known difficulties, including insufficient CP violation and the absence of a strongly
first-order electroweak phase transition [7–10]. These limitations motivate the investigation
of baryogenesis mechanisms beyond the Standard Model and, in particular, mechanisms in
which gravitational or cosmological effects play a direct role.

The out-of-equilibrium condition can also be reconsidered. In thermal equilibrium
and under CPT invariance, particle and antiparticle distributions are identical, implying
nB = nB̄. However, if CPT is dynamically or spontaneously violated in an expanding
background, an effective energy splitting between baryons and antibaryons may arise even
in thermal equilibrium [11–16]. In this case, the baryon asymmetry is generated while
baryon- or lepton-number violating interactions remain efficient, and it freezes when those
interactions decouple. The decoupling temperature TD is determined by

Γ(TD) ≃ H(TD), (3)

where Γ is the interaction rate of the relevant baryon- or lepton-number violating process
and H is the Hubble expansion rate. This sequence is schematically illustrated in Figure 1.
Therefore, TD is not an arbitrary input: it depends both on the microphysics responsi-
ble for B, L, or B − L violation and on the cosmological background determined by the
gravitational theory.

Figure 1. Schematic representation of baryon-asymmetry generation in thermal equilibrium. While
the baryon- or lepton-number violating interaction rate satisfies Γ ≫ H, the asymmetry is generated
in the thermal bath. When Γ(TD) ≃ H(TD), the relevant interaction decouples and the asymmetry
freezes out.

Gravitational baryogenesis provides a particularly appealing realization of this idea.
In the original proposal of Davoudiasl et al. [17], the interaction

1
M2∗

∂µR Jµ (4)

couples the derivative of the Ricci scalar R to a baryonic or B− L current Jµ. In an expanding
Universe, this term induces an effective chemical potential for particles and antiparticles
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and can generate a net asymmetry while the relevant number-violating interactions are still
in thermal equilibrium. A key feature of the mechanism is that the asymmetry is controlled
by the time evolution of a gravitational scalar. Consequently, the result is highly sensitive
to the cosmological background and to possible high-energy deviations from General
Relativity. This observation has motivated many extensions of gravitational baryogenesis
in modified gravity frameworks [18–28]. In such scenarios, the cosmological evolution
may be modified, changing R, Ṙ, and H(T), or new scalar quantities arising from the
gravitational sector may be coupled directly to Jµ. This broader perspective suggests that
baryogenesis can be used not only as a mechanism for explaining the matter–antimatter
asymmetry, but also as a probe of high-density gravitational physics.

In this work, we investigate modified gravitational baryogenesis in the context of
energy-momentum squared gravity (EMSG), also known as f (R, TµνTµν) gravity [29,30];
see Ref. [31] for a recent review. In this theory, the gravitational action depends on the Ricci
scalar R and on the self-contraction of the energy-momentum tensor,

T 2 ≡ TµνTµν. (5)

The scalar T 2 becomes especially important at high energy density, making EMSG a
natural framework for early-Universe cosmology. Since T 2 scales quadratically with the
matter sector, it can modify the Friedmann equations, the time-temperature relation, and the
freeze-out condition for baryon- or lepton-number violating processes. These features make
EMSG a well-suited arena for testing whether matter-sector modifications of gravity can
enhance or suppress gravitational baryogenesis. A distinctive aspect of EMSG and related
matter-geometry theories is the presence of nonminimal couplings between matter and
geometry. Similar structures appear in f (R,Lm) gravity [32,33], f (R, T) gravity [34,35],
and f (R, T, RµνTµν) gravity [36,37]. In EMSG, these effects are encoded in the additional
scalar T 2. While the theory reduces to an f (R)-type model in the absence of matter,
deviations from General Relativity become relevant when the energy-momentum tensor is
nonzero, especially in the high-density regime relevant for baryogenesis.

The purpose of this paper is twofold. First, we formulate modified gravitational baryo-
genesis in EMSG by considering derivative interactions involving the matter-sector scalar
and the full gravitational function, schematically ∂µ f (T 2)Jµ and ∂µ f (R, T 2)Jµ. Second, we
determine whether the resulting asymmetry can reproduce Equation (2) while satisfying the
radiation-era dynamics, BBN constraints, and effective-field-theory requirements of each
model. A further point of emphasis is the treatment of the decoupling temperature. Rather
than taking TD as a free phenomenological parameter, we determine it from a concrete
B − L-violating process. In particular, we use the Weinberg operator, which induces ∆L = 2
interactions and relates the interaction rate to the light-neutrino mass scale. This connects
the baryogenesis calculation directly to particle-physics data and makes the viability of
each model more transparent.

Because EMSG contains nonminimal matter-geometry couplings, the matter energy-
momentum tensor is not generally conserved. Therefore, the usual adiabatic interpretation
of nb/s requires additional care. We distinguish the local thermal-equilibrium relation
ρ = (π2/30)g∗T4 from the stronger assumption of adiabatic radiation evolution. This
leads us to track the modified continuity factor Ccon and the possible entropy correction
∆S relating the freeze-out asymmetry to the final asymmetry. This entropy analysis is
essential for deciding which branches of the theory are self-consistent as early-Universe
radiation-era models. We focus on the energy-momentum powered subclass of EMSG,
in which the modification to the gravitational action has a power-law dependence on
the energy-momentum-squared scalar, proportional to (T 2)n. The exponent n, therefore,
characterizes the particular power-law model under consideration and controls the depen-
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dence of the modified-gravity contribution on the matter energy density. We consider the
representative values

n =
1
4

, n =
1
2

, n =
5
8

, n = 1.

These values lead to qualitatively different cosmological and thermodynamic be-
haviour. These values lead to qualitatively different cosmological and thermodynamic
behaviour. The case n = 1/4 can generate a sizeable freeze-out asymmetry but has a
non-adiabatic correction that grows as the Universe cools. The case n = 1/2 remains
close to adiabatic radiation evolution but does not generate a sufficient asymmetry in the
BBN-allowed region. The value n = 5/8 is singled out by the structure of the modified
continuity equation [38]; for radiation, it gives the standard continuity law and, therefore,
provides an entropy-safe branch. Finally, the n = 1 model can generate the observed
asymmetry after including the calculable entropy-dilution factor.

This paper is organized as follows. In Section 2, we review the standard gravitational
baryogenesis mechanism and its main theoretical ingredients. In Section 3, we introduce the
modified interaction terms relevant for EMSG. In Section 4, we summarize the theoretical
framework of f (R, T 2) gravity and its cosmological equations. In Section 5, we apply the
modified baryogenesis framework to the representative models, including the entropy
interpretation, the Weinberg-operator decoupling temperature, and the constraints on η,
M∗, and cT 2 . Finally, Section 6 presents our conclusions. Throughout this work, we use
natural units, h̄ = c = kB = 1, and define the reduced Planck mass as

MPl = (8πG)−1/2 ≃ 2.4 × 1018 GeV. (6)

For notational simplicity, we write T 2 = TµνTµν.

2. Gravitational Baryogenesis
2.1. Formalism

Gravitational baryogenesis [17] is a mechanism that generates baryon asymmetry
while maintaining thermal equilibrium, through the interaction term:

Lint =
cR

M2∗
∂µ(R)Jµ

B . (7)

where cR is the dimensionless Wilson coefficients controlling the strength of this Effective
Field Theory (EFT) term. In an expanding universe, this term leads to CP and CPT violating
interactions by directly coupling the derivative of the Ricci scalar, R, with the baryon
number (B) current Jµ

B . This interaction can also be applied to a lepton (L) current or any
current that results in a net B−L charge in equilibrium [17]. The parameter M2

∗ represents
the cutoff scale of the effective theory, and it is hypothesized that this interaction originates
from a higher-dimensional operator in supergravity theories [39,40].

Furthermore, as suggested in [17], such an operator may emerge within a low-energy
effective field theory of quantum gravity, particularly if the fundamental scale M∗ is of the
order of the reduced Planck scale MPl . This mechanism requires baryon number-violating
processes to be in thermal equilibrium to produce the asymmetry. The key feature of this
mechanism is that CP violation arises from a gravitational interaction [17]. As the universe
expands, microscopic CP violation is amplified by a shift in baryon energy, leading to a
dynamic violation of CPT that alters the relative energies of particles and antiparticles.
As a result, a CP-conserving but baryon number-violating interaction in equilibrium can
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generate the asymmetry, which is enhanced by the term (7) and becomes fixed when the
baryon number-violating interaction decouples.

Hence, the asymmetry resulting from (7) is derived as follows: in a flat FLRW Universe,
for a spatially constant R, the interaction (7) induces different energy contributions for
particles and antiparticles, thereby altering their thermal equilibrium distributions, in the
following way

1
M2∗

(∂µR)Jµ
B =

1
M2∗

Ṙ(nB − nB̄) . (8)

Here, we use J0
B = nB − nB̄, where nB and nB̄ represent the baryon and anti-baryon

number densities, respectively. This contribution introduces a shift in the energy of baryons,
approximately 2Ṙ/M2

∗ relative to anti-baryons, leading to CPT symmetry violation. As a
result, the chemical potential for baryons is given by µB = −µB̄ = Ṙ/M2

∗. Under thermal
equilibrium conditions, in the regime where T ≫ m, the net baryon number density is
expressed as [41]:

nb =
gb

2π2

∫
d3 p

[
1

e
(p−µB)

T + 1
− 1

e
(p+µB)

T + 1

]
, (9)

where gb is the number of internal degrees of freedom of baryons. In an homogeneous and
isotropic Universe, this reduces to

nb =
gbT3

6π2

[
π2
(µB

T

)
+
(µB

T

)3
]

. (10)

The conservation of entropy allows the number of a given particle species within a
comoving volume to be expressed as the ratio of the particle number density to the entropy
density. Formally, this relationship can be written as

Ni ≡
ni
s

, (11)

where

s =
2π2

45
g∗s(T)T3 , (12)

and g∗s(T) is given by

g∗s(T) = ∑
i=bosons

gi

(
Ti
T

)3
+

7
8 ∑

i=fermions
gi

(
Ti
T

)3
. (13)

By considering that the asymmetry is generated in thermal equilibrium, we can
reasonably assume that g∗s = g∗, where g∗ denotes the total effective number of relativistic
degrees of freedom [41] with g∗ = 106.75 for relativistic particles (T ≫ 100 GeV) in
the SM. Therefore, if particles are neither produced nor destroyed, as is the case after
baryogenesis has concluded, the number density ni scales with the inverse cube of the
scale factor, ni ∝ a−3, and Ni constant. This provides a well-defined parameter for
observational purposes.

In an expanding Universe, considering the relativistic regime (T ≫ m) and T ≫ µB,
using Equations (9) and (12) the asymmetry produced by the interaction given in
Equation (7) at the temperature where the baryon number violation processes decouple,
TD, is given by [17]

nb
s

≃ 15gb
4π2g∗

Ṙ
M2∗T

∣∣∣∣∣
TD

, (14)
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where Ṙ is determined based on the cosmological model used. In essence, the coupling
term in (7) modifies the thermal equilibrium distribution and the chemical potential, driv-
ing the universe toward a nonzero equilibrium B-asymmetry (or L-asymmetry) through
B-violating (or L-violating) interactions. This mechanism bears a resemblance with sponta-
neous baryogenesis [11,12], wherein gravitational baryogenesis involves the Ricci scalar
of a gravitational background assuming the role typically played by an axion in sponta-
neous baryogenesis.

In spontaneous baryogenesis, the underlying symmetry of the theory, which ensures
the conservation of total baryon number in the unbroken phase, is spontaneously broken.
When this symmetry breaks, the Lagrangian density acquires the following term [11,12,42]

L =
(∂µϕ)

f
Jµ
B , (15)

where ϕ is typically a pseudo-Nambu–Goldstone boson associated with an approximate
symmetry related to the baryon number and f is a parameter associated with the symmetry
breaking scale. Assuming a spatially homogeneous field, ϕ ≡ ϕ(t), in the same way as
done in gravitational baryogenesis one has

L =
ϕ̇

f
J0
B =

ϕ̇

f
(nB − nB̄) . (16)

However, in spite of the similarity between the spontaneous baryogenesis and grav-
itational baryogenesis, the distinctions between the two primarily lie in the behavior of
both entities, the scalar field ϕ and the Ricci scalar. For spontaneous baryogenesis to occur,
it is imperative that the scalar field ϕ engaged in the process of spontaneous symmetry
breaking undergoes a uniform evolution. This evolution must be such that it progresses
homogeneously in one direction while contrasting with the evolution in the other direction
to bring about the desired asymmetry. Moreover, a spatially consistent representation is
also essential. These requirements are fulfilled inherently in gravitational baryogenesis due
to the homogeneity of the Universe.

One challenge with the scalar field in spontaneous baryogenesis is that its minimum oc-
curs where the average of ϕ̇ equals zero, driving the generated asymmetry to zero and com-
plicating perturbations around this minimum. In contrast, the Ricci scalar, with a nonzero
mean value, Ṙ ∼ H3, avoids this issue. Additionally, as with gravitational baryogenesis,
it is possible to identify ϕ̇/ f as a chemical potential in Equation (16). However, as noted
in [43,44], this interpretation is complex due to the specific representation chosen for the
fermionic fields. Therefore, the assumption that including the term (ϕ̇/ f )J0

B ∼ (ϕ̇/ f )nb in
the Lagrangian density of spontaneous baryogenesis leads to an energy difference between
particles and antiparticles, effectively acting as a chemical potential that generates baryon
asymmetry, should be approached with caution and careful consideration.

2.2. Instabilities

While gravitational baryogenesis offers significant advantages, potential instabilities
must be carefully considered. As noted in [16,45], certain models incorporating the CPT-
violating term (7) in the gravitational action and a matter Lagrangian that includes bosonic
or fermionic components can lead to instabilities, rendering the cosmological model unten-
able. Recently, the authors who identified these instabilities proposed a possible solution
in [46]. Their solution involves modifying the theory of gravity by adding a quadratic Ricci
scalar term to the gravitational action. Such modifications can prevent these instabilities,
supporting the argument for introducing modified gravity in the context of gravitational
baryogenesis. Although these instabilities can arise in specific constructions, their relevance
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is often tied to the ultraviolet completion of the theory or to the details of the fermionic
sector. Since the present work employs a macroscopic, thermodynamic description of the
matter sector during the early-Universe epoch relevant for baryogenesis, these instabilities
are not expected to play a role at the scales and in the regime considered here.

By employing a thermodynamic approach to Lm, a stable cosmological model can
be achieved without the presence of such instabilities. The inclusion of the CP-violating
term (7) in the gravitational action is not the focus of the standard treatment; rather, it is
typically considered as an effective interaction that arises from higher-dimensional opera-
tors in quantum gravity or supergravity theories. Within the EFT framework adopted here,
this term is treated as a perturbative source for the chemical potential, and its back-reaction
on the gravitational dynamics is subdominant, as ensured by the hierarchy M∗ > TD.
Therefore, this issue will not be addressed in this work.

In this study, gravitational baryogenesis is described without incorporating the specific
matter sectors containing bosons or fermions done in [16,45]. Instead, a macroscopic
description of the matter Lagrangian is used. The gravitational action will not include the
interaction term from Equation (7), which will be treated separately.

3. Generalized Gravitational Baryogenesis
The concept of generalizing gravitational baryogenesis emerged soon after the original

formulation was introduced [47]. The first modification, also known as generalized gravi-
tational baryogenesis, involved coupling ∂µ f (R) with Jµ, where f (R) ∼ ln(R), leading to
the interaction term

Lint = −α
∂µR

R
Jµ . (17)

This operator is of a type expected to arise when heavy particles or extra dimensions
are integrated out [48,49], with α representing the strength of this new interaction in the
effective theory.

Building on this work, a modification to gravitational baryogenesis was explored
by employing f (R) gravity to describe the gravitational interaction, which subsequently
influenced the outcomes of gravitational baryogenesis [18]. These developments sparked
an emerging interest in studying gravitational baryogenesis within the context of modified
theories of gravity, where alternative CP-violating terms, beyond the standard term (7),
were frequently considered. In this work, we propose the introduction of specific modified
terms within the framework of these theories, categorizing them into two distinct classes.

From a phenomenological standpoint, modifying gravitational baryogenesis can ad-
dress several challenges inherent in the original formulation. One key issue is generat-
ing a non-vanishing asymmetry during the radiation-dominated epoch characterized by
w = 1/3, although this concern can be circumvented by considering w ≈ 1/3 [17]. Further-
more, scenarios that produce either an insufficient or excessive asymmetry may benefit from
modified gravitational baryogenesis. This approach may also help resolve inherent issues,
such as the aforementioned instabilities. In this context, we propose two approaches to
modify and expand gravitational baryogenesis (We do not consider methods involving an
axial vector current for Jµ [50–53] as modifications to gravitational baryogenesis, but rather
as independent mechanisms), which can be applied separately or in combination.

3.1. Modified Gravitational Theories

The first approach involves adopting alternative descriptions of gravity, leading to
different field equations, cosmological models, or frameworks. These alternatives result in
distinct outcomes for the original gravitational baryogenesis scenario. This is exemplified by
the modified f (R) gravity case presented in [18], and further explored in well-constructed
examples of cosmological framework modifications [54–56].
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The motivation for altering the gravitational and cosmological framework can be
linked to addressing current issues, such as the lack of a solid theoretical foundation for
the accelerated expansion of the universe, cosmological tensions, singularities in GR (e.g.,
in black hole interiors and cosmological solutions), the lithium problem [57], and even
the study of quantum gravity theories. Employing such frameworks enables a more
comprehensive exploration of these alternative approaches.

3.2. Different Couplings with Jµ

The second approach involves generalizing the CP-violating interaction itself. Rather
than coupling only the derivative of the Ricci scalar with the baryon current, other quantities
can be considered for this coupling. This modification is linked to the specific modified
theory of gravity being utilized and is introduced in a similar manner to spontaneous
baryogenesis [11,12] or quintessential baryogenesis [58]. The initial generalization in this
context is to consider f (R) instead of R, leading to a term of the form:

1
M2∗

∫
d4x
√
−g ∂µ( f (R))Jµ

B . (18)

The first class of modified terms we consider involves altering the term (7) by substitut-
ing the Ricci scalar with an alternative geometric quantity. This category includes modified
gravity theories that utilize different geometric constructs to describe gravity. In these
frameworks, it is natural to modify the term (7) to incorporate the specific geometric quan-
tities relevant to the particular theory, as the Ricci scalar may not be the central term in the
geometric description of gravity. This approach is classified under geometric modifications.
For example, in extended teleparallel theories of gravity [59,60], the CP-violating term can
be constructed as follows:

1
M2∗

∫
d4x
√
−g ∂µ(−T)Jµ

B , (19)

where T is the torsion scalar leading to the general term

1
M2∗

∫
d4x
√
−g ∂µ(− f (T))Jµ

B , (20)

This can analogously be applied to f (Q) gravity, where Q is the non-metricity.
Other robust and high order theories of gravity like Gauss–Bonnet gravity [61,62], gen-

eralized Einsteinian cubic gravity [63,64] are also a possible path to modified gravitational
baryogenesis [22,65].

We also include in this group special cases that are done in the context of black
holes [66,67] that typically evolve a term with the form

∂α(RµνρσRµνρσ)Jα , (21)

where Rµνρσ is the Riemann tensor and RµνρσRµνρσ is the Kretschmann scalar.
The second class of modifications involves theories of gravity that incorporate matter

sectors into the gravitational action with a nonminimal coupling (NMC) to geometry. Exam-
ples of such theories include f (R,Lm) gravity [33] and f (R, T) gravity [34] (Gravitational
baryogenesis within these frameworks has been studied in [68] for f (R,Lm) gravity and
in [69–71] for f (R, T) gravity).

In these theories, we propose that analogous terms to (7) can be constructed using
the matter components Lm, T, and others. This idea is supported by the fact that theories
with nonminimal couplings between matter and geometry can exhibit gravitationally-
induced particle production, as described in [72–76] (This phenomenon arises from the
non-conservation of the energy-momentum tensor, which generally implies a violation
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of the Equivalence Principle. This violation is a known issue in these theories and is
also observed in some dark energy and dark matter models. For instance, observational
data from the Abell Cluster A586 suggests an interaction between dark matter and dark
energy, which may imply a violation of the Equivalence Principle [77]. Furthermore, these
theories often predict non-geodesic motion for particles under forces orthogonal to their
four-velocity).

The possibility of gravitationally-induced particle production provides a strong ratio-
nale for exploring the direct coupling of matter-related quantities with the baryonic current.
However, it is important to clarify that here gravitational particle production is not directly
used to generate baryonic asymmetry. Instead, this mechanism, which arises from the non-
conservation of the energy-momentum tensor in theories with geometry–matter couplings,
can be integrated with gravitational baryogenesis to achieve baryonic asymmetry. This
integration requires careful consideration, such as ensuring entropy conservation after the
baryogenesis epoch and developing a method to produce more particles than antiparticles
through some B-violating process, which may or may not be gravitationally created.

In gravitational baryogenesis, despite the term “gravitational”, gravity does not di-
rectly cause the B (or B-L) violation. Instead, gravity influences the net baryon current
through the background, and the baryon asymmetry results from an existing B-violating
process. The interaction term from Equation (7) enhances the baryon asymmetry to its
observed value, which remains fixed once these B-violating processes decouple. Therefore,
a mechanism that uses gravitational particle production to produce baryonic asymme-
try, coupled with a B-violation process potentially originating from gravitational effects,
and further amplifies this asymmetry through gravitational baryogenesis, represents a
primarily gravitational means of achieving baryogenesis. This holds true even when sup-
plementary mechanisms are considered for generating the asymmetry. A similar concept
was explored in [78], though this work used GR for the gravitational description, leading
to a different justification for gravitational particle production compared to the approach
described here. More recently, in [79], a comparable mechanism was proposed, integrating
Cosmological Gravitational Particle Production (CGPP) [80], which combines cosmic infla-
tion, quantum field theory, general relativity, and particle properties to produce particles,
with baryogenesis from Grand-Unification Theories (GUT).

A first implementation of this idea was developed in our previous work [81], where
gravitational baryogenesis was investigated in both GR and f (R, T 2) gravity by coupling
the baryonic current directly to the derivative of the energy-momentum-squared scalar T 2.
That analysis established T 2 as a matter-sector source for gravitational baryogenesis and
examined the associated cutoff scale and BBN constraints. The present work retains the
same underlying motivation, namely that the high-density matter sector can provide a time-
dependent source for the baryon asymmetry, but extends the construction in a substantive
way. Instead of restricting the interaction to the derivative of the bare scalar T 2, we consider
derivative couplings involving the functional dependence on T 2 as well as the complete
gravitational function f (R, T 2). We also extend the cosmological analysis to a broader set
of power-law models and consistently incorporate the modified radiation-era evolution,
the associated entropy production or dilution, and a decoupling temperature determined
by an explicit B − L-violating process. Thus, the interaction introduced in Ref. [81] provides
the starting point for the generalized baryogenesis couplings considered here:

Lint =
cT 2

M8∗
∂µT 2 Jµ , (22)

where cT 2 is a dimensionless coupling constant. Motivated by this direct T 2 coupling, we
generalize the interaction by allowing the baryonic current to couple to derivatives of the
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corresponding matter-sector function and of the full gravitational function, leading to the
interaction term having the form

Lint =
cT 2

M2∗
∂µ

(
f
(
T 2
))

Jµ , (23)

Lint =
cT 2

M2∗
∂µ f (R, T 2)Jµ , (24)

that give the asymmetries for a baryonic current

nb
s

=
15gbcT 2

4π2g∗

∂t f
(
T 2)

M2∗TD
, (25)

nb
s

=
15gbcT 2

4π2g∗

∂t
(

f
(

R, T 2))
M2∗TD

. (26)

If, instead, one considers a B−L current, the resulting asymmetry is given by

nB−L
s

≃ 15 ĝ cT 2

4π2 g∗

∂t f
(
T 2)

M2∗ TD
, (27)

and, for a generic interaction f (R, T 2), by

nB−L
s

≃ 15 ĝ cT 2

4π2 g∗

∂t f
(

R, T 2)
M2∗ TD

, (28)

where ĝ ≡ ∑i giq2
i and qi ≡ (B−L)i. For the Standard Model (SM) with three fermion

families and no right-handed neutrinos, one finds ĝ = 13 (or ĝ = 16 upon the inclusion
of three right-handed neutrinos). Since the observed baryon asymmetry is generated
from a primordial B−L asymmetry through electroweak sphaleron processes, sphaleron
equilibrium relates the baryon-to-entropy ratio to the B−L asymmetry as [82,83]

nb
s

= ks
nB−L

s
, (29)

with

ks =
8N f + 4NH

22N f + 13NH
, (30)

where N f denotes the number of fermion families and NH the number of Higgs doublets,
yielding ks =

28
79 for the SM.

Our goal with the generalized interaction term is to assess the impact of such couplings
on baryogenesis by expanding the interaction term (22). In this way, one can directly probe
how geometry–matter interactions affect the generation of the baryon asymmetry and
further explore the interface between gravitational dynamics and particle-physics processes
in the early Universe.

We emphasize that, in the present work, the baryogenesis operators are treated within
the spectator approximation. As recently discussed in Ref. [84], going beyond this approxi-
mation requires including the derivative baryogenesis operator directly in the gravitational
action and varying it with respect to the metric, which generically produces additional
curvature–matter-coupling terms and modifies the background field equations. Here we do
not include this backreaction. Instead, the cosmological background is determined solely
by the f (R, T 2) field equations, while the derivative interaction is used only as an effective
source for the chemical potential that generates the baryon or B − L asymmetry. This
approximation is consistent provided the baryogenesis operator remains subleading in the
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gravitational dynamics, as ensured by the EFT hierarchy M∗ > TD and by the perturbative
choice |cT 2 | ≤ 1.

4. f (R,T 2) Gravity
One of the main reasons for exploring alternative theories of gravity beyond GR is the

observed accelerated expansion of the universe. The most common explanation for this
acceleration is dark energy, which is thought to drive the expansion by exerting a negative
pressure that counteracts the gravitational attraction, resulting in an accelerated expansion
of the universe. The leading candidate for dark energy is the cosmological constant,
which represents a constant energy density added to Einstein’s equations through the
term 2Λ. This term is included in the Einstein–Hilbert action [85] to produce the observed
acceleration. However, this solution faces several challenges. The theoretical origin of dark
energy remains unclear, and observational data do not perfectly align with the theoretical
description of the cosmological constant as vacuum energy. These issues have led to the
search for more sophisticated solutions to the problem of the late-time acceleration.

One notable alternative is the f (R) theory of gravity, first introduced by A.H. Buch-
dahl [86], where f is a function of the Ricci scalar R. This theory has been thoroughly
examined, with detailed discussions available in sources like [87,88]. In addition, more
complex gravitational theories have emerged and gained interest, such as Teleparallel
Gravity [89], Horndeski/Galileon theories [90], and f (R,Lm) gravity [33], f (R, T) grav-
ity [34], and f (R, T 2) gravity [29]. These theories were initially developed to address the
late-time acceleration problem, but they also show promise in tackling issues related to
spacetime singularities that occur within the framework of GR. Since GR alone is insuf-
ficient due to the anticipated effects of quantum gravity, theories like f (R, T 2) provide a
compelling alternative.

4.1. Action and Field Equations

The action for f (R, T 2) gravity reads

S =
1

2κ

∫
d4x
√
−g f (R, T 2) +

∫
d4x
√
−gLm , (31)

where κ = 8πG = M−2
Pl and f (R, T 2) is a well behaved function of the Ricci scalar and T 2.

We define the energy-momentum tensor of the matter fields as

Tµν = − 2√−g
δ(
√−gLM)

δgµν , (32)

and imposing that Lm depends solely on the metric components and not on their derivatives
we obtain

Tµν = gµνLm − ∂Lm

∂gµν . (33)

Varying the action (31) with respect to the metric yields the field equations

f,RRµν −
1
2

gµν f + (gµν∇α∇α −∇µ∇ν) f,R = κ(Tµν −
1
κ

fT 2 θµν) , (34)

where subscripts denote differentiation with respect to the respective quantity and θµν is
defined as
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θµν ≡
δTαβTαβ

δgµν = −2Lm(Tµν −
1
2

gµνT)− TTµν

+2Tα
µ Tνα − 4Tαβ ∂2Lm

∂gµν∂gαβ
. (35)

For the f (R, T 2) form, we considered a particular class of models given by

f (R, T 2) = R + ηM2−8n
Pl

(
T 2
)n

, (36)

that is dubbed as energy-momentum powered gravity, which is a special case of f (R, T 2)

gravity. In this context, η is a dimensionless constant that is responsible for determining the
coupling strength of the scalar T 2 and n is the parameter that specifies the model. We define
η′ ≡ ηM2−8n

Pl , which will be used interchangeably with η where appropriate, with the
understanding that η′ carries the appropriate mass dimension. For n = 1, the model
corresponds to EMSG [30] and n = 1/2 and n = 1/4 are models that were studied in detail
in the literature [29].

At the action level, the structure of the model under consideration resembles GR
with Lm + f (matter), where f (matter) is a function depending on the matter compo-
nents introduced by the modified gravity framework, which specifically, in our case, is
f (matter) = f (T 2). Models of this kind yield field equations of the form:

Rµν −
1
2

gµνR = κTtot
µν . (37)

where Ttot
µν is the sum of the standard matter energy-momentum tensor Tµν and the new

part, Tmod
µν , that arises from f (matter) being variationally defined as

Tmod
µν = − 2√−g

δ(
√−g f (matter))

δgµν . (38)

For the specific model considered in this work, Tmod
µν has the form

Tmod
µν =

η′

2κ
(T 2)ngµν −

η′n
κ

(T 2)n−1θµν , (39)

so that Ttot
µν is given by

Ttot
µν = Tµν +

η′

κ
(T 2)n−1

[
1
2
(T 2)gµν − nθµν

]
. (40)

This results in the trace of the field Equation (37) being given by

2
(
T 2
)n

− n
(
T 2
)n−1

θ = − 1
η′ (κT + R) , (41)

where θ is the trace of θµν and T the trace of the energy-momentum tensor. This equation
allows to evaluate T 2 depending on the choice of n.

The interpretation of this model for f (R, T 2) as GR with Ltot
m , where Ltot

m = Lm +

f (matter), was recently employed to demonstrate an equivalence between matter-coupled
modified gravity theories and GR with nonminimal matter interaction [91]. More impor-
tantly, this work demonstrated that in these types of models, where the matter sector can
be interpreted as the sum of the usual matter Lagrangian and f (matter), the term ∂2Lm

∂gµν∂gαβ ,
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arising from the variation of f (matter) with respect to the metric and often considered zero
or neglected, is a crucial foundational aspect of these theories. Furthermore, if one chooses
to omit this second derivative term, then the prior interpretation Ltot

m = Lm + f (matter) no
longer represents the total matter Lagrangian of the model, as a term resulting from the
variation of

√
g f (matter) is disregarded. In [91], it was also shown that ∂2Lm

∂gµν∂gαβ ̸= 0 for
Lm = p and Lm = −ρ, reinforcing the argument that omitting this term limits the model’s
validity to the field equations, thereby requiring a compromise on the Lagrangian formu-
lation. Indeed, if this term is retained, it leads to a description with a nonminimal matter
interaction, similar to approaches explored in the context of dark energy and dark mat-
ter [91]. Since the Standard Model cannot fully explain these phenomena, modified theories
of gravity that extend the GR paradigm by introducing higher-order contributions of matter
may play a crucial role in understanding these components of the Universe. Additionally,
within the scope of this work, the high-energy epoch during which baryogenesis is thought
to occur is inadequately described by the Standard Model, suggesting that gravitational
dynamics could play a significant role in capturing its complexities. Contributions from
higher-order matter terms could illuminate aspects of the baryogenesis epoch, potentially
offering insights into the connections between particle physics and gravity and aiding in
the ongoing quest for a quantum theory of gravity.

In this work, we adopt the choice Lm = p [29,32,37,92,93], as it effectively characterizes
the energy properties of the primordial universe during the baryogenesis epoch. This choice
provides an accurate thermodynamic model of the early universe and enables a detailed
analysis of the theory’s implications for gravitational baryogenesis. However, consistent
with the findings of [91], this approach introduces a divergence at p = 0 due to the term

∂2Lm
∂gµν∂gαβ . Thus, to avoid the emergence of singularities, one can set the second derivative
term to zero, as is commonly done in the literature. To clarify this important point further,
starting from Equation (37), the twice-contracted Bianchi identity, ∇µ(Rµν − 1

2 gµνR) = 0,
yields ∇µ(Tµν + Tmod

µν ) = 0, a result that does not imply ∇µ(Tµν) = ∇µ(Tmod
µν ) = 0.

Therefore, for accuracy, one should consider the existence of a potential nonminimal
interaction between the material field and the modification sector, as given by [91].

∇µTµν = −Qν = −∇µTmod
µν , (42)

where Qν is the interaction kernel that governs the rate of energy transfer (for further
details see [91]). For the model under question Qν is given by

Qν = η′∂ν

(
(T 2)n

)
− 2nη′θµν∂µ

(
(T 2)n−1

)
− 2nη′(T 2)n−1∇µ

(
θµν

)
. (43)

By analyzing the previous equation and Equation (39) one sees that the function f and
the tensor θµν coexist in both equations, intertwining the EoS of the second source described
by Tmod

µν and Qν, see [91] for in-depth details. In line with [94], we will employ the function
f to develop the form of the interaction kernel Qν. Given the absence of an equation of
state for the source produced by Tmod

µν one has the freedom to adjust the expression for

θµν [91]. To accommodate the divergences arising from ∂2Lm
∂gµν∂gαβ we will set this term to

zero, aligning with the existing literature. Therefore, the expression for the tensor θµν is as
follows [91]

θµν = −2Lm(Tµν −
1
2

gµνT)− TTµν + 2Tα
µ Tνα . (44)

Having this defined, relative to the matter sector, we assume that it is described by a
perfect fluid

Tµν = (ρ + p)uµuν + pgµν , (45)
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where ρ is the energy density and p the isotropic pressure. For this description, the trace of
the energy-momentum tensor, the scalar T 2 and the tensor θµν are given by

T = 3p − ρ , (46)

T 2 = ρ2 + 3p2 , (47)

and
θµν = −(ρ2 + 4pρ + 3p2)uµuν (48)

respectively.

4.2. Cosmology in EMSG

To develop the foundational framework of gravitational baryogenesis, it is essential
to provide a cosmological description of the primordial universe, particularly focusing
on the radiation-dominated era, during which the baryon asymmetry is considered to be
generated. For this purpose, we assume a flat FLRW (Friedmann–Lemaître–Robertson–
Walker) metric, given by

ds2 = −dt2 + a2(t)dV2, (49)

where t is the comoving proper time, a(t) is the expansion scale factor and dV is the volume
element in comoving coordinates.

Using this metric, the modified Friedmann equations are

H2 = κ
ρ

3
+

η′

3
(ρ2 + 3p2)n−1

[
(n − 1

2
)(ρ2 + 3p2) + 4nρp

]
, (50)

where H ≡ ȧ/a is the Hubble parameter, and the acceleration equation

Ḣ + H2 = −κ
ρ + 3p

6
− η′

3
(ρ2 + 3p2)n−1

[
n + 1

2
(ρ2 + 3p2) + 2nρp

]
, (51)

respectively.
Assuming that the matter fields obey a barotropic equation of state, p = wρ, where w

is a constant, the additional terms introduced by the scalar T 2 are all of the form ρ2n, each
multiplied by a constant. Therefore, the cosmological equations can be recast as [38]

H2 = κ
ρ

3
+

η′ρ2n

3
CFrd(n, w) , (52)

where CFrd is a function that depends on the choice of n and w and is given by

CFrd(n, w) ≡ (1 + 3w2)n−1
[
(n − 1

2
)(1 + 3w2) + 4nw

]
, (53)

and the acceleration equation becomes

Ḣ + H2 = −κ
1 + 3w

6
ρ − η′ρ2n

3
CAcc(n, w) , (54)

where CAcc provides a constant based on the choice for n and w, and is given by

CAcc ≡ (1 + 3w2)n−1
[

n + 1
2

(1 + 3w2) + 2nw
]

. (55)

The term ρ2n present in both equations resembles quantum geometry effects in loop
quantum gravity [95] and in braneworlds [96].
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Finally, the modified continuity equation is obtained by direct derivation from the
Friedmann Equation (50) leading to

ρ̇ = −3Hρ(1 + w)Ccon(n, w) , (56)

where Ccon(n, w) is the extra term originated from T 2, and is given by

Ccon(n, w) ≡
[

κ + η′ρ2n−1n(1 + 3w)(1 + 3w2)n−1

κ + 2η′ρ2n−1nCFrd(n, w)

]
. (57)

An analysis of the cosmological equations reveals that the cosmological description is
largely determined by the three functions under consideration and the chosen value of n.
For the baryogenesis epoch, we focus on the radiation-dominated era following inflation,
thus, avoiding the issue of asymmetry washout due to inflation.

Importantly, for the radiation-dominated epoch, w = 1/3, the modified continuity
equation takes the form

ρ̇ = −4Hρ Ccon. (58)

It is now important to distinguish Equation (58) from the local thermal-equilibrium
relation

ρ =
π2

30
g∗T4, s =

2π2

45
g∗sT3. (59)

The relation ρ ∝ T4 defines the temperature of the radiation bath and does not, by itself,
imply adiabatic expansion. The standard adiabatic radiation limit is recovered only when
Ccon = 1. For the model f (R, T 2) = R + ηM2−8n

Pl
(
T 2)n, the radiation-era continuity factor

can be written as
Ccon =

1 + 2nX

1 + 4n(4n−1)
3 X

, (60)

where

X = η

(
4
3

)n−1
(

ρ

M4
Pl

)2n−1

. (61)

Thus, the quantity Ccon − 1 directly measures the departure from standard adiabatic
radiation evolution. Consequently, the standard adiabatic interpretation of nB/s requires
additional care. The quantity computed by the gravitational baryogenesis source is the
asymmetry at freeze-out,

YB(TD) ≡
nB
s

∣∣∣
T=TD

. (62)

After the B−L-violating interaction decouples, the comoving baryon number is con-
served. However, because the matter energy-momentum tensor is not generally conserved
in f (R, T 2) gravity, the comoving entropy S = sa3 need not be conserved.

Using Equations (58) and (59), one finds

Ṫ
T

= −HCcon. (63)

Since s ∝ T3, the comoving entropy evolves according to

d ln S
d ln a

= 3(1 − Ccon). (64)

Therefore, the final baryon asymmetry is related to the freeze-out value by

Yfinal
B = YB(TD)∆−1

S , (65)
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where

∆S =
S f

SD
= exp

[∫ a f

aD

3(1 − Ccon) d ln a
]

. (66)

Equivalently, using d ln T/d ln a = −Ccon,

∆S = exp
[∫ Tf

TD

3(Ccon − 1)
Ccon

d ln T
]

. (67)

Here Tf denotes the temperature at which the theory has returned to the stan-
dard adiabatic radiation regime, or conservatively the temperature relevant for BBN. If
Ccon ≃ 1, then ∆S ≃ 1, and the usual comparison between YB(TD) and the observed baryon
asymmetry is justified. If Ccon differs significantly from unity, the computed asymmetry
must be interpreted as a freeze-out value and corrected by the entropy factor ∆S.

A particularly interesting model arises when one imposes Ccon = 1 that recovers
the standard ρ̇ = −4Hρ and the comoving entropy is conserved ∆S = 1. Imposing this
condition yields

2nX =
4n(4n − 1)

3
X , (68)

and requiring this result to hold independently of X gives

n =
5
8

. (69)

Therefore, for this model the freeze-out asymmetry is directly equal to the final
baryon asymmetry

Yfinal
B = YB(TD). (70)

Moreover, the value n = 5/8 is singled out by the structure of the modified continuity
equation. As discussed by Board and Barrow [38], the continuity equation can reduce to its
standard GR form for specific choices of the power n.

With this framework established, w = 1/3 will be used for all models. In this context,
the new terms associated with each cosmological equation depend only on the specific
model chosen, particularly the power of T 2. This highlights the importance of the model
in shaping the cosmological framework and its parameters. Additionally, the coupling
constant η is expected to play a key role in cosmological dynamics, significantly influencing
the asymmetry produced through gravitational baryogenesis. Since the generated asym-
metry largely depends on this parameter, η can be constrained by imposing observational
limits on the resulting asymmetry.

5. Modified Gravitational Baryogenesis in EMSG
In this section, we examine the effects of f (R, T 2) gravity in the context of modified

gravitational baryogenesis and constrain η using the observational limit on baryonic asym-
metry, specifically YB = (8.8 ± 0.6)× 10−11 [2–5]. We examine four values of n: n = 1

4 ,
n = 1

2 , n = 5
8 and n = 1, and assess their impact on modified gravitational baryogenesis

(see Section 3). The choices n = 1
2 and n = 1 have previously been investigated in the

context of Ricci- and T 2-dependent interaction terms in Ref. [81], where they exhibited
strong phenomenological performance. Accordingly, these values provide well-motivated
benchmarks for analyzing the interaction terms in Equations (25) and (26). Additionally,
we will also explore the extreme cases where n < 1/4 and n > 1.

The first step in this study involves carefully selecting the values of M∗ and TD,
as these are critical parameters requiring close attention. In the original gravitational
baryogenesis framework, as noted in [17], M∗ does not necessarily need to reach the Planck
scale. For instance, in scenarios where B-violation is characterized by the Majorana mass
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MR of the right-handed neutrino, which represents a soft B-violation, the term (7) avoids
unitarity violation up to the Planck mass, even when M2

∗ = MR MPl [17]. As a result,
the cutoff scale for the ∂µR coupling can be lowered if necessary to support baryogenesis.
For the modified couplings introduced in an ad hoc manner, the cutoff scale will depend
on various scenarios and numerical outcomes that lead to successful baryogenesis. If the
cutoff scale were sufficiently low, such derivative interactions could in principle lead to
phenomenological signatures at colliders. A dedicated collider analysis would be required,
however, before translating a value of M∗ into a direct exclusion bound.

For the decoupling temperature, it is generally accepted in the literature that during
the radiation-dominated epoch following inflation, the decoupling temperature is approxi-
mately equal to the inflationary scale, MI , where MI ≃ 1.6 × 1016 GeV, representing the
upper bound based on tensor mode fluctuation constraints [97]. While this approximation
is widely used, our study aims to examine this assumption more critically. During slow-roll
inflation, as inflation ends, the scalar field begins oscillating around the potential minimum,
initiating the reheating phase essential for the thermalization of the Universe. Therefore,
if baryogenesis is assumed to occur during the radiation era post-inflation, the decoupling
temperature should satisfy the condition TD < TRD < MI , where TRD is the temperature
at which the Universe becomes radiation-dominated, or equivalently, the reheating tem-
perature following inflation. The specific value of TRD depends on the chosen inflationary
model (see comprehensive reviews and analyses in [98–101]), and while it can theoretically
reach up to ∼1016 GeV, similar to the GUT scale, this is often considered unrealistic. Con-
sequently, the assumption TD ≈ MI is problematic, as it would require TRD to be nearly
equal to MI , a scenario typically not realized.

Furthermore, the decoupling temperature should not be regarded as a free parameter.
Since the baryogenesis mechanism relies on the presence of a B or B−L violating process,
the decoupling temperature TD is fixed by the condition Γ(TD) = H(TD). Consequently,
TD is determined by both the microphysical rate associated with the chosen B or B−L
violating mechanism and the cosmological expansion history implied by the underlying
gravitational theory. In this work, we will adopt a concrete source of B−L violation, namely
the Weinberg operator [102–104],

LW = −
λαβ

Λ
ℓi

αL εij H j C ℓk
βL εkl Hl + h.c. , (71)

where ℓL = (νL, lL)
T denotes the lepton doublet in the SU(2)L gauge space, λαβ = λβα

are effective Yukawa couplings with flavour indices α, β = e, µ, τ, and C is the charge-
conjugation matrix. In the early Universe, this operator mediates ∆L = 2 scattering
processes such as LL ↔ HH (as well as the corresponding crossed channels). The thermally
averaged interaction rate associated with these processes can be expressed directly in terms
of the light-neutrino masses as [102–104]

ΓW(T) =
3

4π3
m̄2

ν

v4
H

T3 , (72)

where m̄2
ν ≡ ∑3

i=1 m2
νi

is the sum of the squared light-neutrino mass eigenvalues. After elec-
troweak symmetry breaking, the Weinberg operator generates the Majorana mass matrix
(mν)αβ = λαβv2

H/Λ, with vH = 246 GeV the Higgs vacuum expectation value (VEV). For
the neutrino sector, we will adopt a minimal benchmark for the light-neutrino spectrum,
namely normal ordering with negligible lightest mass, in which case oscillation data fix

m̄ 2
ν ≃ ∆m2

21 + ∆m2
31 ≃ 2.6 × 10−3 eV2 , (73)
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within current data [105,106].
The use of the Weinberg operator as an effective interaction also imposes an EFT con-

sistency requirement on the decoupling temperature. In the normalization of Equation (71),
the light-neutrino mass matrix is generated after electroweak symmetry breaking according
to (mν)αβ = λαβv2

H/Λ. Therefore, for order-one perturbative Wilson coefficients, the char-
acteristic scale associated with the Weinberg operator can be estimated as

Λeff
W ≡

v2
H

m̄ν
=

v2
H√
m̄ 2

ν

≃ 1.2 × 1015 GeV, (74)

where we have used vH = 246 GeV and m̄ 2
ν ≃ 2.6 × 10−3 eV2. The EFT description based

on Equation (71) is, thus, self consistent provided

TD < Λeff
W . (75)

As shown below, the decoupling temperatures obtained for all benchmark models
considered in this work satisfy this condition.

5.1. f (T 2) Interaction Term
5.1.1. Model n = 1/4

The model with n = 1/4 presents interesting cosmological equations. The modified
Friedmann equation is equal to the standard Friedmann equation in GR

H2 =
ρ

3M2
Pl

, (76)

and the modified acceleration equation is

Ḣ + 2H2 = − η

1921/4 ρ1/2 . (77)

Another noteworthy aspect of this model is the fact that the coupling constant in this
scenario is dimensionless and κ couples to this parameter. By contracting both equations,
we derive the following differential equation

Ḣ + 2H2 + z(η)H = 0 , (78)

with

z(η) =
η
√

3MPl

1921/4 , (79)

and that yields the solution

H(t) =
z

ezt − 2
. (80)

Substituting Equation (80) into Equation (76) we obtain the time dependent expression
for the energy density

ρ(t) = 3M2
Pl

(
z

ezt − 2

)2
, (81)

allowing to relate the time of decoupling with the temperature of decoupling by using the
equation that relates the total radiation density with the energy of all relativistic species [41]

ρ(t) =
π2

30
g∗T4 , (82)
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and solving for tD. Substituting this result into Equation (81) gives the relation(
z

eztD − 2

)2
=

π2g∗
90M2

Pl
T4

D , (83)

and

eztD =
3z
√

10MPl

πg1/2
∗ T2

D

+ 2 , (84)

Using Equation (47) for this case one has

T 2 = 12M4
Pl

(
z

ezt − 2

)4
, (85)

and taking into account Equations (83) and (84) provides the following expression for Ṫ 2

Ṫ 2 = −48π4g2
∗T8

D

[
3( 3

64 )
1/4η

√
10M2

Pl + 2πg1/2
∗ T2

D
905/2MPl

]
. (86)

Combining these two previous results with f (T 2) = η
(
T 2) 1

4 , Equations (27) and (29)
results in the asymmetry

nb
s

≃ − ĝ cT 2 ks

2π 123/4
η TD

M2∗ MPl
√

g∗

[
3
(

3
64

)1/4
η
√

10 M2
Pl + 2π

√
g∗ T2

D

]
. (87)

For the decoupling temperature, using Equations (72) and (76) one obtains

TD =
4π4 √g∗ v4

H

3
√

90 m 2
ν MPl

, (88)

that is the same decoupling temperature one obtains for GR yielding TD ≃ 8.50 × 1013 GeV.
This value is well below the Weinberg-operator EFT scale in Equation (74),

TD

Λeff
W

≃ 7.1 × 10−2, (89)

so the use of the Weinberg operator is safely within its EFT regime for the n = 1/4 model.
Fixing M∗ = MPl we computed numerically the evolution of the asymmetry (26)

giving the plot present in Figure 2.
The entropy interpretation of this result is non-trivial. For n = 1/4, Equation (60) gives

C(1/4)
con = 1 +

X
2

, X = η

(
4
3

)−3/4
(

ρ

M4
Pl

)−1/2

. (90)

Since ρ ∝ T4, one has
X ∝ T−2. (91)

Therefore, although the Friedmann equation in Equation (76) takes the standard
GR form, the radiation continuity equation does not naturally return to the standard
adiabatic limit as the Universe cools. In fact, the departure from adiabaticity grows at
lower temperature.
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Figure 2. Baryon-to-entropy ratio, nb
s , as a function of the coupling parameter η for three

benchmark values of the coefficient cT 2 = {−0.25, −0.5, −1} (solid curves). The shaded hor-
izontal band indicates the observational 1σ range, with the dashed line marking the central
value. For each benchmark, the corresponding η interval yielding agreement with observations
is [1.369799 × 10−2, 1.466601 × 10−2] for cT 2 = −0.25, [9.685988 × 10−3, 1.037040 × 10−2] for
cT 2 = −0.5, and [6.849062 × 10−3, 7.332996 × 10−3] for cT 2 = −1. The central-value solutions
occur at η = 1.419028 × 10−2, 1.003404 × 10−2, and 7.095135 × 10−3, respectively, and correspond to
a common decoupling temperature TD ≃ 8.509467 × 1013 GeV.

For the central-value solutions shown in Figure 2, one finds

Ccon(TD) ≃
{

7.90 × 105, 5.59 × 105, 3.95 × 105
}

, (92)

for cT 2 = −0.25,−0.5,−1, respectively. These values are far from the adiabatic limit
Ccon = 1. Thus, the n = 1/4 result in Figure 2 should be interpreted as a freeze-out
asymmetry rather than a final prediction for YB. If the n = 1/4 effective model is assumed
to remain valid after baryogenesis, the deviation from standard radiation evolution grows
toward BBN. Consequently, this branch is disfavoured as a self-contained early-Universe
model unless an additional transition, screening mechanism, or UV/IR completion restores
Ccon → 1 before nucleosynthesis.

5.1.2. Model n = 1/2

For the case n = 1
2 , the modified cosmological equations read

H2 =

(
3 + η

√
3

9

)
ρ

M2
Pl

, (93)

Ḣ + H2 = −
(

3 + η2
√

3
9

)
ρ

M2
Pl

. (94)

and the scalar T 2 and its time derivative are given by [81]

T 2 =
4
3
(ρ0)

2t−4 , (95)

Ṫ 2 = −16
3
(ρ0)

2t−5 , (96)
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with

ρ0(η) =
3
√

3η + 9(
3η + 2

√
3
)2 M2

Pl . (97)

Furthermore, the time-temperature relation for this model is given by [81]

tD =

(
30ρ0

π2g∗

)1/2
T−2

D , (98)

that in combination with f
(
T 2) = ηM−2

Pl
(
T 2)1/2 and Equations (95)–(96) gives the asym-

metry
nb
s

≃ −ks
π

6
√

10
ĝ cT 2

M2∗

√
g∗ η

(3η + 2
√

3)

M3
Pl

√
3
√

3η + 9
T5

D , (99)

where the decoupling temperature obtained by using Equations (93) and (72) is given by

TD =
4π3v4

H

√
(3 + η

√
3)

9
√

30m̄2MPl
. (100)

Within the BBN-allowed range of the parameter η in this model (η < 0.00395156) [81],
no asymmetry consistent with observational constraints is obtained. This outcome arises
because, throughout the permitted η interval, the decoupling temperature is insufficiently
high, while the presence of the M3

Pl factor in the denominator strongly suppresses the
predicted asymmetry. Consequently, the resulting value remains well below 8.8 × 10−11,
even for moderately low choices for the cutoff scalar such as M∗ = 10 TD, which remain
within the regime of validity of the EFT description, albeit near its limit. Changing the B−L
source can help with this problem and lead to a result within observational bounds.

Additionally, for the entropy production discussion, for n = 1/2, the continuity
factor becomes

C(1/2)
con =

1 +
√

3
2 η

1 +
√

3
3 η

. (101)

This factor is independent of temperature. Within the BBN-allowed interval
η < 3.95156 × 10−3, one finds

C(1/2)
con ≲ 1.00114. (102)

Therefore, the n = 1/2 branch remains very close to the standard adiabatic radiation
regime. The entropy factor ∆S is correspondingly close to unity, and the usual comparison
between the freeze-out asymmetry and the observed baryon asymmetry is well controlled.
Hence the failure of this model to reproduce the observed value within the BBN-allowed
interval is not caused by entropy dilution, but by the smallness of the generated source itself.

5.1.3. Model n = 5/8: Adiabatic Radiation Branch

For n = 5/8, the radiation-era Friedmann and acceleration equations become

H2 =
ρ

3M2
Pl

+
η

3M3
Pl

(
4
3

)−3/8
ρ5/4, (103)

and

Ḣ + H2 = − ρ

3M2
Pl

− η

2M3
Pl

(
4
3

)−3/8
ρ5/4. (104)
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The correction to the standard Friedmann equation is controlled by

X = η

(
4
3

)−3/8
(

ρ

M4
Pl

)1/4

. (105)

Since ρ ∝ T4, one has
X ∝ T. (106)

Therefore, the non-standard contribution decreases as the Universe cools. This is qualita-
tively different from the n = 1/4 branch, for which the correction grows at low temperature.

Because C(5/8)
con = 1, the radiation density obeys the standard scaling

ρ = ρ⋆
( a⋆

a

)4
. (107)

Defining

x ≡ a
a⋆

, H2
⋆ ≡ ρ⋆

3M2
Pl

, X⋆ ≡ η

(
4
3

)−3/8
(

ρ⋆

M4
Pl

)1/4

, (108)

the Friedmann equation can be written as

H2 = H2
⋆x−4

(
1 +

X⋆

x

)
. (109)

Hence the scale factor is determined implicitly by

H⋆(t − t⋆) =
∫ x

1

y3/2√
y + X⋆

dy. (110)

Equivalently, choosing the Big Bang branch with a = 0 at t = 0 one gets

H⋆t = I(x; X⋆), (111)

where

I(x; X⋆) =
x5/2

2
√

x + X⋆
− X⋆x3/2

4
√

x + X⋆
− 3X2

⋆

√
x

4
√

x + X⋆

+
3X2

⋆

4
sinh−1

(√
x

X⋆

)
.

(112)

In the high-density regime x ≪ X⋆, the scale factor behaves as

a(t) ∝ t2/5. (113)

At late times, x ≫ X⋆, the standard radiation result is recovered,

a(t) ∝ t1/2. (114)

The decoupling temperature is fixed by the Weinberg interaction rate, ΓW(TD) =

H(TD). Using

ρ =
π2

30
g∗T4, (115)

Equation (103) gives
H2(T) = GGRT4 + ηK5/8T5, (116)
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with

GGR =
π2g∗

90M2
Pl

, K5/8 =
1

3M3
Pl

(
4
3

)−3/8(π2g∗
30

)5/4

. (117)

Writing

ΓW(T) = DW T3, DW =
3

4π3
m̄2

ν

v4
H

, (118)

the freeze-out condition gives

D2
W T2

D − ηK5/8TD − GGR = 0. (119)

Therefore,

TD(η) =
ηK5/8 +

√
η2K2

5/8 + 4D2
W GGR

2D2
W

. (120)

For η = 0, this reduces to the GR decoupling temperature.
For this model,

f (T 2) = ηM−3
Pl

(
T 2
)5/8

, (121)

and during radiation domination one has

T 2 =
4
3

ρ2, (122)

and, therefore,

f (T 2) = ηM−3
Pl

(
4
3

)5/8
ρ5/4. (123)

Using ρ̇ = −4Hρ, one obtains

∂t f (T 2) = −5η

(
4
3

)5/8 Hρ5/4

M3
Pl

. (124)

Substituting Equation (124) into Equation (27) and using the sphaleron conversion
factor in Equation (29), the baryon-to-entropy ratio becomes

nb
s

= −75 ĝ ks cT 2

4π2g∗

(
4
3

)5/8 ηHDρ5/4
D

M2∗M3
PlTD

, (125)

where HD = H(TD) and ρD = ρ(TD). Using HD = ΓW(TD) = DW T3
D, this can be written as

nb
s

= −75 ĝ ks cT 2

4π2g∗

(
4
3

)5/8(π2g∗
30

)5/4
ηDW T7

D
M2∗M3

Pl
. (126)

For η > 0, the observed positive baryon asymmetry is obtained by choosing cT 2 < 0.
In Figure 3 we show the resulting baryon-to-entropy ratio as a function of η, taking
M∗ = 10TD. This choice keeps the derivative-interaction EFT hierarchy fixed over the
scan. We obtained numerically cT 2 = −1, η = 6.7285 × 104, TD = 4.2022 × 1014 GeV,
M∗ = 4.2022 × 1015 GeV. For this point, M∗

TD
= 10, TD

Λeff
W

≃ 0.354, ∆(5/8)
S = 1, and

nb
s ≃ 8.8 × 10−11. Thus, the n = 5/8 branch can generate the observed baryon asymmetry

with healthy entropy evolution and a controlled derivative-interaction EFT hierarchy.
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The n = 5/8 model is also BBN safe. The change this model does to the Hubble rate is
controlled by

H2

H2
GR

= 1 + X, X = η

(
4
3

)−3/8
(

ρ

M4
Pl

)1/4

. (127)

Since X ∝ T, the correction is strongly suppressed at MeV temperatures. Taking
TBBN ∼ 1 MeV and g∗ ≃ 10.75, the benchmark value η ≃ 6.7 × 104 gives

XBBN ∼ 10−17. (128)

Therefore,
∆H
HGR

=
√

1 + XBBN − 1 ≃ XBBN

2
∼ 10−17, (129)

which is completely negligible for BBN. Hence the n = 5/8 benchmark is not constrained
by the BBN expansion-rate bound.

Figure 3. Baryon-to-entropy ratio for the entropy-safe n = 5/8 branch as a function of η, using
M∗ = 10TD. The shaded band denotes the observed 1σ interval, nb/s ∈ [8.2, 9.4]× 10−11. Since
C(5/8)

con = 1, the entropy factor is ∆S = 1, and the freeze-out asymmetry is equal to the final asymmetry.
Positive baryon asymmetry is obtained for η > 0 and cT 2 < 0.

5.1.4. Model n = 1

For n = 1, the cosmological dynamics are governed by the modified Friedmann and
acceleration equations [81]

H2 =
1

3M2
Pl

ρ +
2
3

η

M6
Pl

ρ2 , (130)

Ḣ + H2 = − 1
3M2

Pl
ρ − 2

3
η

M6
Pl

ρ2 , (131)

which lead to the expansion rate [81]

H(t) =
1
2

t−1 . (132)
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For the scalar T 2, one finds [81]

T 2 =
η−1M6

Pl
2

t−2 , (133)

Ṫ 2 = −η−1M6
Pl t−3 , (134)

together with the time–temperature relation

tD =

√
3

8η
30 π−2 g−1

∗ M3
Pl T−4

D . (135)

Combining the expressions above, the resulting baryon asymmetry can be written as

nb
s

≃ −ks ĝ cT 2
π4

7200

(
8η

3

)3/2 g2
∗ T11

D
M2∗ M9

Pl
. (136)

The decoupling temperature follows from Equation (132) together with Equation (72),
yielding

TD(η) =
30 m̄2

ν

√
3 M3

Pl
2
√

8η π2g∗v4
H

. (137)

The baryon asymmetry exhibits an inverse dependence on the coupling parameter η

once the decoupling condition is imposed. Indeed the asymmetry generated at decoupling
takes the schematic form

nb
s

∝ η3/2 T11
D , (138)

where the factor η3/2 arises from the time–temperature relation tD(η) (through t−3
D ), while

the high power of TD originates from the t−3 dependence of ∂t f evaluated at t = tD.
Crucially, the decoupling temperature is not independent of η: in this model one finds

TD(η) ∝ η−1/2 , (139)

and consequently,

T11
D ∝

(
η−1/2

)11
= η−11/2, (140)

yielding
nb
s

∝ η3/2 η−11/2 = η−4. (141)

Therefore, although η appears explicitly as a positive power in the effective coupling,
increasing η lowers the decoupling temperature, and the strong temperature sensitivity
(here ∝ T11

D ) dominates, yielding a net suppression of the final asymmetry for larger η.
In Figure 4 we show nb

s vs. η. The figure confirms the generic trend that increasing η

suppresses the baryon-to-entropy ratio, yielding a smaller asymmetry at larger couplings.
For the representative choices of cT 2 considered, the values of η that reproduce the observed
central value correspond to decoupling temperatures of order TD ∼ 1015 GeV. Importantly,
these parameter points are comfortably consistent with the BBN requirement, which in this
model imposes the upper bound η < 8.87644 × 1082 [81].

The entropy correction is particularly important for this model. For n = 1, Equation (60)
gives

C(1)
con =

1 + 2X
1 + 4X

, X = η
ρ

M4
Pl

. (142)
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Figure 4. Predicted baryon-to-entropy ratio, nb
s , as a function of the coupling parameter η for

three representative values of the effective coefficient cT 2 (solid curves). The light-blue shaded
region denotes the observational 1σ interval, nb

s ∈ [8.2, 9.4]× 10−11, while the dashed and dotted
horizontal lines indicate the central value ( nb

s )0 = 8.8 × 10−11 and the corresponding ±1σ bounds,
respectively. The intersections of each model curve with the central value occur at η = 5.503506× 1015

for cT 2 = −0.25, η = 6.544808 × 1015 for cT 2 = −0.5, and η = 7.783133 × 1015 for cT 2 = −1,
yielding the corresponding decoupling temperatures TD = 1.158287× 1015 GeV, 1.062153× 1015 GeV,
and 9.739990 × 1014 GeV, respectively.

Unlike the n = 1/4 case, here X ∝ T4. Thus, the non-standard contribution decreases
rapidly as the Universe cools, and the standard adiabatic radiation regime is naturally
recovered at low temperature.

Using X ∝ T4 in Equation (67), the entropy factor can be integrated analytically:

∆(1)
S =

(
1 + 2XD
1 + 2X f

)3/4

, (143)

where XD = X(TD) and X f = X(Tf ). Once the system has evolved into the regime X f ≪ 1,
this becomes

∆(1)
S ≃ (1 + 2XD)

3/4. (144)

Therefore, the final baryon asymmetry is

Yfinal
B =

YB(TD)

(1 + 2XD)
3/4 . (145)

For the central-value freeze-out solutions shown in Figure 4, one finds

Ccon(TD) ≃ {0.500013, 0.500015, 0.500018}, (146)

and
∆S ≃

{
1.67 × 103, 1.47 × 103, 1.29 × 103

}
, (147)

for cT 2 = −0.25,−0.5,−1, respectively. Hence the benchmark points that reproduce the
observed asymmetry at freeze-out would be diluted by roughly three orders of magnitude
before the standard adiabatic regime is reached.
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This dilution does not rule out the n = 1 model, because the asymmetry scales as
YB ∝ M−2

∗ . Keeping the same values of η and cT 2 , the observed final asymmetry can be
recovered by lowering M∗ while maintaining the EFT condition M∗ > TD. A conservative
entropy-corrected benchmark is

cT 2 = −1, η = 4.37 × 1016, TD = 4.11 × 1014 GeV, M∗ = 4.11 × 1015 GeV. (148)

that yields

M∗
TD

= 10, XD ≃ 1.25 × 103, Ccon(TD) ≃ 0.5001, ∆(1)
S ≃ 3.53 × 102. (149)

with the final baryon asymmetry

Yfinal
B =

YB(TD)

∆(1)
S

≃ Yobs
B . (150)

Moreover, this benchmark satisfies the BBN [81] bound the perturbative Wilson-
coefficient condition |cT 2 | ≤ 1, and the derivative-interaction EFT hierarchy M∗/TD = 10.
Furthermore, using

Λeff
W =

v2
H√
m̄ 2

ν

≃ 1.2 × 1015 GeV, (151)

one finds
TD

Λeff
W

≃ 0.34. (152)

Thus, the decoupling temperature remains below the effective Weinberg scale, while
the derivative baryogenesis operator is sufficiently suppressed for the EFT expansion to
remain under perturbative control. Therefore, after including the entropy dilution factor,
the n = 1 branch remains viable for M∗ < MPl while maintaining M∗/TD = 10.

5.2. f (R, T 2) Interaction Term
5.2.1. Model n = 1/4

Combining the results from Section 5.1.1 and

Ṙ = 6

[
η
√

3MPlezt

1921/4

(
z

ezt − 2

)2
]

. (153)

obtained by using Ṙ = 6(Ḧ + 4HḢ) and Equation (80) the expression from the ∂µ f (R, T)
for the n = 1/4 model is given by

nb
s

≃ ĝkscT 2 πηTD(
√

3 − 2(192)1/4)

2(192)1/4g1/2
∗ MPl M2∗

[(
3η

√
10
(

3
64

)1/4
M2

Pl + 2πg1/2
∗ T2

D

)]
, (154)

with TD being given by Equation (88).
Figure 5 displays the dependence of the baryon-to-entropy ratio, nb/s, on the coupling

parameter η. The overall trend of nb/s(η) in the presence of the general coupling closely
resembles that obtained for the pure f (T 2) scenario shown in Figure 2. Nevertheless,
including the Ricci-scalar contribution to the asymmetry reduces the value of η required to
reproduce the observed baryon abundance. As a representative example, for |cT 2 | = 0.5 the
f (T 2) coupling requires η = 1.003404 × 10−2, whereas the combined f (R, T 2) coupling
yields the central observational value already at η = 1.015356 × 10−3, i.e., approximately
one order of magnitude smaller. This shift suggests that the joint interaction between
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curvature effects and higher-order matter terms can enhance the efficiency of baryogenesis
while keeping the additional gravitational-sector contribution parametrically small.

Figure 5. Predicted baryon-to-entropy ratio, nb
s , as a function of the coupling parameter η for three

representative values of the effective coefficient cT 2 (solid curves). The shaded horizontal band
marks the observational 1σ interval. Requiring nb

s to fall within this band selects the parameter
regions η ∈ [1.386127 × 10−3, 1.484075 × 10−3] for c = 0.25, η ∈ [9.801399 × 10−4, 1.049392 × 10−3]

for c = 0.5, and η ∈ [6.930675 × 10−4, 7.420342 × 10−4] for c = 1 The corresponding central-value
solutions are located at η = 1.435933 × 10−3, 1.015356 × 10−3, and 7.179623 × 10−4, respectively.

The entropy interpretation of the f (R, T 2) interaction is governed by the same back-
ground continuity factor as in the pure f (T 2) case. Therefore, the presence of the Ricci-
scalar contribution in the baryogenesis source does not remove the non-adiabatic behaviour
of the n = 1/4 background. For the central-value solutions shown in Figure 5, one obtains

Ccon(TD) ≃
{

8.00 × 104, 5.65 × 104, 4.00 × 104
}

, (155)

for cT 2 = 0.25, 0.5, 1, respectively. These values are again far from Ccon = 1. Hence,
although the combined f (R, T 2) interaction reduces the value of η required to generate
the freeze-out asymmetry, it does not restore standard adiabatic radiation evolution. The
n = 1/4 branch, therefore, remains disfavoured as a self-contained early-Universe model
unless a transition or screening mechanism restores Ccon → 1 before BBN.

5.2.2. Model n = 1/2

For n = 1/2, using the results from Sections 5.1.2 and 5.1.4 the asymmetry is given by

nb
s

≃
15ĝksg1/2

∗ cT 2 πη
(

3η + 2
√

3
)

M5∗

4π3v4
H

√
3 + η

√
3

9
√

30m̄2MPl

5

×

 3
(

η +
√

3
)

(
30
(

3
√

3η + 9
))3/2 +

1(
10
(

3
√

3η + 9
))1/2

. (156)

Once more, for the BBN-allowed range for η [81] there is no generated asymmetry
in agreement with observations. The additional contributions from the Ricci scalar to the
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asymmetry generation are not enough to reach a result that is in agreement with both the
BBN and the observed asymmetry. The entropy conclusion for this branch is the same as in
the pure f (T 2) interaction. Since the background corresponds to n = 1/2, the continuity
factor is given by Equation (101). In the BBN-allowed interval it remains close to unity,
Ccon ≲ 1.00114. Therefore, entropy evolution does not change the main conclusion: the
asymmetry remains below the observed value in the allowed parameter region, even after
including the Ricci-scalar contribution to the baryogenesis source.

5.2.3. Model n = 5/8

We now consider the combined interaction proportional to ∂µ f (R, T 2)Jµ for the
entropy-safe branch n = 5/8. The background dynamics and the decoupling temperature
are the same as in Section 5.1.3, since they are fixed by the gravitational field equations and
by the condition ΓW(TD) = H(TD). The only difference is the baryogenesis source, which
now contains the derivative of the full combination R + f (T 2).

For n = 5/8, the Ricci scalar does not vanish during radiation domination. Using the
background equations derived above, one obtains

R = −η

(
4
3

)−3/8 ρ5/4

M3
Pl

. (157)

On the other hand,

f (T 2) = ηM−3
Pl

(
T 2
)5/8

= η

(
4
3

)5/8 ρ5/4

M3
Pl

, (158)

where we used T 2 = 4ρ2/3 for radiation. Hence

R + f (T 2) = η

[(
4
3

)5/8
−
(

4
3

)−3/8
]

ρ5/4

M3
Pl

=
η

4

(
4
3

)5/8 ρ5/4

M3
Pl

.

(159)

Thus, for the same values of η, M∗, and cT 2 , the f (R, T 2) source is suppressed by a
factor of 1/4 relative to the pure f (T 2) source.

Taking the time derivative of Equation (159), one finds

∂t

[
R + f (T 2)

]
= −5η

4

(
4
3

)5/8 Hρ5/4

M3
Pl

. (160)

Substitution into the baryogenesis formula gives

nb
s

= −75 ĝ ks cT 2

16π2g∗

(
4
3

)5/8 ηHDρ5/4
D

M2∗M3
PlTD

. (161)

Using HD = ΓW(TD) = DW T3
D and ρD = (π2g∗/30)T4

D, this becomes

nb
s

= −75 ĝ ks cT 2

16π2g∗

(
4
3

)5/8(π2g∗
30

)5/4
ηDW T7

D
M2∗M3

Pl
. (162)

Therefore, for η > 0, a positive baryon asymmetry requires cT 2 < 0, as in the pure
f (T 2) case.
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Since the source is reduced by a factor of 1/4, the same asymmetry can be obtained
either by increasing η, which raises TD, or by lowering M∗, which weakens the derivative-
interaction EFT hierarchy. We found numerically that for cT 2 = − 1, η = 8.5794 × 104,
TD = 5.2818 × 1014 GeV, M∗ = 5.2818 × 1015 GeV one gets M∗

TD
= 10, TD

Λeff
W

≃ 0.445,
nb
s ≃ 8.8 × 10−11. For these results the derivative-interaction EFT hierarchy is fixed at

M∗/TD = 10, but it places the decoupling temperature closer to the effective Weinberg
scale than in the pure f (T 2) branch.

Thus, the combined f (R, T 2) interaction can also reproduce the observed asymmetry,
although it is less efficient than the pure f (T 2) interaction for this branch.

5.2.4. Model n = 1

For n = 1 an interesting behaviour occurs. Due to the form of H(t) = 1
2 t−1 there is no

contribution to the asymmetry from the Ricci scalar because, in this case, R = 0. Hence the
interaction term f (R, T 2) is phenomenologically equal to f (T 2). The entropy analysis is
also identical to the pure f (T 2) case. Since R = 0 for the radiation-era solution H = 1/(2t),
the baryogenesis source and the background entropy evolution are both governed by the
T 2 sector. This branch remains viable after including the dilution factor, provided the
cutoff scale is lowered relative to MPl while still satisfying M∗ > TD.

5.3. Models with n < 1/4 and n > 1

In addition to the three models previously analyzed, it is possible to explore the
extreme cases where n < 1/4 and n > 1 within the context of gravitational baryogenesis.
However, we did not consider these scenarios because they involve coupling constants
with unnatural dimensions, which is why we refer to them as extreme cases. Nonetheless,
we will provide a potential theoretical framework for both cases to be used in the context
of gravitational baryogenesis.

Starting with the modified Friedmann equations with w = 1/3 one has

H2 =
ρ

3MPl2 +
η′ρ2n

3
CFrd

(
n,

1
3

)
, (163)

Ḣ + H2 = − ρ

3MPl2 − η′ρ2n

3
CAcc

(
n,

1
3

)
, (164)

respectively.
Considering the energy scale of the very early universe (ρ → ∞), two distinct approx-

imations can be made based on whether n < 1/4 or n > 1. For n < 1/4, the ρ term is
expected to dominate over the ρ2n term because the exponent associated with ρ2n is less
than 1. This allows the modified cosmological equations to be recast as those of GR. In the
case of n > 1, a similar reasoning applies, but here the dominant term is the quadratic term,
ρ2n, leading to modified Friedmann equations

H2 =
η′ρ2n

3
CFrd

(
n,

1
3

)
, (165)

Ḣ + H2 = −η′ρ2n

3
CAcc

(
n,

1
3

)
. (166)

It is important to emphasize that these results are valid only for sufficiently large
values of the energy density. If this condition is not met, the parameter η′ invalidates
both sets of results. Additionally, a key point to consider is the applicability of the result
derived for n > 1 to the specific case of n = 1. In this study, we did not consider n = 1
as an extreme case due to the unique properties that this model exhibits. Supporting this
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reasoning, the range of decoupling temperatures considered, which occur after inflation
and the era of grand unification, do not satisfy the required energy density condition. We
considered that for n = 1 the approximation considered only holds when one takes into
account pre-inflation or inflation as the epochs of study.

6. Summary and Discussion
In this work we investigated modified gravitational baryogenesis in energy-momentum

squared gravity, f (R, T 2), with T 2 = TµνTµν. The central idea was to use the high-density
matter-sector scalar T 2, or the full combination f (R, T 2), as the time-dependent source
responsible for generating a baryon asymmetry through derivative interactions with a
baryonic or B − L current. This extends the usual curvature-based gravitational baryogen-
esis mechanism by allowing the matter sector itself to contribute directly to the effective
chemical potential.

A key ingredient of the analysis was that the decoupling temperature was not in-
troduced as a free parameter. Instead, TD was fixed by the freeze-out of the Weinberg
B − L-violating operator through the condition ΓW(TD) = H(TD). This connects the baryo-
genesis calculation to the light-neutrino mass scale and to the modified expansion history of
each model. The resulting decoupling temperatures were also checked against the effective
Weinberg scale in Equation (74), through the consistency condition in Equation (75). For the
viable benchmark points, the Weinberg operator remains within its EFT domain.

Because the matter energy-momentum tensor is not generally conserved in f (R, T 2)

gravity, the usual adiabatic interpretation of the baryon-to-entropy ratio requires additional
care. We, therefore, distinguished between the freeze-out value YB(TD) and the final baryon
asymmetry, related by Equation (65). The entropy factor ∆S, defined in Equation (67), mea-
sures the post-freeze-out evolution of the comoving entropy. This distinction is essential:
matching the observed value of YB at freeze-out is not sufficient unless the entropy evolu-
tion is also under control.

The entropy analysis provides a sharp discriminator between the different powers n.
The n = 1/4 branch can generate a sizeable freeze-out asymmetry, but it does not provide a
satisfactory self-contained radiation-era model. Although the Friedmann equation can take
a standard-looking form, the modified continuity equation does not return to the standard
adiabatic limit. In this case the non-adiabatic correction grows as the Universe cools, so the
model would require an additional transition, screening mechanism, or completion before
BBN. Therefore, the n = 1/4 branch should be regarded as disfavoured as a complete
early-Universe scenario.

The n = 1/2 branch has the opposite behaviour. Its continuity factor remains close to
unity in the BBN-allowed region, so the standard entropy interpretation is well controlled.
However, the generated baryon asymmetry remains below the observed value in that same
allowed region. Thus, the n = 1/2 model is thermodynamically healthy but not efficient
enough to explain the observed baryon-to-entropy ratio in the setup considered here.

The most important new result is the n = 5/8 branch. This value is selected by
the condition Ccon = 1 in the radiation era, as follows from Equation (60). Consequently,
the radiation continuity equation takes its standard form, the entropy factor satisfies ∆S = 1,
and the freeze-out asymmetry coincides with the final asymmetry. Moreover, the correction
parameter scales as X ∝ T, so the modified-gravity contribution decreases as the Universe
cools and becomes negligible by the BBN epoch. The model reproduces the observed
asymmetry with a perturbative Wilson coefficient, a controlled hierarchy M∗ > TD, and a
decoupling temperature below the effective Weinberg scale. We, therefore, identify the
pure f (T 2), n = 5/8 branch as the cleanest viable realization of modified gravitational
baryogenesis found in this work.
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The n = 1 branch also remains viable, but only after including entropy dilution. In this
case the non-standard contribution decreases rapidly at low temperature, so the standard
radiation regime is recovered naturally. However, the freeze-out asymmetry is diluted
by the entropy factor derived in Equation (145). The entropy-corrected benchmark in
Equation (148) shows that the observed final asymmetry can still be obtained by lowering
M∗ below MPl , while maintaining M∗ > TD and |cT 2 | ≤ 1. Thus, the n = 1 branch is
viable, but it is less direct than the n = 5/8 branch because the entropy dilution must be
included in the parameter fit.

We also compared the pure f (T 2) interaction with the combined f (R, T 2) interaction.
For the n = 5/8 branch, the combined source is suppressed relative to the pure matter-
sector source, as shown in Equation (159). Consequently, the combined interaction can
still reproduce the observed asymmetry, but it requires either a larger value of η, which
raises TD, or a smaller value of M∗, which weakens the derivative-interaction EFT hierarchy.
For this reason, the pure f (T 2) interaction is the more efficient and cleaner baryogenesis
channel for n = 5/8.

Overall, the results show that modified gravitational baryogenesis in f (R, T 2) gravity
is viable only when the baryogenesis source, the modified expansion rate, the decoupling
temperature, the entropy evolution, and the EFT hierarchy are treated together. In par-
ticular, reproducing Yobs

B alone is not enough. A consistent solution must also satisfy the
Weinberg-EFT condition in Equation (75), the perturbative Wilson-coefficient condition
|cT 2 | ≤ 1, the derivative-interaction hierarchy M∗ > TD, and the requirement of a physi-
cally acceptable radiation era.

The main conclusion is that the entropy evolution selects the viable powers of T 2.
The n = 1/4 branch is disfavoured, the n = 1/2 branch is entropy-safe but too weak,
the n = 1 branch is viable after entropy dilution, and the n = 5/8 branch is both entropy-
safe and capable of generating the observed baryon asymmetry. This makes the n = 5/8
model the strongest candidate among the cases studied here.

Future work should investigate whether the viability of the n = 5/8 branch extends
to a continuous interval of powers around n = 5/8, and whether other B − L-violating
interactions lead to different preferred regions of parameter space. It would also be useful
to embed the derivative baryogenesis operators in a more complete ultraviolet framework
and to study their connection with reheating, inflationary constraints, and possible collider
or astrophysical signatures.
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