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Since all the Standard Model (SM) parameters have been measured to precision at the percent level or
smaller, one would aim to have a framework which describes baryogenesis as precise as possible, where the
measured SM parameters are used as inputs. At high temperature before the electroweak symmetry
breaking, the SM contains 15 approximateUð1Þ symmetries with the associated flavor charges. To describe
the evolutions of these flavor charges in a flavor-basis-covariantmanner such that physical observables are
flavor-basis-independent, a total of five density matrices in flavor spaces are required: three for quarks and
two for leptons. Taking into account the quantum chromodynamics and electroweak sphaleron interactions
together with all the Yukawa interactions, we obtain the complete flavor-covariant Boltzmann equations.
By imposing chemical equilibrium in the lepton sector, we further derive a new effective quark-flavor-
covariant formalism which can be used when baryogenesis occurs through number asymmetry generation
in the quark sector. To verify the consistency of this complete formalism, we first apply it to leptogenesis
scenarios, reproducing previous results which utilize the effective lepton-flavor-covariant formalism up to
small corrections due to the quark chemical equilibrium approximations used in the latter formalism. Then,
for the first time, we apply the complete formalism as well as the effective quark-flavor-covariant formalism
to a cloistered baryogenesis scenario where number asymmetries are generated in the quark sector,
showcasing the good agreement between the results from the two formalisms. Finally, we release the first
generic baryogenesis public code BOLEH (BaryOn and Lepton charge Evolution in the Hot big bang) where
all the SM interactions are taken into account.

DOI: 10.1103/5jxc-7fxb

I. INTRODUCTION

All the parameters of the Standard Model (SM) at some
specific scales have now been measured to precision at
percent level or better and have served as inputs for further
experimental predictions. In cosmology, the SM will then
serve as the benchmark particle physics model.
Extrapolating back in time when the Universe was smaller,
denser, and hotter, there were two main events that pointed
to a universe in thermal equilibrium. From the observation
of cosmic microwave background (CMB) today, we know
that the Universe was in thermal equilibrium with temper-
ature T of eV scale during recombination when the CMB
photons originated. From the measurements of light
element abundances produced from the big bang nucleo-
synthesis (BBN), we know that the Universe should be

radiation dominated with T ∼MeV. It is plausible that the
Universe was in thermal equilibrium at higher temperature
up to a grand unified theory scale of 1016 GeV.1

Since the Universe is observed to be matter-antimatter
asymmetric [2,3], quantities of interest are the number
density asymmetries of the SM fields, i.e., the differences
between number densities of SM particles and antiparticles.
Before the electroweak (EW) symmetry breaking, the fields
that can carry number density asymmetries are a scalar
SUð2ÞL doublet Higgs H together with five types of
fermionic fields that come in three flavors or families
(α ¼ 1; 2; 3): the SUð2ÞL doublets of quarks Qα and
leptons lα, the SUð2ÞL singlets of up-type quarks Uα,
down-type quarks Dα, and charged leptons Eα. To describe
the evolutions of these number density asymmetries, one
has to take into account all SM interactions that can change
their numbers: QCD and EW sphaleron interactions [4,5]
and all the SM Yukawa interactions. Due to conservation of
hypercharge, the number density asymmetry in H is not
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1The current bound from nonobservation of inflationary
gravitational wave by Planck and BICEP/Keck data [1] implies
an upper bound on the reheating temperature after inflation
T < 5.7 × 1015 GeV from single field inflation.

PHYSICAL REVIEW D 114, 075038 (2026)

2470-0010=2026=114(7)=075038(15) 075038-1 Published by the American Physical Society

https://orcid.org/0000-0001-7693-6057
https://orcid.org/0000-0002-1992-1673
https://ror.org/028kg9j04
https://crossmark.crossref.org/dialog/?doi=10.1103/5jxc-7fxb&domain=pdf&date_stamp=2026-10-29
https://doi.org/10.1103/5jxc-7fxb
https://doi.org/10.1103/5jxc-7fxb
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


independent but can by expressed in terms of the number
density asymmetries of the rest of the SM fermions,
collectively known as the SM flavor charges.
Since physical observables, like the total baryon and

lepton charges, should be independent of flavor basis, one
should work with flavor-covariant equations. In order to
achieve this, the SM flavor charges nΔψα

of five types of
SM fermion fields ψα should be described by matrices
ðnΔψÞαβ in their respective flavor spaces [6]. Under a
change of flavor basis ψ → Vψ where V is a unitary
matrix, we have nΔψ → VnΔψV† while the total flavor
charge is given by TrðnΔψÞ which is independent of flavor
basis. Reference [7] shows that, in order to describe
evolution of lepton flavor charges in a flavor-basis-inde-
pendent manner, we need to follow the evolutions of both
nΔl and nΔE while the effects of quark Yukawa interactions
can be captured effectively through temperature-dependent
coefficients, obtained by assuming quark chemical equi-
librium at a given temperature. In this work, we first
generalize the study to include also the evolutions of three
quark flavor charges nΔQ, nΔU, and nΔD. One will then be
able to describe the evolutions of all the 15 SM flavor
charges [8] taking into account their flavor correlations,
using only the measured SM parameters as inputs. Then,
we further derive a new effective quark-flavor-covariant
formalism which is applicable to the baryogenesis mecha-
nism that generates number asymmetries in the quark
sector, while the lepton sector is assumed to be in chemical
equilibrium at a given temperature.
To verify the complete formalism, we first apply it to the

well-established leptogenesis scenarios [9,10] and compare
the results against those obtained from the effective lepton-
flavor-covariant formalism of Ref. [8]. As a demonstration
of the utility of the complete formalism as well as the
effective quark-flavor-covariant formalism, we apply them
to a cloistered baryogenesis scenario in which asymmetry
generation occurs in the quark charges [11]. Together with
this work, we release the first generic baryogenesis public
code BOLEH (BaryOn and Lepton charge Evolution in the
Hot big bang) implementing the three formalisms: (i) the
complete formalism including all the SM interactions,
(ii) the effective quark-flavor-covariant formalism, and
(iii) the effective lepton-flavor-covariant formalism.
This article is organized as follows. In Sec. II, we first

introduce the complete SM flavor-covariant Boltzmann
equations, and then in Sec. III, we derive the effective
quark-flavor-covariant formalism. In Sec. IV, we apply the
complete formalism as well as the effective lepton-flavor-
covariant formalism to the type-I and type-II leptogenesis
scenarios. For completeness, the relevant equations of the
effective lepton-flavor-covariant formalism are collected in
Appendix A. In Sec. V, we apply the complete and the
effective quark-flavor-covariant formalisms to a cloistered
baryogenesis model where quarks do not achieve chemical
equilibrium during baryogenesis. Finally, we conclude in

Sec. VI. In Appendix B, we describe the generic baryo-
genesis code BOLEH.

II. STANDARD MODEL FLAVOR-COVARIANT
BOLTZMANN EQUATIONS

A. Standard model flavor charges

Assuming a radiation-dominated universe, all the SM
fields will be in thermal equilibrium due to fast gauge
interactions, and a particle ψ and its antiparticle ψ̄ can be
described by generalized equilibrium phase space distri-
butions at temperature T as

ðfψ ;pÞαβ ¼ ½eEψ−ðμψ Þαβ
T þ ξψ �

−1
;

ðfψ̄ ;pÞαβ ¼ ½eEψþðμψ Þαβ
T þ ξψ �

−1
; ð1Þ

where ξψ ¼ 1ð−1Þ for the fermion (boson), Eψ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jpj2 þm2

ψ

q
is the energy of ψ with mass mψ , and μψ is

the generalized chemical potential where α, β denote
possible flavor indices. In the SM, the five types of fermion
fields ψ ¼ fQ;U;D;l; Eg are described by five 3 × 3
Hermitian matrices of ðμψ Þαβ while the Higgs field is
described by μH. Expanding the phase space distributions
to linear order in μ=T and integrating over 3-momentum
including the additional gauge degrees of freedom gψ , we
can define the number density asymmetry as

ðnΔψ Þαβ ≡ gψ

Z
d3p
ð2πÞ3 ½ðfψ ;pÞαβ − ðfψ̄ ;pÞαβ�

¼ T2

6
gψζψðμψÞαβ; ð2Þ

where

ζψ ≡ 6

π2

Z
∞

mψ=T
dxx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 −m2

ψ=T2

q ex

ðex þ ξψÞ2
: ð3Þ

In the SM, we will take mψ ¼ 0 such that ζψ ¼ 1ð2Þ for
fermion (boson).
Under a unitary transformation in the flavor space of a

type of the SM fermion ψ → Vψψ , we can define it such
that Eq. (2) transforms as [6,7]

ðnΔψ Þαβ → Vψ ðnΔψÞαβV†
ψ : ð4Þ

The total number density asymmetry of a type of the SM
fermion is given by TrðnΔψÞ which is independent of
flavor basis.
Since the comoving entropy is conserved in a radiation-

dominated universe, it is convenient to normalize Eq. (2) by
the cosmic entropy density s ¼ 2π2

45
g⋆T3 where g⋆ denotes

the effective relativistic degrees of freedom to obtain
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ðYΔψ Þαβ ≡
ðnΔψÞαβ

s
≡ Ynorgψζψ

2ðμψÞαβ
T

; ð5Þ

with Ynor ≡ 15=ð8π2g⋆Þ. For instance, for the up-type
quark, we have gU ¼ 3 and ξU ¼ 1 giving a 3 × 3 up-type
quark density matrix YΔU ¼ 6YnorμU=T while for the
Higgs, we have gH ¼ 2 and ξH ¼ 2 giving a Higgs charge
YΔH ¼ 8YnorμH=T. Due to hypercharge conservation, YΔH
is not an independent charge but is related to the other SM
flavor charges as follows:

YΔH ¼ 1

3
Tr½−YΔQ − 4YΔU þ 2YΔD� þ Tr½YΔl þ 2YΔE�

− 2
X
i

qYϕi
YΔϕi

; ð6Þ

where we include the last term to take into account possible
beyond the SM scalar fields ϕi which are in kinetic
equilibrium and carry nonzero hypercharge qYϕ. The addi-
tional gauge multiplicity gϕi

and the mass of ϕi in ζϕi
have

been included in the definition of YΔϕi
. The expression (6)

holds also if ϕi are fermions, but to consistently introduce
new hypercharge-carrying fermions, one will have to take
into account gauge anomaly cancellations. Therefore, we
will focus only on the case of scalars.
Finally, for a radiation-dominated, homogeneous and

isotropic universe, the Hubble expansion rate is given by
the Friedmann equation H ¼ 1.66

ffiffiffiffiffi
g⋆

p
T2=MPl with MPl ¼

1.22 × 1019 GeV and we can trade time t for monotonously
decreasing temperature T to write the evolution of a flavor
charge in time as

dnΔψ
dt

þ 3HnΔψ ¼ s
dYΔψ

dt
¼ sHz

dYΔψ

dz
; ð7Þ

where z≡Mref=T with Mref an arbitrary reference
mass scale.

B. Standard model interactions

In the evolution of the SM flavor charges, the SM
Yukawa interactions play a crucial role since they deter-
mine the effective conserved charges in the early Universe
[8,12]. They are described by

−L ⊃ ðyUÞαβUαQβϵH þ ðyDÞαβDαQβH�

þ ðyEÞαβEαlβH� þ H:c:; ð8Þ

where yU, yD, and yE are Yukawa couplings with flavor
indices α, β ¼ 1; 2; 3 and ϵ is the total antisymmetric tensor
in the SUð2ÞL space.2 In the limit where the Yukawa

couplings go to zero, there are 16 conserved charges, each
associated to the Uð1Þψ transformation of the correspond-
ing SM field: 1 Higgs and 15 fermions. Turning on the
Yukawa interactions, the remaining symmetries are Uð1ÞY
hypercharge gauge symmetry and 4 global Uð1Þ’s: the total
baryon number B and three lepton flavor numbers Lα

defined in the basis where yE is diagonal. Using qXψ
to denote the charge of ψ under Uð1ÞX, we will adopt
the convention 6qYQ ¼ 3qYU=2 ¼ −3qYD ¼ −2qYl ¼ −qYE ¼
2qYH ¼ 1, qBQ ¼ qBU ¼ qBL ¼ 1=3, qLα

lα
¼ qLα

Eα
¼ 1 and zero

otherwise. Due to the observed structures of yU, yD, and yE,
effective Uð1Þ symmetries arise at high temperature T
when interactions in some directions in flavor space go out-
of-equilibrium and the resulting effective charges can play
interesting roles in baryogenesis [8,12–15].
In the SM, due to the Adler-Bell-Jackiw anomaly, there

are nonperturbative interactions that break the effective
symmetries. Quark chiral symmetries are anomalous under
SUð3Þc and are explicitly broken by instanton-induced
effective operator [5]

OSUð3Þ ¼
Y
α

QαQαUc
αDc

α: ð9Þ

Analogously, baryon B and lepton L are anomalous under
SUð2ÞL and are explicitly broken by [4]

OSUð2Þ ¼
Y
α

QαQαQαlα; ð10Þ

while the linear combinations Bα − Lα (one for each flavor)
are exactly conserved. At high temperature, these operators
are unsuppressed and the SUðNÞ sphaleron rate per volume
is determined by Refs. [5,16–18] to be

γN ¼ ð8.24� 0.10Þ
�
N
2

�
2 g2NT

2

m2
N

�
ln

mN

g2NT
þ 3.041

�
α5NT

4;

ð11Þ

where gN is the SUðNÞ gauge coupling with αN ≡ g2N=ð4πÞ
and m2

N is the Debye mass squared given by m2
2 ¼

11g22T
2=6 and m2

3 ¼ 2g23T
2. This gives, for the SM

SUð2ÞL and SUð3Þc, respectively,

γEW ≡ γ2 ¼
�
13.7þ 4.49 ln

1.35
g2

�
α52T

4; ð12Þ

γQCD ≡ γ3 ¼
�
95.1þ 31.3 ln

1.41
g3

�
α53T

4; ð13Þ

where we have used the one-loop renormalization group
equation (RGE) running of the SM gauge couplings at
energy scale μ ¼ 2πT with T ¼ 1012 GeV for EW and
T ¼ 1013 GeV for QCD.

2We have suppressed the left- and right-handed projectors:
under Lorentz group, Q;l transform as left-handed fields while
U, D, E transform as right-handed fields.
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Considering the Yukawa interactions in Eq. (8) up to the leading order as well as the sphaleron interactions, we have
[7,18]

sHz
dYΔQ

dz
¼ −3CEW − 2CQCD −

γU
2Ynor

�
y†UyU;

YΔQ

gQζQ

�
−

γU
Ynor y

†
UyU

YΔH

gHζH
þ γU
Ynor y

†
U
YΔU

gUζU
yU

−
γD

2Ynor

�
y†DyD;

YΔQ

gQζQ

�
þ γD
Ynor y

†
DyD

YΔH

gHζH
þ γD
Ynor y

†
D
YΔD

gDζD
yD; ð14Þ

sHz
dYΔU

dz
¼ CQCD −

γU
2Ynor

�
yUy

†
U;

YΔU

gUζU

�
þ γU
Ynor yUy

†
U
YΔH

gHζH
þ γU
Ynor yU

YΔQ

gQζQ
y†U; ð15Þ

sHz
dYΔD

dz
¼ CQCD −

γD
2Ynor

�
yDy

†
D;

YΔD

gDζD

�
−

γD
Ynor yDy

†
D
YΔH

gHζH
þ γD
Ynor yD

YΔQ

gQζQ
y†D; ð16Þ

sHz
dYΔl

dz
¼ −CEW −

γE
2Ynor

�
y†EyE;

YΔl

glζl

�
þ γE
Ynor y

†
EyE

YΔH

gHζH
þ γE
Ynor y

†
E
YΔE

gEζE
yE; ð17Þ

sHz
dYΔE

dz
¼ −

γE
2Ynor

�
yEy

†
E;

YΔE

gEζE

�
−

γE
Ynor yEy

†
E
YΔH

gHζH
þ γE
Ynor yE

YΔl

glζl
y†E; ð18Þ

where gQ ¼ 2gU ¼ 2gD ¼ 6, gl ¼ gH ¼ 2gE ¼ 2, ζQ ¼ ζU ¼ ζD ¼ ζl ¼ ζE ¼ 1 ¼ ζH=2 and

CEW ≡ γEW
4Ynor

�
TrYΔl

glζl
þ 3

TrYΔQ

gQζQ

�
I3×3; ð19Þ

CQCD ≡ γQCD
6Ynor

�
2
TrYΔQ

gQζQ
−
TrYΔU

gUζU
−
TrYΔD

gDζD

�
I3×3: ð20Þ

The rates of Yukawa interactions are captured by γU, γD,
and γE (with Yukawa couplings factored out) which depend
on the gauge couplings and mainly the top quark Yukawa
coupling. Using the results of Refs. [18,19] and considering
one-loop RGE running of the SM couplings, we obtain the
following fitting functions:

γU;D

T4
¼ −8.2 × 10−6L3

T þ 3.0 × 10−4L2
T

− 4.0 × 10−3LT þ 3.0 × 10−2; ð21Þ

γE
T4

¼ −5.0 × 10−7L3
T þ 2.1 × 10−5L2

T

− 3.2 × 10−4LT þ 6.6 × 10−3; ð22Þ

where LT ≡ log10ðT=1 GeVÞ. They are accurate to subper-
cent level for temperature in the range T¼ð100;1015ÞGeV.
The set of Boltzmann equations (14)–(18) is flavor-

covariant: under a change of basis ψ → Vψψ , the terms on
the right transform covariantly consistent with Eq. (4). The
basis-independent total baryon YB and lepton YL charges
follow

sHz
dYB

dz
¼ 1

3
sHz

d
dz

TrðYΔQ þ YΔU þ YΔDÞ ¼ −3CEW;

ð23Þ

sHz
dYL

dz
¼ sHz

d
dz

TrðYΔl þ YΔEÞ ¼ −3CEW; ð24Þ

where all the Yukawa interactions drop out as they do
not violate B and L. We can further verify that YB−L ≡
YB − YL is conserved since B − L is preserved by the EW
sphaleron interaction.
Nonzero YB−L can be generated by introducing new

physics processes which violate B − L, as source terms in
any of the Boltzmann equations (14)–(18). When the EW
sphaleron interaction freezes out at T ¼ 132 GeV [20], the
final B asymmetry is given by [12,21]

Yfinal
B ¼ 0.315YB−LjT¼132 GeV: ð25Þ

The value obtained above from a barygoenesis mechanism
should be compared against the observed value: Yobs

B ¼
ð8.70� 0.06Þ × 10−11 [22].

III. EFFECTIVE EVOLUTION OF
BARYON CHARGES

New physics that generates asymmetries only in the
quark sector (YΔQ; YΔU; YΔD) will result in deviation from
chemical equilibrium in the quark sector. In this case, it is a
good approximation to impose chemical equilibrium in the
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lepton sector when the lepton Yukawa interactions reach
equilibrium at the corresponding temperatures [8]:

Tτ ¼ 4 × 1011 GeV; Tμ ¼ 109 GeV;

Te ¼ 3 × 104 GeV; ð26Þ

when the number of right-handed τ ¼ E3, μ ¼ E2 and
e ¼ E1 become conserved, respectively. While these tran-
sitions are captured exactly by the complete formalism
introduced in the previous section, here, their effects will be
captured by some temperature-dependent coefficients that
we will derive next.
First of all, we define the charge matrix

YΔ̃QL ≡ 1

3
ðYΔQ − YLI3×3Þ; ð27Þ

which is conserved by the EW sphaleron interactions. The
normalization factor 1=3 is chosen such that the trace of the
effective charge matrix, together with the singlet quark
asymmetries, directly reproduces YB−L,

YB−L ¼ TrYΔ̃QL þ 1

3
TrYΔU þ 1

3
TrYΔD: ð28Þ

Notice that we only have to follow the evolution of YΔ̃QL in
place of the evolutions of YΔl and YΔE, thereby reducing
the variables of total system by 2 × 9 ¼ 18, corresponding
to that of the two Hermitian matrices YΔl and YΔE.
From Eqs. (14) and (17), we obtain the Boltzmann

equation for YΔ̃QL:

sHz
dYΔ̃QL

dz
¼ −

2

3
CQCD −

γU
6Ynor

�
y†UyU;

YΔQ

gQζQ

�

−
γU

3Ynor y
†
UyU

YΔH

gHζH
þ γU
3Ynor y

†
U
YΔU

gUζU
yU

−
γD

6Ynor

�
y†DyD;

YΔQ

gQζQ

�
þ γD
3Ynor y

†
DyD

×
YΔH

gHζH
þ γD
3Ynor y

†
D
YΔD

gDζD
yD; ð29Þ

where the EW sphaleron term drops out. Together with the
Boltzmann equations for quark singlets (15) and (16), we
will need to rewrite YΔQ and YΔH in terms of YΔ̃QL, YΔU,
and YΔD to form a closed set of Boltzmann equations. This
can be achieved by relating the asymmetry of a particle
species YΔi to charges YΔx through [12]

YΔi ¼
X
x

giζi
X
y

qyi ðJ−1ÞyxYΔx; ð30Þ

where x, y run through all effective charges of the system at a
particular temperature regime and the J matrix is defined by

Jxy ¼
X
i

giζiqxi q
y
i ; ð31Þ

with i sums over all particle species.
Including additional scalar fields ϕi with hypercharge

qYϕi
, we obtain the following relations through Eq. (30):

YΔQ ¼ 3YΔ̃QL þ cQ1
ðTÞTrYΔ̃QLI3×3 þ cQ2

ðTÞYRI3×3;ð32Þ

YΔH ¼ cH1
ðTÞTrYΔ̃QL þ cH2

ðTÞYR; ð33Þ

where cQ1
ðTÞ, cQ2

ðTÞ, cH1
ðTÞ, and cH2

ðTÞ are some
temperature-dependent coefficients and and we have
defined

YR ≡ 2TrYΔU − TrYΔD þ 3
X
i

qYϕi
YΔϕi

: ð34Þ

Note that YΔϕi
takes into account the additional gauge

multiplicity gϕi
and the mass of ϕi in ζϕi

through Eq. (5).
At temperature T > TB ≡ 2.3 × 1012 GeVwhen the EW

sphaleron interactions are out of equilibrium, the total
baryon and lepton numbers are conserved.3 In this temper-
ature regime, there are 14 effective charges: besides the 9
quark charges ðYΔ̃QLÞαα, ðYΔUÞαα, ðYΔDÞαα with
α ¼ 1; 2; 3, we also have Uð1ÞE3

, Uð1ÞE2
, Uð1ÞE1

, hyper-
charge Uð1ÞY , and the total baryon Uð1ÞB (or lepton
Uð1ÞL) number, in which the last five charges are set to
zero, in the absence of preexisting asymmetries. As T drops
below TB, Tτ, Tμ, and Te, respectively, the corresponding
charges Uð1ÞB, Uð1ÞE3

, Uð1ÞE2
, and Uð1ÞE1

cease to be
conserved. In each case, we solve Eq. (30) for cQ1

, cQ2
, cH1

,
and cH2

, and the results are summarized in Table I.
The transitions between the temperature regime of the

coefficients are well described by the following exponential
parametrization:

cQ1
ðTÞ ¼ −

3

4
ð1 − e−TB=TÞ −

�
−
3

4
þ 8

11

�
ð1 − e−Tτ=TÞ

−
�
−

8

11
þ 5

7

�
ð1 − e−Tμ=TÞ

−
�
−
5

7
þ 12

17

�
ð1 − e−Te=TÞ; ð35Þ

3Since B − L is conserved in the SM, they are not independent
conditions and one only has to impose either baryon or lepton
number conservation.
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cQ2
ðTÞ ¼ 1

33
ð1 − e−Tτ=TÞ −

�
1

33
−

1

21

�
ð1 − e−Tμ=TÞ −

�
1

21
−

1

17

�
ð1 − e−Te=TÞ; ð36Þ

cH1
ðTÞ ¼ −1 −

�
−1þ 10

11

�
ð1 − e−Tτ=TÞ −

�
−
10

11
þ 6

7

�
ð1 − e−Tμ=TÞ −

�
−
6

7
þ 14

17

�
ð1 − e−Te=TÞ; ð37Þ

cH2
ðTÞ ¼ −

2

3
−
�
−
2

3
þ 6

11

�
ð1 − e−Tτ=TÞ −

�
−

6

11
þ 10

21

�
ð1 − e−Tμ=TÞ −

�
−
10

21
þ 22

51

�
ð1 − e−Te=TÞ: ð38Þ

We will denote this formalism as effective quark-flavor-covariant (effQ) formalism.

IV. APPLICATION TO LEPTOGENESIS

In Ref. [7], leptogenesis was studied using an effective lepton-flavor-covariant (effL) formalism where it is not necessary
to follow the evolutions of quark charges. Instead, the quark interactions are captured by a temperature-dependent
coefficient defined by

cHðTÞ≡ −
YΔH

1
3
TrðYΔQ þ YΔU þ YΔDÞ − TrðYΔl þ 2YΔEÞ þ 2

P
iq

Y
ϕi
YΔϕi

: ð39Þ

By imposing chemical equilibrium condition when a specific quark Yukawa interaction gets into equilibrium at TX, Ref. [7]
obtained

ceffH ðTÞ ¼
�
2

3
þ 1

3
e−Tt=T

�
−
�
2

3
−
14

23

�
ð1 − e−Tu=TÞ −

�
14

23
−
2

5

�
ð1 − e−Tu−b=TÞ −

�
2

5
−

4

13

�
ð1 − e−Tu−c=TÞ

−
�
4

13
−

3

10

�
ð1 − e−TB3−B2=TÞ −

�
3

10
−
1

4

�
ð1 − e−Tu−s=TÞ −

�
1

4
−

2

11

�
ð1 − e−Tu−d=TÞ; ð40Þ

where Tt ¼ 1015 GeV, Tu ¼ 2 × 1013 GeV, Tu−b ¼ 3 × 1011 GeV, Tu−c ¼ 2 × 1010 GeV, TB3−B2
¼ 9 × 108 GeV,

Tu−s ¼ 3 × 108 GeV, and Tu−d ¼ 2 × 106 GeV. We will compare the exact result of Eq. (39) from solving Eqs.
(14)–(18) with the effective coefficient of Eq. (40).
Finally, we will also compare the result obtained using the complete formalism against the result obtained using the effL

formalism of Ref. [7] from solving the Boltzmann equations for lepton charges, which are collected in Appendix A.

A. Type-I leptogenesis

In the type-I seesaw model, a few right-handed neutrinos Ni are augmented to the SM as follows:

−L ⊃
1

2
MiNiNc

i þ yiαNilαϵH þ H:c:; ð41Þ

where we have assumed Ni to be well-separated states; i.e., the differences in their masses are much bigger than their decay
widths jMi −Mjj ≫ ΓNi

;ΓNj
such that we can work in the mass basis of Ni. As an example, we will consider i ¼ 1; 2; 3

which is motivated by SO(10) grand unified theories (GUTs).

TABLE I. Temperature regime and corresponding coefficients, and effective charges that are set to zero.

Temperature cQ1
cQ2

cH1
cH2

Effective charges

T > TB 0 0 −1 − 2
3

Uð1ÞY; Uð1ÞE1
; Uð1ÞE2

; Uð1ÞE3
; Uð1ÞB

Tτ < T < TB − 3
4

0 −1 − 2
3

Uð1ÞY; Uð1ÞE1
; Uð1ÞE2

; Uð1ÞE3

Tμ < T < Tτ − 8
11

1
33

− 10
11

− 4
11

Uð1ÞY; Uð1ÞE1
; Uð1ÞE2

Te < T < Tμ − 5
7

2
21

− 6
7

− 10
21

Uð1ÞY; Uð1ÞE1

T < Te − 12
17

2
17

− 14
17

− 22
51

Uð1ÞY
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The evolution of YNi
is described by

sHz
dYNi

dz
¼ −γNi

�
YNi

Yeq
Ni

− 1

�
; ð42Þ

where Yeq
Ni

¼ 45
2π4g⋆

M2
i

T2 K2ðMi
T ÞwithKnðxÞ being the modified

Bessel function of the second kind of order n and the decay
reaction density γNi

is given by

γNi
¼ sYeq

Ni
ΓNi

K1ðMi=TÞ
K2ðMi=TÞ

; ð43Þ

with ΓNi
¼ ðyy†ÞiiMi

8π being the total decay width of Ni.

Type-I leptogenesis can proceed through the CP-violat-
ing decays Ni → lαH and Ni → lαH�. This is taken into
account by introducing to the right-hand side of Eq. (17)
source and washout terms, respectively, given by [23]

SI ≡X
i

ϵiγNi

�
YNi

Yeq
Ni

− 1

�
; ð44Þ

WI ≡ −
1

2

X
i

γNi

Ynor

�
1

2

�
Pi;

YΔl

glζl

�
þ Pi

YΔH

gHζH

�
; ð45Þ

where the matrices of CP violation parameter ϵi and flavor
projection Pi are

ðϵiÞαβ ¼
1

16π

i
ðyy†Þii

X
j≠i

½ðyy†Þjiyjβy�iα − ðyy†Þijyiβy�jα�g
�
M2

j

M2
i

�
þ 1

16π

i
ðyy†Þii

X
j≠i

½ðyy†Þijyjβy�iα − ðyy†Þjiyiβy�jα�
M2

i

M2
i −M2

j
;

ð46Þ

Pi ¼
1

ðyy†Þii

0
B@

jyiej2 y�ieyiμ y�ieyiτ
yiey�iμ jyiμj2 y�iμyiτ
yiey�iτ yiμy�iτ jyiτj2

1
CA; ð47Þ

with

gðxÞ≡ ffiffiffi
x

p �
1

1 − x
þ 1 − ð1þ xÞ ln 1þ x

x

�
: ð48Þ

Under a change of flavor basis l → Vll, yE → yEV
†
l,

y → yV†
l, we have

ϵi → VlϵiV
†
l; Pi → VlPiV

†
l; ð49Þ

and together with Eq. (4),

ðYΔlÞαβ → VlðYΔlÞαβV†
l; ð50Þ

Equation (17) remains flavor covariant as required.
To show a numerical example, we will set Mref ¼

1012 GeV and use the benchmark point of a minimal
SO(10) GUT model with spontaneous CP violation of
Ref. [24] where

ðM1;M2;M3Þ ¼ ð9.0 × 104; 1.6 × 1012; 4.1 × 1014Þ GeV;
ð51Þ

and the couplings y and yE at scale μ ¼ M2 and μ ¼ M1 are
given in Appendix B of Ref. [24]. Due to the RGE running
between widely separated M2 and M1 scales, two sets of
Yukawa couplings are necessary to describe leptogenesis

accurately: asymmetry generation proceeds dominantly
through the N2 dynamics while further washout is due
to the N1 dynamics. We will consider only the case where
the initial Ni abundance is zero.

4 For comparison, we will
also solve the system with the effL formalism introduced in
Ref. [7] (see Appendix A) where the corresponding B − L
charge will be denoted by Yeff

B−L.
In the left plot of Fig. 1, we show the evolutions of the

five types of SM charges TrYΔi. One observes that jTrYΔlj
dominates during the initial stage of leptogenesis. Although
the EW sphaleron interaction gets into equilibrium at T ≲
2 × 1012 GeV (z≲ 0.5), jTrYΔQj and jTrYΔlj start to
coincide only at much lower temperature z≳ 10 upon
the completion of N2-leptogenesis. On the right plot, we
show the evolution of cH given by Eq. (39), the complete
formalism, compared to ceffH given by Eq. (40) obtained
from the effL formalism. The differences between them
indicate deviations of quarks from chemical equilibrium
while the various peaks and troughs are due to sign change
in the denominator of Eq. (39).
As can be observed in Fig. 2, the evolution of the B − L

charge in the complete formalism (black solid curve) agrees
very well with the one in the effL formalism (red dashed
curve). The small differences can be attributed to the mild
deviations of quarks from chemical equilibrium as shown
in the right plot of Fig. 1. Those deviations translate into
a difference of ∼1% in the final baryon asymmetries:

4We have verified that our final baryon asymmetry is larger by
about 13% from Ref. [21] due to a mistake in the latter where the
RGE running of y and yE to M1 scale was not actually taken into
account. Incidentally, this allows us to quantify the effect of
running of y.
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Yfinal
B ¼ 1.55 × 10−10ð1.53 × 10−10Þ for the complete (effL)

formalism. This demonstrates both the consistency of the
complete formalism, and the reliability of the effL formal-
ism in describing leptogenesis. Finally, we also compare
our result with the one obtained from type-I leptogenesis
code ULYSSES [25], YUly

B−L shown as the purple dotted line
in Fig. 2, with Yfinal

B ¼ 1.12 × 10−10. This value is smaller
by about 28% from our full computation and can be
attributed to spectator effects of Higgs and quarks [26,27].

B. Type-II leptogenesis

In the type-II seesaw model, a massive SUð2ÞL triplet
scalar T with hypercharge qYT ¼ 1 is introduced to the SM
as follows:

−L ⊃ M2
T TrðT †T Þ þ 1

2
ðfαβlc

αϵT lβ

þ μHTϵT †H þ H:c:Þ; ð52Þ

where f is a complex symmetric coupling and

T ¼
� 1ffiffi

2
p T þ T þþ

T 0 − 1ffiffi
2

p T þ

�
: ð53Þ

Since T couples to two lepton doublets which in general do
not align in flavor space, one needs to describe them with
density matrix as first pointed out in Ref. [28].
The evolutions of YΣT ≡YT þYT † and YΔT ≡YT −YT †

are described by [28]

sHz
dYΣT

dz
¼ −γD

�
YΣT

Yeq
ΣT

− 1

�
− 2γA

�
Y2
ΣT

Yeq;2
ΣT

− 1

�
; ð54Þ

sHz
dYΔT

dz
¼ −γD

�
YΔT

Yeq
ΣT

þ Bl
Trðff†YΔlÞ

Trðff†ÞYnorglζl

− BH
YΔH

YnorgHζH

�
; ð55Þ

where Eq. (6) becomes

YΔH ¼ 1

3
Tr½−YΔQ − 4YΔU þ 2YΔD�

þ Tr½YΔl þ 2YΔE� − 2YΔT : ð56Þ

FIG. 1. Left: evolutions of the five types of SM fermion charges TrYΔi. Right: differences between cH (solid black curve) and ceffH (red
dashed curve) indicate deviations of quarks from chemical equilibrium.

FIG. 2. Evolution of B − L charges using the complete for-
malism (black solid curve) and the effL formalism (red dashed
curve). The final baryon asymmetry from the former (latter) is
Yfinal
B ¼ 1.55 × 10−10ð1.53 × 10−10Þ. We also compare with the

result from type-I leptogenesis code ULYSSES [25] (the purple
dotted line) which gives Yfinal

B ¼ 1.12 × 10−10 and the differences
with our results can be attributed to spectator effects from the
quark sector.
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The branching ratios for the decays of T to lepton doublets
T † → lαlβ and Higgses T → HH are, respectively,

Bl ¼ Trðff†Þ
Trðff†Þ þ jμj2

M2
T

; BH ¼
jμj2
M2

T

Trðff†Þ þ jμj2
M2

T

; ð57Þ

while Yeq
ΣT ¼ Yeq

T þ Yeq
T † ¼ 135

2π4g⋆
z2K2ðzÞ and the decay

reaction density γD is given by

γD ¼ sYeq
ΣT ΓT

K1ðzÞ
K2ðzÞ

; ð58Þ

with the total decay width of T given by

ΓT ¼ MT

32π

�
Trðff†Þ þ jμj2

M2
T

�
: ð59Þ

Since T experiences SUð2ÞL ×Uð1ÞY gauge inter-
actions, we need to take into account the scatterings
T T † ↔ ψψ̄ where ψ refers to the SM fields. The corre-
sponding reaction density in Eq. (54) is

γA ¼ M4
T

64π4z

Z
∞

4

dx
ffiffiffi
x

p
K1ðz

ffiffiffi
x

p Þσ̂AðxÞ; ð60Þ

where the reduced cross section is given by [29]

σ̂AðxÞ ¼
1

16πx2

� ffiffiffi
x

p ffiffiffiffiffiffiffiffiffiffiffi
x − 4

p
½96g22g2Yðxþ 4Þ þ g4Yð65x − 68Þ þ 2g42ð172þ 65xÞ�

−96½4g22g2Yðx − 2Þ þ g4Yðx − 2Þ þ 4g42ðx − 1Þ� ln
� ffiffiffiffiffiffiffiffiffiffiffi

x − 4
p ffiffiffi

x
p þ x
2

− 1

��
: ð61Þ

In order to realize leptogenesis through the decays of
T † → lαlβ and T → HH, one loop correction is needed.
This can be achieved by considering a Weinberg operator
generated at Λ ≫ MT :

L ⊃
1

4

καβ
Λ

lc
αϵHHTϵlβ þ H:c:; ð62Þ

where κ is a symmetric complex coupling. After the EW
symmetry breaking where the Higgs acquire a
v ¼ hHi ¼ 174 GeV, there are two contributions to the
light neutrino mass matrix, from integrating out the scalar
triplet T and from the Weinberg operator:

mν ¼ mT þmΛ; ð63Þ

where

mT ≡ 1

2
μf

v2

M2
T

; mΛ ≡ 1

2
κ
v2

Λ
: ð64Þ

The source and washout terms to be introduced to the
right-hand side of Eq. (17) are respectively given by [28]

SII ≡ ϵγD

�
YΣT

Yeq
T

− 1

�
; ð65Þ

WII ≡ −
2γD

Trðff†Þ þ jμj2
M2

T

�
ðf†fÞYΔT

Yeq
T

þ 1

4Ynorglζl
ð2f†YT

Δlf þ YΔlf†f þ f†fYΔlÞ
�
;

ð66Þ

where the matrix of the CP violation parameter is

ϵ ¼ i
8π

MT

v2
ffiffiffiffiffiffiffiffiffiffiffiffi
BlBH

p m†
ΛmT −m†

T mΛffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Trðm†

T mT Þ
q : ð67Þ

Under a change of flavor basis l → Vll, yE → yEV
†
l,

y → yV†
l, f → V�

lfV
†
l, κ → V�

lκV
†
l, we have

f†f → Vlf†fV
†
l; ϵ → VlϵV

†
l; ð68Þ

and together with Eq. (50), Eq. (17) remains flavor
covariant as expected.
For a numerical example, we set

mT ¼ imν ⇒ mΛ ¼ ð1 − iÞmν; ð69Þ

MT ¼ 1011 GeV ¼ Mref ; μ ¼ 0.1MT ; ð70Þ

where the neutrino mass matrix is taken to be

mν ¼ rU�
PMNSdiagðm1; m2; m3ÞU†

PMNS; ð71Þ
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with r ¼ 1.3 (to take into account the RGE evolution),
m1 ¼ 10−3 eV, m2

2 −m2
1 ¼ 7.5 × 10−5 eV2, m2

3 −m2
1 ¼

2.5 × 10−3 eV2 and the rest of the parameters in the lepton
mixing matrix UPMNS are taken from the normal mass
ordering global fit of Ref. [30]. The charged lepton Yukawa
is taken to be the value at μ ¼ 1012 GeV [31]:

yE ¼ diagð2.8 × 10−6; 5.9 × 10−4; 1.0 × 10−2Þ: ð72Þ

The left plot of Fig. 3 shows the evolution of the SM
fermion charges TrYΔi. One clear difference in comparison
to the type-I leptogenesis is the suppression of jTrYΔlj in
the initial stage due to the inefficiency in asymmetry
generation when T is kept closed to equilibrium by the
gauge interactions. Similarly to the type-I leptogenesis,
jTrYΔQj and jTrYΔlj start to coincide after the end of
leptogenesis at z≳ 10. In the right plot, the differences
between cH and ceffH are slightly more pronounced in the
early stage than in the type-I seesaw leptogenesis, indicat-
ing a larger deviations from quark chemical equilibrium.
In Fig. 4, we show the evolution of the B − L charge in

the complete formalism (black solid curve) and in the effL
formalism (red dashed curve). The deviations from quark
chemical equilibrium result in a difference of ∼3% in the
final baryon asymmetries: Yfinal

B ¼ 1.18 × 10−10ð1.14 ×
10−10Þ in the complete (effL) formalism. This again
demonstrates the consistency between the two formalisms.

V. APPLICATION TO CLOISTERED
BARYOGENESIS

For cloistered baryogenesis [11], we select the model in
which a scalar Ũ carrying the same SM quantum number as
Uα is introduced to the type-I seesaw model:

−L ⊃
1

2
MiNiNc

i þ ηiαNiUc
αŨ þ H:c:; ð73Þ

where we have suppressed the neutrino Yukawa interac-
tion. Ũ-cloistered baryogenesis can proceed through the
CP-violating decays Ni → UαŨ and Ni → UαŨ�. Since
the coupling η is not connected to neutrino mass, the CP
violation is not subjected to the Davidson-Ibarra bound
[32], and as a result, the seesaw scale can be much lower.
For illustration, we will consider i ¼ 2 with Mref ¼

M1 ¼ 5 × 107 GeV, M2 ¼ 2M1, and

FIG. 3. Left: evolution of the five types of SM fermion charges TrYΔi. Right: differences between cH (solid black curve) and ceffH (red
dashed curve) indicate deviations of quarks from chemical equilibrium.

FIG. 4. Evolution of B − L charges using the complete formal-
ism (black solid curve) and the effL formalism (red dashed curve).
The final baryon asymmetry from the former (latter) is Yfinal

B ¼
1.18 × 10−10ð1.14 × 10−10Þ.
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η ¼ 10−2
�
0.05e−iπ=2 0.03e−iπ=3 0.02e−iπ=4

8e−iπ=3 3e−iπ=4 2e−iπ=5

�
: ð74Þ

In this case, due to the Davidson-Ibarra bound, type-I
leptogenesis is in general not successful (too little baryon
asymmetry is produced) [33]. With the choice of η above,
due to the neutrino mass constraint, the branching ratios for
Ni → lαH are in general subdominant compared to
Ni → UαŨ�. Therefore, for Ni decay reaction density,
we will consider only the Ni → UαŨ� channel

γŨNi
¼ sYeq

Ni
ΓŨ
Ni

K1ðMi=TÞ
K2ðMi=TÞ

; ð75Þ

with ΓŨ
Ni

¼ 3ðηη†ÞiiMi
16π .

The evolution of YNi
is described by Eq. (42) but with the

replacement γNi
→ γŨNi

. Then we add to the right-hand side
of Eq. (15) the following source and washout terms:

SŨ ≡ −
X
i

ϵŨi γ
Ũ
Ni

�
YNi

Yeq
Ni

− 1

�
; ð76Þ

WŨ ≡ −
1

2

X
i

γŨNi

Ynor

�
1

2

�
PŨ
i ;

YΔU

gUζU

�
− PŨ

i
YΔŨ
gŨζŨ

�
; ð77Þ

where gU ¼ gŨ ¼ 3, ζU ¼ ζŨ=2 ¼ 1, and the matrices of
CP violation parameter ϵŨi and flavor projection PŨ

i are
given by

ðϵŨi Þβα ¼
1

16π

i
ðηη†Þii

X
j≠i

½ðηη†Þjiηjβη�iα − ðηη†Þijηiβη�jα�h
�
M2

j

M2
i

�
þ 3

32π

i
ðηη†Þii

X
j≠i

½ðηη†Þijηjβη�iα − ðηη†Þjiηiβη�jα�
M2

i

M2
i −M2

j
;

ð78Þ

PŨ
i ¼ 1

ðηη†Þii

0
B@

jηiej2 ηieη
�
iμ ηieη

�
iτ

η�ieηiμ jηiμj2 ηiμη
�
iτ

η�ieyiτ η�iμηiτ jηiτj2

1
CA; ð79Þ

with

hðxÞ≡ ffiffiffi
x

p �
3

2

1

1 − x
þ 1 − ð1þ xÞ ln 1þ x

x

�
: ð80Þ

Finally, we will also need the Boltzmann equation of YΔŨ
as follows:

sHz
dYΔŨ
dz

¼ −TrðSŨ þWŨÞ; ð81Þ

while Eq. (6) becomes

YΔH ¼ 1

3
Tr½−YΔQ − 4YΔU þ 2YΔD�

þ Tr½YΔl þ 2YΔE� −
4

3
YΔŨ: ð82Þ

Under a change of flavor basis U → VUU, yU → VUyU,
η → ηVT

U, we have

ϵŨi → VUϵ
Ũ
i V

†
U; PŨ

i → VUPŨ
i V

†
U; ð83Þ

and together with Eq. (4),

ðYΔUÞαβ → VUðYΔUÞαβV†
U; ð84Þ

Equation (15) remains flavor covariant as required. Since
Eq. (81) involves the trace, it is clearly flavor-basis-
invariant as YΔŨ should be.
From the set of Boltzmann equations (14)–(18) and (81),

we can verify the following conservation law:

d
dz

�
YB−L þ 1

3
YΔŨ

�
¼ 0; ð85Þ

since by ignoring the neutrino Yukawa interaction, there is
a conserved total B − L charge where Ũ carries baryon
number qB

Ũ
¼ 1=3. Notice that in writing YB−L above, we

only include the SM fields. Due to nontrivial quark flavor
correlation, to obtain the exact result, one will still need to
solve the whole set of Boltzmann equations.5

One interesting constraint is that Ũ should decay back to
the SM up-type quarks before the BBN since the deter-
mination of baryon asymmetry from the BBN and CMB
measurements cannot differ by more than a few percents.
Therefore, Ũ is allowed to be long-lived on the particle
collider timescale [11]. After the freeze-out of the EW
sphaleron interaction, besides Eq. (25), we should include
the baryon number carried by Ũ such that the final baryon
asymmetry is

5In Ref. [11], by ignoring flavor correlation and imposing
chemical equilibrium conditions, one can obtain a closed set of
Boltzmann equations in terms of only YNi

and YΔŨ.
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Yfinal
B ¼

�
0.315YB−L þ 1

3
YΔŨ

�				
T¼132 GeV

¼ 0.228YΔŨjT¼132 GeV; ð86Þ

where we have used the conservation law Eq. (85) in the
second equality assuming zero initial asymmetries.
In the left plot of Fig. 5, we show the evolutions of YΔŨ

and the SM fermion charges TrYΔi. Since the asymmetry is
sourced directly in Ũ and the up-type quarks, jYΔŨj and
jTrYΔUj remain dominant throughout the evolution. One
also notice that jTrYΔlj and jTrYΔQj almost always
coincide since the EW sphaleron interaction gets into
equilibrium at T ≲ 2 × 1012 GeV. On the right plot of

Fig. 5, we see an interesting feature when comparing cH
and ceffH . Since ceffH is derived assuming chemical equilib-
rium of quarks, we see that cH deviates significantly from
ceffH when quarks are out of chemical equilibrium during
baryogenesis up until around z ∼ 100. This indicates the
necessity of the complete or effB formalism to accurately
describe the scenario as we will discuss next.
Since the new interactions affect only the quark sector

through the up-type right handed quarks asymmetry, it is
appropriate to use the effQ formalism developed in Sec. III.
As shown in Fig. 6, the evolution of the B − L charge
obtained with the complete formalism (black solid curve)
and with the effQ formalism (red dashed curve) is in very
good agreement. The deviations from the complete result
lead to only a ∼4% difference in the final baryon asym-
metry, with Yfinal

B ¼ 1.07 × 10−10 (1.03 × 10−10) obtained
in the complete (effQ) formalism. This supports the validity
of the effQ description for the cloistered baryogenesis
involving quarks.

VI. CONCLUSIONS

In this work, we have presented the complete flavor-
covariant Boltzmann equations to describe the evolution of
the Standard Model quark and lepton flavor charges, using
the measured Standard Model parameters as inputs. To
verify the formalism, we have applied it to the well-studied
type-I and type-II leptogenesis scenarios, which have
showed good agreements with the results obtained under
the approximation where quarks achieve chemical equilib-
rium at various temperatures.
For the baryogenesis scenario in which new physics

couples exclusively to the quark sector, we have also
derived a new effective quark-flavor-covariant description
in terms of quark charges only, obtaining a reduced system
of evolution equations that reproduces the evolution of
the full flavor-covariant formalism while reducing the

FIG. 6. Evolution of B − L charges using the complete for-
malism (black solid curve) and the effQ formalism (red dashed
curve). The final baryon asymmetry from the former (latter) is
Yfinal
B ¼ 1.07 × 10−10 (Yfinal

B ¼ 1.03 × 10−10).

FIG. 5. Left: evolution of jYΔŨj and the five SM fermion charges jTrYΔij. Right: cH deviates significantly from ceffH during
baryogenesis z ≲ 100 when quarks deviate from chemical equilibrium.
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computational cost. We have obtained good agreement
between the two formalisms when applying them to a
cloistered baryogenesis scenario where the source of
asymmetry generation is in the up-type right-handed quark
sector.
To our knowledge, this work represents the first studies

in leptogenesis and cloistered baryogenesis where all the
relevant Standard Model interactions have been consis-
tently taken into account. Finally, we have released the first
generic baryogenesis code BOLEH that can be readily
applied to other models beyond the ones presented here.
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DATA AVAILABILITY

For the numerical implementation used in this work, we
have constructed a Python package called BOLEH, which is
available in [34].

APPENDIX A: COSMIC EVOLUTION OF
LEPTON FLAVOR CHARGES

For completeness, we collect here the relevant equations
for the effective lepton-flavor-covariant formalism devel-
oped in Ref. [7]. The Boltzmann equation for YΔ̃ ≡
YBI3×3=3 − YΔl is
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while the Boltzmann equation for YΔE is still given by
Eq. (14). When introducing the source and washout terms
[for, e.g., Eqs. (44) and (45), or Eqs. (65) and (66)] to the
equation above, they would come with an overall negative
sign. The quark Yukawa and EW sphaleron interactions are
captured via the following relations:

YΔl ¼ 2

15
cBðTÞI3×3Tr YΔ̃ − YΔ̃; ðA2Þ

YΔH ¼ −ceffH ðTÞ
�
TrYΔ̃ − 2Tr YΔE þ 2

X
i

qYϕi
YΔϕi

�
;

ðA3Þ

where cBðTÞ ¼ 1 − e−TB=T with TB ¼ 2.3 × 1012 GeV and
ceffH ðTÞ is given by Eq. (40). The B − L charge is given by

YB−L ¼ Tr YΔ̃ − Tr YΔE: ðA4Þ

APPENDIX B: DESCRIPTION OF THE CODE

For the numerical implementation used in this work, we
have constructed a Python package called BOLEH, which is
available in [34]. We have organized the formalisms into
three independent modules corresponding to (i) the com-
plete SM-flavor-covariant formalism, (ii) the effective
quark-flavor-covariant formalism, and (iii) the effective
lepton-flavor-covariant formalism.
The main components of each module are as follows:
(1) physics�:py: contains the cosmological quantities,

Standard Model parameters, and thermal functions,
including the entropy density, Hubble expansion
rate, and equilibrium quantities.

(2) solver�:py: implements the numerical integration of
the Boltzmann equations using the Backward Differ-
entiation Formula method.

(3) interface�:py: handles the input parameters, post-
processing of the numerical output, plotting rou-
tines, and communication between the different
components of the package.

Each framework follows the same interface, which
allows its application to new baryogenesis models. New
physics models can be implemented by specifying the
additional dynamical degrees of freedom with their corre-
sponding Boltzmann equations, source and washout terms,
and the model parameters. The SM evolution is then
automatically combined with the equations defined by
the user, providing as output the SM degrees of freedom
evolution plots, together with the B − L charge evolution
and the numerical matrix results in a HDF5 file.
The evolution variable of the package is

z ¼ Mref

T
; ðB1Þ

where Mref is a user-defined reference mass and the quark
and lepton asymmetries are represented by 3 × 3 Hermitian
matrices. The code maps these matrices into a vector state
of independent variables before integration and then
reconstructs the matrix asymmetries after each integration
step.
By default, the code adopts the basis for quark Yukawa

couplings yU¼diagðyu;yc;ytÞ, yD ¼ VCKMdiagðyd; ys; ybÞ,
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using fixed values at various scales obtained from Ref. [31]:

ytð1016 GeVÞ ¼ 0.4454; ðB2Þ

ybð1012 GeVÞ ¼ 0.719 × 10−2; ðB3Þ

ycð109 GeVÞ ¼ 1.98 × 10−3; ðB4Þ

ysð109 GeVÞ ¼ 1.72 × 10−4; ðB5Þ

ydð107 GeVÞ ¼ 0.97 × 10−5; ðB6Þ

yuð107 GeVÞ ¼ 4.39 × 10−6: ðB7Þ

And since the RGE running of the mixing angles and phase
for the CKMmixing matrix VCKM is negligible, we will use
the values at μ ¼ 1012 GeV:

θ12 ¼ 0.227; ðB8Þ

θ23 ¼ 4.65 × 10−2; ðB9Þ

θ13 ¼ 4.11 × 10−3; ðB10Þ

δ ¼ 1.139: ðB11Þ

Moreover, the charged lepton Yukawa is taken to be the
value at μ ¼ 1012 GeV [31]:

yE ¼ diagð2.8 × 10−6; 5.9 × 10−4; 1.0 × 10−2Þ: ðB12Þ

These default values can be modified by the user whenever
required.
Finally, the repository contains example implementa-

tions of the baryogenesis scenarios discussed in this work.
We also prepare example.py to guide the users in imple-
menting their own model.
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