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We leverage the CP violation in charged B meson decays to generate the observed baryon asymmetry
and dark matter at Oð10 MeVÞ temperatures. We realize this in two scenarios: Bþ

c mesogenesis and Bþ

mesogenesis. In the first, CP-violating B�
c decays to B� mesons are followed by decays to dark and

Standard Model baryons. In the second, CP-violating B� decays to lighter charged mesons are
accompanied by the latter’s decays to dark and Standard Model leptons, which then scatter into the
baryon asymmetry. Bþ

c mesogenesis is actively being probed at Belle and LHCb, while Bþ mesogenesis
can be tested at colliders and sterile neutrino searches.
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I. INTRODUCTION

How did we come to be here? Said quantitatively: what
are the origins of the measured baryon asymmetry (BAU)
and dark matter? The answer to this fundamental question
still eludes us after decades of effort.
Explanations of the BAU usually fall into one of two

broad categories: electroweak baryogenesis [1–11] or
leptogenesis [12]. These ideas satisfy the three
Sakharov conditions [13]—baryon number violation, C
and CP violation (CPV), and departure from thermal
equilibrium—in unique ways. Electroweak baryogenesis
attempts to explain the BAU and satisfy these criteria
using a strongly first order electroweak phase transition,
while leptogenesis uses out-of-equilibrium decays of
heavy neutrinos already motivated by the seesaw mecha-
nism [14–16].
However, each of these answers suffers significant

drawbacks. Many models of electroweak baryogenesis
require fine tuning [17], construct extended Higgs sectors,
but still cannot make the electroweak phase transition
strongly first order [18,19], fail to actually produce the
observed baryon asymmetry [20], or are outright excluded
by increasingly precise experimental results [21]. Often,

they simultaneously neglect dark matter.1 Though the
original formulations of electroweak baryogenesis were
minimal, nature increasingly seems to disfavor this now
less-than-simple asymmetry generator, perhaps in favor of
a similar mechanism in the dark sector [23–28].
Leptogenesis, in contrast, suffers not from experimental
exclusion but from exclusion of experiment—there is no
hope of directly probing the heavy states in leptogenesis
models [29]. It may be the true origin of the BAU, but
humans may never know.
These substantial disadvantages of decades-old ideas

should not be ignored. They portend eventual failure
and sound a call to innovation. Answering this call, a
new paradigm of low-scale baryogenesis has been pro-
posed: mesogenesis [30,31]. In this framework, an out-of-
equilibrium scalar decays to Standard Model (SM) quarks
which hadronize at low temperatures. The resulting SM
mesons undergo known CP-violating processes and decay
into dark sector particles carrying SM baryon or lepton
numbers. The decays conserve baryon and lepton numbers
and thus generate an equal and opposite baryon or lepton
asymmetry between the dark and visible sectors. In the
latter scenario, dark sector interactions then convert the
lepton asymmetry into a baryon asymmetry.
What is most compelling about mesogenesis is that it

revives an original, but long dead [32–35], hope of
electroweak baryogenesis: that the requisite CP-violating
processes already reside in the SM. In mesogenesis, we
look to the mesons. The BAU is directly proportional
to CP-violating experimental observables, making
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1Sometimes, dark matter may be explained “after the fact”
(see, e.g., [22]).
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mesogenesis testable at current experiments. Furthermore,
the dark sector typically contains a dark matter candidate
whose abundance will be generated along with the baryon
asymmetry. All of these mechanisms do not violate B or L,
but rather, hide equal and opposite asymmetries in the
dark sector.
In neutral B mesogenesis [30], the baryon asymmetry is

generated by leveraging the CPV in B0
q particle/antiparticle

oscillations, while in Dþ mesogenesis [31], the CPVof D�
meson decays is utilized. Both these flavors of mesogenesis
necessarily occur at low (5–20 MeV) scales, and are
generically testable.2 Indeed, for the case of neutral B
mesogenesis, some experimental searches and proposals
are already in various stages at LHCb [38,39] and Belle-I
and -II.
But some of the simplest and most compelling meso-

genesis stories have, until now, been overlooked. Charged
B mesons contain a large amount of CPV in their decays to
SM final states [40]. In the present work, we introduce two
scenarios of charged B mesogenesis, in which baryo-
genesis and dark matter production proceed by leveraging
the CPV in charged Bþ

c or Bþ decays, which subsequently
quickly decay into a dark sector state. What makes Bþ

c
mesogenesis so compelling is (1) it is the simplest iteration
of mesogenesis to date and (2) it uses CPV in Bþ

c channels,
which are primed for exploration both experimentally and
theoretically. On the other hand, the Bþ mesogenesis
scenario takes its inspiration from the aforementioned
Dþ mesogenesis. But out of these mesogenesis possibil-
ities, and indeed all other baryogenesis possibilities, Bþ
mesogenesis has the most hope of using the CPV in the SM
alone to generate the BAU. Both of these charged B
mesogenesis proposals motivate a host of new or improved
experimental measurements of charged B and lighter
charged mesons.
This paper is organized as follows. In Sec. II, we

summarize the common features of both charged B meso-
genesis scenarios, as well as their differences. We move on
to expound both Bþ

c and Bþ mesogenesis3 possibilities in
Secs. III and IV, respectively. In Sec. V, we summarize the
various experimental discovery prospects of charged B
mesogenesis. We remark on future directions in Sec. VI.
Appendices contain supplementary derivations and tables.

II. TWO B, OR NOT TO BE

All mesogenesis constructions assume the existence of a
∼10–100 GeV scalar field Φ which decays out of thermal
equilibrium at late times into SM quarks Φ → qiq̄i. The
upper bound on the mass is to prevent a too small branching

fraction of Φ to b quarks (see, e.g., [41]). The lower bound
is kinematic and permits Φ’s decay to the pair of mesons
under consideration in the particular mesogenesis scenario.
This decay occurs when the temperature of the Universe

lies in the range

TBBN < TR < TQCD: ð1Þ

The lower bound in Eq. (1) ensures that the decay does not
interfere with big bang nucleosynthesis (BBN), while the
upper bound ensures that the produced quarks immediately
hardronize into SM mesons. In charged B mesogenesis, Φ
couples to b quarks, resulting in the production of equal
and opposite amounts of charged SM B mesons.
The evolution of the Φ number density, as well as the

radiation density, is governed by the interplay of the
following Boltzmann equations and Hubble rate:

dnΦ
dt

þ 3HnΦ ¼ −ΓΦnΦ;

dρrad
dt

þ 4Hρrad ¼ þΓΦmΦnΦ;

H2 ¼ 8π

3M2
Pl

ðρrad þmΦnΦÞ; ð2Þ

where ΓΦ is the decay width ofΦ. We assume thatΦwas in
equilibrium with the SM bath at some high temperature and
has a full T3 number density. The temperature at which Φ
decays, i.e., the “reheat temperature,” can be defined in the
usual way: 3HðTRÞ≡ ΓΦ. The MeV scale reheats temper-
atures in Eq. (1) and then corresponds to a decay width in
the range 10−22 GeV≲ ΓΦ ≲ 3 × 10−21 GeV.
As Φ couples to quarks, one may wonder about any

possible signature of Φ at the LHC. The production cross
section of Φ at the LHC is roughly σqq→Φ ∼ g2Φqq=m

2
Φ.

Given the assumption above, that ΓΦ ∼mΦg2Φqq ≃
10−21 GeV, and that we expect mΦ ∼Oð10Þ GeV, we
can roughly estimate the production cross section of Φ
at the LHC: σqq→Φ ≲ 10−24 GeV−2 ∼ 4 × 10−10 × ab.
Therefore, even with 3 ab−1 of integrated luminosity, we
do not expect Φ production at the LHC. Furthermore, even
if some amount ofΦ’s was produced, distinguishing it over
background is inconceivable. The primary decay mode at
the LHC of Φ is into two jets, making dijet production with
an invariant mass below 100 GeV the dominant back-
ground. The cross section of this process at the LHC is
enormous: 5.4 × 1014 ab [42,43]. Hence, Φ cannot be
constrained at the LHC.
At the low, MeV-scale reheat temperatures, the produced

charged B mesons will undergo SM decays into lighter
charged and neutral mesons. Such decays contain CPV,
parametrized by the experimentally observable charge
asymmetry ACP. Next, the charged meson daughter quickly
decays into new dark sector states. We consider two

2See [36] for a detailed study of experimental implications of
decays into dark sector baryons and [37] for additional indirect
signals.

3The “þ” in the naming convention is chosen for consistency
with the definition of the charge asymmetry observable.
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possible scenarios: the second decay produces either
(1) dark (and SM) baryons or (2) dark (and SM) leptons:

(i) Dark baryons: The daughter charged mesons
undergo baryon-number-conserving decays into a
dark antibaryon and a SM baryon, directly generat-
ing equal and opposite dark and visible sector
baryon asymmetries. This is kinematically possible
if the first charged B mesons are Bþ

c , which then
decay to Bþ. We dub this scenario Bþ

c mesogenesis.
(ii) Dark leptons: Light daughter charged mesons can

undergo lepton-number-conserving decays into a
light dark antilepton and a SM lepton. The resulting
generated lepton asymmetry is then transferred to
the baryon asymmetry via dark sector scatterings.
This scenario is interesting when the first charged B
mesons are Bþ, which then decay to charged D
mesons, kaons, and pions. We dub this scenario Bþ
mesogenesis.

In both of these charged B mesogenesis scenarios, there
is a lingering dark sector baryon asymmetry equal and
opposite to the BAU. Thanks to lower bounds on (dark)
baryon masses, this dark baryon asymmetry is always
guaranteed to comprise at least ∼20% of dark matter,
perhaps even all of it, depending on the masses of the dark
sector states. In what follows, we describe the mechanisms,
parameter spaces, current constraints, and signals of these
two distinct charged B mesogenesis frameworks.

III. B+
c MESOGENESIS

In Bþ
c mesogenesis, the BAU is generated from the

decays:

Bþ
c → Bþ þ f; ð3aÞ

Bþ → ψ̄B þ Bþ; ð3bÞ

where f is a neutral light meson, Bþ is a charged SM
baryon, and ψB is a dark sector Dirac fermion with baryon
number B ¼ 1. The CPV in the first decay satisfies one
of Sakharov’s conditions and could have both SM and
new physics contributions. See, e.g., [44] for a list of the
nine expected SM decays, Eq. (3). For a particular final
state f, this CPV is parametrized by the charge asymmetry
observable:

Af
CP ¼

ΓðBþ
c → fÞ − ΓðB−

c → f̄Þ
ΓðBþ

c → fÞ þ ΓðB−
c → f̄Þ : ð4Þ

The produced Bþ quickly decays into a SM charged
baryon Bþ and dark sector antibaryon ψ̄B. Note that this
decay conserves the baryon number. The net result of both
decays in Eq. (3) is the generation of equal and opposite
baryon asymmetries between the dark and SM sectors. In
fact, the SM baryon yield, YB, is proportional to exper-
imental observables in Bþ

c and Bþ decays:

YB ≡ nB − nB̄
s

∝
X

f

afCPBr
f
Bþ
c
×
X

Bþ
BrB

þ
Bþ ;

afCP ≡ Af
CP=ð1þ Af

CPÞ;
BrfBþ

c
≡ BrðBþ

c → Bþ þ fÞ;
BrB

þ
Bþ ≡ BrðBþ → ψ̄B þ BþÞ: ð5Þ

Above, s is the entropy density in the SM bath.
To prevent proton decay, we require4

mψB
> mp −me ≃ 937.8 MeV: ð6Þ

This lower mass bound instead permits ψB to decay to a
proton, electron, and neutrino.5 This decay could wash out
the generated baryon asymmetry. To prevent this, we
minimally expand the dark sector to allow ψB to rapidly
decay into additional dark sector states (similar to the setup
in [30]). We add two more dark sector particles: a Dirac
fermion χ and a complex scalar ϕB with B ¼ 1, to allow ψ̄B
to quickly decay:

ψ̄B → ϕ�
B þ χ̄: ð7Þ

To stabilize ϕB, we introduce a Z2 symmetry under
which χ and ϕB are odd and ψB is even and require

jmϕB
−mχ j < mp þme: ð8Þ

The Lagrangian term

Ld ¼ ydψ̄BϕBχ ð9Þ

is allowed by all the symmetries and mediates the decay
equation (7).
Since the ψ̄B decay occurs quickly, its dark antibaryon

asymmetry is simply transferred to ϕ�
B. This fixed asym-

metry in ϕ�
B (and χ̄) then comprises up to ∼80% of dark

matter. The symmetric components of ϕB and χ tend to be
overproduced, but may be sufficiently depleted by dark
sector annihilations. We assume this and do not comment
further since it has no bearing on the mesogenesis
mechanism.6

4Neutron stars may place a slightly tighter bound, but have
inherent astrophysical and model uncertainties [45], so we ignore
these for now. Another bound comes from the lack of the decay of
Be9 into dark baryons [46], which is slightly stronger than the
proton mass.

5Strictly speaking, there is a fine-tuned possibility that ψB
satisfies Eq. (6), but still cannot decay to a proton and electron. In
this sliver of parameter space, ψB is stable, additional dark sector
states are unnecessary, and ψB could cause neutron decays which
may address its lifetime anomaly (see, e.g., [47]). However, we
do not consider this further.

6For details on depleting the symmetric abundances, see [30].
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However, the asymmetries in ϕ�
B and χ̄ cannot account

for the entirety of dark matter since Bþ does not have
enough mass to decay to both ∼5 GeV of asymmetric dark
matter and a SM baryon simultaneously. Thus, between
∼20–80% of dark matter has to be outside of the asym-
metric components of χ and ϕB. The precise amount of
other dark matter is solely a function of mϕB

and mχ , since
their asymmetries are just opposite the BAU. There are two
simple possibilities: (1) the rest of dark matter is from a
symmetric amount of χs and ϕBs or (2) the rest of dark
matter is just some other dark sector state(s), unrelated
a priori to the Bþ

c mesogenesis scenario.
Since either of these dark matter choices are not essential

to Bþ
c mesogenesis, we relegate further discussion to

Appendix A 3. Figure 1 summarizes the mechanism.
With this bird’s eye view, we proceed to detail a simple
UV model.

A. UV model

The decay in Eq. (3b) proceeds through a dimension
six, four fermion operator. Following the UVmodel of [30],
we add a colored triplet scalar ϕ with electric charge
assignment QEM ¼ −1=3 and baryon number B ¼ −2=3.
The following Lagrangian is then allowed by all the
symmetries:

Lϕ ¼ −
X

i;j

yijϕ�ūiRdcjR −
X

k

yψBkϕd
c
kRψB þ H:c:; ð10Þ

where the flavor indices i, j, k account for all flavorful
variations of this model, as there is no a priori reason to
assume a specific flavor structure. Such a model has a
simple supersymmetric realization [48] where the mediator
ϕ can be identified with a right-handed squark. As such, ϕ
is constrained by collider searches for supersymmetric
particles and must be heavier than about 1 TeV (see [36]
for detailed bounds from colliders and flavor observables).

Integrating out the heavy ϕ, we arrive at the following
operator which mediates meson decays:

O ¼ y2

M2
ϕ

ψ̄Bbūci dj þ H:c:; ð11Þ

where y2 ≡ yijyψB3
. This particular flavor structure is all

that is necessary for Bþ
c mesogenesis, but could be part of a

larger UV model with other nonzero Yukawas as in
Eq. (10). Note that this operator conserves the baryon
number. It mediates the parton level decay b̄ → ψ̄Buidj
within the meson decay equation (3b). There are four
possible flavorful variations of Eq. (11) leading to different
final-state SM baryons from the Bþ decay. Table I sum-
marizes these four possible decay modes. Equation (11)
also gives rise to decays of neutral B0

s;d mesons and
b-flavored baryons which can be used to indirectly probe
the mechanism (see Table I of [36]).

B. Results

The Boltzmann equations for the BAU are greatly
simplified since all the decays in Eq. (3) occur very quickly
at MeV temperatures. The evolution of the baryon asym-
metry is then governed by

FIG. 1. An illustration of the way in which Bþ
c mesogenesis realizes the Sakharov conditions. Out-of-equilibrium Φ decays to B�

c

mesons are followed by theirCP-violating decays to B�’s. These in turn decay to both SM and dark baryons while preserving the baryon
number. The intermediate ψBs quickly decay to Z2 odd χ’s and ϕB’s which comprise up to ∼80% of dark matter.

TABLE I. Here we present the four different flavorful variations
of the operator equation (11), and the corresponding parton-level
decays and final-state hadron decay products. Constraints on the
branching fraction for each operator can be found in [36].

Interaction Parton Decay Bþ Decay

ψ̄Bbūcd b̄ → ψ̄Bud Bþ → ψ̄B þ pþðuudÞ
ψ̄Bbūcs b̄ → ψ̄Bus Bþ → ψ̄B þ ΣþðuusÞ
ψ̄Bbc̄cd b̄ → ψ̄Bcd Bþ → ψ̄B þ Λþ

c ðucdÞ
ψ̄Bbc̄cs b̄ → ψ̄Bcs Bþ → ψ̄B þ Ξþ

c ðucsÞ
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d
dt

ðnB − nB̄Þ þ 3HðnB − nB̄Þ
¼ −2ΓB

ΦnΦ
X

Bþ
BrB

þ
Bþ
X

f

afCPBr
f
Bþ
c
; ð12Þ

where we have defined ΓB
Φ ≡ ΓΦBrðΦ → qÞBrðq → BcÞ.

See Appendix A for details (as well as [31]).
We numerically integrate Eq. (12) while tracking Φ,

Hubble [see Eq. (2)], and the particles in the decays of
Eqs. (3) and (7). We allow the values of the experimental
observables

P
Bþ BrB

þ
Bþ and

P
f a

f
CPBr

f
Bþ
c
to be free param-

eters and find

YB

Yobs
B

≃
P

BþBrB
þ

Bþ

10−3

P
fa

f
CPBr

f
Bþ
c

6.45 × 10−5
TR

20 MeV

2mBþ
c

mΦ
; ð13Þ

where Yobs
B ¼ 8.69 × 10−11 is the observed baryon asym-

metry today [49].
The viable parameter space where Bþ

c mesogenesis
successfully produces the observed BAU is shown in red
in Fig. 2 as a function of the experimental observablesP

Bþ BrB
þ

Bþ and
P

f a
f
CPBr

f
Bþ
c
. The various dashed gray lines

show the upper bounds on BrB
þ

Bþ for the different possible
final-state SM baryons shown in Table I. The weakest
bound corresponds to Bþ ¼ Ξþ

c and is thus shaded gray.
These same decays arise as a byproduct of the neutral B

mesogenesis mechanism [30] and have been extensively
studied in [36]. In particular, the most constraining
limit on the branching fractions of charged B mesons
decaying into charged p, Λc, or Ξc and missing energy,
BrðBþ → Bþ þMETÞ, was found in [36] by recasting an
analysis of an old search by the ALEPH Collaboration at
LEP [50]. The bound on decays to the final state Σþ is the

result of a recent study by the Belle Collaboration [51]. The
maximal allowed branching fraction for each of the decay
modes in Table I ranges from 10−4–10−2 depending on the
dominating operator and ψB mass (see Fig. 5 of [36]). For
concreteness, we have set ψB ¼ 2 GeV, which only
impacts the strength of the gray bounds in Fig. 2.
There are currently no stringent constraints, nor robust

SM or new physics predictions, for the observables in the
Bþ
c decays:

P
f a

f
CPBr

f
Bþ
c
. We therefore emphasize that any

measurement of these observables will be a critical step
towards confirming Bþ

c mesogenesis. We defer a detailed
discussion of current status and future prospects of these
observables to Sec. III C.
We did not include any scattering or annihilation terms in

Eq. (12). At high enough temperatures, both the Bþ
c and Bþ

can annihilate which will washout some of the generated
asymmetry. The lifetime of the Bþ

c meson is roughly τBc
¼

7.9 × 108 MeV−1 while that of the Bþ meson is about
τB ¼ 2.4 × 109 MeV−1. We thus find that meson decays
dominate over annihilations as long as temperatures are
≲20 MeV [31]. The viable parameter space in Fig. 2
corresponds to a scan over TR with Tmax

R ¼ 20 MeV and
Tmin
R ¼ 5 MeV. Likewise, we scan over the full range of

possibleΦmasses frommmin
Φ ¼ 2mBþ

c
tommax

Φ ¼ 100 GeV.
For reheat temperatures in the range 20 MeV≲

TR ≲ TQCD, Bþ
c mesogenesis can still explain the BAU.

Indeed, the “Washout Region” in Fig. 2 is viable parameter
space in which the BAU is initially overproduced.
This excess asymmetry can be depleted by washout
effects simply by raising the reheat temperature. For
TR ≳ 20 MeV, Bþ mesons start scattering and annihilating
significantly before they have the chance to decay to the
dark sector, suppressing the initial asymmetry generation
provided by the CP-violating Bþ

c decays. This causes the
final dark sector baryon asymmetry, and consequently, the
BAU, to be much smaller than approximated in Eq. (13).
However, the validity of our simplified Boltzmann

equations breaks down when TR ≳ 20 MeV, since we have
assumed such scatterings are negligible. A detailed numeri-
cal solution of the Boltzmann equations of charged B
mesogenesis in the presence of washout terms is beyond the
scope of this work. We leave a quantitative investigation of
this part of the parameter space to future work.
For illustrative purposes, we also circle three represen-

tative benchmark points in Fig. 2 and show the evolution of
the BAU corresponding to each in Fig. 3. Two of these
curves correspond to the extremal values of ðmΦ; TRÞ with
the free experimental observables set to achieve YB ¼ Yobs

B .

We also show a benchmark point with
P

f a
f
CPBr

f
Bþ
c
larger

by a factor of 10 which overproduces the BAU by a factor
of 10, reinforcing the approximate scaling in Eq. (13). This
point is firmly in the “Washout Region” and demonstrates
that an initial BAU in excess of the observed BAU is easily
possible. To achieve the correct BAU for such a point, we

FIG. 2. Viable parameter space for Bþ
c mesogenesis in red.

Current constraints for different final-state Bþ are shown in gray.
Three circled benchmark points are discussed more in the text and
highlighted in Fig. 3.
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need only increase TR enough for washout effects to
sufficiently deplete the initially excessive BAU. The
“bump” in all three yield curves result from the effects
of Φ contributing sizeably to Hubble in Eq. (2). The larger
TR, the less pronounced the bump becauseΦ decays earlier
in the evolution of the baryon asymmetry.

C. Signals, searches, and prospects

The experimental observables of Bþ
c mesogenesis which

parametrize the Bþ
c and Bþ decays and control the BAU

generation are defined in Eq. (5). We discuss the current
prospects for observing them, as well as theoretical
progress computing their values in the SM and beyond.

1. B+
c decays

The relevant observables in the Bþ
c decays of Eq. (3a) are

the CPV, Af
CP, and branching ratio for different decay

modes, BrfBþ
c
.

The LHC experiments, ATLAS, CMS, and LHCb, have
all measured the Bþ

c mass and lifetime [52]. LHCb, in
particular, is well suited for conducting searches of Bþ

c
decays [53,54]. There have been numerous measurements
at LHCb of the branching fraction of fully hadronic Bþ

c
decays which involve weak transitions of a b to a c quark,
e.g., [55–58]. The decays relevant for Bþ

c mesogenesis
involve a Bþ meson in the final state, i.e., the b quark acts
as a spectator. LHCb has made such a measurement, of
Bþ
c → B0

sπ
þ [59].

But to date, no such searches exist for similar modes
more directly relevant for Bþ

c mesogenesis, and both afCP
and BrfBþ

c
have not yet been measured. Hopefully, these will

become possible with increased luminosity at LHCb [60].
Additionally, an electron future circular collider would be
well equipped to conduct such searches as part of their

broader Bþ
c physics program [61]. Bþ

c mesogenesis directly
links the generation of the BAU to these observables and
thus strongly motivates looking for these yet undiscovered
CP-violating Bþ

c decays. Regarding Af
CP, most studies of

the CPV within SM decays consider decays to Dþ and Kþ,
which are expected to have sizable CPV [62], rather than
Bþ. There are currently no measurements of Af

CP for the
decay modes relevant for Bþ

c mesogenesis. For this reason,
our parameter space in Fig. 2 was fully unconstrained in the
afCPBr

f
Bþ
c
direction.

On the theory side, there are SM predictions for the
branching fraction of Bþ

c → Bþ þ f; see [44] and refer-
ences therein. These predictions can be sizable (as large as
3%), but they also vary greatly in the literature. While the
theoretical uncertainty warrants caution, for illustrative
purposes, note that fixing the BrfBþ

c
to be 3% predicts ACP ≳

10−4 − 10−2 for successful Bþ
c mesogenesis. While there

are no SM predictions for Af
CP in the decay modes of

interest, such a value for ACP is not unreasonable to expect.
For instance, in the decay Bþ

c → Bþ þ K̄0, the b quark acts
as a spectator. So, the CPV is expected to be on the order of
other processes in the charm sector which can be sizeable.
Furthermore, there could be contributions from new phys-
ics to such decays. A calculation of the SM CPV and
branching fractions, as well as possible contributions from
new physics, is interesting and highly motivated by Bþ

c
mesogenesis. We leave this to future work.

2. B+ decays

The decay of the Bþ meson into a SM and dark baryon
pair arises through the operator in Eq. (11). Four different
final-state SM baryons, corresponding to different flavorful
variations of Eq. (11), are summarized in Table I. These are
exactly the same decays that arise as a byproduct of the
neutral B mesogenesis mechanism [30], for which signals
have been extensively studied in [36]. As such, we
conclude that measuring the branching fraction BrBþ of
the decays in Table I is currently within reach of B factories
and hadron colliders. In fact, some of the operators are
already being probed by Belle-II and may soon also be
tested at LHCb. In particular, the Belle-II Collaboration has
developed a search for the process B0

s → ψ̄B þ Λ0 which
arises from the bud operator. This represents an indirect
probe of Bþ

c mesogenesis, as the same operator gives rise to
Bþ → ψ̄Bpþ þMET which directly controls the BAU in
our current setup.7

The searches for (apparent) baryon-number-violating
decays of neutral B0 are currently underway. However,
the analogous searches for Bþ decays to directly probe B
mesogenesis are not only within reach of current

FIG. 3. Benchmark points of Bþ
c mesogenesis from the viable

parameter space in Fig. 3 which (over)generate the observed SM
baryon asymmetry.

7See Table I of [36] for all possible direct and indirect decays
arising from Eq. (11).
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experiments, but are likely easier to trigger on due to the
charged track, making the Bþ decays easier to reconstruct
than their neutral counterparts. Other indirect probes of
both Bþ

c and B0 mesogenesis are the decays of b-flavored
hadrons to light mesons and missing energy (see Table I of
[36]). A search for such decay modes has been developed
by LHCb [39], and will hopefully be implemented soon.
Additionally, the UV model in Eq. (10) can give rise to

fully invisible decays of b-flavored baryons or their decays
to pions and missing energy or photons and missing energy.
Such decays have been explored in [37] and can probe a
complementary region of parameter space for both B0 and
Bþ
c mesogenesis. Similarly new hyperon decay modes can

serve as indirect probes [63].

3. Summary

There is not a plethora of current constraints on Bþ
c →

Bþ þ f decays, nor robust SM or beyond-SM predictions
for the CP asymmetry and branching fraction of these
processes—which directly control the BAU in Bþ

c meso-
genesis. We also have no reason to expect these observables
to be too small to generate the observed BAU and the
required value of the product of ACP × Br in Fig. 2 seems
reasonable. As such, Bþ

c mesogenesis highly motivates
both the search for and theoretical computation of these
decays. Regarding the branching fractions of Bþ decays,
such measurements are within reach of current hadron
colliders and B factories. In particular, the same UV model
that gives rise to neutral B mesogenesis also gives rise to
Bþ
c mesogenesis. As such, it is noteworthy that these

ongoing searches are currently exploring this new mecha-
nism, at no added charge.

IV. B+ MESOGENESIS

In Bþ mesogenesis, a lepton asymmetry is first generated
from the decays:

Bþ → Mþ þM; ð14aÞ
Mþ → ld þ lþ; ð14bÞ

where Mþ is a charged SM meson: πþ, Kþ, Dþ, Dþ
s or a

resonant meson K�þ, D�þ; ld is a dark lepton with SM
lepton number L ¼ 1 and mass mld

< mMþ −ml; and the
SM charged lepton lþ can be a positron, antimuon, or
antitau (in the case of Dþ and Dþ

s decays). This is an
analogous setup to theDþ mesogenesis mechanism of [31].
The initial SMdecay of theBþ meson in Eq. (14) contains

CPV, measured by the charge asymmetry observable:

Ãf
CP ¼

ΓðBþ → fÞ − ΓðB− → fÞ
ΓðBþ → fÞ þ ΓðB− → fÞ : ð15Þ

This is analogous to the CP-violating observable from Bþ
c

mesogenesis, defined in Eq. (4). To help distinguish the two,

we refer to the CPV relevant forBþ mesogenesis with a “ ˜”.
We define BrfBþ ≡ BrðBþ → fÞ. The relevant decay modes
are summarized in the tables of Appendix B which also
include the current limits on Ãf

CP and BrfBþ .
Given a sizable ÃCP in Eq. (14a), the subsequent decay of

Mþ into a dark lepton ld in Eq. (14b) results in the
generation of a dark lepton asymmetry Yld≡ðnld−nl̄dÞ=s
that is equal and opposite to a SM lepton asymmetry
YSM
L ¼ −Yld . Note that this process does not violate the

lepton number. The generated lepton asymmetry is then
related to experimental observables as follows:

Yld ∝
X

Mþ
Brld

Mþ
X

f

Ãf
CPBr

f
Bþ ; ð16Þ

where BrldMþ ≡ BrðMþ → ld þ lþÞ.
The generated lepton asymmetry may then be transferred

to a baryon asymmetry via dark sector scatterings off two
additional states in the dark sector, χ1 and χ2,

ld þ χ1 → χ2 þ B: ð17Þ

χ1 and χ2 are appropriately charged under baryon and
lepton number so that this scatter conserves both. We
assume an initial χ1 number density is produced from Φ
decays. We additionally require that the scattering rate hσvi
for this process is sufficiently large to efficiently transfer
the lepton asymmetry at TR. The possible charge assign-
ments and models giving rise to Eq. (17) were studied in
[31]. The same assignments and models work equally well
for Bþ mesogenesis so we do not comment on them further.
We simply require

YL=Yobs
B ≥ 1: ð18Þ

Bþ mesogenesis is summarized in Fig. 4.
Just as in the Bþ

c scenario above, a baryon asymmetry
equal and opposite to the BAU will remain in the dark
sector in whichever of χ1 or χ2 has the baryon number. It is
guaranteed to be at least ∼20% of dark matter due to lower
bounds on the mass of baryons. Unlike the Bþ

c scenario
above though, these dark baryons are being sourced
directly from Φ’s and may have masses as large as
5 GeV, and can therefore comprise all of dark matter.
Given a point in parameter space that achieves the correct
baryon asymmetry, the correct dark matter abundance can
be produced by adjusting ðmχ1 ; mχ2 ; hσviÞ. The discussion
of the dark sector parallels that of [31] and we refer the
reader to that work for more details.
The decay ofM� proceeds through an effective operator

of the form

O ¼ cij
Λ2

½d̄iΓμuj�½l̄dΓμl−� þ H:c:; ð19Þ
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where Γμ represents all possible Lorentz contractions. The
UV model from which this operator arises was discussed
extensively in [31,64,65]. For a given UV model, the scale
of the operator Λ is experimentally constrained. Typically,
Λ must be larger than a few hundreds of GeV to a few TeV.
As discussed in [31], Λ within this range is still small
enough to achieve a large enough BrldMþ to generate the
lepton asymmetry. We leave a more detailed study of the
UV models, and in particular their flavorful variations, to
future work.

A. Results

The evolution of the generated lepton asymmetry is

d
dt
ðnld−nl̄dÞþ3Hðnld−nl̄dÞ

¼−hσvinχ1ðnld −nl̄dÞþ2ΓB
ΦnΦ

X

Mþ
BrldMþ

X

f

Nf
Mþ ã

f
CPBr

f
Bþ ;

ð20Þ

where Nf
Mþ counts the multiplicity ofMþ in the final state

and must be odd. Here ΓB
Φ ≡ ΓΦBrðΦ → bÞBrðb → BÞ,

and ãfCP ≡ Ãf
CP=ð1þ Ãf

CPÞ ≈ Ãf
CP (see [31] for details). For

simplicity of notation, we approximate ãfCP ≈ Ãf
CP, which

is true in our parameter space of interest. Once again, we
assume throughout that TR ≲ 20 MeV, such that all
processes occur fast enough relative to Hubble so that
we can ignore SM scatterings that would wash out the
asymmetry.
We also must track the abundance of χ1, which we

assume is simply produced from Φ decays,

dnχ1
dt

þ 3Hnχ1 ¼ ΓΦnΦBrðΦ → χ1χ̄1Þ − hσvinl̄dnχ1 : ð21Þ

The scattering term, corresponding to the process in
Eq. (17), transfers the lepton to the baryon asymmetry

such that the BAU of the Universe is found by solving the
following evolution equation:

d
dt

ðnB − nB̄Þ þ 3HðnB − nB̄Þ ¼ −hσvinχ1ðnld − nl̄dÞ:
ð22Þ

The produced lepton asymmetry efficiently transfers when
the scattering rate dominates Hubble,

nχ1hσvi
HðTÞ

����
TR

≥
Yobs
B

Ydark
L

: ð23Þ

This requires a sizable, though feasible [31], dark sector
hσvi—we leave a detailed study of the dark sector
dynamics and its UV completion to future work.
We numerically solve the Boltzmann equations for the

lepton asymmetry in Eq. (20), neglecting the scattering
term, to verify that a large enough lepton asymmetry can be
generated consistently within current bounds of the exper-
imental observables. Integrating Eq. (20), we find that the
generated lepton asymmetry is approximately

Ydark
L

Yobs
B

≃
P

MþBrldMþ

10−3

P
fÃ

f
CPBr

f
Bþ

5.4 × 10−5
TR

20 MeV
2mBþ

mΦ
: ð24Þ

The viable parameter space which satisfies Eq. (18) is
green in Figs. 5 and 6. The former is relevant forMþ ¼ πþ
and Dþ, along with the resonance K�þ, which correspond
to a net positive central value of

P
f Ã

f
CPBr

f
Bþ ; the latter, for

Mþ ¼ Kþ, Dþ
s and the resonance D�þ, which correspond

to a net negative central value of
P

f Ã
f
CPBr

f
Bþ . In both

figures, the dashed vertical lines correspond to the mea-
sured central values of Ãf

CP × BrfBþ for eachMþ, while the
solid lines correspond to their maximum values consistent
with current measurements (see Sec. IV B for a discussion
of these measurements). The horizontal dotted lines

FIG. 4. An illustration of the way in which Bþ mesogenesis realizes the Sakharov conditions. At MeV scales, B� mesons are produced
and undergoCP-violating SM decays to charged mesonsM� ¼ fπ�; K�; D�; D�

s ; K�þg. The charged mesons subsequently decay into
a dark lepton generating an equal and opposite dark and visible lepton asymmetry. Dark sector scatterings involving dark states carrying
lepton and baryon number then transfer the lepton asymmetry into an equal and opposite dark and SM baryon asymmetry.
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correspond to limits on the branching fraction of Mþ to
SM charged leptons and anomalous missing energy. As
indicated, these bounds depend on mld and may therefore

be easily avoided. For all flavors of Mþ considered, there
is viable parameter space in which the generated lepton
asymmetries are over 10 times larger than the observed
baryon asymmetry. In particular, for some cases, the lepton
asymmetry can be as great as 100 times larger.

B. Current constraints, signals, and prospects

The experimental observables of Bþ mesogenesis
defined in Eq. (16) parametrize the Bþ and Mþ decays
and directly control the generated BAU. Below, we
enumerate their current measurements, comment on their
theoretical predictions within the SM, and discuss pros-
pects for improving or developing searches to measure
these observables.

1. B+ Decays

We first consider the decays Bþ → Mþ þ f, where
Mþ ¼ fπþ; Kþ; Dþ; Dþ

s g represents an odd number of
final-state Mþ particles. The current experimentally mea-
sured values for the branching fractions and Ãf

CP [40] for
these decays are shown in Tables II–IV. Summing the
central values and uncertainties for the decays of Bþ to each
Mþ we consider, we find

X

Mþ¼πþ
Ãf
CP × BrfBþ ¼ ð1.4 × 10−4Þþ4.8×10−4

−6.1×10−4 ; ð25aÞ

X

Mþ¼Kþ
Ãf
CP × BrfBþ ¼ ð−5.6 × 10−5Þþ2.25×10−4

−2.77×10−4 ; ð25bÞ

X

Mþ¼Dþ
Ãf
CP × BrfBþ ¼ ð7.85 × 10−5Þþ1.5×10−4

−1.3×10−4 ; ð25cÞ

X

Mþ¼Dþ
s

Ãf
CP × BrfBþ ¼ ð−3.61 × 10−5Þþ6.6×10−5

−7.4×10−5 : ð25dÞ

The upper and lower uncertainties for each Mþ are
computed by making each decay channel of Bþ → Mþ þ
f as positive and negative as possible, respectively, while
allowing 1 standard deviation from the central values of
both Ãf

CP and BrfBþ . These central values are the afore-
mentioned dashed vertical lines in Figs. 5 and 6, while their
deviations correspond to the solid vertical lines.
An intriguing possibility is to achieve Bþ mesogenesis

using the predicted CPVand branching fractions in the SM
alone. To this end, one would need calculations of Ãf

CP and
BrfBþ of the exclusive decay modes listed in Tables II–IV.
Comprehensive calculations for these within the SM are
challenging and do not currently exist. However, there are
hints that suggest it may be feasible to achieve Bþ
mesogenesis using only SM CPV. In particular, some
of the SM computations that do exist in the literature
of the branching fractions of Bþ decays are found to be of
the same order of magnitude as their experimental limits,

FIG. 5. Same as Fig. 6 for Mþ ¼ Kþ, Dþ
s , as well as the

resonance D�þ. Channels shown here have a net negative central
value for the summed CPV.

FIG. 6. Parameter space plot forMþ ¼ πþ, and Dþ, as well as
the resonance K�þ. The region of parameter space where Eq. (18)
is satisfied is shown in green, along with central values and
bounds on

P
f Ã

f
CPBr

f
Bþ and a bound on Brðπþ → ld þ eþÞ.

Channels shown here have a net positive central value for the
summed CPV.
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e.g., [66]. It would be very interesting to additionally
pursue calculations of Ãf

CP within the SM. If they were
sufficiently large, one of the original motivations of
electroweak baryogenesis would then hold for Bþ meso-
genesis: the requisite CPV to explain the BAU could
reside within the SM alone.

2. M+ Decays

Current limits on the branching fraction for the decay of
the charged meson into a SM charged lepton and anoma-
lous missing energy, Mþ → ld þ lþ, can be recast from
peak searches for sterile neutrinos. Such bounds are
entirely kinematic and do not make assumptions about
the sterile neutrino model. In particular, given a bound on
the lepton mixing jUNlj2, one can extract a bound on the
branching fraction [67] for the decay for a given dark lepton
mass. Current limits on sterile neutrino mixing can be
extracted from [68] (and references therein). Note that
given the kinematic nature of peak searches, such bounds
are strongly dependent on mld

. Furthermore, none of the
bounds quoted below hold formld < 1 MeV, such that this
region of parameter space is totally unconstrained.
For charged pion decays into electrons, recasting current

limits from peak searches [69,70], one arrives at the
constraint:

Brðπ� → e� þ ldÞ < 10−4–10−3;

for 1 MeV < mld < 60 MeV;

Brðπ� → e� þ ldÞ < 10−4–10−5;

for 60 MeV < mld < 130 MeV; ð26Þ

where the range in Eq. (26) reflects the possible variation of
mld (see Fig. 5 of [69]). For final-state muons, the bound is
[70]

Brðπ� → μ� þ ldÞ < 3 × 10−5;

for 15.7 MeV < mld < 33.8 MeV: ð27Þ

Next-generation experiments which would improve the
limit on the branching fraction are being proposed [71].
For kaons decaying into electrons, current limits are

recast from an NA62 search [72].

BrðK� → e� þMETÞ < 1.1 × 10−7;

for 50 MeV < mld < 350 MeV: ð28Þ

While for kaons decaying into muons, current limits are
recast from KEK [73], BNL [74], and NA62 [75]

BrðK� → μ� þMETÞ < 8 × 10−8– 8 × 10−4;

for 30 MeV < mld < 350 MeV: ð29Þ

Note that given the mass sensitivity, it is possible to evade
any one of them by judicious choice of mld . These bounds
are shown as dotted horizontal lines in Figs. 5 and 6.
Regarding the decay Dþ → ld þ lþ, where l ¼ e, μ,

while it is possible to place correlated limits on jUl4j2 as a
function of mν4 [68], such limits are also model dependent.
Thus, we do not consider them robust in constraining
Bþ mesogenesis. However, Belle has performed a peak
search for similar decays of charged Bs [76] and one may
therefore conclude that similar studies forDmesons should
be possible and would probe the parameter space rel-
evant here.
For Ds decays to electrons and anomalous missing

energy, while a limit has been set on the branching fraction
for the decay Dþ

s → eþνe [77–79], no relevant limit on the
branching fraction of Ds to electrons and anomalous
missing energy has yet been produced [68]. The work of
[68] did set a lepton mixing matrix coefficient involving
muons. The recast limit is

BrðDþ
s → μþ þ ldÞ < 1 × 10−4–5 × 10−3;

for 100 MeV < mld < 900 MeV: ð30Þ

Both D and Ds are heavy enough to decay into τs and
missing energy. While limits do exist on jUτ4j2 for a given
sterile neutrino model, to date, no peak search has been
performed.

3. Resonant M�+

The possibility that M�þ is a resonant state is particu-
larly interesting from an experimental perspective.
Searches at LHCb would be able to trigger on the decay
vertex ofM�þ, thereby gaining a handle on reconstruction.
Decays of Bþ mesons to K�þ or D�þ are summarized in
Tables IV and V, and the central values are given by

X

M�þ¼K�þ
Ãf
CP × BrfBþ ¼ ð8.3 × 10−5Þþ3.4×10−4

−4.0×10−4 ; ð31aÞ

X

M�þ¼D�þ
s

Ãf
CP × BrfBþ ¼ ð−1.7 × 10−4Þþ1.3×10−4

−2.2×10−4 : ð31bÞ

These values are shown in Figs. 5 and 6, and permit a
sizable parameter space for generating the lepton
asymmetry.
Resonant states M�þ, typically quickly decay into their

respective Mþ, but with some branching fraction to other
final states. We therefore do not include theM�þ channels
when summing over the Mþ modes, since it is possible
that M�þ does not quickly decay to a Mþ (which could
then in turn decay quickly to a dark lepton). Indeed, it is
possible for M�þ itself to decay to a dark and SM lepton
pair. For these reasons, we have considered M�þ sepa-
rately from Mþ. However, note that for a given UV model
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with a chosen flavor structure, the operator that would
allow Kþ or Dþ to quickly decay to a dark lepton would
also permit K�þ → Kþ or D�þ → Dþ to do the same.
Further measurements of the decay modes of M�þ will be
helpful in distinguishing between these two possibilities.

4. Summary

Experimental limits on the branching fractions and CPV
in Bþ decays currently leave a large swath of viable
parameter space for Bþ mesogenesis as shown in Figs. 5
and 6. Improved measurements of these observables at B
factories and hadron colliders will thus further probe this
scenario. The scenario in which Bþ first decays into a
resonance meson is particularly appealing for reconstruct-
ability at LHCb. Meanwhile, experiments searching for
sterile neutrinos have and will continue to set constraints on
charged mesons decaying into SM leptons and anomalous
missing energy. Peak searches are particularly well suited
to place model-independent bounds on such branching
fractions and are further motivated by this scenario.

V. DISCOVERY PROSPECTS

We have presented two new mechanisms for generating
the BAU using known SM processes; namely, the decays of
SM charged B mesons. These mechanisms are testable and
motivate a variety of experimental and theoretical studies.
We now highlight the action items required to make
progress towards discovering charged B mesogenesis.

A. B+
c Mesogenesis

(i) Experimental measurements of the branching frac-
tion and CPV by LHCb or at a future circular
collider of Bc decays to final states involving B
mesons.

(ii) Continued theoretical work towards a SM prediction
for the branching fraction and CPV for the relevant
decay modes; should the SM CPV prove insufficient
to generate the BAU, a study of new physics
contributions would be of interest.

(iii) Continued searches for the decays of (charged and
neutral) B mesons and b-flavored baryons into SM
states and missing energy; several such studies are
already underway in an effort to observe neutral B
mesogenesis.

B. B+ Mesogenesis

(i) Searches at hadron colliders and B factories to
improve the measurements of the branching fraction
and CPV in charged B decays to final-state pions,
kaons, and D mesons.

(ii) Continued theoretical work to calculate ÃCP of these
decay modes in the SM since it is likely the SM has
sufficient CPV to explain the BAU; if so, Bþ
mesogenesis would be the only known mechanism

of mesogenesis (or baryogenesis in general) whose
sole source of CPV resides in the SM.

(iii) The scenario in which Bþ first decays into a charged
resonance is well suited for searches at LHCb.

(iv) Improved searches for charged mesons decaying
into leptons and anomalous missing energy; a peak
search for charged D and Ds decaying into τs would
be particularly useful; Belle-II would be an ideal
experiment to conduct such a search; possibilities
exist at BESIII as well.

By making the above measurements, experiments will be
able to hone in on the parameter space for charged B
mesogenesis and either discover or constrain it. Improved
calculations of the CPVand branching fractions of charged
B mesons, while highly nontrivial, could demonstrate that
charged Bmesogenesis is the only viable way to explain the
BAU using CPV within the SM alone.

VI. OUTLOOK

It is possible that our very existence arises from the
decay of charged B mesons at temperatures slightly above
20 MeV. To gain a quantitative understanding of how to
make the Universe above 20 MeV requires a detailed
numerical solution of the Boltzmann equations in the
washout regime—a subject of ongoing and future work.
It may also be that our explorations of the different

“flavors” of mesogenesis are far from complete. In par-
ticular, a large amount of CPV is allowed in the top sector
which leads one to ponder if a mechanism could be
discovered which leverages it to generate the BAU. Of
course, in order for a parton level process to directly feed
into the BAU requires it to be active above the QCD scale.
While scattering and washout would play an important role
here, one could still consider the scenario of “t genesis.” At
lower MeV scales, the formation of top mesons are
possible. These states are theoretically possible within
the SM, but have thus far evaded detection as they are
expected to be very short lived. However, generating the
BAU from such states decaying into dark baryons is an
intriguing possibility that we leave for future work.
Additional variations of charged B mesogenesis may

exist. One may pose the challenge of constructing a
mechanism in which B� mesons decay directly into dark
baryons. One may attempt to consider decays through
higher dimension operators and CKM insertions. For
instance, Bþ could decay into Dþ

s and one may consider
the kinematically allowed decays Dþ

s → ψ̄Bneþνe and
Dþ

s → ψ̄Bp. However, the CPV and branching fraction
in the Bþ decays (the product of which is 10−4) would
require the branching fraction to be greater than 10−4. But
the expected branching fraction—given the CKM inser-
tions, phase space suppression, and collider constraints on
y2=M2

ϕ—is orders of magnitude smaller than what is
required to achieve mesogenesis. Thus, more exotic
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constructions may be required. One could consider a UV
model involving fractionally charged dark baryons or a
setup in which Bþ undergo scatterings off dark baryons
(rather than decays into them). We leave such exercises to
future work.
This work, as well as the existing mesogenesis literature,

has remained agnostic about the nature of theΦ field and of
a detailed model of the dark sector. Exploring the possible
models and associated signals on both these fronts is an
interesting future direction that will play a pivotal role in
nailing down the details of mesogenesis once the action
items discussed in the present work have been addressed.
We return to our original question: how did we come to

be? Was it two Bs, or not two Bs? This paper has strongly
motivated the former by introducing two simple meso-
genesis scenarios using charged Bs. Whether it is Bþ

c or Bþ,
only time and nobler experiment will tell.
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APPENDIX A: DERIVATION OF BOLTZMANN
EQUATIONS

Here we present a detailed derivation of the Boltzmann
equations for Bþ

c mesogenesis. The Boltzmann equations
for Bþ mesogenesis are identical to those of Dþ meso-
genesis (see the derivation in the Appendix of [31] for
details).

1. Evolution of the baryon asymmetry

The number density Boltzmann equations for B�
c mesons

are

dnBþ
c

dt
þ 3HnBþ

c
¼ ΓBc

Φ nΦ − ΓBc
nBþ

c
;

dnB−
c

dt
þ 3HnB−

c
¼ ΓBc

Φ nΦ − ΓBc
nB−

c
; ðA1Þ

where ΓBc
Φ is the rate of decay of Φ to a pair of B�

c mesons
and ΓBc

is the total B�
c decay rate. We further assume that

there is no CPV in Φ decays.

The number density Boltzmann equations for the
charged B mesons are

dnBþ

dt
þ 3HnBþ ¼ nBþ

c
ΓBc

X

f

BrðBþ
c → Bþ þ fÞ − ΓBnBþ ;

dnB−

dt
þ 3HnB− ¼ nB−

c
ΓBc

X

f

BrðB−
c → B− þ f̄Þ − ΓBnB− ;

ðA2Þ

where ΓB is the total B� decay rate. All SM annihilation
terms that would appear are negligible relative to the decay
terms thanks to the low reheating temperature.
For intuition and simplicity, we first solve for the baryon

asymmetry generated in the SM sector:

dnBþ

dt
þ 3HnBþ ¼ ΓBBrðBþ → ψ̄B þ BþÞnBþ ;

dnB̄−

dt
þ 3HnB̄− ¼ ΓBBrðB− → ψB þ B̄−ÞnB− : ðA3Þ

Taking BrðBþ → ψ̄B þ BþÞ ¼ BrðB− → ψB þ B̄−Þ and
assuming no CPV in this interaction, we get

d
dt

ðnBþ − nB̄−Þ þ 3HðnBþ − nB̄−Þ
¼ ΓBBrðBþ → ψ̄B þ BþÞðnBþ − nB−Þ: ðA4Þ

Let us assume that the decays happen almost instanta-
neously: H ≪ ΓΦ;ΓBc

;ΓB. Thus, we can use the following
approximations:

ΓBc
nBþ

c
¼ ΓBc

nB−
c
≃ ΓBc

Φ nΦ From Eq: ðA1Þ
ΓBnBþ ≃ ΓBc

nBþ
c
BrðBþ

c → Bþ þ fÞ From Eq: ðA2Þ
ΓBnB− ≃ ΓBc

nB−
c
BrðB−

c → B− þ f̄Þ From Eq: ðA2Þ:

Hence, writing the sum over possible Bþ explicitly, the
right-hand side of Eq. (A4) becomes

ΓBBrðB− →ψBþ B̄−ÞðnBþ −nB−Þ
¼ΓBc

Φ nΦ
X

Bþ
BrðBþ→ ψ̄BþBþÞ

×
X

f

½BrðBþ
c →BþþfÞ−BrðB−

c →B−þ f̄Þ�: ðA5Þ

Using the definition of Af
CP from Eq. (4), we find

BrðBþ
c → Bþ þ fÞ − BrðB−

c → B− þ f̄Þ

¼ BrðBþ
c → Bþ þ fÞ 2Af

CP

1þ Af
CP

≡ 2BrfBþ
c
afCP: ðA6Þ
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Finally, Eq. (A4) becomes

d
dt

ðnBþ − nB̄−Þ þ 3HðnBþ − nB̄−Þ
¼ 2ΓBc

Φ nΦ
X

Bþ
BrB

þ
Bþ
X

f

BrfBþ
c
afCP: ðA7Þ

2. Evolution of dark matter

Now let us extend the dark sector allowing ψB → χϕB
with 100% branching ratio. The Boltzmann equation for
ψB, is

dnψB

dt
þ 3HnψB

¼ ΓBBrðBþ → ψ̄B þ BþÞnBþ − ΓψB
nψB

;

dnψ̄B

dt
þ 3Hnψ̄B

¼ ΓBBrðB− → ψB þ B̄−ÞnB− − Γψ̄B
nψ̄B

:

ðA8Þ

Again, since the decays are faster than Hubble, we can
approximately say ΓψB

nψB
≃ ΓBBrðBþ → ψ̄B þ BþÞnBþ.

Similarly, Γψ̄B
nψ̄B

≃ ΓBBrðB− → ψB þ B̄−ÞnB− .
The Boltzmann equation for ϕB þ ϕ�

B is

d
dt

ðnϕB
þ nϕ�

B
Þ þ 3HðnϕB

þ nϕ�
B
Þ

¼ ΓψB
BrðψB → χϕBÞðnψB

þ nψ̄B
Þ

− 2hσvidðn2ϕBþϕ�
B
− n2eq;ϕBþϕ�

B
Þ; ðA9Þ

where the first term on the right-hand side is the production
of ϕB þ ϕ�

B from the Φ decay, and the second term
describes the annihilation of ϕBϕ

�
B to SM particles. We

can follow the same procedure as in Sec. A 1 and simplify
ΓψB

ðnψB
þ nψ̄B

Þ:

ΓψB
ðnψB

þ nψ̄B
Þ ¼ ΓBBrðBþ → ψ̄B þ BþÞðnBþ þ nB−Þ
¼ ΓBc

Φ nΦ
X

Bþ
BrB

þ
Bþ
X

f

½BrðBþ
c → Bþ þ fÞ

þ BrðB−
c → B− þ f̄Þ�

¼ 2ΓBc
Φ nΦ

X

Bþ
BrB

þ
Bþ
X

f

BrfBþ
c

1þ Af
CP

:

Therefore, the evolution of ϕB þ ϕ�
B is governed by the

following equation:

d
dt

ðnϕB
þ nϕ�

B
Þ þ 3HðnϕB

þ nϕ�
B
Þ

¼ 2ΓBc
Φ nΦ

X

Bþ
BrB

þ
Bþ
X

f

BrfBþ
c

1þ Af
CP

− 2hσvidðn2ϕBþϕ�
B
− n2eq;ϕBþϕ�

B
Þ: ðA10Þ

The Boltzmann equation for χ is essentially identical.

3. The “rest” of dark matter

As mentioned in Sec. III, there are two simple pos-
sibilities for the rest of dark matter not accounted for by
the requisite asymmetry in ϕ�

B’s and χ̄0s. The first is
simply that the rest of dark matter is comprised of a
symmetric abundance of χ ’s and ϕB’s and their conju-
gates. This option is appealing since the rest of dark
matter is made out of stuff that is already in the model:
just more χ’s and ϕB’s (and their conjugates). However,
there are a few challenges to this possibility. First,
depleting the symmetric abundances requires weakly
interacting massive particle scale (or larger) annihilation
cross sections. Since dark matter is GeV scale, this would
immediately be ruled out by indirect detection unless the
annihilations are solely to SM neutrinos, or into more
exotic fractionally charged dark baryons [30]. Second,
these annihilations have to fully stop prior to SM neutrino
decoupling in order to prevent reheating them after
decoupling, which would increase Neff . This is a non-
trivial constraint since the freeze-out time of ∼GeV dark
matter is near the ∼3 MeV neutrino decoupling temper-
ature. An additional aesthetic deficit of this possibility is
that the annihilation cross sections, lighter dark sector
states into which χ’s and ϕB’s annihilate, and those lighter
states’ subsequent (and quick) annihilations to SM
neutrinos would all be additional input parameters into
the Bþ

c mesogenesis scenario, totally decoupled from the
fundamentals of the scenario itself. However, the above
constraints are not insurmountable and it is possible to
realize situations in which all of dark matter is made of
both a symmetric and asymmetric abundance of χ ’s
and ϕB’s.
The second possibility is that the remaining Oð1=2Þ of

dark matter is made up of new dark sector states. This
seems quite simpler and requires fewer input parameters.
The rest of dark matter could be a single additional dark
sector state with a single interaction with the SM to
produce its requisite relic abundance. It could be a
frozen-in GeV scale dark matter evading (in)direct
detection bounds, as well as Neff bounds, or it could
be a TeV scale classic weakly interacting massive
particle. Any usual dark matter scenario could be
“pasted” onto the rest of our model to account for the
final ∼20% of dark matter that is not in the asymmetries
of χ ’s and ϕB’s.
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APPENDIX B: DECAY MODES FOR B+ MESOGENESIS

Here we present detailed tables containing the relevant decay modes for Bþ mesogenesis.

TABLE II. The decay modes of Bþ mesons into final states involving an odd number of πþ mesons, along with the ACP and branching
fraction for each.

Bþ Decay Mode to πþ ACP Branching Fraction Γi=Γ Refs.

D̄0πþ 0.100� 0.032 ð4.68� 0.13Þ × 10−3 [80,81]

D̄�0
CPðþ1Þπ

þ 0.016� 0.010 ð2.7� 0.6Þ × 10−3 [82]

DCPð-1Þπþ 0.017� 0.026 ð2.0� 0.4Þ × 10−3 [82]

K0π0πþ 0.07� 0.06 < 6.6 × 10−5 [83,84]

f0ð1370Þπþ 0.72� 0.22 < 4.0 × 10−6 [85]

K�
0ð1430Þ0πþ 0.061� 0.032 ð3.9þ0.6

−0.5 Þ × 10−5 [83,86,87]

χc1ð1PÞπþ 0.07� 0.18 ð2.2� 0.5Þ × 10−5 [88]

f2ð1270Þπþ 0.40� 0.06 ð2.2þ0.7
−0.4 Þ × 10−6 [85,89,90]

ψð2SÞπþ 0.03� 0.06 ð2.44� 0.30Þ × 10−5 [91]

πþπ−πþ −0.14þ0.23
−0.16 ð1.52� 0.14Þ × 10−5 [92]

K�
2ð1430Þ0πþ −0.6� 0.07 ð5.6þ2.2

−1.5 Þ × 10−6 [86]

D̄�0πþ −0.0010� 0.0028 ð5.7� 1.2Þ × 10−3 [93]

DCPðþÞπþ −0.0080� 0.0026 ð1.38� 0.13Þ × 10−3 [94,95]

D̄0πþ −0.007� 0.007 ð4.68� 0.13Þ × 10−3 [80,81]

D�0
CPð−1Þπþ −0.09� 0.05 ð2.4� 0.9Þ × 10−3 [82]

TABLE III. The dominant decay modes of Bþ mesons into final states involving an odd number ofKþ mesons, along with the ACP and
branching fraction for each.

Bþ Decay Mode to Kþ ACP Branching Fraction Γi=Γ Refs.

K0
sKþ −0.21� 0.14 ð1.51þ0.15

−0.13 Þ × 10−4 [96]
D̄�0

CPðþ1ÞK
þ −0.11� 0.08 ð2.60� 0.33Þ × 10−4 [97]

DCPð-1ÞKþ −0.10� 0.07 ð1.96� 0.18Þ × 10−4 [82,98]
D̄0Kþ −0.017� 0.005 ð3.63� 0.12Þ × 10−4 [98–100]
χc1Kþ −0.009� 0.033 ð4.74� 0.22Þ × 10−4 [101,102]
b01K

þ −0.46� 0.20 ð9.1� 2.0Þ × 10−6 [103]
D0Kþ −0.40� 0.06 ð3.57� 0.35Þ × 10−6 [95,104]
fð980Þ0Kþ −0.08� 0.09 ð2.03� 0.14þ0.15

−0.002Þ × 10−5 [86]
ηγKþ −0.12� 0.07 ð7.9� 0.9Þ × 10−6 [105,106]
f2ð1270ÞKþ −0.68þ0.19

−0.17 ð1.07� 0.27Þ × 10−6 [86]
π0Kþ 0.037� 0.021 ð1.29� 0.05Þ × 10−5 [107]
f0ð1500ÞKþ 0.28� 0.30 ð3.7� 2.2Þ × 10−6 [108]
ρ0Kþ 0.37� 0.10 ð3.7� 0.5Þ × 10−6 [86]
Kþπþπ−(non-resonant) 0.027� 0.008 ð1.63þ0.21

−0.15 Þ × 10−5 [87,109]
KþK−Kþ (non-resonant) 0.06� 0.05 ð2.38þ0.28

−0.5 Þ × 10−5 [110,111]
J=ψð1SÞKþ 0.0018� 0.0030 ð1.020� 0.019Þ × 10−3 [112–118]
K�þK−Kþ 0.11� 0.09 ð3.62� 0.49Þ × 10−5 [119]
ψð2SÞKþ 0.012� 0.020 ð6.24� 0.20Þ × 10−4 [116]
ηcKþ 0.01� 0.07 ð1.09� 0.08Þ × 10−3 [101,116]
D�0

CPð−1ÞKþ 0.07� 0.10 ð2.19� 0.3Þ × 10−4 [120]

DCPðþÞKþ 0.120� 0.014 ð1.80� 0.07Þ × 10−4 [82,94]
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