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Mechanisms of mesogenesis generate the baryon asymmetry and dark matter of the Universe through
late-time decays of Standard Model mesons into baryons and dark matter states. Utilizing the CP violation
in the meson systems themselves, the resulting baryon asymmetry is directly controlled by collider
observables, theCP asymmetry ACP, and the branching fraction for the meson decays. Experimental probes
of these decays place strong constraints on the amount of CP violation required, placing it well above
observed limits in meson mixing. Additionally, strong lower bounds on the proton lifetime seemingly rule
out mesogenesis mechanisms which use D mesons. In this work, we propose to circumvent these
constraints by “morphing” the mass of the dark sector particles using a late-time phase transition. The
change in mass of the final decay products kinematically excludes meson and proton decays, relaxing the
constraints on the model parameter space.
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I. INTRODUCTION

The origin of the observed baryon asymmetry of the
Universe (BAU) remains one of the most outstanding
mysteries in particle physics. Measurements of the cosmic
microwave background (CMB) [1,2] and light element
abundances after big bang nucleosynthesis (BBN) [3,4],
determine the BAU to be

Yobs ≡ ðnB − nB̄Þ=s ¼ ð8.72� 0.04Þ × 10−11; ð1Þ

where nBðnB̄Þ is the baryon (antibaryon) number density
and s is the Universe entropy density. Different mecha-
nisms have been proposed to explain the origin of the BAU;
for example, electroweak baryogenesis [5–7] and lepto-
genesis [8,9] (see Ref. [10] for relation with light dark
matter). See Ref. [11] for reviews. Typically, these mech-
anisms predict high-scale new physics, which is challeng-
ing to test directly in current experiments.

In contrast, mesogenesis [12–17] has been proposed as a
testable paradigm of late-time and low-scale baryogenesis,
where the BAU is generated through Standard Model (SM)
meson (M) decays into a SM baryon (B) and dark-matter
states via an unstable dark baryon-number carrying fermion
(ψ ). Mesogenesis models necessarily assume a radiation-
dominated universe in which the matter density is domi-
nated by a scalar field, Φ, of mass mΦ > 2mM. Φ decays
to quarks and antiquarks after the QCD phase transi-
tion, T ∼ 150 MeV, and before BBN, T ∼ 5 MeV. See
also Fig. 1.
Within the mesogenesis framework, the ratio of pre-

dicted to observed BAU can be written as [13,14,17–19]

YB

Yobs
≃
X
M;B;i

BRðM → BψÞ × AM
i × αiðTRÞ

1.7 × 10−6
; ð2Þ

where the indices M, B and i run over the possible
mesons, baryons and CP asymmetries, respectively.
BRðM → BψÞ is the relevant branching ratio; AM

i is
the CP asymmetry in the specific mode, which can be
sourced from either direct CP in the decay or for neutral
mesons also in the mixing. The function αiðTRÞ encodes
the cosmological evolution of the baryon-antibaryon den-
sity difference, evaluated at the reheating temperature, TR,
defined by the Φ decay rate as ΓΦ ≡ 3HðTRÞ. As reviewed
in prior mesogenesis constructions [12–17], we will
employ models in which ψ promptly decays into a pair
of stable dark-sector particles, discussed in the following
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section, in order to prevent washout from ψ decays back to
the SM.
Mesogenesis models face two important challenges. First,

even if the SM-dark sectormediator is not coupled directly to
light quarks, proton decay is induced at least at loop level
unless ψ is heavier than the proton, i.e.,mψ > mp. However,
for D mesons, the phase space for the decay D → Bψ
requires mψ ≤ mD −mB ≲ 0.92 GeV, where the upper
bound is obtained for the lightest possible baryon. Thus,
the only existing models of D-mesogenesis necessarily
involve light dark sector lepton states [16], and not baryons.
Second, from Eq. (2), reproducing the observed

BAU requires BRðM → BψÞAM
i αi ∼ 10−6. For CP viola-

tion (CPV) from meson mixing, αi ≲ 1 and jABs
mixj≲ 2 ×

10−3 [20]. When the observed upper bound on CPV in
mixing is saturated, this constrains the branching fraction
BRðM → BψÞ ≳ 10−3. A stronger constraint is obtained by
considering the SMprediction for the CPVinmesonmixing,
in which case the required branching fraction is increased to
∼0.1. However, dedicated searches for M → B=E place
stringent bounds ofBRðB → BψÞ≲ 10−5 for specificmodes
such as B0 → Λ=E [21,22], Bþ → p=E [23] and Bþ → Λþ

c =E
[24]. One concludes that this mechanism is under tension, in
particular if only SM-CPV in B0 and B0

s is considered.
For direct CPV in meson decays, αi ∼Oð100Þ [14],

meaning the BAU can be explained by BRðM →
BψÞAM

dir ∼ 10−8. While there are no bounds on AM
dir , it is

expected to be suppressed by a loop factor or small strong
phases, relaxing the requirement on the branching fraction
to BRðM → BψÞ ∼ 10−5. Thus, mesogenesis from direct
CPV can be under tension for decay modes with sensitivity
of 10−5 − 10−6, which is within current experimental reach.
For probes other than M → B=E, such as collider con-
straints, see Refs. [18,25].
The above tensions are based on the assumption that

M → Bψ (or the proton lifetime) today is unchanged from
its early Universe value. This distinction motivates frame-
works that weaken the constraints by including parameters
which vary throughout the thermal history of the Universe,
typically by means of phase transitions, see for example

Refs. [26–29]. In the context of mesogenesis, the rate of
M → Bψ can be altered by a late-time phase transition
which changes the effective Wilson coefficient controlling
the decay [15]. This, in turn, weakens the constraints,
recovering regions of the mesogenesis parameter space
previously thought to be excluded.
In this work, we propose a new mesogenesis mechanism,

dubbed blocking mesogenesis, in which the mass of the
dark fermion ψ (and its decay products) are modified by a
dark phase transition (PT) after TR and before BBN. It is
constructed such that the rate M → Bψ is allowed before
the PT and is kinematically blocked after it, see Fig. 1.
The blocking mesogenesis mechanism has several con-

sequences. (i) BRðM → BψÞ can be as large as ∼0.1 in the
early Universe and vanish today; thus, it can be mediated
by new physics at sub-TeV scales, which can be probed
directly by the LHC, rather than by rare meson decays. In
addition, the required CP asymmetry can be smaller and
even possibly compatible with SM sources of CPV in the
case of B0 and B0

s mixing. (ii) The early Universe value of
mψ can be lighter than the proton without being excluded
by proton decay bounds (which is not the case in Ref. [15]).
As such, the blocking mechanism allows for mesogenesis
models based onD → Bψ . Finally, we note that there exist
ranges of mψ for which the morphing successfully blocks
the problematic channels while allowing for interesting
signals in baryonic decay channels, e.g. Λb;c → M=E.
The rest of the paper is organized as follows. In Sec. II

we present three mechanisms for blocking mesogenesis.
We provide models implementing each mechanism, and
discuss their signals and constraints from terrestrial experi-
ments. Our results are presented in Sec. III. We provide
examples of dark PTs which can accomplish the required
mass morphing in Sec. IV.

II. BENCHMARK MODELS
AND TERRESTRIAL CONSTRAINTS

The ingredients for a successful model of blocking meso-
genesis are similar to those of the original mesogenesis—
late-time abundance of MM̄ followed by CP violating

FIG. 1. The thermal history of the Universe from QCD to BBN—the window for mesogenesis.
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M → Bψ decay–with the addition of a dark phase transition
that increases mψ → mψ þ Δmψ such that mψ þ Δmψ >
mM −mB (the initial bound ofmψ > mp is not relevant, see
below). This requires that the dark phase transition be
completed after TR and before BBN. In this section, we
introduce three mechanisms for blocking mesogenesis,
based on B and D decays:

(A) B0
d;s decays with CPV in meson oscillations,

(B) B decays with direct CPV, and
(C) D decays with direct CPV.
The CPV in mechanism (A) can originate from the SM or
from BSM sources. (B) and (C) necessarily require BSM
sources of CPV.
Regarding mesogenesis via D0 meson oscillations;

following [18,30], we solved the Boltzmann equations to
obtain the prediction for YB. Using the measured CP obser-
vable ½AD0

mix�exp ¼ ð0.010� 0.032Þ from [31], and assuming

the maximal value of the mediator couplings, y ∼
ffiffiffiffiffiffi
4π

p
(see Sec. III), we find YB=Yobs ≲ 0.4 for masses
mY ≳ 200 GeV, below which the characteristic signals
from mesogenesis models are well excluded. We conclude
that D0 meson oscillations is an unlikely mesogenesis
mechanism, and do not consider it further.
Models. To implement each of the three mechanisms, we

construct two models, starting from the mesogenesis
models of [13]. Both models introduce a new colored
scalar mediator Y ∼ ð3; 1Þ−1=3 with an OðTeVÞ mass,
which acts as a portal between the SM and a minimal
dark sector—which consists of the fermion ψ , its decay
products, ϕ; ξ, and a sector that facilitates the morphing.
Note that the present model differs from mesogenesis with
a morphing mediator [15] in that now the dark sectors
themselves are morphed rather than the heavy mediator Y.
Schematically,

L ⊃ Lportal þ Ldark þ Lmorph; ð3Þ

where Ldark is responsible for the washout–preventing
decay of ψ . The portals for B decays [mechanisms (A)
and (B)] and D decays [mechanism (C)] are given by

LB
portal ¼ −ybcc̄RbcRY� − ysψscRψ̄RY þ H:c: ð4Þ

LD
portal ¼ −yscc̄RscRY� − ydψdcRψ̄RY þ H:c:; ð5Þ

in which the color indices are suppressed and are under-
stood as totally antisymmetrized for the Yqq0 term and as
δba contracted for the Yqψ term [18]. The first portal
facilitates various B meson decays, among which we will
consider Bd → Ξcψ, Bs → Ωcψ . Including other channels
(such as charged B decays) relaxes the constraints on the
couplings, and so we will not consider them here. The
second portal allows for the D meson decay D → Λ0ψ.

Mechanisms (B) and (C) involve direct CPV in
M → Bψ decays, which requires two amplitudes with
different strong and weak phases. We leave the full model
building for future work and here assume a priori direct
CPV at the ∼10−3 level. In addition, we assume there
exist additional CP violatingM decay modes such that the
M and M̄ total widths are equal—as expected from the
CPT theorem.
Note that, in order not to wash out the BAU, these

additional CP-violating modes should not violate baryon
number, for example M → ψ̄ψ þ SM particles.
As mentioned, we prevent washout by inducing prompt

ψ decay to a pair of stable particles: ϕ, a SM-singlet scalar
which carries baryon number; and ξ, a SM-singlet
Majorana fermion. Their interaction with ψ is given by

Ldark ¼ yψξψ̄ϕξþ H:c: ð6Þ

Both ϕ and ξ are stabilized under a dark sector Z2

symmetry, which, along with the kinematic requirement
that jmϕ −mξj < mp, is necessary to prevent ψ -mediated
decays back into the visible sector. Such a decay back into
the visible sector which would wash out the generated
BAU. As an added benefit, either can be candidates for dark
matter [13,17]. Implementations ofLmorph will be discussed
in Sec. IV.
Proton decay. Both portals from Eqs. (4) and (5) induce

proton decay for mψ < mp. An important consequence of
the mψ morphing between TR and BBN is a relaxation of
the mψ < mp bound originating from proton stability.
Assuming mp < mψ today, we need only show that the
proton lifetime is significantly longer than the age of the
Universe at BBN, ∼1 s. We only evaluate the proton
lifetime before the dark phase transition for the D portal,
Eq. (5), since this is the only mechanism necessarily
excluded by the proton lifetime bounds. The leading
diagram for proton decay is shown in Fig. 2. We estimate
the proton lifetime by integrating out both theW boson and
the new mediator Y, resulting in a four-fermi c̄RbcRs

c
Rψ̄R

interaction, which is loop-, CKM-, and chirally suppressed.
The Wilson coefficient can be estimated as

Cψcd̄s ∼
GF

8
ffiffiffi
2

p
π2

mcms

m2
Y

VcdVusycsydψ ; ð7Þ

FIG. 2. The leading contribution to proton decay induced by
Eq. (5).
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FIG. 3. Left: regions excluded by the combination of terrestrial constraints and BAU generation for various values of the reheating
temperature TR in each of the mechanisms discussed in the text. Right: for a sample point in the mY −mψ parameter space, we show
how the couplings are constrained by terrestrial experiments and BAU generation.
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which, following [32], gives a proton lifetime of

τp ∼ 4 × 105
�

4π

ydψycs

�
2
�

mY

400 GeV

�
4

sec; ð8Þ

where we conservatively assume mψ ¼ 0. For values of
ydψ , ycs and mY which can successfully generate the BAU
[see Fig. 3(c)], the proton lifetime is longer than the age of
the Universe at BBN [4].
Terrestrial constraints. Since the color-triplet mediator

Y can have a mass of ∼TeV, it is accessible to collider
experiments. In addition to its QCD interaction, it also has
Yukawa-like interactions with qq0 and qψ , see Eqs. (4) and
(5). These interactions lead to a variety of experimental
signatures [18] (see also Ref. [25]), which we summarize
here and consider below.
(a) LHC searches for jets or dijets accompanied bymissing

transverse energy [33–37] probe scenarios in which the
mediator Y is produced in strong interactions and
decays into a quark and dark-sector states. The resulting
bounds on the corresponding branching fractions for
mY ≳ 0.5 TeV were analyzed and recast in [18]. We
adopt these results to constrain the Yukawa couplings
appearing in Eqs. (4) and (5). For mY ≲ 0.5 TeV
monojet pp → j=E searches [33] strongly constrain
the couplings yqψ and yqψyqq0 via the processes qq0 →
ψψ þ j and qq0 → ψq, respectively. We generated the
relevant LO cross sections using MadGraph5_aMC@NLO

[38], with hadronization and showering implemented in
PYTHIA8 [39] and detector effects and signal cuts
approximated by DELPHES [40]. Constraints on the
couplings were then obtained by comparison to the
model-independent results in Table 6 of [33].

(b) Searches for four-jet final states at theLHCprobe strong
interaction pair production of mediators, each decaying
into a pair of quarks.Constraints on the production cross
section of color-triplet scalars decaying to diquark final
states are presented in [41], under the assumption
BRðt̃ → qq0Þ ¼ 1, where t̃ denotes the color-triplet
scalar. In our model, however, BRðY → qq0Þ ≠ 1.
We therefore reinterpret the results of [41] by the
appropriate rescaling of the branching fractions. Along
with dijet resonance searches (see below), these provide
the most stringent bounds on the couplings at low mY,
see Fig. 3(a) (right).

(c) Dijet resonance searches are sensitive to the branching
fraction of the mediator into diquark final states times
the diquark coupling, yqq0 . We consider searches from
ATLAS, CMS, LEP, and the TeVatron [42–47]. For
several of these bounds [33,44], we adopt the recasting
of Ref. [18]. References [46,47] place upper limits on
a color singlet resonance with a universal coupling to
the quarks (gB). We recast these limits on gB for the
nonuniversal yqq0 couplings of Eqs. (4) and (5),
according to,

y2qq0BRðY → qq0Þ ¼ 2½gB�2UL
P

qLqq̄

Lqq0
; ð9Þ

where ½gB�UL denotes the 95% upper limit on the Z0
coupling from the original analysis (assuming a
universal quark coupling), Lqq0 are the qq0 quark
parton luminosity functions evaluated at the resonance
mass and the sum runs over q ¼ u, d, s, c, b and the
factor of 2 is from chirality.

(d) The dijet angular distributions constrain the yqq0
couplings. By recasting the TeVatron [46,48], we find
yqq0 ≲ 3.8, which is weaker than our conservative
perturbative limit, yqq0 <

ffiffiffiffiffiffi
4π

p
.

Finally, we emphasize that bounds from B → B=E are not
relevant due to the mψ morphing mechanism.

III. RESULTS

For each of the three mechanisms under consideration,
we present the results of our analysis in the form of
exclusion plots on the mY −mψ parameter space. For
convenience, we define a reference M → Bψ branching
ratio value as

fBRx
M→Bψ ≡ BRðM → BψÞ; ð10Þ

evaluated atmY ¼ 400 GeV and for couplings y2qq0y
2
q̃ψ ¼ x,

which we use to illustrate benchmark values of the relevant
parameters for which each mechanism can generate the
full BAU.
(A) For this mechanism, since both Bs and Bd mesons

are produced in the early universe, the decays of
both mesons contribute to BAU generation. From
Eq. (2) we obtain,

Ymix
B

Yobs
≃
y2bcy

2
sψ

0.25

�
400 GeV

mY

�
4

× ð1.01Fs − 0.01FdÞ;

ð11Þ

where,

Fq ≡
fBR0.25

B0
q→Bψ

ηq × 10−3
A
Bq

mix

½ABq

mix�A
αmix
Bq

ðTRÞ
αmix
Bq

ð22 MeVÞ ; ð12Þ

with B ¼ Ξc;Ωc ηq ¼ 3, 4 for q ¼ d, s, respec-
tively. The B0

d;s decay rates are taken from Ref. [49].
The CP asymmetries in B meson mixing are given
by ½ABd

mix�SM ¼ ð−4.7� 0.4Þ × 10−4 and ½ABs
mix�SM ¼

ð2.1� 0.2Þ × 10−5 [50] with corresponding upper
limits (2σ) of j½ABd

mix�ULj<5.5×10−3 and j½ABs
mix�ULj<

5× 10−3 [4,20], respectively. However, as shown in
[51], NP contributions to CP asymmetries cannot
saturate these bounds. We therefore consider the

BLOCKING MESOGENESIS PHYS. REV. D 114, 035044 (2026)

035044-5



upper limits estimated in [51], ½ABd
mix�A ¼ −4 × 10−4

and ½ABs
mix�A ¼ 5 × 10−4 as our benchmark values.

The functions αmix
Bd;s

ðTRÞ are taken from [18].
Figure 3(a) (left) shows regions of themY −mψ plane
excluded by the combination of terrestrial constraints
fromSec. II and the requirementYB=Yobs ≈ 1. Differ-
ent regions are obtained for different values of
the reheating temperature and the CP asymmetry.
The sea-green regions excludemechanismswhere the
central value of the SM prediction is taken for the CP
asymmetry, with the solid and dashed lines corre-
sponding to two different temperatures, and the purple
regions correspond to the maximal allowed CP
asymmetry based on the analysis of [51]. In the right
panel of Fig. 3(a), we show the individual bounds
in the ycb − ysψ plane for benchmark values of the
masses and the temperature. This result suggests that
blockingmesogenesis with SMCPValone is strongly
under tension. However, sub-TeV signals are not
excluded within the upper limit of observed CPV in
B-meson mixing.

(B) In this mechanism, we consider neutral B decays
with direct CPV from the dark sector. Since the CPV
is direct, we consider only one decay channel, and
note that the inclusion of the other decays induced
by Eq. (4) only relaxes the constraints on the
couplings. We find,

Ydir
B

Yobs
≃
�
y2bcy

2
dψ

0.04

��
1000 GeV

mY

�
4
 fBR0.04

Bs→Ωcψ

6 × 10−6

!

×

�
AB
dir

10−3

��
αdirB ðTRÞ

αdirB ð100 MeVÞ
�
; ð13Þ

where the α function for direct CPV is given by [14],

αdirMðTRÞ ≈ 220
TR

100 MeV
2mM

mΦ
: ð14Þ

The results from this mechanism are presented in
Fig. 3(b), where we consider AB

dir ¼ 10−3 and TR ¼
50 MeV and 120 MeV.
Inspired by [25], for 2.7 GeV≲mψ þ Δmψ ≲

4.1 GeV, this model admits a signal in the form
of the decay channel Ξ0

b → D0ψ , which appears in
experimental searches as Ξ0

b → D0 þ =E.
(C) To the best of our knowledge, unlike B → Bψ , there

are no theoretical predictions for the branching
fraction of the D → Bψ decay modes. Therefore,
we estimate the relevant branching fractions from
the c → ssψ inclusive rate with an appropriate
change of the phase space as in Ref. [18] for b
decays. We estimate,

BRðD0 →ΛψÞ ¼ τD0

γðmΛÞ
γðδmÞ

y2csy2dψ
m4

Y

m5
c

4608π3
g

�
m2

ψ

m2
c

�
;

ð15Þ

where δm ¼ mc −mψ , mΛ ¼ 1.115 GeV, γðmÞ is
defined in Sec. IV D of [18] and
gðxÞ ¼ −1 − 8xþ 8x3 − x4 − 12x2 ln x. Multiply-
ing by the ratio γðmΛÞ=γðδmÞ simply corresponds
to cutting off the phase space integration in the
inclusive decay rate at mΛ0 . As a cross-check, we
compared our rate to an estimation based on the
treatment of Ref. [52] and find agreement up to a
factor of ∼2.

Combining Eqs. (2) and (15), we find

Ydir
B

Yobs
≃
�
y2scy2sψ
10−2

��
400 GeV

mY

�
4
 fBR0.01

D0→ΛψðmψÞ
2 × 10−5

!

×

�
AD
dir

10−3

��
αdirD0ðTRÞ

αdirD0ð100 MeVÞ
�
: ð16Þ

The allowed parameter space of this mechanism can be
found in Fig. 3(c).
For 1 GeV < mψ þ Δmψ < mΛc

−mK ≈ 1.7 GeV, this
model admits a signal Λc → Kψ which appears in exper-
imental searches as Λc → K=E [25]. This channel was
discussed in [25], from which the branching fraction can
be estimated as

BRðΛc → KψÞ ≈ 4 × 10−8
y2csy2dψ
10−2

�
mY

400 GeV

�
4

; ð17Þ

with an Oð1Þ dependence on mψ .

IV. THE MASS MORPHING

In this section, we discuss the morphing of the ψ and ϕ
masses required to kinematically block M → Bψ /proton
decay. The temperature window for the morphing mecha-
nism is between TR and before BBN, as shown in Fig. 1,
where the reheating temperature is taken to be TR ∼
20 MeVð100 MeVÞ for mechanism (A). Schematically,
we write

mi → mi þ Δmi; ð18Þ

for i∈ fψ ;ϕg (in principle, the mass of ξ can also be
morphed, although we do not consider this scenario in this
work), from which the conditions for the kinematic block-
ing are

Δmψ > mp −mψ ; ð19Þ

Δmψ > mM −mB; ð20Þ
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for proton decay and B decay, respectively. To avoid
washout of the asymmetry, the condition jmϕ þ Δmϕ −
mξj < mp must still hold after morphing, which puts an
upper limit on Δmϕ set by the choices of initial masses.
This condition can be relaxed by morphing ξ as well.
Additionally, [30] showed that astrophysical constraints
require mϕ > 1.2 GeV today, and as such the morphing of
ϕ must accommodate this.
In the following, we introduce two realizations of dark-

sector phase transitions (PTs) that generate the required
Δmψ ;ϕ: (i) a strongly-interacting sector with a confining PT,
and (ii) a dark Abelian Higgs model with a first order PT.

A. Strongly interacting dark sector

First, we model the “morphing” sector with a strong non-
Abelian interaction which confines at some temperature Tc.
In this model, Lmorph contains a scalar operatorOD coupled
to both ψ ;ϕ through ψ̄ψOD, ϕ†ϕOD. Below the con-
finement temperature, T < Tc, OD acquires a vacuum
expectation value (VEV) vD, inducing the mass shift
Δmψ ¼ ψ̄ψhOi (and similarly for Δmϕ).
As an explicit example, we consider OD ¼ Ψ̄DΨD,

where ΨD transforms as the fundamental of some dark
SU(Ns). To avoid constraints form BBN, we assume and
light states in the morphing sector are unstable. The EFT
Lagrangian includes

Lmorph ⊂
g2ψ
Λ2

ψ̄ψΨ̄DΨD þ g2ϕ
Λ
ϕ†ϕΨ̄DΨD; ð21Þ

where Λ is the cutoff scale of the EFT and gψ and gϕ are
both dimensionless. At Tc, the bilinear acquires a VEV
hΨ̄DΨDi ¼ v3D where vD ≳ Tc. This leads to the following
mass morphing:

Δmψ ∼ 1.8 GeV
g2ψ
16π2

�
vD

45 MeV

�
3
�
90 MeV

Λ

�
2

; ð22Þ

Δm2
ϕ ∼ ð0.5 GeVÞ2 g2ϕ

16π2

�
vD

45 MeV

�
3
�
90 MeV

Λ

�
; ð23Þ

where Λ > vD to ensure EFT validity. To avoid constraints
from neutron stars [30,53], and prevent washout of the
generated BAU (as mentioned in the previous section), we
require 1.2 GeV < mϕ þ Δmϕ < mp þmξ after morphing.
The range of allowed initial masses is 1.2 GeV − Δmϕ <
mϕ ≲mp þmξ − Δmϕ. For example, for the benchmark
values taken in Eq. (22),mξ > 0.3 GeV is necessary for this
range to bewell defined, with the upper limitmξ < mψ −mϕ

needed to ensure prompt ψ decay to the stable dark sector
states. For mechanism (C), since mψ ≲ 0.6 GeV, these
benchmark parameters are not relevant, and a larger VEV
is required (unless ξ is also morphed). Regardless, we

verified that for any legal choice of the initial masses given
these constraints and for yψξ ∼Oð1Þ, the ψ lifetime is
Oð10−23sÞ, far below the Hubble time at the relevant
temperatures, meaning the decay ψ → ϕξ is prompt as
expected.

B. Dark Abelian Higgs

As a second example, following [54], we consider the
spontaneous breaking of a Uð1ÞD gauge symmetry by a
dark Abelian Higgs HD with unit Uð1ÞD charge. The scalar
potential allows for a first order phase transition of the
Uð1ÞD symmetry, beginning at some critical temperature Tc
and proceeding via bubble nucleation until completion.
We note that this model does allow for continuous
transitions, but that these cannot produce the required
hierarchy between Tp and v. We consider the phase
transition completed at the percolation temperature, Tp

[54–56]. The interactions inLB;D
portal [Eqs. (4) and (5)] require

ψ to be a Uð1ÞD singlet and therefore a HDψ̄ψ term is
forbidden. Since such a term is necessary to induce the
required mass shift, we introduce another vectorlike fer-
mion ψ2 with a Uð1ÞD charge, and generate the mass-
shifting term through mixing of the two fermions. Overall,
the morphing Lagrangian is given by

Lmorph ¼ Lkin þ V0ðHD;ϕÞ þ Lψ ; ð24Þ
where Lkin. contains all kinetic terms. The scalar potential
is given by

V0ðHD;ϕÞ ¼ −
1

2
μ2jHDj2 þ

λ

4
jHDj4 þ λ̃jHDj2ϕ2

þ λϕ
4
ϕ4 þ 1

2
m2

ϕϕ
2; ð25Þ

the fermion mass and Yukawa terms are

Lψ ¼ −mψ ψ̄ψ −m2ψ̄2ψ2 − yψ ψ̄ψ2HD þ H:c: ð26Þ

After HD acquires a VEV, the fermions mix, and the new
mass eigenstates have,

m� ¼ mψ þm2

2
� 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2 −mψÞ2 − 4y2ψv2D

q
; ð27Þ

where we took m2 > mψ . As required, the couplings of
both ψ and ϕ to the morphon induce the following mass
changes:

Δm2
ϕ ¼ 2λ̃v2D ð28Þ

Δmψ ¼ m2 −m1

2
−
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2 −m1Þ2 − 4y2v2D

q
: ð29Þ

Details of our perturbative treatment of thermal effects in
this model can be found in the Appendix. For our analysis,
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we assumed the dark sector and SM were not in thermal
equilibrium during the morphing, with Tdark=TSM ≈ 0.5
[54]. As such, all temperatures relevant to the phase
transition refer to the temperature in the dark sector.
We compute the percolation temperature numerically
using both the PT2 GW Mathematica package [57] and
CosmoTransitions [58]. Our results show that the percolation
temperature is linear in the VEV, and we find that there
exists a region of the parameter space ðλ; vDÞ for which the
percolation temperature is in the required range, see Fig. 4.
We conclude that this type of phase transition can reason-
ably achieve Δmψ ∼Oð100 MeVÞ for mixing, and
OðGeVÞ for direct CPV. For mechanism (A), this means
that this model is only relevant for near-threshold values of
the initial ψ mass. For the other two mechanisms, however,
the full parameter space is comfortably covered due to the
higher percolation temperatures.
A general characteristic of FOPTs is the release of latent

heat into the environment. In the case of cosmological
FOPTs, the latent heat manifests as vacuum energy, which
leads to three main effects; (i) bubble-wall friction, in
which the masses of particles coupled to the morphon
increase to the true-vacuum values upon crossing the
expanding bubble walls [7,59]; (ii) the production of
gravitational waves through bubble collisions, plasma
effects, etc. [60]; and (iii) reheating of the dark sector
thermal bath. We used [57] to compute the normalized
latent heat density and found ðΔV − Δ∂VjT¼Tp

Þ=ρ�ðTÞ ∼
0.1–0.3 for our benchmarks. We have verified that (i) there
is enough latent heat to modify the masses of all morphon-
coupled particles present in the Universe during the PT;
(ii) that the energy released into gravitational waves is
below observational limits (for verifying this we turned to
[57]), and (iii) that the reheating of the dark sector is mild
and does not interfere withNeff constraints at BBN nor lead
to a period of inflation.

It is possible to obtain the necessary scale separation
between the temperatures and mass differences in a super-
cooled phase transition, i.e., a first order phase transition in
which the nucleation temperature is largely separated from
the critical temperature, see for example [55,61,62].
However, such phase transitions necessarily lead to a
period of cosmic inflation, washing out the generated
BAU. Therefore, supercooled PTs may be relevant for
mesogenesis models in which the BAU is significantly
overproduced.

V. CONCLUSIONS

In this work we introduced a novel class of mesogenesis
mechanisms in which the masses of the dark fermion, ψ ,
(and its daughter particles) are morphed between reheating
and BBN. As a result, bounds on the mesogenesis param-
eter space from rare meson decay into baryon and missing
energy, BRðB → B=EÞ≲ 10−5, as well as bounds from
proton stability, are avoided. The former allows for suc-
cessful BAU generation with smaller CPV—which in an
extreme case can be based on SM CPV only in B-mixing.
The latter restores the possibility of usingD → Bψ decays,
which are naïvely excluded by the proton stability bound
on mψ .
We demonstrated this mechanism for B and D decays

with CPV in mixing and from a direct new physics source
in the decay, and present the allowed parameter space for
each benchmark model. We provided explicit examples for
the dark-sector phase transition mechanism, and for each
showed that the relevant morphing of the ψ mass can be
achieved. Terrestrial signals for the blocking mechanism
are sub-TeV colored scalars, as well as rare decays of Λc or
Ξc to lighter mesons and missing energy, for which future
colliders such as FCCee may search. If the dark-sector
phase transition is first order, an additional potential signal
comes in the form of gravitational waves. GW signals of the
Uð1ÞD model presented here have been extensively studied
in the literature, see for example [54,63–66].
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FIG. 4. The percolation temperature as a function of the VEV
for g ¼ 0.71; λ ¼ 0.005; y ¼ λ̃ ¼ 1. We display mainly the values
of Tp relevant for mechanism (A), and note that the relation
remains linear for higher temperatures/larger VEVs.
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APPENDIX: THERMAL THEORY SETUP
FOR PHASE TRANSITION

In this appendix we provide additional details of the
morphing sector of the model, specifically on our pertur-
bative treatment of thermal effects. For reviews of thermal
field theory, see, e.g., [67,68]. Since the relevant temper-
ature for our phase transition is OðMeVÞ, and ψ ;ϕ have
OðGeVÞ masses, their thermal contributions are negligible.
The effective tree-level potential is

V0 ¼ −
1

2
μ2h2D þ 1

4
λh4D; ðA1Þ

where hD is the radial model of the complex scalar HD that
acquires a VEV. The field-dependent masses are

m2
h ¼

∂
2V0

∂h2
h ¼ −μ2 þ 3λh2; ðA2Þ

m2
G ¼ 1

h
∂V0

∂h
¼ −μ2 þ λh2; ðA3Þ

mA ¼ g2h2; ðA4Þ

where mG and mA are the Goldstone boson and gauge
boson masses, respectively, and g is the gauge coupling.
Thermal contributions from the light scalar hD, the
Goldstone boson and the gauge boson Aμ generate 1-loop
thermal corrections to the potential,

V1T ¼ T4

2π2

�
JB

�
m2

h

T2

�
þ JB

�
m2

G

T2

�
þ 3JB

�
m2

A

T2

��
; ðA5Þ

where,

JBðyÞ ¼
Z

∞

0

dx x2 ln
h
1 − e−

ffiffiffiffiffiffiffiffiffi
x2þy2

p i
: ðA6Þ

We evaluate these expressions numerically without
approximation. Note it is necessary to count both the
Goldstone mode and an unphysical thermal longitudinal
mode of the gauge boson, see [69] for details. This
unphysical mode will be resummed in the IR, along with
the other divergent behavior of the thermal 1-loop potential.
This resummation is implemented by the inclusion of a
“daisy term” [69–71],

Vdaisy ¼ −
T
12π

X
i¼h;G;L

½ðmi þ ΠiÞ3 −m3
i �; ðA7Þ

where Πi are the Debye masses of hD, the Goldstone and
the longitudinal polarization of the gauge boson (the
transverse modes are not resummed),

Πh ¼
�
λ

3
þ g2

4

�
T2 ðA8Þ

ΠG ¼
�
λ

3
þ g2

4

�
T2 ðA9Þ

ΠL ¼ g2

3
T2: ðA10Þ

Finally, we include the standard, properly renormalized
Coleman-Weinberg potential [72]. At one-loop, we verified
that the effects of running the couplings down to the
temperature scale are negligible, and that the RG improve-
ment for λ leaves us in the perturbative regime.
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