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Baryogenesis and dark matter from B mesons

• Matter in the universe is dominated by dark matter. 

• The universe is composed of baryons, not anti-baryons. 

• Perhaps these two issues are related  
  ⇒ meson baryogenesis. 
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Neutral B meson baryogensis

• In this model, a heavy scalar decays to (GeV) B mesons 
when the universe is at (1—10’s) MeV temperature. 

• B mesons then decay to a dark baryon and a standard 
model baryon (plus mesons).  

• CP violation in B0 mixing: 
  - net baryon excess in visible sector 
  - net anti-baryon excess in dark sector 

• But baryon number is conserved overall. 
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generation of the baryon asymmetry and the dark matter of
the Universe. We begin by briefly reviewing the mechanism
presented in [39], while referring to Appendix A 1 for a
detailed discussion of the cosmological dynamics. We then
continue by describing the new particles and interactions
necessary for the mechanism, with the goal of finding
theory-motivated benchmark points for experimental
searches. This includes the minimal particle content
required to trigger the new decay mode of B mesons in
all its possible flavorful variations. We refer to [39] for
more detailed and alternative discussions.

A. The mechanism in a nutshell

In the late 1960s, Sakharov outlined the three conditions
that must be satisfied in the early Universe in order for it to
evolve into what we observe today: A Universe in which
matter dominates over antimatter. These Sakharov con-
ditions [18] are as follows. (i) C and CP violation: Matter
and antimatter need to interact differently if an excess of
one over the other is to be generated. (ii) Departure from
thermal equilibrium: In thermal equilibrium, even if C and
CP are violated, the rates of particle and antiparticle
production and destruction are equal. Thus, the system
must be out of thermal equilibrium so that the rate of
producing particles is larger than that of antiparticles.
(iii) Baryon number violation: One requires interactions
which violate baryon number if an excess of baryons over
antibaryons is to be generated in the early Universe.
The mechanism of B-Mesogenesis addresses each of the

Sakharov conditions as follows:
(i) C and CP violation: The most novel feature of [39]

is to leverage the C and CP violation within the
oscillations in the SM neutral B-meson systems.

(ii) Departure from thermal equilibrium: It is assumed
that the early Universe is dominated by a
combination of radiation and a very weakly coupled

scalar particle Φ, with mass MΦ≳11GeV and a
lifetime of τΦ ∼ 10−3 s.4 The Φ particle predomi-
nantly decays into b quarks, and in doing so reheats
the Universe at temperatures TR ∼ 20 MeV. Given
that T < TQCD ∼ 200 MeV during this era, the
produced b quarks quickly hadronize to yield a
substantial population of B mesons in the early
Universe: nB=nγ ∼ 10 × TR=MΦ ∼ 0.02. This pop-
ulation of B mesons is in this way out of thermal
equilibrium.

(iii) Baryon number violation? In this setup, B mesons
posses a nonstandard decay channel into a dark
sector antibaryon (ψ) and a SM baryon: B → ψBM.
This results in the generation of a baryon asymmetry
in the visible sector that is exactly compensated by a
dark antibaryon asymmetry. As a consequence, total
baryon number is actually conserved.5

In summary, the late-time out-of-equilibrium B0
q and B̄0

q

production, oscillation, and subsequent decay into ψ and B
results in the generation of an excess of baryons in the
visible sector and an excess of antibaryons in the dark
sector. In this way, the origin of baryogenesis and that of
dark matter are linked.
Importantly, following the chain of events described

above and as depicted in Fig. 2, it is possible to show
that the observed baryon abundance today (see
Appendix A 1) can be directly related to two observables
at collider experiments:

FIG. 2. Summary of the mechanism of baryogenesis and dark matter from B mesons [39], i.e., B-Mesogenesis. Adapted from Fig. 1
in [39].

4These values are roughly those expected for a pseudo-
Goldstone boson with Planck suppressed interactions with
matter; see, e.g., [45]. Note that these values imply that it is
hopeless to produce the Φ particle at colliders since the coupling
to matter would be ≲10−10.

5In a similar fashion to [46].
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Reproducing the observed baryon number 
asymmetry

• Asymmetry depends on branching fraction to dark 
baryons, and on level of CP violation in neutral B mixing. 

• Use the asymmetry in semileptonic  decays : 
  - e.g., , single amplitude (in SM), tree level, 
so CP violation is entirely from  mixing.  
  - could be additional CP violation in the dark sector. 

• Need .

B0
d/s Aq

SL
B0 → D−μ+νμ

B0

As,d
SL × Br(B0 → ψDℬℳ) > 10−6
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• The mass of the dark baryon  must be large 
enough that the proton can’t decay, and small enough 
to be produced in B decay.   

• It must decay rapidly to other dark sector particles, so 
that it doesn’t decay to protons (and wash out 
asymmetry). 

ψD
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the mass and decay mixing amplitudes, Eq. (16) can be
written as

Aq
SL ¼ −

ΔΓq

ΔMq
tanðϕq

12Þ: ð17Þ

Here, ΔMq and ΔΓq represent the physical mass and width
differences of the B0

q eigenstates, which are related to the
amplitudes by ΔMq ¼ 2jM12j and ΔΓq ¼ 2jΓ12j cosϕ

q
12,

where ϕq
12 is the relative phase between Mq

12 and Γq
12.

From Eq. (16), we can see why the semileptonic
asymmetries play a fundamental role in the mechanism
and appear in Eq. (6): They precisely control how often
more matter than antimatter is generated from the decays
of B0

q and B̄0
q mesons. As pointed out in [39], since the

Universe is made out of only matter, one of the key
predictions of the mechanism is that at least one of the
semileptonic asymmetries should be positive and larger
than ∼10−4.

A. Current measurements and implications

1. Semileptonic asymmetries

The current world averages for Aq
SL, as reported in the

PDG 2020 [64] and as prepared by the HFLAV group [65],
at 68% C.L. read

Ad
SL ¼ ð−2.1$ 1.7Þ × 10−3; ð18aÞ

As
SL ¼ ð−0.6$ 2.8Þ × 10−3: ð18bÞ

Meanwhile, the SM predictions for these quantities, which
we take from [66],7 are

Ad
SLjSM ¼ ð−4.7$ 0.4Þ × 10−4; ð19aÞ

As
SLjSM ¼ ð2.1$ 0.2Þ × 10−5: ð19bÞ

Comparing Eqs. (18) and (19), it is clear that the current
experimental error bars are about 4 times larger than the SM
prediction for the B0

d meson, and about 30 times larger for
the B0

s system.
Existing measurements of Aq

SL are already useful for
constraining the parameter space of the mechanism. As
highlighted in Eq. (6), the baryon asymmetry of the
Universe is proportional to both BrðB → ψBMÞ and
Aq
SL. Thus, given the observed baryon asymmetry, a

constraint on Aq
SL can indeed be used to indirectly set a

lower limit on BrðB → ψBMÞ. In particular, the fact that
Aq
SL ≲ 10−3 implies that

BrðB → ψBMÞ≳ 10−4: ð20Þ

Given the direct correlation between Aq
SL and BrðB →

ψBMÞ in generating the baryon asymmetry of the
Universe, a lower limit on Aq

SL can be established given
an upper limit on BrðB → ψBMÞ. This correlation is
clearly seen in Fig. 3. As is discussed in Sec. IVA, at
present we know that BrðB → ψBMÞ < 0.5%, which
implies that in order for B-Mesogenesis to explain the
observed baryon asymmetry of the Universe, at least one
semileptonic asymmetry should satisfy

Aq
SL ≳ 10−4: ð21Þ

2. CP violation in interference and global fits

In addition to the direct observation of Aq
SL, one can also

attempt to place indirect limits on Aq
SL by taking into

account constraints on other relevant B-meson observables.
As seen from Eq. (17), the sign of the semileptonic
asymmetries is characterized by the phase ϕq

12. As such,
the value of ϕq

12 is critical to baryogenesis. Recall that this

FIG. 3. Contour lines for the minimum BrðB → ψBMÞ re-
quired for baryogenesis and dark matter generation as a function
of the semileptonic asymmetries in B0

q-meson decays, Aq
SL. In red,

we show the relevant parameter space in which baryogenesis can
successfully occur. The dashed lines delineate the cosmological
uncertainties of our predictions (see text for more details). The
black rectangle corresponds to the SM prediction for the semi-
leptonic asymmetries [66], while the orange contour corresponds
to the current world averages for experimental measurements
of these quantities [64]. The gray line highlights the region of
parameter space corresponding to BrðB → ψBMÞ > 0.5%,
which is disfavored by an ALEPH search as discussed in
Sec. IVA 2. All contours are shown at 95% C.L. This figure
showcases that, given current measurements of the semileptonic
asymmetries, a branching ratio BrðB → ψBMÞ≳ 10−4 is re-
quired for successful baryogenesis. Similarly, in light of the
ALEPH constraint, Aq

SL > 10−4 is necessary in order to explain
the observed baryon asymmetry of the Universe.

7Note that Ref. [67] has recently pointed out that renormal-
ization-scale-dependent effects could change these predictions by
up to a factor of 2.
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2. Parameter space and constraints

To begin to explore the parameter space of our model we
note that the particle masses must be subject to several
constraints. For the decay ψ → ϕξ to be kinematically
allowed we have the following:

mϕ þmξ < mψ : ð5Þ

Note that there is also a kinematic upper bound on the mass
of the ψ such that it is light enough for the decay B=B̄ →
ψ=ψ̄ þ baryon=antibaryonþmesons to be allowed. This
bound depends on the specific process under consideration
and the final state visible sector hadrons produced; for
instance in the example of Fig. 2 it must be the case that
mψ < mB0

d
−mΛ ≃ 4.16 GeV. A comprehensive list of the

possible decay processes and the corresponding constraint
on the ψ mass are itemized in Appendix D.
As mentioned above, DM stability is ensured by the Z2

symmetry, and the following kinematic condition:

jmξ −mϕj < mp þme: ð6Þ

The mass of a dark particle charged under baryon number
must be greater than the chemical potential of a baryon in a
stable two solar mass neutron star [31]. This leads to the
following bound3:

mψ > mϕ > 1.2 GeV: ð7Þ

Additionally, the constraint (7) automatically ensures pro-
ton stability.

The corresponding restrictions on the range of particle
masses, along with the rest of our model parameter space, is
summarized in Table II.
Note that since mψ must be heavier than the proton,

the charmed D meson is too light for our baryogenesis
mechanism to work, as mD < mp þmψ (similarly for the
kaons since mK < mp). As the top quark decays too
quickly to hadronize, the only meson systems in the SM
that allow for this baryogenesis mechanism are the neutral
B mesons.

3. Dark sector considerations

Throughout this work we remain as model independent
as possible regarding additional dark sector dynamics. Our
only assumption is the existence of the dark sector particles
ψ , ξ, and ϕ. In general the dark sector could be much richer,
containing a plethora of new particles and forces. Indeed,
scenarios in which the DM is secluded in a rich dark sector
are well motivated by top-down considerations (see for
instance [35] for a review). Additionally, there are practical
reasons to expect (should our mechanism describe reality) a
richer dark sector.
The ratio of DM to baryon energy density has been

measured to be 5.36 [2]. Therefore, for the case where ϕ is
the lightest dark sector particle, it must be the case that
mϕnϕ ∼ 5mpnB. Since ξ does not carry baryon number and
ψ decays completely, once all of the symmetric ψ compo-
nent annihilates away we will be left with nB ¼ nϕ,
implying that mϕ ∼ 5mp—inconsistent with the kinematics
of B meson decays (mϕ < mB −mbaryon). Introducing
additional dark sector baryons can circumvent this
problem.
For instance, imagine adding a stable dark sector stateA.

We assume A carries baryon number QA, and in general is
given a charge assignment which allows for A − ϕ inter-
actions (e.g., QA ¼ 1=3). Then the condition that ρDM ∼
5ρB becomes mϕnϕ þmAnA ∼ 5mpnB. Interactions such
as ϕþ A% ↔ AþA can then reduce the ϕ number density,
such that in thermodynamic equilibrium we need only
require that mA ∼ 5QAmp, while ϕ can be somewhat
heavier. In principle A may have a fractional baryon
number so that both B decay kinematics and proton
stability are not threatened.
Additionally, the visible baryon and antibaryon products

of the B decay are strongly interacting, and as such
generically annihilate in the early universe leaving only
a tiny excess of baryons which are asymmetric. Meanwhile,
the ξ and ϕ particles are weakly interacting and have
masses in the few GeV range. Since, as given the CP
violation is at most at the level of 10−3, the DM will
generically be overproduced in the early universe unless the
symmetric component of the DM undergoes additional
number density reducing annihilations. One possible res-
olution is if the dark sector contained additional states,

ξ

b̄

d
B0

d

u

d

s

Λ

ψ

Y

φ

FIG. 2. An example diagram of the B meson decay process as
mediated by the heavy colored scalar Y that results in DM and a
visible baryon, through the interactions of Eqs. (2) and (4).

3Note that constraints on bosonic asymmetric DM from the
black hole production in neutron stars [34] do not apply to our
model. In particular, we can avoid accumulation of ϕ particles if
they annihilate with a neutron into ξ particles. Additionally, there
can be ϕ4 repulsive self-couplings which greatly raise the
minimum number required to form a black hole.
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Decay of B mesons to dark baryons

• Decay is mediated by a heavy (TeV) flavoured scalar Y. 
Four different variants. 
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ΔnB ¼
Z

tþ1=ΓB

t

dnB
dt

ðt0Þdt0

¼
Z

tþ1=ΓB

t
ΓΦnΦðt0Þdt0 ¼

ΓΦ
ΓB

nΦðtÞ: ðB2Þ

Now, we can clearly compare the decay and annihilation
rates:

ΔnBΓB

Δn2Bhσvi
¼ Γ2

B

ΓΦhσvinΦðtÞ
: ðB3Þ

When solving numerically for the Φ number density we
found that even with an annihilation cross section of
hσvi ¼ 10 mb, the decay rate overcomes the annihilation
rate for T ≲ 60 MeV even for Γϕ ¼ 10−21 GeV (and T ≳
120 MeV for Γϕ ¼ 10−22 GeV). Thus, for practical pur-
poses it is safe to ignore the effect of annihilations in the
Boltzmann equations.

APPENDIX C: DARK CROSS SECTIONS

Here we list the dark sector cross sections to lowest order
in velocity v that result from the interaction (4):

σϕ⋆ϕ→ξξ ¼
y4dðmξ þmψ Þ2½ðmϕ −mξÞðmξ þmϕÞ&3=2

2πm3
ϕð−m2

ξ þm2
ψ þm2

ϕÞ2
;

σξξ→ϕ⋆ϕjmϕ→0 ¼
v2y4d

48πðm2
ξ þm2

ψÞ4

× ½2m5
ξmψ þ 5m4

ξm
2
ψ þ 8m3

ξm
3
ψ

þ9m2
ξm

4
ψ þ 6mξm5

ψ þ 3m6
ξ þ 3m6

ψ &: ðC1Þ

APPENDIX D: B MESON DECAY OPERATORS

Here we categorize the lightest final states for all the
quark combinations that allow for Bmesons to decay into a
visible baryon plus DM, and for Λb baryons decaying
to mesons and DM. Note that the mass difference between
final and initial states for the B mesons will give an upper
bound on the dark Dirac fermion ψ mass. In Table III
we list the minimum hadronic mass states for each
operator.
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TABLE III. Here we itemize the lightest possible initial and
final states for the B decay process to visible and dark sector
states resulting from the four possible operators. The diagram in
Fig. 2 corresponds to the first line. The mass difference between
initial and final visible sector states corresponds to the kinematic
upper bound on the mass of the dark sector ψ baryon.

Operator Initial state Final state ΔM [MeV]

ψbus Bd ψ þ ΛðusdÞ 4163.95
Bs ψ þ Ξ0ðussÞ 4025.03
Bþ ψ þ ΣþðuusÞ 4089.95
Λb ψ̄ þ K0 5121.9

ψbud Bd ψ þ nðuddÞ 4340.07
Bs ψ þ ΛðudsÞ 4251.21
Bþ ψ þ pðduuÞ 4341.05
Λb ψ̄ þ π0 5484.5

ψbcs Bd ψ þ Ξ0
cðcsdÞ 2807.76

Bs ψ þ ΩcðcssÞ 2671.69
Bþ ψ þ Ξþ

c ðcsuÞ 2810.36
Λb ψ̄ þD− þ Kþ 3256.2

ψbcd Bd ψ þ Λc þ π−ðcddÞ 2853.60
Bs ψ þ Ξ0

cðcdsÞ 2895.02
Bþ ψ þ ΛcðdcuÞ 2992.86
Λb ψ̄ þ D̄0 3754.7
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not yet

C. Hearty | BaBar baryogenesis | DISCRETE 2024

PRD 99, 035031 (2019)

https://doi.org/10.1103/PhysRevD.99.035031?_gl=1*qatt9*_gcl_au*MzEzOTUxNjAuMTcyOTczMDk0Mg..*_ga*MTA0MjE4ODUzMC4xMTc0MzU3MjUw*_ga_ZS5V2B2DR1*MTczMjY2NTkxOS40NC4xLjE3MzI2NjU5MjUuNTQuMC41MjcxOTg5MjA.


• The baryon asymmetry is produced by  decay, but 
the same mechanism produces charged B decays. 

B0
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δAs
SL ¼ 10 × 10−4 ½LHCb ð33 fb−1Þ − 2025%; ð25aÞ

δAs
SL ¼ 3 × 10−4 ½LHCb ð300 fb−1Þ − 2040%; ð25bÞ

δAd
SL ¼ 8 × 10−4 ½LHCbð33 fb−1Þ − 2025%; ð25cÞ

δAd
SL ¼ 2 × 10−4 ½LHCb ð300 fb−1Þ − 2040%; ð25dÞ

δAd
SL ¼ 5 × 10−4 ½Belle II ð50 ab−1Þ − 2025%: ð25eÞ

Comparing these numbers with the parameters necessary
for baryogenesis shown in Fig. 3, one can appreciate the
great potential that upcoming measurements from LHCb
or Belle II have for helping to confirm (or refute) B-
Mesogenesis. For instance, if all measurements are com-
patible with the SM predictions by the year 2025, we will
know that BrðB → ψBMÞ≳ 6 × 10−4. On the other hand,
positive semileptonic asymmetries potentially reported by
future measurements would be a clear signal in favor of
the mechanism and could point toward somewhat smaller
branching fractions 10−4 ≳ BrðB → ψBMÞ≳ 10−3. As
such, B-Mesogenesis provides a complementary source
of motivation for the LHCb Upgrade II [74], as measure-
ments with 300 fb−1 would be extremely useful in con-
straining the relevant parameter space.

C. Baryogenesis with the SM CP violation?

According to common lore, the CP violation within the
SM is too small to generate a matter-dominated universe as
we observe it. For instance, in electroweak baryogenesis
[20,21], which can occur during a first-order electroweak
phase transition, the relevant quark CP-violating invariant
is such that ðnB − nB̄Þ=nγ < 10−20 [77,78]. This indeed
requires new BSM sources of CP violation to generate
the observed baryon asymmetry of the Universe at the
ðnB − nB̄Þ=nγ ∼ 10−10 level. However, it is important to
note that in the SM, the CP asymmetries in the B0

q mesons
are not small compared with 10−10. In particular, Ad

SLjSM ≃
−4.7 × 10−4 and As

SLjSM ≃ 2.1 × 10−5 [66]. As can be
seen from Fig. 3, B-Mesogenesis could in principle
account for the observed baryon asymmetry of the
Universe with only the SM CP violation provided that
BrðB → ψBMÞ > 2.5%. Although this possibility is

disfavored given the constraints on the new b-decay modes
from ALEPH, which tell us that BrðB → ψBMÞ < 0.5%,
it is important to note that, contrary to scenarios such as
electroweak baryogenesis, the generated baryon asymmetry
with only the SM CP violation is off by just an order of
magnitude rather than by 10 or more. The reason for this
ultimately stems from the fact that B-Mesogenesis proceeds
at much lower temperatures than other baryogenesis
scenarios—temperatures at which the SM CP violation
is not suppressed.

IV. SEARCHES FOR THE B → ψ +BARYON

In B-Mesogenesis, the baryon asymmetry of the
Universe depends upon the inclusive rate of B mesons
decaying into a dark sector antibaryon (ψ) and a SM baryon
(B) plus any number of light mesons, (M), i.e.,
BrðB → ψBMÞ; see Eq. (6). Recall that any of the four
flavors of operators in Eq. (15) can yield such an inclusive
rate; the contributing lightest final flavor states in each case
are summarized in Table I. To illustrate these flavorful
variations, in Fig. 4 we display possible decays of Bþ

mesons for each of the distinct operators.
Experimental searches for B-meson decays into missing

energy and a SM baryon have arguably been overlooked
in experimental programs to date. In this section, we first
summarize in Sec. IVA the current state of constraints on
the branching fractions for these processes as relevant for
baryogenesis. In Secs. IV B and IV C, we then discuss the
potential reach of B factories and the LHC, respectively, to
exclusive decays of Bmesons involving missing energy and
a baryon in the final state (these are easier to target than
inclusive modes including mesons). Finally, in Sec. IV D
we perform a primitive phase-space analysis to relate the
inclusive decay rate BrðB → ψBMÞ to the exclusive one
BrðB → ψBÞ, the result of which suggests that BABAR,
Belle, and especially Belle II and LHCb have the potential
to test wide regions of parameter space of the baryogenesis
and dark matter mechanism of [39].

A. Current limits

There exists no current dedicated search for B-meson
decays into a visible baryon and missing energy plus
any number of light mesons at any experimental facility.

FIG. 4. The decay of the Bþ meson to the lightest possible baryon as triggered by the four different flavor operators given in Eq. (15).
Note that any of the four can lead to successful baryogenesis and dark matter production. As usual, the light dark sector antibaryon ψ
would appear as missing energy in the detector, and Y is a heavy color-triplet scalar mediator with MY > 1.2 TeV (see Sec. V).
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BaBar: searches for baryogenesis  
and dark matter

• BaBar operated at the PEP-II e+e- collider at SLAC from 
1999–2009.  

• 431 fb-1 at the Υ(4S), plus Υ(3S) and Υ(2S), plus 
continuum. 
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Published	

Submitted

•	~7-8	analyses	still	active	and	on	track	for	publication	
•	Most	progressing	slowly,	some	risk	to	become	obsolete	
•	a	bunch	of	other	analyses	are	presently	stopped,	but	could	be	recovered	

•		Three	new	analyses	started	in	2022	and	one	in	2023.		Other	could	appear.	
•	Quality	of	physics	results	still	excellent	
•	Many	thanks	to	analysts,	reviewers,		conveners,	and	the	PubBoard	team!

15 years since the end of data taking 

Fabio Anulli

BaBar publications per year

C. Hearty | BaBar baryogenesis | DISCRETE 2024



Search for  B+ → Λ+
c ψD

• Signature is a  decaying to a   
and nothing else. Recoil mass = .  

• Branching fraction for  is  
10—100% of , depending on mass. 

• Recall that . Fully reconstruct the other B in 
the event, using J/  or charm meson plus other particles. 
  -  reconstruction efficiency.  
  - event must have zero net charge.

B+ Λ+
c

m(ψD)

Λ+
c ψD

Λ+
c ψDX

Υ(4S) → BB̄
ψ

𝒪(0.1) %

9

BaBar preliminary 
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teries of modern physics. Recently, the B-mesogenesis3

mechanism has been proposed to simultaneously gen-4

erate the DM abundance and BAU [1, 2]. This sce-5

nario postulates the existence of a dark sector particle6

with a non-zero baryonic charge, ωD, and a heavy col-7

ored scalar mediating quark-DM interactions. Out-of-8

thermal-equilibrium production of bb pairs, followed by9

CP-violating B0B0 oscillations and subsequent decay into10

a baryon and dark sector anti-baryon (with any number11

of additional mesons), results in a net conservation of12

baryon number, but with the observed BAU balanced by13

an equivalent dark matter anti-baryon asymmetry.14

The BAU depends on the charge asymmetry in15

semileptonic B decays and the total B → B + M +16

ωD branching fraction, where B denotes any type of17

baryon and M any number of additional mesons. Cur-18

rent bounds on the semileptonic asymmetries requires a19

branching fraction BF(B → B + M + ωD) >
↑ 10→4 for20

successful B-mesogenesis. The type of baryon depends21

on the operator mediating the quark-DM interaction,22

and several final states must be investigated to fully test23

this mechanism. Constraints on exclusive B → B + ωD24

decays are derived using phase-space arguments [2] or25

QCD Light Cone Sum Rules calculations [3] for the light-26

est baryons. In the case of B → ε+
c + ωD, the ratio27

of exclusive-to-inclusive decays varies between 10% and28

100%, depending on the ωD mass. Additionally, proton29

and DM stability require 0.94 < mωD < (mB ↓mB).30

Previous experimental searches by BABAR and Belle31

have placed limits on the decay B0
→ ε + ωD [4, 5],32

and a recent measurement by BABAR has placed limits on33

B+
→ p+ωD [6]. These results constrain operators Ous34

and Oud describing b → ωDus and b → ωDud e!ective35

interactions, respectively. The decay under study, B+
→36

ε+
c + ωD, probes an e!ective operator Ocd describing37

b → ωDcd transitions, as shown in Fig. 1. At present,38

only indirect constraints on the branching fraction of this39

final state have been derived at the level of 6↔ 10→4 [2].40

FIG. 1. Diagram of the decay of a B meson into a ω+
C and a

dark sector anti-baryon εD. Figure taken from Ref. [2].

We present herein a search for the decay B+
→ ε+

c +41

ωD [7] based on the full BABAR data set collected at the42

ϑ (4S) resonance. Because the final state includes missing43

energy from the undetected ωD, we utilize a technique44

in which the accompanying B→ meson, referred to as45

Btag, is exclusively reconstructed in one of many hadronic46

decay modes. The remainder of the event, referred to the47

as Bsig, is then examined for evidence of a signal decay, in48

the form of a ε+
c (→ pK→ϖ+), accompanied by missing49

energy consistent with a ωD candidate of mass mωD .50

The BABAR detector consists of concentric layers of51

detector subsystems arranged in a cylindrical geometry52

around the PEP-2 e+e→ interaction point. It is described53

in detail in Refs [8, 9]. Charged particle tracks are re-54

constructed using a five-layer double-sided silicon vertex55

tracker and a multi-wire drift chamber with 40 layers56

radially. Momenta are determined based on track cur-57

vature measured by the tracking system within the uni-58

form 1.5 T magnetic field of a superconducting solenoid59

oriented parallel to the collision axis. Protons, kaons60

and pions are distinguished based on specific energy loss,61

dE/dx, in the tracking detectors, and measurements of62

Cherenkov photons emitted in an internally reflecting63

ring-imaging detector. Electromagnetic showers from64

photons and electrons are reconstructed in a CsI(Tl)65

electromagnetic calorimeter (EMC), consisting of a bar-66

rel region and a forward endcap, situated outside of the67

solenoid. Muons are identified based on their interac-68

tions in an instrumented magnetic flux return situated69

outside of the EMC. These measurement are combined70

to provide standardized particle identification (PID) se-71

lectors for common charged particle species: e, µ,ϖ,K, p72

for various e”ciencies and misidentification levels.73

The analysis is based on the full BABAR dataset74

corresponding to a total integrated luminosity of75

431.0 fb→1 [10], but about 5% of the data sample is used76

to optimize the analysis and subsequently discarded. The77

remaining data (398.5 fb→1) were not examined until the78

analysis procedure had been finalized.79

Signal Monte Carlo (MC) data sets for B+
→ ε+

c +ωD80

decays with subsequent ε+
c → pK→ϖ+ decays were gen-81

erated with EvtGen [11] based on a phase space (PHSP)82

model. Distinct MC samples are produced for ωD masses83

of 1.0, 1.5, 2.0, 2.3, 2.5, 2.7 and 2.9 GeV [12]. Back-84

grounds were studied using large samples of generic MC85

events equivalent to approximately 4 - 7 times the data86

luminosity. B+B→ and B0B0 events were generated us-87

ing EvtGen, while cc, qq (q = u, d, s) and ϱ+ϱ→ were88

D

+
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The BDT output cut value is optimized globally, rather216

than for a individualmωD mass hypotheses, using a figure217

of merit (FOM) similar to the Punzi FOM [20]. The re-218

sult is a single requirement on the BDT score greater than219

0.99. This cut is found to be almost fully e!cient for sig-220

nal events which have survived the preselection and ω+
c221

reconstruction requirements. MC and data yields show222

good consistency across the BDT score distribution be-223

low the signal region cut. The distribution of background224

events in the signal region is modeled using simulated225

events in the BDT score region between -0.8 and 1, due226

to the low statistics of the MC and data samples. A total227

of 0.4 background events are predicted in the full signal228

mass range 0.94 < mωD < 2.99 GeV. Unblinding the sig-229

nal region yields no selected events in the full data set,230

consistent with the background expectation.231
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FIG. 4. The distribution of the BDT score for the unblinded

data set together with the various background MC samples

(stacked histogram). The signal MC (dashed line) is shown

for mωD = 2.0 GeV with arbitrary scaling.

The εD four-momentum is derived by subtracting the232

Btag and ω+
c four-momenta from the precisely-known CM233

four-momentum. The mωD resolution, ϑ!D , is deter-234

mined from signal MC as a function of mass and inter-235

polated between the simulated mass points. It decreases236

from approximately 60 MeV to 20 MeV across the mass237

range 0.94 < mωD < 2.99 GeV.238

The signal e!ciency, ϖsig, decreases roughly linearly239

from 6.6→ 10→5 to 5.9→ 10→5 with increasing mωD . The240

low e!ciency is driven primarily by the Btag reconstruc-241

tion e!ciency (↑ 0.1%), and to a lesser degree by the242

ω+
c selection. Systematic uncertainties on ϖsig arise from243

the Btag correction factor fqq̄, the ω+
c branching fraction,244

B(ω+
c ↓ pK→ϱ+) = (6.24± 0.28)% [21], and the limited245

statistical precision of the signal MC samples (1.2%). An246

uncertainty of 0.6% on the integrated luminosity is also247

propagated as a systematic uncertainty.248

Signal yields are extracted as a function of εD mass us-249

ing a sliding-window method. Signal windows are defined250

as ±5ϑ!D centered around the nominal mωD value, with251

a step size equal to the mass resolution. For each mass252

hypothesis, the signal significance is determined using253

a profile likelihood method [22]. Background is treated254

as a Poisson process with the unknown mean estimated255

from the background simulation, while the e!ciency is256

described by a Gaussian with a variance equal to the257

total systematic uncertainty.258

A total of 73 mωD mass hypotheses are tested in the259

range 0.94 < mωD < 2.99 GeV. Since no data events are260

observed in the signal region, the results are expressed as261

90% confidence limits (CL) on the B+
↓ ω+

c +εD decay262

branching fraction. As shown in Fig 5, these limits are263

at the level of BF(B+
↓ ω+

c + εD) < 1.6 ↔ 1.7 → 10→4,264

about an order of magnitude above the minimal branch-265

ing fraction required for B-mesogenesis. These results266

improve upon indirect constraints by a factor of about267

five below 2.7 GeV, and three orders of magnitude above268

that threshold.269

In conclusion, we report a search for a new baryonic270

dark sector particle in the process B+
↓ ω+

c + εD with271

a fully reconstructed Btag meson. No significant sig-272

nal is found, and constraints on the branching fraction273

BF(B+
↓ ω+

c + εD) < 1.6 ↔ 1.7 → 10→4 are derived at274

90% CL for 0.94 < mωD < 2.99 GeV. These results ex-275

clude a large fraction of the parameter space allowed for276

B-mesogenesis mediated by an e”ective operator Ocd.277
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• Boosted decision tree using 
event shape and kinematics 
reduces expected background 
to <1 event. None observed.  

• Overall signal efficiency ~6×10-5.  
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Good agreement between data and MC is observed in185

all selection variables after application of these scaling186

factors. The uncertainty on the BB correction factor is187

propagated as a systematic uncertainty on the signal e!-188

ciency. Figures 2 and 3 show the distribution of mES and189

mpK+ω→ for data and MC simulated events after apply-190

ing MC correction factors. No obvious peaking structure191

is visible at the B mass, but a clear ω+
c peak is evident in192

data for mES < 5.27 GeV which is absent in the generic193

MC. Comparison of the shape of this peak in data to194

the signal MC provides a validation of the ω+
c modeling195

in the signal MC, with the mass and peak resolutions196

found to be consistent to within the statistical uncer-197

tainty. This mis-modeled continuum ω+
c component is198

highly suppressed by the subsequent signal selection and199

has a negligible impact on the final results.200
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FIG. 2. The distribution of the B-tag energy-substituted

mass (mES) for the data (black circles), together with the

various background MC samples (stacked histograms). The

signal MC (dashed line) is shown for mωD = 2.0 GeV with

arbitrary scaling.

To further reduce backgrounds, a second stage of sig-201

nal selection is imposed, based on a multivariate clas-202

sifier utilizing a boosted decision tree (BDT) classifier.203

Because the target backgrounds are continuum qq and204

mis-reconstructed Btag and ω+
c candidates, the BDT in-205

puts comprise global event-shape variables, measures of206

the Btag and ω+
c reconstruction quality, and quantities207

related to the event missing energy and additional neu-208

tral clusters. The 14 input variables are described in209

Table I. They are only weakly correlated, with the ex-210

ception of the purity/intpurity variables. The BDT is211

trained on signal MC samples with εD masses spanning212
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FIG. 3. The distribution of the pKω mass (mpKε) for the

data (black circles) for mES < 5.27 GeV together with the

various background MC samples (stacked histograms).

the range 1.0 < mεD < 2.9 GeV, and generic background213

MC. A clear separation is obtained between signal and214

background events, as shown in Fig 4.215

Input Type Description

R2 Event

shape

Ratio of the second to the zeroth Fox-

Wolfram moment [19] computed using

all tracks and neutral clusters

purity Btag Fraction of correctly reconstructed B

mesons in each Btag mode

intpurity Btag Integrated purity of the overall Btag

sample as a function of the value of a

cut applied on purity

Bmode Btag Reconstructed decay mode of the Btag

mES Btag Btag invariant mass

!E Btag Di”erence between the Btag energy and

the beam energy

Bthrust Btag The magnitude of the Btag thrust

BthrustZ Btag Component of the Bthrust along the z-

axis (i.e. the e+e→ collision axis)

mpK+ε→ ε+
c Reconstructed invariant mass of the ε+

c

candidate

ϑ2 ε+
c ϑ2 of the fit of the ε+

c candidate

Nneut ECL Total number of additional neutral

clusters

Nε0 ECL Number of additional ω0 candidates

Eextra ECL Sum of the energies of all additional

neutral clusters

cos ϖωD ϱD Cosine of the polar angle of the miss-

ing energy 4-vector in the laboratory

frame.

TABLE I. Inputs to the Boosted Decision Tree classifier

energy-substituted mass of tag B for 
events with exactly 3 other good tracks

sideband
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MC. A clear separation is obtained between signal and214

background events, as shown in Fig 4.215

Input Type Description

R2 Event

shape

Ratio of the second to the zeroth Fox-

Wolfram moment [19] computed using

all tracks and neutral clusters

purity Btag Fraction of correctly reconstructed B

mesons in each Btag mode

intpurity Btag Integrated purity of the overall Btag

sample as a function of the value of a

cut applied on purity

Bmode Btag Reconstructed decay mode of the Btag

mES Btag Btag invariant mass

!E Btag Di”erence between the Btag energy and

the beam energy

Bthrust Btag The magnitude of the Btag thrust

BthrustZ Btag Component of the Bthrust along the z-

axis (i.e. the e+e→ collision axis)

mpK+ε→ ε+
c Reconstructed invariant mass of the ε+

c

candidate

ϑ2 ε+
c ϑ2 of the fit of the ε+

c candidate

Nneut ECL Total number of additional neutral

clusters

Nε0 ECL Number of additional ω0 candidates

Eextra ECL Sum of the energies of all additional

neutral clusters

cos ϖωD ϱD Cosine of the polar angle of the miss-

ing energy 4-vector in the laboratory

frame.

TABLE I. Inputs to the Boosted Decision Tree classifier

3-track mass in sideband (continuum)

Clear  in data 
but not MC

Λ+
c

PreliminaryPreliminary

Preliminary

BaBar preliminary 

3 events close to 
signal region
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mES ≡ (E*CM /2)2 − ⃗p*tag
2



• Resulting limit:   
for  GeV/c2. 

• Strongly constrains parameter space that would 
explain the observed baryon asymmetry. 

ℬ(B+ → Λ+
c ψD) < (1.6 − 1.7) × 10−4

0.94 < mψD
< 2.99

11
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FIG. 5. The upper limits (90% CL) on the B+
→ ω+

c εD

branching fraction as a function of mωD . The colored area

represents the region allowed by B mesogenesis for the ef-

fective operator Ocd describing b → εDcd transitions. The

curve labeled ”Excluded by Alonso-Alvarez et al.” is a result

from Ref. [2] based on a reanalysis of data published by the

ALEPH Collaboration [24].

chine conditions that have made this work possible. The286

success of this project also relies critically on the exper-287

tise and dedication of the computing organizations that288

support BABAR, including GridKa, UVic HEP-RC, CC-289

IN2P3, and CERN. The collaborating institutions wish290

to thank SLAC for its support and the kind hospital-291

ity extended to them. We also wish to acknowledge the292

important contributions of J. Dorfan and our deceased293

colleagues E. Gabathuler, W. Innes, D.W.G.S. Leith,294

A. Onuchin, G. Piredda, and R. F. Schwitters.295

→ Deceased

[1] G. Elor, M. Escudero, and A. Nelson, Baryogenesis and

Dark Matter from B Mesons, Phys. Rev. D 99, 035031

(2019), arXiv:1810.00880 [hep-ph].
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This is a limit on the 2-body decay; 
slide 5 is for inclusive B→ ψDX

Result uses 399 fb-1 of data  
   = 2×108 B+B- events ; 
32 fb-1 used to optimize the analysis 
(not blinded) then discarded
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Search for  B+ → pψD

• Search for the proton final state is similar, except exactly 
1 track is required, which must be identified as a proton. 

• Signal efficiency (6—15)×10-4.
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46 events observed, 
consistent with 48 expected 
from simulation 

simulated signal for 
 GeV/c2 mψD

= 2

C. Hearty | BaBar baryogenesis | DISCRETE 2024

search region

https://doi.org/10.1103/PhysRevLett.131.201801?_gl=1*1fokp0*_gcl_au*MzEzOTUxNjAuMTcyOTczMDk0Mg..*_ga*MTA0MjE4ODUzMC4xMTc0MzU3MjUw*_ga_ZS5V2B2DR1*MTczMjY2NTkxOS40NC4xLjE3MzI2NjcxMjAuNDUuMC41MjcxOTg5MjA.


• Strong constraints on relevant parameter space.
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Summary

• Neutral B meson baryogenesis looks to explain both dark 
matter abundance and the apparent baryon number 
asymmetry. Predicts striking signatures in B decays.  

• BaBar has searched for three final states, corresponding 
to three of the four possible operators, strongly 
constraining the relevant parameter space. 
  - see reference above for the third one, .  

• Variants on this model (e.g. mesogenesis with a 
morphing mediator, 2408.12647) allow for smaller 
branching fraction ⇒ Belle II. 

ΛψD
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