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Outline

• B mesogenesis: 
• Baryogenesis and Dark Matter from B Mesons

• Experimental signals at colliders
• The Babar experiment and dataset
• The 𝐵! → 𝜓"Λ and  𝐵# → 𝜓"p analyses
• Results and interpretation
• Conclusion and perspectives
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Standard Model Incompleteness

• Dark Matter
• Baryon Asymmetry of the Universe (BAU)
• Origins of neutrino mass
• Existence of Dark Energy
• Fine tuning requirements (e.g. Higgs mass)
• Gravity at the quantum scale
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Standard Model Incompleteness

• Dark Matter
• Baryon Asymmetry of the Universe (BAU)

• Dark matter existence well established from astrophysical 
evidence, but its nature is unknown
• Baryogenesis is required to generate the BAU
• Sakharov conditions:
• Baryon number violation
• C and CP violation
• Deviation from thermal equilibrium
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Zwicky, AcHPhys 6 (1933); et seq
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Motivation:  Baryogenesis 

Baryon Asymmetry of the Universe (BAU) implies baryogenesis

Baryogenesis requires Sakharov conditions: 

1. Baryon number violation 

2. C and CP violation 

3. Deviation from thermal equilibrium

Canetti et al., NJOP 14 (2012) 095012
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4 Conditions are all compatible with 
the Standard Model (SM), but 

current measurements don’t allow 
necessary level of baryogenesis to 
explain BAU.   Several New Physics 
models could introduce necessary 

ingredients to explain observed 
level of baryogenesis. 

η = NB

Nγ
≈ NB − NB̄

NB + NB̄
Sakharov, A D, JETP 5 (1967) 24

SM measured parameters are 
quantitatively insufficient to 
explain the level of BAU

Canetti et al., NJOP 14 (2012) 095012

https://arxiv.org/abs/1711.01693
http://jetpletters.ru/ps/1643/article_25089.shtml
https://doi.org/10.1088/1367-2630/14/9/095012


Baryogenesis and Dark Matter from B Mesons: 
B Mesogenesis

• New concept: 
• There exist non-SM dark baryons and anti-baryons
• Baryon number conservation counts both SM and dark (anti)baryons
• B meson can decay as  𝐵 → ℬ + 𝜓! +ℳ 
• SM baryon ℬ + neutral dark anti-baryon 𝜓! + additional mesons ℳ

• CP violation from 𝐵! − #𝐵!oscillations generates a matter-antimatter 
asymmetry, which can originate from SM or BSM processes
• 𝐵!	decays into baryons slightly dominate over #𝐵!	 decays into anti-

baryons
• Yields net excess of baryons in the visible sector and excess anti-baryons in the 

dark sector
• Baryon number in the whole universe is conserved, but a net excess is 

present in the visible sector
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Elor, Escudero, Nelson, PRD 99 (2019) 035031

https://doi.org/10.1103/PhysRevD.99.035031


Baryogenesis and Dark Matter from B Mesons: 
B Mesogenesis
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• “The produced baryon asymmetry will be directly  related to the leptonic charge asymmetry in 
neutral B decays: an experimental observable: 𝐴!"

#

• Dark matter is stabilized by an unbroken discrete symmetry, and proton decay is simply evaded by 
kinematics” 

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].

ALONSO-ÁLVAREZ, ELOR, and ESCUDERO PHYS. REV. D 104, 035028 (2021)

035028-4

Alonso-Alvarez, Elorand, Escudero, PRD 104, (2021) 035028

https://doi.org/10.1103/PhysRevD.104.035028


Experimental signatures

Testable at B factories:
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parameter space, while we expect that Belle II and LHCb
could be able to fully test the mechanism by searching for
these processes.
B-Mesogenesis directly relates the matter-antimatter

asymmetry of the Universe to the CP violation in the
neutral B0

d and B0
s meson-mixing systems. Although many

BSM scenarios can lead to nonstandard CP violation in the
B-meson system (see, e.g., [44], prior to the work of [39]),
there existed no mechanisms that could directly connect
such CP violation to the baryon asymmetry of the
Universe. Therefore, B-Mesogenesis makes current and
upcoming measurements of CP violation in the neutral
B-meson system not only a powerful probe of BSM physics
but also a potential test of the physics of baryogenesis.
Additionally and as discussed above, B-Mesogenesis

requires the existence of a new bosonic colored mediator in
order for B mesons to decay into a baryon and missing
energy. Thus, searches for heavy colored scalars at ATLAS
and CMS lead to relevant implications for the mechanism.
In particular, multijet and jet plus missing-energy searches
at the LHC have a direct connection to BrðB → ψBMÞ.
Given the exciting possibility of generating baryogenesis

and dark matter from B mesons and the potential for
B-Mesogenesis to be tested at hadron colliders and B
factories, in this work we set up an enterprise to shape the
experimental signatures of the mechanism proposed
in [39]. In particular, we study the reach of current and
upcoming collider experiments to the new decay mode
B → ψBM, the implications from CP-violation measure-
ments in the B-meson system, and the phenomenology of

TeV-scale color-triplet scalars. The conclusion of this paper
is that B-Mesogenesis could be fully confirmed at current
hadron colliders and B factories. It is our intention for this
work to provide a roadmap for experimental efforts directed
at uncovering the mechanism responsible for baryogenesis
and dark matter production.
This paper is organized as follows: In Sec. II, we begin

by reviewing the key ingredients and features of the
B-Mesogenesis mechanism, including an updated calcu-
lation of the early Universe dynamics that allow us to refine
the predictions for B-meson observables. Section III is
devoted to the study of the implications of current and
upcoming measurements of CP violation in mixing in B0

d
and B0

s mesons. In particular, we use these measurements
to set a theoretical lower bound on BrðB → ψBMÞ.
In Sec. IV, we review the current experimental limits on
B → ψBM decays and comment on the prospects for B
factories and LHC experiments. Next, in Sec. V we
consider the various collider implications of the new
bosonic mediator needed to trigger the new decay mode
B → ψBM, including dijet and jet plus MET signatures of
color-triplet scalars, as well as flavor-mixing constraints.
After discussing the interplay of the different searches in
Sec. VI, we conclude in Sec. VII by summarizing our main
results and outlining various avenues for future work.

II. B-MESOGENESIS

In this section, we explore how allowing B mesons to
decay into a baryon and dark matter can lead to the

FIG. 1. Summary of the collider implications of baryogenesis and dark matter from B mesons [39], i.e., B-Mesogenesis. The
distinctive signals of the mechanism are (i) the requirement that at least one of the semileptonic (CP) asymmetries in B0

q decays is
Aq
SL > 10−4, (ii) that both neutral and charged B mesons decay into a dark sector antibaryon (appearing as missing energy in the

detector), a visible baryon, and any number of light mesons with BrðB → ψBMÞ > 10−4, and (iii) that b-flavored baryons should decay
into light mesons and missing energy at a rate BrðBb → ψ̄MÞ > 10−4. In addition, we include as indirect signals the various oscillation
observables in the B0

q − B̄0
q system as they are linked to Aq

SL, and the presence of a new TeV-scale color-triplet scalar Y that is needed to
trigger the B → ψBM decay. We also highlight the existing experiments that can probe each corresponding signal. Notation: B, B
meson; B, SM baryon; M, any number of light mesons; ψ , dark sector antibaryon (ME in the detector).

COLLIDER SIGNALS OF BARYOGENESIS AND DARK MATTER … PHYS. REV. D 104, 035028 (2021)
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S. Middleton
April 2024
APS talk

At the e+e- B-factories we can
look for

!! → #" + $
!# → #" + p 

"# decays into stable dark sector particles 
producing currently observed relic abundance

Kinematic constraints
	 →   0.94 < M("#) < 4.34 GeV

!! → #" +% - + $$#  

Set limits on
 operators:

Decay mediated by colour-triplet scalar
Interpret limits as constraints 
on operators 

Interpret limits as constraints on the Operators

Different combinations of the quarks in the dimension-six 
operators lead to different contractions of external momenta. 
Given this dependence on the kinematic structure of the matrix 
element, the operators are further classified
“type-1”
“type-2”
“type-3”
                

type-2 and type-3 combinations have similar phase-space and 
always yields a larger phase-space ratio (                         ) than type-1

J.M. Roney - Dark Matter and Baryogensis in  B decays
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Operator types for %" → '# + ( 

(for !" → "# + p, swap   s→ d )



BABAR @ PEP II
• Running from 1999 to 2008
• Asymmetric collider @ √𝑠 = 10.58 

GeV at the Υ(4S) resonance
• 9 GeV electrons on 3 GeV positrons

• Result based on 398.5 fb-1 
• 4.4×10'	 𝐵 #𝐵

• Additional 32.5 fb-1 used as control 
and analysis strategy optimization 
sample (excluded from final 
results)
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SLAC, Stanford, California

The BABAR Experiment

J.M. Roney - Dark Matter and Baryogensis in  B decays
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•Details of experiment: Nucl. Instrum. Meth. A 729, 615 (2013)
•Asymmetric collider @ √% = 10.58 GeV at the Υ(4S) resonance
      9 GeV electrons collided with 3 GeV positrons
•Total Υ(4S) luminosity: 4.7x108 &'& on peak

Result based on 398.5 fb-1 (4.4x108 &'&)
Additional 32.5 fb-1 used as control and
analysis strategy optimization sample
(excluded from final results)



BABAR Detector
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Čerenkov Detector
(DIRC)

144 quartz bars
11000 PMTs

1.5 T solenoid 

ElectroMagnetic 
Calorimeter 

6580 CsI(Tl) crystals

Drift CHamber
40 stereo layers

Instrumented Flux Return
iron/RPCs  (muon/neutral hadrons)

Silicon Vertex Tracker
5 layers, double sided strips

e+ (3.1 GeV)

e- (9 GeV)

SVT:             97% efficiency, 15 µm z hit resolution (inner layers, ^ tracks)
SVT+DCH:    s(pT)/pT = 0.13 % ´ pT (GeV) + 0.45 % 
DIRC:           K-p separation 4.2s @ 3.0 GeV/c ® >3.0s @ 4.0 GeV/c 
EMC:            sE/E = 2.3 % ´ E(GeV)-1/4 Å 1.9 %

NIM A479,1 (2002)
NIM A729, 615 (2013)

https://doi.org/10.1016/S0168-9002(01)02013-7
https://doi.org/10.1103/PhysRevD.107.092001


The 𝐵! → 𝜓"Λ and  𝐵# → 𝜓"p analyses

• Hadronic recoil tagging method used to reconstruct event
• B-tag = Fully reconstructed Standard Model decay mode
• B-sig = Potential for signal, search here for missing mass

• Constraint on B-tag:
• −200MeV < ΔE < 200MeV	
• 5.2GeV < m"# < 5.3GeV

Jul 10, 2024 F.Forti, DM&Baryogenesis 10

PRL 131 (2023) 201801 PRD 107 (2023) 092001

Method: 
Event Reconstruction & Pre-selection

Hadronic recoil tagging method used to reconstruct event
• B-tag = Fully reconstructed Standard Model decay 

mode
• B-sig = Potential for signal, search here for missing 

mass

J.M. Roney - Dark Matter and Baryogensis in  B decays

33

B-tag candidate must have:
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CMS beam energy minus 
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Kinematics of B Decays

Fully reconstructed B mesons:  two variables are commonly used (exploiting the precise 
knowledge of the beam energy):

ΔE = Emeas − Ebeam

mES = E2
beam − p2

meas

Invariant mass can also be used:  mB = E2
meas − p2

meas

U
si

ng
 u

ni
ts

 s
uc

h 
th

at
 c

=
1

Beam-energy-substituted mass
CMS beam energy minus 
reconstructed B-tag energy

𝑝, Λ
𝐵$, 𝐵%

https://doi.org/10.1103/PhysRevLett.131.201801
https://doi.org/10.1103/PhysRevD.107.092001


Selection criteria
• For the 𝒑 channel:

• BABAR proton PID can be used to identify proton 
candidate;

• B-sig must have + charge and only one charged 
particle

• For the 𝚲 channel:
• two charged tracks required on the signal side;
• one Λ candidate in the B-sig, with Λ → 𝑝𝜋$;
• significance of the Λ decay length

•  (flight length)/σ > 1.0
• kinematic fit of Λ reconstruction:  χ2 ≤100

• For both channels:
• Optimization against background with Boosted 

Decision Tree
• Using kinematical and event shape variables

Jul 10, 2024 F.Forti, DM&Baryogenesis 11

Further Channel-dependent
Selection Criteria
For both channels:
additional optimization of 
signal to background 
obtained using a Boosted 
Decision Trees customized 
to each channel
•  ! cut at "BDT > 0.95 yields 

signal purity > 99 %
• Λ cut at "BDT > 0.75 yields  

signal purity > 99 %

J.M. Roney - Dark Matter and Baryogensis in  B decays
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Extraction of Final Results

/- → 0. + . 
41 events survive in data
 

/* → 0. + p 
47 events survive in data

m!!
= m'3// = ())/3+	∗ −)6	∗ )2− |.⃗)/3+∗ 	−	.⃗6∗ |2
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Extraction of results
• Montecarlo

• Standard model background (BB and continuum)
• Signal generated with 𝜓! mass varying between 1 

and 4.2 GeV
• Extract efficiency and resolution from fits to signal 

MC

• Estimate signal and backgrounds in data from 
MC study with corrections to MC from data-
driven studies

• Count events in a ±3𝜎, window around the 
𝑚-! 	mass hypothesis.

Jul 10, 2024 F.Forti, DM&Baryogenesis 12
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Extraction of Final Results
Estimate signal and backgrounds in data from MC study with 
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Extraction of final results
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Extraction of Final Results

/- → 0. + . 
41 events survive in data
 

/* → 0. + p 
47 events survive in data

m!!
= m'3// = ())/3+	∗ −)6	∗ )2− |.⃗)/3+∗ 	−	.⃗6∗ |2

BABAR

BABAR

3.5σ at 3.3 GeV: largest local significance 
=> a 1 σ global significance

2.3σ at 3.7 GeV: largest local significance 
=> a 0.4 σ global significance

46

Simulated signal sample for 𝑚&! = 2𝐺𝑒𝑉



Final results on B.F.
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Final Results

World-leading result for !" → "# + 9 improving on Belle result and further 
constraining models

First direct search for !7 → "# + .  places tight constraints on the specified 
model of Dark Matter + Baron Asymmetry of the Universe 

BABARBABAR

Limits on effective operators to 
allow B mesogenesis 

BELLE Result
PRD 105, L051101 (2022)

https://doi.org/10.1103/PhysRevD.105.L051101


Interpretation for SUSY with R-parity violation
• Neutralino and baryon
• First limits for this SUSY model for 

both channels
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BABAR results on RPV searches

J.M. Roney - Dark Matter and Baryogensis in  B decays
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First limits on this SUSY model for both channels

J
H
E
P
0
2
(
2
0
2
3
)
2
2
4

b̃∗

u/d

b̄ d/s

u/c
χ̃0
1

λ
′′

ij3

1
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1Figure 1. Parton-level diagrams for the decays B → Bχ̃0
1, where B stands for one of the baryons

and λ′′
ij3 the corresponding RPV coupling: p, n (for λ′′

113); Λ, Σ+, Σ0 (for λ′′
123); Λ+

c , Σ+
c , Σ0

c (for
λ′′
213); and Ξ+

c , Ξ0
c (for λ′′

223).

and the upper index C denotes charge conjugation. Since we take χ̃0
1 to be a pure Bino,

the coupling gq̃1R is given by

gq̃1R = −
√
2gW eq tan θW , (2.2)

where θW is the Weinberg angle with tan θW ≃ 0.54840, gW = e/ sin θW ≃ 0.62977 is the
SU(2) weak coupling, and eq is the quark electric charge, i.e. eu = 2/3 and ed = es = eb =
−1/3. In the last line of eq. (2.1) we explicitly write only the terms with right-chiral fields,
since we consider vanishing squark mixing, and only such fields are involved in the RPV
interactions considered here.

The Lagrangian of eq. (2.1) generates the parton-level diagrams shown in figure 1 for
the decays B → Bχ̃0

1, as long as the decays are kinematically allowed.3 To simplify the
discussion, we first focus on the B+ → pχ̃0

1 process, i.e., the diagrams that have a d quark
in the final state.

For simplicity, we assume the squark masses to be degenerate and no squark mixing.
In the limit that the squark mass mq̃ is large, the squark propagators are approximately
1/m2

q̃ . Therefore, the d-quark diagrams in figure 1 correspond to the four-fermion effec-
tive Lagrangian

LBNV
d = Lbudχ̃0

1
d + Ludbχ̃0

1
d + Ldubχ̃0

1
d , (2.3)

where
Lq1q2q3χ̃0

1
d = Oq1q2q3

d χ̃0
1 + h.c., (2.4)

the effective operators are defined as

Oq1q2q3
d = gq̃1Rd OLL

q1q2q3 , (2.5)

and we have used the definitions

gq̃Rd = gq̃1Rλ
′′
113

m2
q̃

, OLL
q1q2q3 = εabc (q̄3,cPLCq̄2,b) q̄1,aPL, (2.6)

where C = iγ0γ2 is the charge conjugation matrix.
3While the decay B0 → nχ̃0

1 can also take place, we do not consider it due to the experimental difficulty
involved with neutron reconstruction.
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Conclusions and next steps

• BABAR Published in 2023 limits on
• 𝐵! → 𝜓$Λ - PRD 107 (2023) 092001: improving Belle result
• 𝐵# → 𝜓$p - PRL 131 (2023) 201801: first measurement

• B-Mesogenesis parameter space vastly reduced, almost 
excluded for some operators
• Must explore additional operators to fully exclude this B-

Mesogenesis model
• Expect results from Belle II high luminosity running
• Coming soon from BABAR: 𝐵! → 𝜓" + 𝜋< + Λ=#

• Still producing results after all these years
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