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The Standard Model is 
wonderful!

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

2



The Standard Model is 
wonderful!

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

3

BUT….



What about
▹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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Recent dark sector searches by Belle and Belle II 
reported by Savino Longo at this meeting
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D. Biswas et al. (Belle Collaboration) Search for a dark leptophilic scalar produced 
in association with t+t- pair Phys. Rev. D 109, 032002 (2024) —- 626 fb-1
 
M. Nayak, S. Dey, A. Soffer, et al. (Belle Collaboration), Search for a heavy neutral 
lepton that mixes predominantly with the tau neutrino to appear in PRD(L) 
arXiv:402.02580 —- 915 fb-1

I.Adachi et al. (Belle II Collaboration) Search for a t+t- Resonance in e+e− → μ+μ−
 t+t- Events with the Belle II Experiment, Phys. Rev. Lett. 131, 121802 (2023) —- 
62.8 fb-1

 I.Adachi et al. (Belle II Collaboration) Search for a μ+μ− resonance in four-muon 
final states at Belle II, Accepted to PRD arXiv:2403.02841 —- 178 fb-1
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Search for a resonance μ+μ− Search for resonance τ+τ-
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Baryogenesis and Dark Matter
from B mesons
Gilly Elor, Miguel Escudero, and Ann E. Nelson
Phys. Rev. D 99, 035031 (2019) 
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This work documents Ann Nelson’s last research focus, see also:

“Baryogenesis from 𝐵 meson oscillations”, Ann E. Nelson and Huangyu Xiao, Phys. Rev. D 100, 075002

“A supersymmetric theory of baryogenesis and sterile sneutrino dark matter from B mesons”, Gonzalo 
Alonso-Alvarez, Gilly Elor, Ann E. Nelson, and Huangyu Xiaob, JHEP 03 (2020) 046 1907.10612 [hep-ph] 1

https://arxiv.org/abs/1907.10612


Phys. Rev. D 99, 035031 (2019)
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Elor, Escudero and Nelson kill two birds with 
one stone!

introducing a new mechanism of baryogenesis and dark 
matter production arising from neutral B meson 
oscillations & subsequent decays that simultaneously 
addresses both
 the dark matter relic abundance and 
 the baryon asymmetry 

 

Baryogenesis and Dark Matter
from B mesons
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``In the early universe, decays of a long-lived particle 
produce B mesons and anti-mesons out of thermal 
equilibrium. 
These mesons/anti-mesons then undergo CP-violating 
oscillations before quickly decaying into visible and 
dark sector particles.
Dark matter will be charged under the baryon number 
so that the visible sector baryon asymmetry is 
produced without violating the total baryon number of 
the Universe.’’

Phys. Rev. D 99, 035031 (2019)

Baryogenesis and Dark Matter
from B mesons



Phys. Rev. D 99, 035031 (2019)
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Elor, Escudero and Nelson postulate that:

In the early universe	𝑏	#𝑏  pairs hadronize to produce 
B mesons
B mesons decay to: 

a baryon (ℬ), 
a dark-sector baryon (𝜓𝐷),
and additional mesons (ℳ)

																		B	→  ℬ + 𝜓𝐷 + ℳ 

Baryogenesis and Dark Matter
from B mesons



Phys. Rev. D 99, 035031 (2019)
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Elor, Escudero and Nelson postulate that:

In the early universe	𝑏	#𝑏  pairs hadronize to produce B-
mesons
B-mesons decay to: 

a baryon (𝐵), 
a dark-sector baryon (𝜓D),
and additional mesons (𝑀)

 B	→  ℬ + 𝜓𝐷 + ℳ

Baryogenesis and Dark Matter
from B mesons

From
G. Alonso-Alvarez, G. Elorand,
and M. Escudero,
Phys. Rev. D 104, 035028 (2021)



Phys. Rev. D 99, 035031 (2019)
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• CP violation from 𝐵! − 𝐵! oscillations generates a 
matter-antimatter asymmetry, which can originate 
from  SM or BSM processes

• Because of CP violation,   B	→  ℬ + 𝜓𝐷 + ℳ decays 
slightly dominate over the #𝐵	→ +ℬ +  𝜓𝐷	+ +ℳ decays

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

Baryogenesis and Dark Matter
from B mesons
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• CP violation from 𝐵! − 𝐵! oscillations generates a 
matter-antimatter asymmetry, which can originate 
from  SM or BSM processes

• 𝐵!	decays 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

Baryogenesis and Dark Matter
from B mesons: B Mesogenesis

Baryon number in the whole universe is conserved, 
but a net excess is present in the visible sector
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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”

Phys. Rev. D 99, 035031 (2019)

Baryogenesis and Dark Matter
from B mesons: B Mesogenesis
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Their model is not constrained by di-nucleon decay, 
does not require a high reheat temperature, 
and has unique experimental signals:
• positive leptonic asymmetry in B meson decays,
• new decay of B mesons into a baryon and missing 

energy, and
• new decay of b-flavored baryons into mesons and 

missing energy. 
All three observables are testable at collider 
experiments 

Phys. Rev. D 99, 035031 (2019)

Baryogenesis and Dark Matter
from B mesons: B Mesogenesis



Followed up by Alonso-Alvarez, Elor and Escudero 
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“ ….  This mechanism for baryo- and dark matter genesis from B mesons gives rise to 
distinctive signals at collider experiments, which we scrutinize in this paper.
We study CP-violating observables in the 𝐵!" - 𝐵!"system, discuss current and expected 
sensitivities for the exotic decays of B mesons into a visible baryon and missing energy, and 
explore the implications of direct searches for a TeV-scale colored scalar at the LHC and in 
meson-mixing observables. 

Remarkably, we conclude that a combination of measurements at BABAR, Belle, Belle II, 
LHCb, ATLAS, and CMS can fully test B-Mesogenesis.”



The type of baryon produced depends on the operator mediating the interaction, 
leading to a variety of final states.  Must explore all possibilities to fully test this 
scenario. Four  possible flavorful operators that can lead to B-Mesogenesis:
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ΔM = difference  in mass between initial and final SM hadron

Alonso-Alvarez, Elor and Escudero 
PHYSICAL REVIEW D 104, 035028 (2021)

YB is baryon asymmetry of Universe
measured by Planck Collab 
[Astron. Astrophys 641, A6 (2020)]:

s is the entropy density of Universe ~7.04nγ
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S. Middleton
April 2024
APS talk

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

𝐵! → 𝜓" + 𝛬

𝐵# → 𝜓" + p 

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

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

𝐵! → 𝜓" +𝜋 - + 𝛬$#  

Set limits on
 operators:

Decay mediated by colour-triplet scalar



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
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Operator types for 𝐵" → 𝜓# + 𝛬 

(for 𝐵" → 𝜓# + p, swap   s→ d )



Belle’s 2022 paper looked for 
𝐵! → 𝜓" + 𝛬
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(Received 29 October 2021; accepted 17 February 2022; published 4 March 2022)
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BELLE BELLE

PHYS. REV. D 105, L051101 (2022)

Belle’s 2022 paper looked for 
𝐵! → 𝜓" + 𝛬



The BABAR Experiment
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•Details of experiment: Nucl. Instrum. Meth. A 729, 615 (2013)
•Asymmetric collider @ √𝑠 = 10.58 GeV at the Υ(4S) resonance
      9 GeV electrons collided with 3 GeV positrons
•Total Υ(4S) luminosity: 4.7x108 𝑩'𝑩 on peak

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



The BABAR Experiment
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•Details of experiment: Nucl. Instrum. Meth. A 729, 615 (2013)
•Asymmetric collider @ √𝑠 = 10.58 GeV at the Υ(4S) resonance:
      9 GeV electrons collided with 3 GeV positrons
•Total Υ(4S) luminosity: 4.7x108 𝑩'𝑩 on peak

• Reconstruct tracks: Silicon Vertex Tracker 
(SVT) + 40-layer Drift Chamber (DCH), in

     1.5-T solenoid.
• Momentum resolution = 0.47% at 1 GeV/c

• Measure energy: Electromagnetic Calorimeter 
(EMC)

• Energy resolution = 2.9% at 1 GeV.
• PID:

• Identify charged pions, kaons and electrons 
using Ring Imaging Cherenkov detector 
(DIRC) + ionization loss measurements in 
the SVT and DCH.

• Instrumented flux return of solenoid used to 
identify muons.
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BABAR’s  2023 paper seeking 𝐵! → 𝜓) + 𝛬
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BABAR’s 2023 paper seeking  𝐵* → 𝜓) + p 



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
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B-tag candidate must have:

Where:
𝜟E = 𝐸$%&'∗ − 𝐸)*&+∗ 𝑚,- = 𝐸$%&'∗. − 𝑝)*&+∗.  

-200 MeV < 𝜟E < 200 MeV
                   and
 5.2GeV < 𝒎𝑬𝑺 <5.3 GeV  

CMS beam energy minus 
reconstructed B-tag energy

Beam-energy-substituted mass ) 
(same as mbc) 



Monte Carlo  

In the final analysis, yields were found via a data-driven Poisson 
counting method, with background and signal regions defined from 
the study of the background and signal MC simulations
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Standard Model Backgrounds:
 q/q u,d,s,c were modelled using JETSET
 B'B modelled using EvtGen

Signal:
EvtGen used to generate 8 signal masses separately for p and L: 
1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 and 4.2 GeV

Analysis Method:
 Samples passed through full reconstruction with
 efficiency and resolution determined from fits to MC;
•  Functional forms of fit used to extract resolution and efficiency for any given  
𝜓# mass – scan across entire mass range.



Further Channel-dependent
Selection Criteria
For the 𝒑 channel: 
•  BABAR proton PID can be used to identify proton 

candidate;
•  signal side must have + charge and only one charged 

particle

For the 𝚲 channel:
• one Λ candidate in the B-sig, Λ → p p-;
• two charged tracks required on the signal side;
• significance of the Λ decay length (flight length/s > 1.0)
• four-momentum kinematic fit χ2 of Λ reconstruction ≤100
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(Charge-conjugate decays assumed throughout)



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

signal purity > 99 %
• Λ cut at 𝜐BDT > 0.75 yields  

signal purity > 99 %
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Quantities input into the BABAR  
BDT MVA for 𝑩$ → 𝝍𝑫 + p 
• cosine of the thrust vector
• the ratio of the second to zeroth Fox-Wolfram moment for all tracks and neutral 

clusters (R2)
TAG SIDE:
• the hadronic decay channel of B meson tag & purity
• 𝜟E = 𝐸!"#$∗ − 𝐸&'#(∗

• 𝑚)* = 𝐸!"#$∗+ − 𝑝&'#(∗+  

• B-tag thrust magnitude (thrust axis defined as the axis which maximizes the 
longitudinal momenta of all the particles for B-tag reconstruction)

SIGNAL SIDE: 
• total extra neutral energy on signal side in CM frame
• number of neutral particles in the signal side
• the number of 𝜋, candidates on the signal side
• the polar angle of the missing momentum vector recoiling against the B-tag 

meson and the signal candidate
J.M. Roney - Dark Matter and Baryogensis in  B decays
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Quantities input into the BABAR  
BDT MVA for 𝑩𝟎 → 𝝍𝑫 + 𝛬 

• The significance of the 𝛬 decay length
• The 𝜒2 of the 𝛬 fit
• Energy and momentum of 𝛬 lab frame
• Momentum vector of Bsig

• cosine of the thrust vector
• the ratio of the second to zeroth Fox-Wolfram moment for all tracks and neutral 

clusters (R2)
TAG SIDE:
• the hadronic decay channel of B meson tag & purity
• 𝜟E = 𝐸$%&'∗ − 𝐸)*&+∗

• 𝑚%/ = 𝐸$%&'∗. − 𝑝)*&+∗.  
• B-tag thrust magnitude 
SIGNAL SIDE: 
• total extra neutral energy on signal side in CM frame
• number of neutral particles in the signal side
• the number of 𝜋" candidates on the signal side
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• Reconstruct 𝜓* 	from missing energy 4-vector on 
signal side
• Scan across mass range, with step size equivalent 

to 𝜎 at that mass
• Extract resolution (s

𝝍𝑫
) and efficiency (𝜀MC) from 

fits to MC
•  𝜀MC signal ranges

For L:
 5.9x10-4 for 𝜓"	= 1GeV and 2.1x10-4 for 𝜓"	= 4.2GeV 
For p:
 1.5x10-3 for 𝜓"	= 1GeV and 6x10-3   for 𝜓"	= 4.2GeV 
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Extraction of Final Results
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Extraction of Final Results
Estimate signal and backgrounds in data from MC study with 
corrections to MC from data-driven studies

𝒆. 𝒈. 𝐢𝐧	𝑩𝟎 → 𝝍𝑫 + 𝛬 analysis: 

𝜀MC vs m𝝍𝑫 	
s𝝍𝑫

 vs  m𝝍𝑫 	

Red: with corrections
Green: before corrections

m𝝍𝑫
= m'3// = (𝐸)/3+	

∗ −𝐸5	∗ )2− |𝑝)/3+
∗ 	−	𝑝5∗ |2

BABARBABAR
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Extraction of Final Results

𝑩𝟎 → 𝝍𝑫 + 𝛬 
41 events survive in data
 

𝑩* → 𝝍𝑫 + p 
47 events survive in data

m𝝍𝑫
= m'3// = (𝐸)/3+	

∗ −𝐸6	∗ )2− |𝑝)/3+
∗ 	−	𝑝6∗ |2

BABAR

BABAR
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Extraction of Final Results

𝑩𝟎 → 𝝍𝑫 + 𝛬 
41 events survive in data
 

𝑩* → 𝝍𝑫 + p 
47 events survive in data

m𝝍𝑫
= m'3// = (𝐸)/3+	

∗ −𝐸6	∗ )2− |𝑝)/3+
∗ 	−	𝑝6∗ |2

BABAR

BABAR

2.3σ at 3.7 GeV: largest local significance 
=> a 0.4 σ global significance
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Extraction of Final Results

𝑩𝟎 → 𝝍𝑫 + 𝛬 
41 events survive in data
 

𝑩* → 𝝍𝑫 + p 
47 events survive in data

m𝝍𝑫
= m'3// = (𝐸)/3+	

∗ −𝐸6	∗ )2− |𝑝)/3+
∗ 	−	𝑝6∗ |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
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Final Results
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Final Results
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Final Results

World-leading result for 𝐵" → 𝜓# + 𝛬 improving on Belle result and further 
constraining models

First direct search for 𝐵7 → 𝜓# + 𝑝  places tight constraints on the specified 
model of Dark Matter + Baron Asymmetry of the Universe 

BABARBABAR



BUT WAIT!!!!!
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If you send us with a theory sensitive to the  
𝐵* → 𝑀𝑖𝑠𝑠𝑖𝑛𝑔+ p

we’ll set a limit on it, but you needed to act fast
 

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

49



If you send us with a theory sensitive to the  
𝐵* → 𝑀𝑖𝑠𝑠𝑖𝑛𝑔+ p

we’ll set a limit on it, but you needed to act fast
(‘cause we already published …. :)
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JHEP02(2023)224
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JHEP02(2023)224
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Cast the measurements in terms of the
 RPV coupling, 𝜆8.9::  (for L) or  𝜆889::  (for p),
divided by the relevant squark mass squared
as function of the neutralino mass
 

#𝜒? is the lightest neutralino

𝐵? →	(𝜒? + L 



JHEP02(2023)224
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Using preliminary results from
 “Search for B Mesogenesis at BABAR”
arXiv:2302.00208v1. 1 Feb 2023
[published shortly after as
PHYSICAL REVIEW D 107, 092001 (2023)]

𝐵" →	0𝜒" + L 
Using BABAR data



BABAR result on RPV search
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Use 𝑩& → 𝝍𝑫 + p search to 
provide first limit on RPV 
SUSY model 𝜆(()** 	/m2(6𝑞)	vs 
m(0𝜒") described in JHEP 
2023 (02 224 (2023))

𝐵@ →	(𝜒? + p 



BABAR results on RPV searches
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First limits on this SUSY model for both channels



In 2023 BABAR finalized & published
results on
 B! → 𝜓) + L :
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Search for Evidence of Baryogensis and Dark 
Matter in	𝐵* → 𝜓) + p  at BABAR,
BABAR Collaboration, Phys.Rev.Lett. 131 (2023) 
20, 201801; 2306.08490[hep-ex]

Search for B mesogenesis at BABAR,
BABAR Collaboration, Phys.Rev.Lett. 131 (2023) 
20, 201801; 2306.08490[hep-ex]
and B* → 𝜓) +p:

Summary & Next Steps
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Summary & Next Steps

B-Mesogenesis parameter space vastly reduced, almost 
excluded for some operators

Must explore additional operators to fully exclude this 
B-Mesogenesis model
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Summary & Next Steps

B-Mesogenesis parameter space vastly reduced, almost 
excluded for some operators

Must explore additional operators to fully exclude this 
B-Mesogenesis model

Coming soon from BABAR:

𝐵! → 𝜓" +𝜋 - + 𝛬$#  
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Summary & Next Steps
We also look forward to seeing Belle II address the operator 
regions where we have not been able to exclude
B-Mesogenesis once it collects sufficient data from its high 
luminosity running



Thankyou for your attention…
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Additional Information
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Discussion of Operators in
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Discussion of Operators in
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Discussion of Operators in
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Discussion of Operators in


