PHYSICAL REVIEW D 111, L031101 (2025)

Search for baryogenesis and dark matter in B* — A} +invisible decays

J.P. Lees®, V. Poireau®, V. Tisserand®, E. Grauges®, A. Palano®, G. Eigen®, D. N. Brown®, Yu. G. Kolomensky
M. Fritsch®, H. Koch ,* R. Cheaib®, C. Hearty®, T. S. Mattison®, J. A. McKenna®, R.Y. So®, V. E. Blinov®,
A.R. Buzykaev®, V. P. Druzhinin®, E. A. Kozyrev®, E. A. Kravchenko®, S.I. Serednyakov®, Yu.I. Skovpen®,

E. P. Solodov®, K. Yu. Todyshev®, A. J. Lankford®, B. Dey®, J. W. Gary®, O. Long®, A. M. Eisner®, W. S. Lockman

W. Panduro Vazquez®, D.S. Chao®, C. H. Cheng®, B. Echenard®, K. T. Flood®, D. G. Hitlin®, Y. Li®, D. X. Lin
S. Middleton®, T. S. Miyashita®, P. Ongmongkolkul®, J. Oyang®, F. C. Porter®, M. Rohrken, B. T. Meadows®,

M. D. Sokoloff®, J. G. Smith®, S. R. Wagner®, D. Bernard®, M. Verderi®, D. Bettoni®, C. Bozzi®, R. Calabrese

G. Cibinetto®, E. Fioravanti®, 1. Garzia®, E. Luppi®, V. Santoro®, A. Calcaterra®, R. de Sangro®, G. Finocchiaro

S. Martellotti®, P. Patteri®, 1. M. Peruzzi®, M. Piccolo®, M. Rotondo®, A. Zallo®, S. Passaggio®, C. Patrignani®,

B.J. Shuve®, H. M. Lacker®, B. Bhuyan®, U. Mallik ,* C. Chen®, J. Cochran®, S. Prell®, A. V. Gritsan®, N. Arnaud

M. Davier®, F. Le Diberder®, A. M. Lutz®, G. Wormser®, D.J. Lange®, D. M. Wright®, J. P. Coleman®,

D. E. Hutchcroft®, D.J. Payne®, C. Touramanis®, A.J. Bevan®, M. Bona®, F. Di Lodovico®, G. Cowan®,
Sw. Banerjee®, D. N. Brown®, C. L. Davis®, A. G. Denig®, W. Gradl®, K. Griessinger®, A. Hafner®, K. R. Schubert

R.J. Barlow®, G.D. Lafferty®, R. Cenci®, A. Jawahery®, D. A. Roberts®, R. Cowan®, S. H. Robertson®,

R. M. Seddon®, N. Neri®, F. Palombo®, L. Cremaldi®, R. Godang®, D. J. Summers ,* G. De Nardo®, C. Sciacca

C. P.Jessop®, J. M. LoSecco®, K. Honscheid®, A. Gaz®, M. Margoni®, G. Simi®, F. Simonetto®, R. Stroili®, S. Akar

E. Ben-Haim®, M. Bomben®, G. R. Bonneaud®, G. Calderini®, J. Chauveau®, G. Marchiori®, J. Ocariz®, M. Biasini
E. Manoni®, A. Rossi®, G. Batignani®, S. Bettarini®, M. Carpinelli®, G. Casarosa®, M. Chrzaszcz®, F. Forti®,

M. A. Giorgi®, A. Lusiani®, B. Oberhof®, E. Paoloni®, M. Rama®, G. Rizzo®, J. J. Walsh®, L. Zani®, A.J. S. Smith

F. Anulli®, R. Faccini®, F. Ferrarotto®, F. Ferroni®, A. Pilloni®, C. Biinger, S. Dittrich®, O. Griinberg, T. Leddig

C. VoB, R. Waldi®, T. Adye®, F.F. Wilson®, S. Emery®, G. Vasseur®, D. Aston®, C. Cartaro®, M. R. Convery®,
W. Dunwoodie ,* M. Ebert®, R. C. Field®, B. G. Fulsom®, M. T. Graham®, C. Hast®, P. Kim®, S. Luitz®,
D. B. MacFarlane®, D. R. Muller®, H. Neal®, B. N. Ratcliff®, A. Roodman®, M. K. Sullivan®, J. Va'vra®,
W. J. Wisniewski®, M. V. Purohit®, J. R. Wilson®, S. J. Sekula®, H. Ahmed®, N. Tasneem®, M. Bellis®, P. R. Burchat
E. M. T. Puccio®, J. A. Ernst®, R. Gorodeisky®, N. Guttman®, D. R. Peimer®, A. Soffer®, S. M. Spanier®,
J. L. Ritchie®, J. M. Izen®, X. C. Lou®, F. Bianchi®, F. De Mori®, A. Filippi®, L. Lanceri®, L. Vitale®,
F. Martinez-Vidal®, A. Oyanguren®, J. Albert®, A. Beaulieu®, F. U. Bernlochner®, G.J. King®, R. Kowalewski®,
T. Lueck®, C. Miller®, I. M. Nugent®, J. M. Roney®, R.J. Sobie®, T.J. Gershon®, P. F. Harrison®,
T.E. Latham®, and S.L. Wu

(BABAR Collaboration)
® (Received 11 December 2024; accepted 14 January 2025; published 10 February 2025)

A mechanism of baryogenesis and dark matter production via B meson oscillations and decays has
recently been proposed to explain the observed dark matter abundance and matter-antimatter asymmetry in
the universe. This mechanism introduces a low-mass dark sector particle () with a nonzero baryonic
charge. We present a search for this new state in B* — Afw, decays using data collected at the Y(4S5)
resonance by the BABAR detector at SLAC, corresponding to an integrated luminosity of 431.0 tb~!. The
search leverages the full reconstruction of the B~ meson in Y(4S) — BTB~ decays, accompanied by
the reconstruction of a A7, to infer the presence of y . No significant signal is observed, and limits on the
Bt — Al branching fraction are set at the level of 1.6 x 10™* at 90% confidence level for
0.94 <m,,, <299 GeV. These results set strong constraints on the parameter space allowed by
B-meson baryogenesis.
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The nature of dark matter (DM) and the baryon asymmetry
of the universe (BAU) are among the deepest mysteries of
modern physics. Recently, the B mesogenesis mechanism
has been proposed to simultaneously generate the DM
abundance and BAU [1,2]. This scenario postulates the
existence of a dark sector particle with a nonzero baryonic
charge, wp, and a heavy colored scalar ¥ mediating quark-
DM interactions. Out-of-thermal-equilibrium production of
bb pairs, followed by CP-violating B’B° oscillations and
subsequent decay into a baryon and dark sector antibaryon
(with any number of additional mesons), results in a
net conservation of baryon number, but with the observed
BAU balanced by an equivalent dark matter antibaryon
asymmetry.

According to the B mesogenesis mechanism, the BAU
depends on the electric charge asymmetry in semileptonic
B meson decays and the total B — BMy, branching
fraction, where B denotes any type of baryon and M any
number of additional mesons. Current bounds on the
semileptonic asymmetries require a branching fraction
BF(B — BMy ) = 107 for successful B mesogenesis
[1]. The type of baryon depends on the operator mediating
the quark-DM interaction, and several final states must be
investigated to fully test this mechanism. Constraints on
exclusive B — By, decays are derived using phase-space
arguments [2] or QCD light cone sum rules calculations [3]
for the lightest baryons. In the case of B — Ay p, the ratio
of exclusive-to-inclusive decays varies between 10% and
100%, depending on the y;, mass. Additionally, proton and
DM stability require 0.94 GeV < m,, < (mp—mpg). A
similar process involving charged B* mesons has also been
proposed [4], which could be partially constrained with the
reaction studied hereafter.

Previous experimental searches by BABAR and Belle
have placed limits on the decay B — Ay, [5,6], and a
recent measurement by BABAR set bounds on BT — pyp
[7]. These results constrain operators O, and O, describ-
ing b—-wpus and b — wpud effective interactions,
respectively [1,2]. The decay under study in this work,
Bt — Afyp, probes an effective operator O, describing
b — ypcd transitions, as shown in Fig. 1. At present, only

FIG. 1. Diagram of the decay of a B meson into a A} and a dark
sector antibaryon y . The quark-DM interaction is mediated by a
heavy scalar mediator Y.

indirect constraints on the branching fraction of this final
state have been derived at the level of 6 x 107 at
90% confidence level (CL) [2]. Signature of B mesogenesis
could also be explored at the LHC experiments [2,8,9] and
at large volume neutrino experiments [10].

We present herein a search for the decay BY — Ay
[11] based on the full BABAR data set collected at the
T(4S) resonance. Because the final state includes missing
energy from the undetected yp, we utilize a technique in
which the accompanying B~ meson, referred to as B, is
exclusively reconstructed in one of many hadronic decay
modes. The remainder of the event, referred to as the By, is
then examined for evidence of a signal decay, in the form of
a reconstructed Al (- pK~z"), accompanied by missing
energy consistent with a y, candidate of mass m,, .

The BABAR detector operated at the PEP-II asymmetric
ete™ storage rings at SLAC between 1999 and 2008. The
apparatus consists of concentric layers of detector sub-
systems arranged in a cylindrical geometry around the
ete™ interaction point. It is described in detail in
Refs. [12,13]. Charged particle tracks are reconstructed
using a five-layer double-sided silicon vertex tracker and a
multiwire drift chamber with 40 radial layers. Momenta are
determined based on track curvature measured with the
tracking system within the uniform 1.5 T magnetic field of
a superconducting solenoid oriented parallel to the collision
axis. Protons, kaons, and pions are distinguished based on
specific energy loss, dE/dx, in the tracking detectors, and
measurements of Cherenkov photons emitted in an inter-
nally reflecting ring-imaging detector. Electromagnetic
showers from photons and electrons are reconstructed in
a CsI(TI) electromagnetic calorimeter (EMC), consisting of
a barrel region and a forward endcap, situated inside of the
solenoid. Muons are identified based on their interactions
in an instrumented magnetic flux return located outside of
the solenoid. These measurements are combined to provide
standardized particle identification (PID) selectors for
various efficiencies and misidentification levels for
common charged particle species: e, u, 7, K, p.

The analysis is based on the full BABAR data set cor-
responding to a total integrated luminosity of 431.0 fb~!
[14], but about 5% of the data sample is used to optimize the
analysis and is subsequently discarded. The remaining data
(398.5 tb~!) were not examined until the analysis procedure
had been finalized.

Signal Monte Carlo (MC) data sets for Bt — AJy
decays with subsequent A} — pK~z" decays are gener-
ated with EvtGen [15] based on a phase space model.
Distinct MC samples are produced for y, masses of 1.0,
1.5,2.0, 2.3, 2.5, 2.7, and 2.9 GeV [16]. Backgrounds are
studied using large samples of generic MC events equiv-
alent to approximately 4-7 times the data luminosity.
Samples of B¥B~ and B°B° events are generated using
EvtGen, while c¢c¢ and ¢q (¢ = u,d,s) are simulated
using JETSET [17]. As the tau-pair background, simulated

L031101-2



SEARCH FOR BARYOGENESIS AND DARK MATTER IN ...

PHYS. REV. D 111, L031101 (2025)

using KK [18], is found to be negligible, its contribution
was not included in the analysis. PHOTOS [19] is used to
generate final-state radiation. Detector response is simu-
lated using GEANT4 [20].

The By, identification utilizes the hadronic B
reconstruction methodology described in [21]. The By,
candidates are reconstructed in B — SX by combining a
“seed” (S) of DH0, D), D_(Y*)jE or J/y, with a hadronic
system X comprised of up to five charged or neutral kaons or
pions, with a total charge of =1 or 0. The D meson seeds are
reconstructed via: Dt — K%z, Kintz, Kntant,

K ntrnt, K atntn®, KtKzt, K'K 7tz D>
K- zt, K’ Ktz zt, Kz, Kiatz
KtK-, ntrn~, ntn ", Kgn'o; D*t - D%z, Dtz0

D*% - D% D%:; Di* — Dfy; D} — ¢n", and KOK™.
The J /y seeds are reconstructed viaJ /yy — eTe”and u™p~.
Light neutral mesons are reconstructed as z° — yy,
K) - ztz~, and ¢ > K"K~. Seed candidates and any
intermediate states are required to lie within a mass window
around the expected particle mass. A fit including vertex and
particle mass constraints to the seed and its daughters is
performed.

Correct combinations of S and X are then determined by
requiring that the resulting B,, candidate be consistent with

B meson kinematics based on the two variables mgg =

V(Eew/2)? - 5, and AE=Ej, —Fey/2, where
E&y/2 is the center-of-mass frame beam energy, and
Egmg and p*p  are the energy and three-momentum vector

of the reconstructed By,, candidate in the center-of-mass
frame, respectively. Correctly reconstructed B,, candidates
have AE close to zero and mgg consistent with the nominal
B meson mass. Candidates are initially retained if |AE| <
0.12 GeV and mgg > 5.2 GeV. The latter requirement
retains a sideband region below the B mass for studies
of combinatorial backgrounds. If more than one B,
candidate is reconstructed in an event, the candidate in
the highest-purity decay mode is retained, where the purity
is defined as the ratio of correctly reconstructed B,
candidates to total reconstructed candidates. If the purities
of the two candidates are equal, then the one with the lowest
|AE| is retained.

Once a single By, candidate has been selected, all
remaining detector activity in the event is attributed to
the Bg,. Additional selection criteria are then applied in
order to identify signal candidates, based on the By, Bgig,
and the overall event properties. Only events possessing a
charged By, (i.e., B7) along with exactly three high-quality
charged tracks are selected, requiring that the total event
charge be zero. High-quality tracks are defined as tracks
having at least 12 hits in the drift chamber and a distance of
closest approach to the interaction point less than 1.5 cm
(2.5 cm) in the plane transverse (parallel) to the beam axis.

Up to one additional low-quality charged track is permitted,
usually arising from interactions with the detector material
or reconstruction artifacts (its charge is not counted towards
the total event charge). The A candidate is reconstructed
by combining the three high-quality charged tracks, one of
which is required to satisty loose PID criteria for a proton,
and another one for a kaon. No PID requirements are
imposed on the third track, assumed to be a z. A fit to the
A} candidate is performed, including vertex constraints
and appropriate mass hypotheses for the tracks, and a loose
x> constraint is imposed to ensure convergence of the fit.
Multiple A} candidates (from particle misidentification)
are reconstructed in less than 1% of the events. In such
cases, all candidates are considered.

In addition to the reconstructed By,, and AF, both signal
and background events typically contain additional detector
activity in the form of reconstructed energy clusters in the
EMC. For signal events, these can arise due to accelerator
beam backgrounds, bremsstrahlung, and reconstruction
artifacts. For background events they can also arise from
7" decay daughters or other primary-interaction decay
products. Consequently, the energy, multiplicity, and other
properties of these additional clusters can be used to
differentiate between signal and background events.
Clusters are considered to be photon candidates if their
reconstructed energies exceed 25 MeV. Neutral pion
candidates are obtained by combining pairs of photons
having an invariant mass m,, within 15 MeV of the nominal
7Y mass.

At this stage of the selection, the background is domi-
nated by continuum e*e” — ¢g(q = u,d, s, c) events, as
well as by BB events with an incorrectly reconstructed Byg-
The generic MC samples are known to overestimate the
By, yield for both correctly reconstructed By,, events and
combinatorial backgrounds [22-24]. This discrepancy
arises from a combination of mismodeled branching
fractions in the simulation, and multiple small discrepan-
cies in charged and neutral particle reconstruction efficien-
cies compared with data. The observed discrepancy
depends on the specific By, selection requirements that
are imposed, and on which By,, decay modes are retained.
Correction factors fpp = 0.86 +0.04 and f,; = 0.86 &

0.02 are obtained for BB and continuum backgrounds,
respectively, by simultaneously fitting several variables
describing the global event shape and the B, meson.
Good agreement between data and MC is observed in all
selection variables after the application of these correction
factors. The uncertainty in the BB correction factor is
propagated as a systematic uncertainty in the signal
efficiency. Figures 2 and 3 show the distribution of mgg
and mg-,- for data and MC events after applying the
correction factors. No obvious peaking structure is visible
at the B mass, but a clear A} peak is evident in data for the
sideband region mgg < 5.27 GeV, which is not properly
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FIG. 2. The distribution of the B-tag energy-substituted mass
(mgg) for the data (black circles), together with the various
background MC samples (stacked histograms). The signal MC
(dashed line) is shown for m,,, = 2.0 GeV with arbitrary scaling.
The uncertainties are purely statistical.
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FIG. 3. The distribution of the pKz mass (m k) for the data

(black circles) for the sideband region mgg < 5.27 GeV together
with the various background MC samples (stacked histograms).
The uncertainties are purely statistical.

modeled in the background MC. Comparison of this peak
in data to the signal MC provides a validation of the A}
modeling in the signal MC, with the mass resolution and
peak position found to be consistent within statistical
uncertainties. This mismodeled continuum A} component
is highly suppressed by the subsequent signal selection and
has a negligible impact on the final results.

To further reduce backgrounds, a second stage of signal
selection is imposed, based on a multivariate classifier
utilizing a boosted decision tree (BDT). The BDT inputs
comprise global event-shape variables, measures of the By,
and A reconstruction quality, and quantities related to the
event missing energy and additional neutral clusters. The
14 input variables are described in Table I. They are only
weakly correlated, with the exception of the purity and

Data [T]e‘e — qg (g=uds) []e‘e’ —cC [[le'e - BB [Je'e — B8’ =+ Signal MC
BABAR]

10°

-1 -08 -06 -04 -02 0 0.2 04 0.6 0.8 1
BDT score

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 (dotted line) is shown for
my,, = 2.0 GeV with arbitrary scaling. The uncertainties are
purely statistical.

integrated purity variables. The BDT is trained on signal
MC samples, with ywp masses spanning the range
1.0 <my,, <29 GeV, and background MC samples. A
clear separation is obtained between signal and background
events, as shown in Fig. 4.

The BDT selection is optimized globally, rather than for
an individual m,,  mass hypothesis, using a figure of merit
(FOM) similar to the Punzi FOM [26]. The result is a
single requirement on the BDT score greater than 0.99.
This criterion is found to be almost fully efficient for
signal events surviving the preselection and A/
reconstruction requirements. The MC and data yields
show good consistency across the BDT score distribution
below the signal region cut. Due to the low statistical
precision in the MC samples, the distribution of back-
ground events in the signal region is modeled using
simulated data in the wide range [—0.8, 1] in the BDT
score. A total of 0.4 background events is predicted in the
mass range 0.94 <m,, <2.99 GeV. Unblinding the
signal region yields no selected events in the full data
set, consistent with the background expectation.

We set limits on the Bt — Ay, branching fraction as a
function of m,, , determined from the y, four-momentum
obtained from the information in the rest of the event.
The yp four-momentum is derived by subtracting the B,y
and A/ four-momenta from the precisely known center-of-
mass four-momentum. The m,,  resolution, o, , is deter-
mined from signal MC as a function of mass and interpolated
between the simulated mass points. It decreases from
approximately 60 to 20 MeV across the mass range
0.94 < m,, <299 GeV.

The signal efficiency, €g,, decreases roughly linearly
from 6.6 x 107 to 5.9 x 10~ with increasing m,,,. The
low efficiency is driven primarily by the By,, reconstruction
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TABLE 1. Inputs to the boosted decision tree classifier.

Input Type Description

R, Event shape Ratio of the second-to-zeroth Fox-Wolfram moment [25] computed
using all tracks and neutral clusters

Purity Biae Fraction of correctly reconstructed B mesons in the candidate B,,, mode

Integrated purity By Overall purity of a B tag sample containing all events having a tag purity equal
or greater than that of the B candidate

B irode Biag Reconstructed decay mode of the B,

Mg By B, invariant mass

AE Biag Difference between the B, energy and the beam energy

Bihrust Biag The magnitude of the By, thrust

Bihrusiz Biag Component of the By along the e*e™ collision axis (z-axis)

Myt - A Reconstructed invariant mass of the Al candidate

72 AF 4?2 of the fit of the A candidate

N peut ECL Total number of additional neutral clusters

N o ECL Number of additional z° candidates

Eovira ECL Sum of the energies of all additional neutral clusters

cosd,, Vb Cosine of the polar angle of the missing energy 4-vector in the laboratory frame.

efficiency (~0.1%) and, to a lesser degree, by the Af
selection (~60%). Systematic uncertainties in €g, arise
from the B, correction factor fpz, the Al branching
fraction, BF(Af — pK~n") = (6.24 £ 0.28)% [27], and
the limited statistical precision of the signal MC samples
(1.2%). An uncertainty of 0.6% in the integrated luminosity
is also propagated as a systematic uncertainty.

Signal yields are extracted as a function of m,, using a
sliding-window method. Signal windows are defined as

107
[
]
8 10?2
(@)
£
< -3
S 10
)
o)
o107
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FIG. 5. The upper limits (90% CL) on the BT — Afy

branching fraction as a function of m, . The colored area
represents the region allowed by B mesogenesis for the effective
operator O, describing b — wpcd 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 [29].

+50,,, centered around the nominal m,, = value, with a step
size equal to the mass resolution o, . For each mass
hypothesis, the signal significance is determined using a
profile likelihood method [28]. The background is treated
as a Poisson process with the unknown mean estimated
from the background simulation, while the efficiency is
described by a Gaussian distribution with a standard
deviation equal to the total systematic uncertainty.

A total of 73 m,, hypotheses are tested in the range
0.94 <m,, <299 GeV. Since no signal is observed, the
results are expressed as 90% CL limits on the BT — Afy
decay branching fraction. As shown in Fig. 5, these limits
are at the level of BF(BT — Afyp) < 1.6-1.7 x 1074,
about an order of magnitude above the minimal branching
fraction required for B mesogenesis. These results improve
upon indirect constraints by a factor of about five below
2.7 GeV, and three orders of magnitude above that
threshold.

In conclusion, we report a search for a new baryonic dark
sector particle y, in the process BT — Ay, with a fully
reconstructed By,, meson. No significant signal is found, and

constraints on the branching fraction BF(BT — Afyp) <
1.6-1.7 x 107* are derived at 90% CL for 0.94 < my, <
2.99 GeV. These results exclude a large fraction of the
parameter space allowed for B mesogenesis mediated by an
effective operator O,,.
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