PROCEEDINGS

OF SCIENCE

Recent Dark Matter related searches with the
BABAR detector.

Hossain Ahmed®®* and Nafisa Tasneem® on behalf of the BABAR
collaboration

@St. Francis Xavier University,

4130 University Avenue, Antigonish, Nova Scotia, Canada

b Department of Physics and Astronomy, University of Victoria,
Elliot Building, Victoria, British Columbia, Canada

E-mail: hahmed@stfx.ca

We present the most recent BABAR searches for reactions that could simultaneously
explain the presence of dark matter and the matter-antimatter asymmetry in the universe.
This scenario predicts B-meson decays into an ordinary-matter baryon and a dark-sector
anti-baryon ¢ p with branching fractions accessible at the B factories. The results are
based on the full data set of about 430fb~! collected at the Y(4S) resonance by the
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1. Introduction

The evidence for the existence of dark matter (DM) is evident from astrophysical ob-
servations, i.e., the precision measurements of cosmic microwave background (CMB) by the
Planck satellite [1,2]. The matter dominance in the universe, on the other hand, is also a
pressing issue in modern particle physics as our known cosmology indicates an early hot
universe born with an equal amount of matter and antimatter [3,4]. Baryogenesis, a dynam-
ical mechanism, is required to explain the baryon asymmetry of the current universe (BAU)
[5]. Understanding DM particles’ nature, mass scale, and matter-antimatter asymmetry in
the universe leads to new physics beyond the standard model (BSM). Observing neutrino
masses [6] that arise from oscillation also suggests extending the SM. A new mechanism
has been proposed [7,8] to simultaneously explain the DM abundance and BAU arising
from B-meson oscillation that could be testable in B-factories, i.e., BABAR and Belle 11
experiments. The mechanism is suitable for low-scale baryogenesis and DM production.
In the proposed model, baryogenesis occurs due to out-of-thermal equilibrium production
of b and b quarks in the early universe through the decay of a massive, long-lived scalar
field denoted as ®, as shown in figure 1. The b quarks, injected into the universe at low
0 and B*. Upon hadroniza-

temperature, will mostly hadronized as B mesons, e.g., Bg,Bs,

tion the neutral Bg mesons will quickly undergo CP-violating oscillation before decaying
into an SM baryon (p,A, etc.), a dark sector anti-baryon ¢p, and any number of additional
light meson M. If the B mesons possess a non-standard decay channel into a dark sector
anti-baryon ¢¥p and an SM baryon; this result in the generation of a baryon asymmetry in
the visible sector that is exactly compensated by a dark anti-baryon asymmetry. As a con-
sequence, the total baryon number is actually conserved. A TeV mass-coloured, electrically
charged scalar particle Y is introduced to generate effective interactions between the dark
and visible sectors.
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Figure 1: Summary of the Baryogenesis mechanism. Figure illustrated from references [7,8,9].

Analyses presented in this proceedings paper require one of the B mesons produced in
ete” — BTB~ or eTe™ — BYBY is fully reconstructed from known hadronic decay modes,
and we call it as Byqq [10], which is reconstructed via the decays B — SX explained in [11].
The rest of the event, denoted as Bs;g, is the other B meson, which must include the SM
baryon, e.g. proton, A, etc.

The BABAR detector, described elsewhere [12,13], is a general-purpose detector at the
PEP-II asymmetric energy e"e™ collider at the SLAC National Accelerator Laboratory. The
detector was operated from 1999 to 2008 and collected data in Y(4S; 3S, 2S) on and off
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resonances. In both analyses, we used 398.5fb~! [14] T(4S) data as signal events. About
32.5fb~! is used to optimize the analysis strategies, e.g. event selection and efficiencies
measurement, which is then excluded from the sample used to obtain the final result.
Simulated signal events are generated by using the event generator EVIGEN [15] in eight
different masses ranging from 1 to 4.2 GeV/c?. A combinatorial background, also known as
continuum ete™ — ¢¢ (q—udcs) along with the inclusive BB events are used as background
and produced by Monte Carlo (MC) event generator, e.g. for BB events EVTGEN [15] is
used whereas for ¢qg JETSET [16,17] is used. The detector response for the MC events is
simulated with GEANT4 [18].

2. Baryogenesis and Dark Matter in BT — v¢p + p Decays

In this analysis, a B meson decays into a dark-sector antibaryon, denoted as ¥p and
an SM baryon proton (p) as shown in figure 2. The charge conjugation of that B meson
decays into a dark-sector baryon, and an anti-proton is also considered. In other words,
BT — 9p + p decays are selected in events in which a hadronic decay of B~ is fully
reconstrcted. From kinematics perspective we see that B — pB decay occur only if
My, < mp—my and for proton stability it requires my,, > m, — m,. Samples were made
for eight different ¢p mass hypotheses: 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and 4.2 GeV/c%.
The dark-sector antibaryon 1 p is identified as the system recoiling against the B, and
the SM baryons. Two kinematic variables are considered to select By, candidates: beam-

energy-substituted mass mpgc? = \/E2

2 2 :
beam ™ PBiayC where pp,,, is the three momentum

of Biqg in the centre-of-mass (CM) frame; and the energy difference between the Byq, and
the beam energy Epeam, i.6. AE = FEpegm — EB,.y- Ebeam is also in the CM frame and
EBg,,, must be within + 0.2 GeV of the beam energy. We also require mpgg of the Biqg
to lie within the nominal BT mass range as 5.27 - 5.29 GeV/cQ. For more than one By
candidates in an event, we choose the lowest AF related B as tagged B-meson.

B+

Figure 2: Figure taken and modified from [§].

On the signal side, we require one and only one track that is consistent with the proton
mass. A multivariate selection using boosted decision trees (BDTs) [19] is used to suppress
the remaining backgrounds in the signal that includes the following kinematics variables
from the Bigg, i.e. mps and AE; information about the hadronic decay channel and its
purity; and the magnitude of the thrust vector. The total extra neutral energy on the
signal side in the CM frame, the cosine of the polar angle of the missing momentum vector
recoiling against the B;,y, meson and the signal candidates in the laboratory frame, the
number of neutral particles and the number of 7° candidates on the signal side are also
included.
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Figure 3a represents the distribution of the BDT response vppr for data, backgrounds,
and eight simulated signal samples, and we select events with vppr > 0.95, which retains
99.97% of the simulated signal and 0.0028% of the simulated backgrounds. Figure 3b shows
the distribution of mgg for inclusive MC background, signal, and data. One can see that the
signal events peak around the nominal B-meson mass, and background events are dominated
by the continuum. Figure 3c represents the correction factors from discrepancies in the
simulation of BB and qq events by using the ratio of the second-to-zeroth Fox-Wolfram
moment [20] in two stages: Ry > 0.7 for the ¢g correction factor fyg = 1.05 = 0.03; and
Ry < 0.7 for the BB correction factor fg5 = 0.85 4 0.07.

FIG. 3a. BDT response for data and all backgrounds.
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Figure 3: BDT response (3a), mgg distributions (3b), and correction factors (3c) for data, signal,
and backgrounds. Figures are taken from [21].

Signal efficiency varies from 0.00145 to 0.0006 for the eight simulated masses from ¥ p
= 1.0 GeV/c? to p = 4.2 GeV/c%. The missing mass myiss as shown in figure 4, which in
the case of a signal would be ¥p mass, is calculated from the four momenta of the signal

Bsig and proton: mypissc® = \/(EBsig — E})? — (PB,;, — Pp)?. For each signal mass, the
Mumiss distribution is fitted with a double-sided Crystal Ball function to extract the signal
mass resolution. A total of 127 mass hypotheses with equal step size were considered in the
range 1.0 < Mypiss < 4.29 GeV/c?. The largest systematics come from the data/MC ratio
and affect the signal efficiency is 8.4%. Other systematics are reported in the reference [21].

3. B mesogenesis

We also search for mesogenesis in B® — 9p + A [22] and its charge conjugate. We
follow a similar procedure as BT — v p -+ proton analysis in section 2. Here ¢p identified
against By, and SM baryon A. The candidate A is reconstructed as a pair of oppositely
charged tracks identified as a proton and a pion.

Figure ba represents the distribution of the energy-substituted mass mpgg for data,
signal MC for my,, = 2.0 GeV/ ¢? and inclusive background MC predictions. Figure 5b
represents the reconstructed mass mp distribution, whereas figure 5c represents the BDT
score distribution respectively. We require events to satisfy 5.27 < mpgg < 5.29 GeV/c?
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Figure 4: Missing-mass distributions after all selections are applied for a simulated signal sample
[21].

FIG. 5a. Energy-substituted mass mgg distribution
10° FIG. 5c. BDT score distribution
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Figure 5: mgg, my, BDT score, and missing-mass distributions after all selections are applied
[22].

and 1.110 < my < 1.121 GeV/c?. After all the selections are applied, the distribution of
1 p mass My, is plotted in figure 5d. Total systematic uncertainties arising from different
sources in this analysis vary from 7.8% to 9.1% [22].

4. Conclusion

No significant signal was observed, and due to the absence of a signal, 90% confidence
level (C.L.) upper limits on the branching fraction are derived in both analyses [21,22] using
a profile likelihood method [23]. Results from Bt — tp + p constraints the branching
fraction upper limit on R-Parity violation coupling [21]. These results exclude a significant
fraction of the parameters space explained in [7,8] that are allowed by B mesogenesis. Future
measurements at Belle-1I should be able to explore the remaining region fully.
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