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Search for two-body B meson decays to A° and Q.
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We report the results of the first search for Standard Model and baryon-number-violating two-body

decays of the neutral B mesons to A® and QE*”

with the Belle detector at the KEKB asymmetric-energy e*e

using 711 fb~! of data collected at the Y (4S) resonance

collider. We observe no evidence of

signal from any such decays and set 95% confidence-level upper limits on the products of B® and B°

branching fractions for these two-body decays with B(QY — z7Q~) in the range between 9.5 x 1078

and 31.2 x 1078,
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In the analysis presented in this article we search for new
two-body B decays to final states with A? and QO, where
beyond the Standard Model (BSM) amplitudes could
contribute directly or as the result of a Standard Model
(SM) decay followed by baryon-antibaryon oscillations
of Q2 or A% Our analysis includes the SM Cabibbo-

suppressed decay B® — AQ(? and the BSM decay B® —

/_\OQE.*)O. The former SM decay proceeds via the b — ¢ tree
transition and is poorly understood from a theoretical
perspective because of hadronic uncertainties. The latter
BSM decay could result from the Q0 — QO oscillations,
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a scenario that was suggested recently [1] as a low-energy
mechanism for baryon number violation (BNV), which is
one of the three Sakharov conditions for baryogenesis [2].
Additional BSM decays explored in our analysis include
B® — A%QL°, which is exceedingly unlikely in part due to
the stringent limit recently set on A® — A° oscillations by
the BESIII experiment [3]. A Feynman diagram for a
quark-level SM transition investigated in our analysis and a
depiction of the Q0 — Q2 BSM oscillation hypothesis are
shown in Fig. 1.

To carry out the analysis described in this article we use
the full Belle data sample of 711 fb~! collected at the
Y(4S) resonance. This data sample contains 772 million
BB pairs [4]. We search for two-body decays of the neutral
B mesons to A and one of the two QU states, Q¥ or
Q.(2770)°, previously known as Q:° (or their anti-
particles). When we refer to either of these two QU states,

we use the notation Q°. We reconstruct QU in its decay to

Published by the American Physical Society
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FIG. 1. Quark-level Feynman diagram for signal SM decays

and a depiction of the Q2 — Q0 oscillation hypothesis.

7zt and Q~, where Q™ is detected in the A°K~ channel. The
AY is reconstructed via z~ and a proton. The decay of a
B meson to A’ and Q.(2770)° is partially reconstructed:
the radiative photon from the decay Q.(2770)° — yQ,
which is assumed to be the only decay of Q,.(2770), is not
explicitly reconstructed in the analysis.

Two final states, A°QY and A°Q?, are studied in our
analysis [5] of the decays of the neutral B mesons. The
observation of the signal in the former final state would
indicate the SM B® decay, while the latter final state could
be either due to the former SM decay followed by the
QY — QY oscillations or due to the direct BNV B decay.
In this article, the final states A°QQ and A°Q are referred
to as SM-compatible and exclusively-BSM channels,
respectively. As we perform no B flavor tagging, any of
the final states in this analysis could be attributed to B°
or BY; therefore, when discussing the signal processes,
we use the notation B to refer to either B or B mesons.
We report the results for the products of B(B — A’QY),
B(B - A°Q?), B(B - A’Q.(2770)°) and B(B -
A°Q,(2770)%) with B(Q) — ztQ~), where the latter
branching fraction, quite interesting in its own right, has
not been measured yet.

The Belle detector [6] is a large-solid-angle magnetic
spectrometer that operated at the KEKB asymmetric-
energy e" e~ collider [7]. The detector components relevant
to our study include a silicon vertex detector, a central drift
chamber (CDC), a particle identification (PID) system that
consists of a barrel-like arrangement of time-of-flight
scintillation counters (TOF) and an array of aerogel thresh-
old Cherenkov counters (ACC), and a CsI(TI) crystal-based
electromagnetic calorimeter (ECL). All these components

are located inside a superconducting solenoid coil that
provides a 1.5 T magnetic field.

To maximize the discovery potential of the analysis and
to validate the signal extraction procedure we use a sample
of simulated background events referred to as generic
Monte Carlo (MC), equivalent to 6 times the integrated
luminosity of the full Belle data sample. These events
simulate hadronic continuum, i.e., quark-pair production in
e e annihilation, the decay of the Y (4S) resonance into
pairs of B mesons and the subsequent decays of the latter
according to known branching fractions [8]. Hadronic
continuum represents the main source of background in
our analysis. To estimate the overall reconstruction effi-
ciency, we use several high-statistics signal MC samples,
where the nonsignal B meson decays generically. We use
the MC generator EvtGen [9] to simulate the production and
decay processes at and near the production point of Y'(45),
and the GEANT toolkit [10] to model detector response
and to handle the decays of Q~ and A°. To model final-
state radiation, the MC generator PHOTOS [11] is employed.
Hadronization is modeled using the MC generator
PYTHIA [12].

In this analysis we exclusively reconstruct the A°Q?
(A°QY) final state using six charged particles: three pions, a
kaon, and a proton and an antiproton (two antiprotons). The
selection criteria are optimized to suppress background
in the SM-compatible channel and to reduce systematic
uncertainties. Reconstructed charged particles are required
to have p |, the magnitude of the transverse part of their
momenta with respect to the z axis which is opposite to the
direction of the e™ beam, larger than 50 MeV/c. This
requirement removes candidates found in the region where
the efficiency has a large uncertainty and is very small. The
efficiency of this selection for signal MC events is 28%),
which is due to the kinematics of the signal process.
To select signal particle candidates of the correct species,
we apply requirements to the likelihood ratios, R, =
L,/(Ls + L,), which are based on PID measurements [13],
where L, and L, are the likelihoods according to the s and r
particle species hypotheses, respectively. The likelihood for
each particle species is obtained by combining information
from the CDC, TOF, ACC, and, for the electron/hadron
likelihood ratio R,/;, also the ECL. Our requirements
are R,k > 0.6 and R/, < 0.95 for a pion from QY decay,
Rz 2 0.4 and R, /, < 0.95 for a kaon from Q~ decay, and
R,k > 0.1 for protons, where £ is a nonelectron hypoth-
esis calibrated using pions. The efficiency of PID require-
ments depends on the particle species and kinematics, and
varies between 92% and 98%. The PID misidentification
rate is between 4% and 6% per particle. PID-based
selection applied to all six charged particles used to
reconstruct analyzed final states rejects 85% of background
and is 71% efficient for signal MC events.

Thus selected final-state particles are used to recon-
struct the following decays of signal baryon candidates:

L031102-2
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A = pr=, Q@ — K~A° and Q0 — 77 Q. To identify the
A candidates, we search for secondary vertices associated
with pairs of oppositely charged particles. To improve mass
resolution and to suppress the combinatorial background,
for each of these parent particles, starting from the last
decay in the chain, we perform a vertex fit and update
kinematics of the daughter particles. The four-momenta
obtained from these kinematic fits are used for further
analysis. The reconstructed mass of the A° candidate is
required to be within 8 MeV/c? (5.4¢ of Gaussian reso-
lution) of the A° nominal mass [8]. To reconstruct an Q-
candidate, we add together the four-momenta of A° and K~
candidates after refitting the A° vertex while constraining
its reconstructed mass to the A° nominal mass. The
reconstructed mass of the Q™ candidate is required to be
within 60 MeV/c? (15.1¢) of the Q~ nominal mass [8].
Then the Q™ candidate undergoes a procedure similar to the
one used for A° candidates. We require the reconstructed
mass of the Q™ candidate to be within 7 MeV /c? (4.46) of
the Q™ nominal mass [8], and then we repeat a vertex fit
with a mass constraint. To suppress the combinatorial
background, the distance between the interaction point
and the decay vertex of Q7 i.e., the decay length is required
to be greater than 0.5 cm (6.50). This selection reduces
background by 43% and, using the SM signal channel with
Q0 as a reference, keeps 83% of the signal. The procedure
for reconstructing Q¥ candidates is similar to the one used
to reconstruct Q~ when one replaces A° by Q™ and K~ by
zt, as well as requiring the invariant mass to be within
100 MeV/c? (17.506) before the vertex fit and 19 MeV/c?
(4.10) after the vertex fit. The optimization of selection
criteria is described later. The candidates are required to
satisfy a very loose selection based on a per-degree-of-
freedom y? from each kinematic fit in the described
procedure. This selection rejects incorrectly reconstructed
candidates and is practically 100% for correctly recon-
structed events, while the background is suppressed by
a factor of approximately 10. The requirements applied to
the reconstructed invariant masses after kinematic fitting
are 91% efficient and remove 89% of the remaining
background.

To reconstruct signal B meson candidates, we use the
beam-energy-constrained B mass My, =/ Er.,./c* — p3/c?
and the energy difference AE = Ep — Ejeo, Where pg, Ep,
and E.,, are the momentum and energy of the B
candidate, and the beam energy, respectively, evaluated
in the e*e™ center-of-mass frame. The momentum and
energy of the B candidate are evaluated by adding together
the four-momenta of A° and Q¥ candidates after vertex fits
with mass constraints. No vertex fit is performed for the B
candidate, as doing so is found to have no tangible benefit
for background suppression and separation between the QY
and Q.(2770)° signals. We require My, > 5.200 GeV/c?
and —400 MeV < AE <300 MeV. The efficiency of these
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FIG. 2. The distributions of the best candidates in data events
after applying all selection criteria in the analyzed region of AE
vs My, for SM-compatible A°Q? (left) and exclusively-BSM
A%Q0 (right) reconstructed final states. The candidates are shown
with square markers. The smaller boxes with red and blue
outlines show the signal regions for final states with Q0 and
Q.(2770)°, respectively. The larger box with a green outline
represents the separation between the blinded region and the
sideband.

last two selection criteria exceeds 99%. We define signal
regions for final states with Q¥ to be M. > 5.270 GeV/c?
and =70 MeV < AE <70 MeV, and for final states with
Q.(2770)° to be My, > 5.265 GeV/c? and —145 MeV <
AE < =20 MeV. Each of the two signal regions contains at
least 98% of the respective signal. A slightly larger region,
My, > 5.260 GeV/c? and =200 MeV < AE < 100 MeV,
which includes the union of the two signal regions, is
blinded. The nonblinded region of My, and AFE defines the
sideband. The defined regions are illustrated in Fig. 2.

When events contain more than one candidate (which
occurs 4.2% of the time in signal MC, corresponding to the
average candidate multiplicity of 1.05), we select the best
candidate according to the smallest value of cumulative y?
obtained from the four vertex fits with mass constraints.
Multiple candidates in this analysis are usually associated
with particles of relatively low p;, when multiple tracks
with similar parameters are reconstructed for the same
charged particle. We study signal MC events to prove that
our procedure selects candidates with the best invariant
mass and AFE resolutions. Simulation demonstrates that, for
events with multiple candidates, the best candidate selected
by our method has all six signal particles reconstructed
correctly in 93% of signal MC events. The best candidate is
selected after applying all other analysis requirements.
While the data and generic MC clearly contain A° and
QY mesons, the distributions of My, and AE for simulation
exhibit only nonpeaking background, which is of combi-
natorial origin.

The background suppression and analysis sensitivity
optimization are performed using the signal region for
the SM-compatible channel with QY. To suppress combi-
natorial background, the Q~ decay length requirement is
optimized by maximizing the S/+/B figure of merit (FOM),
where S and B are the numbers of signal and background
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MC events satisfying this requirement. To provide better
sensitivity to the SM signal, the requirements applied to the
reconstructed invariant masses of A?, Q™ and QU after the
vertex fits are optimized by maximizing the value of
Punzi’s FOM [14]: &(¢)/(a/2 + \/B(t)), where £(t) and
B(t) are the signal reconstruction efficiency and the number
of background events expected in the signal region for a
given set of requirements, ¢ (applied to the reconstructed
invariant masses), respectively. The quantity a is the
desired significance in units of standard deviation. To
predict B(t), we multiply the number of events in the data
sideband by the ratio of the numbers of events in the signal
region and sideband in our generic MC sample. We require
the optimized values of these selection criteria to be at least
4 units of Gaussian resolution away from the nominal
masses [8]. This leads us to use @ = 10. The choices made
for the rest of the selection criteria represent a balance
between maximizing the efficiency and minimizing the
systematic uncertainties. The overall detection efficiencies
for individual channels are in the range between 11.5%
and 12.4%.

After applying all selection criteria, the total numbers of
events remaining in data outside the blinded regions for
final states A°Q and A°Q? are 16 and 2 events, respec-
tively. Using MC simulation, we estimate that both had-
ronic continuum and nonsignal BB events contribute to the
sideband. Using sideband data and the scaling factor of
0.10 £ 0.04 (0.09 £ 0.06) obtained from generic MC, we
expect to find 1.6 + 0.7 (0.18 + 0.17) background events in
the blinded region for SM-compatible (exclusively-BSM)
channels.

Upon unblinding, in addition to the 16 events in the
sideband, we find five events in the blinded region for
the SM-compatible channels [of which no events are in the
A%QY signal region and three events are in the A°Q,.(2770)°
signal region]. In the exclusively-BSM channels, two events
are observed, both outside the blinded region. The numbers
of events observed in data are shown in Table I. The
two-dimensional distributions of AE vs M, for the best
candidates in data events are shown in Fig. 2. The obser-
vation of five events in the SM blinded region including three
events in the A°Q,(2770)° signal region is consistent with
SM background expectations. The statistical significance of

TABLE 1. Numbers of events observed in data and background
estimates.

Numbers of Blinded ~ A°Q? signal A°Q.(2770)°
events Total  region region signal region
AQ0 data 21 5 0 3
Background N/A 1.6+£0.7 044+045 0444045
A%Q0 data 2 0 0 0
Background N/A 0.18+0.17 0.00+0.12 0.12+0.15

such background fluctuation is less than 3 standard devia-
tions. When we estimate the upper limits we assume that no
background is expected in the signal region.

Systematic uncertainties arise from imprecise knowledge
of various efficiencies and other quantities detailed in
Table II. We assign a 0.35% uncertainty for tracks recon-
structed for charged particles with p; > 200 MeV/c [15]
and a 1.2% uncertainty for particles with 50 MeV/c <
p1 <200 MeV/c [16]. Therefore, based on the fractions
of signal MC particles in these two momentum regions, we
assign 2.9% to the total uncertainty for all six tracks.
Uncertainties due to PID selection for charged kaons
and pions are obtained from high-statistics comparisons
between MC and data [17]. As no dedicated study has been
performed for the 98%-efficient proton PID requirement
R,k 2 0.1, we assign a 2% uncertainty on the basis of its
high efficiency. To estimate the magnitudes of possible
MC-data differences in the efficiencies of selection criteria
applied to the Q™ decay length, y? from kinematic fits and
the reconstructed masses, we vary selection criteria within
ranges typical for Belle analyses as described below.
Uncertainties for the requirements applied to the Q™ decay
length and reconstructed masses are determined by varying
the values of selection criteria by +10% and using the
change in the efficiency as an estimate of systematic
uncertainty. Similarly, the systematic uncertainty in the
efficiency of the vertex-mass kinematic fits y? criteria is
estimated as the larger change in reconstruction efficiency
for signal MC when the y? requirement is varied by £25
with respect to the nominal value of 100. The total
uncertainty for M. and AFE selection criteria is estimated
to be 0.5% which is half of their inefficiency. Uncertainties
on daughter branching fractions, B(Q~ — A°K~) = 0.678
and B(A® — pz~) = 0.641, and on the number of B’B°
pairs in Belle data, Ngoz = 374 x 10°, are taken from

TABLE II. Summary of relative systematic uncertainties.
Source Uncertainty (%)
Track reconstruction (overall) 2.9
7t PID (for Q0 — z+tQ™) 0.8
K~ PID (for Q- — K-A%) 1.4
p PID (for A° decays) 2x 1.0
Decay length (©27) 2.0
Reconstructed masses 4 x0.5
Vertex fits (y?) 1.5
M,. and AE 0.5
B(Q~ — A°K") 1.0
B(A® - pr7) 2x0.7
NBOB[) 29
Detector charge asymmetry 0.8
Polarization of baryons 0.5
MC statistics 0.7
Overall (o,) 6.2
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Refs. [8] and [4,18], respectively. The relative difference
between efficiencies for the charge-conjugate final states in
MC is approximately 0.4%. This detector charge asym-
metry arises because of the difference in the detector
response to particles and antiparticles. While simulation
is known to underestimate this effect, in our analysis its
impact is reduced because we combine charge-conjugate
final states in efficiency estimates. To account for limi-
tations of our approach, a relative systematic uncertainty of
0.8% is assigned to the efficiencies, which is twice that
of the MC-predicted difference between efficiencies of
individual charge-conjugate states. The possible presence
of BSM amplitudes could affect angular distributions of
baryons in the signal decay chain. This effect is likely to
be small in decays of pseudoscalar B mesons. To be
conservative, we assign a relative systematic uncertainty
of 0.5% based on MC studies of the efficiency’s depend-
ence on helicity angles, i.e., the baryons’ polarization.
Finally, the relative uncertainty due to MC statistics is
determined using the formula (/e x (1 —¢€)/N x (1/¢),
where € is the overall signal reconstruction efficiency and N
is the number of signal MC events (before reconstruction).
We combine the uncertainties for all contributions in
quadrature, while also taking into account the 100%
correlation between two A’ — pz~ decays, two protons
and correlated selection criteria for reconstructed masses, to
estimate the overall systematic uncertainty o, to be 6.2%.

We estimate the 95% CL upper limits on the products of
branching fractions B(B — A’Q") x B(Q? — Q~7*) as
U,/(2x Ngogo x € x B(Q™ = A’K™) x B(A* - pr™)?),
where B is assumed to be solely either B® or B°, and
U, is the 95% CL upper limit on the number of events.
Systematic uncertainties are included using the app-
roach by Cousins and Highland [19]: U, = U,o(1 +
(U, — n)6?/2), where n is the number of events observed
in data in the signal region (including the charge-conjugate
final state). To estimate Uy, the 95% CL upper limit on the
number of events in data without systematic uncertainties,
we use the upper bounds of the 90% CL intervals tabulated
in the seminal paper by Feldman and Cousins [20]. When
using these confidence intervals, we assume that no back-
ground events are expected in either signal region. For the
channel where three events are observed, we extend the
lower bound of the respective CL interval to 0. This
procedure is motivated by a large uncertainty in back-
ground estimates and results in overcoverage. Various
quantities necessary to complete the calculations are shown
in Tables II and III. Following the procedure described
above, we summarize the resulting 95% CL upper limits in
Table IV. The upper limits on the products of branching
fractions B(B — A’QL"%) x B(Q® — Q~7") are estimated
similarly.

In summary, we use the full data sample recorded by the
Belle experiment at the Y'(4S) resonance to search for SM

TABLE III. Information needed for upper limit estimates.
Channel AQY AQ.(2770)°  APQY  A%Q,.(2770)°
€ (%) 12.1 11.5 12.4 11.8

n (events) 0 3 0 0

U,o (events) 2.44 7.42 2.44 2.44

U, (events) 2.45 7.48 2.45 2.45

TABLE IV. Summary of the results.

Quantity (xB(Q2 — Q~zt)) Upper limit (at 95% CL)

B(B - A°Q?) 9.7 x 1078
B(B - A’Q.(2770)°) 312 x 1078
B(B — A°Q? 9.5x 1078
B(B — A’Q.(2770)%) 10.0 x 1078

and BNV two-body decays of neutral B mesons to Q0 or
Q.(2770)°, and A°. We observe no statistically significant
signals and set 95% CL upper limits in the range between
9.5 x 1078 and 31.2 x 1078 on the products of neutral B
meson branching fractions to A? and Q" with B(Q —
7" Q7). The analysis presented in this article is the first study
of such SM-compatible and exclusively-BSM decays.
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