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Evidence for the baryonic decay B® — D'AA
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54b

Evidence is presented for the baryonic B meson decay B — D°AA based on a data sample of 471 x 10°
BB pairs collected with the BABAR detector at the PEP-IT asymmetric e*e™ collider located at the SLAC
National Accelerator Laboratory. The branching fraction is determined to be B(B° —>D0A1_X) =
(9.83‘69 +1.9)x107°, corresponding to a significance of 3.4 standard deviations including additive
systematic uncertainties. A search for the related baryonic B meson decay B — DYZ0A with X0 — Ay is
performed and an upper limit B(B® — D°S°A + B — DYAZ?) < 3.1 x 10~° is determined at 90%

PHYSICAL REVIEW D 89, 112002 (2014)

confidence level.

DOI: 10.1103/PhysRevD.89.112002

I. INTRODUCTION

Little is known about the mechanism of baryon produc-
tion in weak decays or in the hadronization process. Baryons
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are produced in (6.8 + 0.6)% of all B meson decays [1]. Due
to this large rate, B meson decays can provide important
information about baryon production. Due to the low energy
scale, perturbative quantum chromodynamics (QCD) can-
not be applied to this process. Furthermore, lattice QCD
calculations are not available. The description of baryonic B
decays thus relies on phenomenological models.

Pole models [2] are a common tool used in theoretical
studies of hadronic decays. Meson pole models predict an
enhancement at low baryon-antibaryon masses. In many
three-body decays into a baryon, an antibaryon and a
meson, the baryon-antibaryon pair, can be described by a
meson pole, i.e., the decay of a virtual meson with a mass
below threshold. This leads to a steeply falling amplitude at
the threshold of the baryon-antibaryon mass and explains
the enhancement observed in decays such as B~ — A, pz~
[3,4], B~ = ppK~ [5-7], and B® = D°pp [8,9].

112002-3
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In addition to the meson pole models described above,
there are baryon pole models in which the initial state
decays through the strong interaction into a pair of baryons.
Then, one of these baryons decays via the weak interaction
into a baryon and a meson. For such baryon pole models,
no enhancement at threshold in the dibaryon invariant mass
is expected.

The decay of a B meson into a D° meson and a pair of
baryons has been the subject of several theoretical inves-
tigations [10,11]. Reference [11] predicts the branching
fractions for B® - DAA decays and for the sum of the
BY — DOAZ? and B® — DO30A decays to be

B(B° = D°AA) = (2+1) x 107°,
B(B® - DAL’ + B° —» DO30A) = (1.8 £+ 0.5) x 1073,
(1)

It is impractical to separate the B — DYAX’ and
B® - D39\ decays since each leads to the final
state AAy.

As can be seen from the Feynman diagrams shown in
Fig. 1, the only difference between the B° — D°pp decay
on the one hand and the B® - D°AA and B° - DOX0A
decays on the other hand is the replacement of a un
pair with an s5 pair. In the hadronization process,
s5-pair production is suppressed by about a factor of three
compared to uii - or dd -pair production [12]. Furthermore,
since both A and Z° baryons can be produced, there are four
possible final states with an s5 pair (AA, AZ°, X°A, and
30%9) compared to only one for a uit pair (pp), neglecting
the production of excited baryons. Assuming equal pro-
duction rates for these four modes and that the spin-1/2
states dominate, a suppression of a factor of ~12 is
expected for BY — DYAA decays compared to B’ —
D°pp decays, where the branching fraction of the latter
process is B(B® — Dpp) = (1.04 £ 0.04) x 107 [1].

The branching fraction for B — D°AA has been mea-
sured by the Belle Collaboration to be B(B® — DAA) =
(10.5737 £ 1.4) x 107° [13]. There are no previous results
for the B — D°Z°A decay mode.

PHYSICAL REVIEW D 89, 112002 (2014)
II. THE BABAR EXPERIMENT

This analysis is based on a data sample of 429 fb~! [14],
corresponding to 471 x 10° BB pairs, collected with the
BABAR detector at the PEP-II asymmetric-energy e™ e~
collider at the SLAC National Accelerator Laboratory at
center-of-mass energies near and equal to the Y (4S) mass.
The reconstruction efficiency is determined through use of
Monte Carlo (MC) simulation, based on the EVTGEN [15]
program for the event generation and the GEANT4 [16]
package for modeling of the detector response. The MC
events are generated uniformly in the B — D°AA and
BY — D°3°A phase space.

The BABAR detector is described in detail elsewhere
[17,18]. Charged particle trajectories are measured with a
five-layer double-sided silicon vertex tracker and a 40-layer
drift chamber immersed in a 1.5 T axial magnetic field.
Charged particle identification is provided by ionization
energy measurements in the tracking chambers and by
Cherenkov-radiation photons recorded with an internally
reflecting ring-imaging detector. Electrons and photons are
reconstructed with an electromagnetic calorimeter.

III. RECONSTRUCTION OF A BARYON, D
MESON, AND B MESON CANDIDATES

We reconstruct A baryons through the decay mode A —
pa~ and D° mesons through the modes D° — K-zt
D° - K~ntntn~,and D° - K~2"z° [19]. Charged kaon
and proton candidates are required to satisfy particle
identification criteria. Charged pions are selected as
charged tracks that are not identified as a kaon or proton.

Candidate 7° mesons are reconstructed from two sepa-
rated energy deposits in the electromagnetic calorimeter not
associated with charged tracks. To discriminate against
neutral hadrons, the shower shape of each deposit is required
to be consistent with that of a photon [20]. Furthermore, we
require E(y;) > 0.125 GeV and E(y,) > 0.04 GeV, where
E(y,) and E(y,) are the energies of the photon candidates,
with E(y;) > E(y,). The photon-photon invariant mass is
required to lie in the range m(yy) € [0.116,0.145] GeV/c?.

The A daughters are fit to a common vertex and the
reconstructed mass is required to lie within three standard

=0lb c _ b
BYYZ DY po
d a g

N
B

FIG. 1 (color online).

Leading-order Feynman diagrams for the decays B — D°NN. Setting ¢ = u leads to the D°pp final state and

setting g = s to the D'AA, D3OA, DOASC, and D250 final states.
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FIG. 2 (color online). Dalitz plot for simulated D° — K~z *z°
events before (gray stars) and after (black crosses) the wp,ji, >
0.02 requirement. Resonant decays are indicated.

deviations of the nominal value [1], where the standard
deviation is the mass resolution. We select A candidates by
requiring the flight significance L,/ to exceed 4, where
L, is the A flight length in the transverse plane and o, its
uncertainty. The X° baryons are produced in the decay
> — Ay, and the photon is not reconstructed.

The D° daughter candidates are fit to a common vertex,
and the reconstructed mass is required to lie within three
times the mass resolution from their nominal values [1].
The signal-to-background ratio for D° — K~z277z° is
improved by making use of the resonant substructure of
this decay, which is well known. Using results from the
E691 Collaboration [21], we calculate the probability wpi,
for a D° candidate to be located at a certain position in
the Dalitz plane. We require wp,;, > 0.02. Figure 2 shows
the Dalitz plot distributions, based on simulation, for
candidates selected with and without the wp,;;, requirement.

The D° and A candidates are constrained to their
nominal masses in the reconstruction of the B® candidates.
We apply a fit to the entire decay chain and require the
probability for the vertex fit to be larger than 0.001.

TABLE I. Summary of selection criteria.

Selected candidates

m,, € [1.112,1.120] GeV /c?
L/oy, >4
mg, € [1.846,1.882] GeV/c?
Mizre € [1.852,1.876] GeV/c?
0.05 < LAT(y,;) < 0.55
LAT(y,) > 0.075

Selection criterion

A/A mass

Flight significance

D’ — K~z mass

D - K7tz 7z~ mass
Lateral parameter y,
Lateral parameter y,
Calorimeter energy 7, E(y;) > 0.125 GeV
Calorimeter energy E(y,) > 0.04 GeV

7° mass m,, € [0.116,0.145] GeV/c?
DY » K=t 7% mass My € [1.81,1.89] GeV/c?
Dalitz weight Wpalitz > 0.02

B vertex probability p(B) > 0.001

Fisher discriminant F >0.1

PHYSICAL REVIEW D 89, 112002 (2014)

To reduce background from ete™ — gg events with
q = u,d, s, c, we apply a selection on a Fisher discriminant
F that combines the values of | cos Oy, |, where Oy, is the
angle between the thrust axis of the B candidate and the
thrust axis formed from the remaining tracks and clusters in
the event; |cos®,|, where 6. is the angle between the B
thrust axis and the beam axis; | cos ¢|, where ¢ is the angle
between the B momentum and the beam axis; and the
normalized second Fox Wolfram moment [22]. All these
quantities are defined in the center-of-mass frame. All
selection criteria are summarized in Table 1.

IV. FIT STRATEGY

We determine the number of signal candidates with a
two-dimensional unbinned extended maximum likelihood
fit to the invariant mass m(D°AA) and the energy sub-
stituted mass mgg. The latter is defined as

B (2)

where /s is the center-of-mass energy, p the B candidate’s
momentum, and (Ey, py) the four-momentum vector of the
eTe” system, each given in the laboratory frame. Both
m(D°AA) and mgg are centered at the B mass for well-
reconstructed B decays.

Due to the small mass difference of 76.9 MeV/c? [1]
between the A and X° baryons, B® — DZ0A decays,
where the X° decays radiatively as X° — Ay, are a source
of background. Such events peak at the B mass in mgg and
are slightly shifted in m(D°AA) with respect to B —
DPAA (Fig. 3). We account for this decay by including an
explicit term in the likelihood function (see below), whose
yield is determined in the fit.

We divide the data sample into three subsamples
corresponding to the D° decay modes. Given their different
signal-to-background ratios, we determine the number of
signal candidates in a simultaneous fit to the three inde-
pendent subsamples. We study simulated samples of signal
and background events and find no significant correlation
between mgg and m(D°AA). Therefore, we describe each
B® - D°AA signal sample with the product of a
Novosibirsk function in mgg and a sum of two Gaussian
functions f9¢ in m(D°AA). The Novosibirsk function is
defined as

fNOVO(mES) =exp |:_% <1n2[1 +/1(Z(2mES _Iu)] + a2>:| ,

4 = sinh(aVIn4)/(caVin4), (3)

Mgg = \/(S/2 +po-ps)*/E5—p

with u the mean value, o the width, and « the tail parameter.
The decay B — D°3CA is described by the product of a
Novosibirsk fNevel = function in mgg and a sum of another
Novosibirsk function fNvo2X' and a Gaussian G* in
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FIG. 3 (color online). Distributions for B — D°AA (left) and B® —

mode in simulated events.

m(D°AA). All parameters are determined using Monte

Carlo simulated events and are fixed in the final fit.

Background from e*e™ — ¢g events and other B meson

decays is modeled by the product of an ARGUS function

[23] in mgg and a first order polynomial in m(D°AA).
The full fit function is defined as

1 Bk:
fit= A ¥ g g

= £ mgg) x £96(m(DOAR)) + £ (1)

x [YV2E (m(DOAR)) + G¥' (m(D°AR))]

J

+ [ARGUS (mg) x 7% (m(DPAR)), (4)

where the index j corresponds to the three D°

decay modes.
The branching fraction is determined from

N(B° = D°AA)
2NBOBO X &
1
B(A - pr)*B(D° - X)’

B(BO — DOA/_\) =

(5)

X

where N(B° — DYAA) is the fitted signal yield, N zzo the
number of the B°B° pairs assuming B(Y(45)4S —
BBY%) = 0.5, & the average reconstruction efficiency, and
B(A - pr)and B(D° — X) the branching fractions for the
daughter decays of A and DY, respectively. An analogous
expression holds for B(B® — D°X°A). The average effi-
ciency & is defined as No./Nge, using signal MC events,
where N, is the number of reconstructed signal events
after all cuts and N, the number of all generated events
assuming a phase space distribution.

We perform a simultaneous fit of the three D° decay
channels to obtain
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DOSOA reconstructed as B — D°AA (right) for the D* — K~z

N(B° = DOAR)
#\B(D° - X)
N(B® — D°A)
&' B(D° - X)

Ny =

)

Nz() —

The likelihood function is given by
~(&B;N\+NP 425 BN )

N()!

e

L-1]
J
NG)

X H [E?BjNAfj'\(mESk» m(DOA]\)k)
3

+ N}Bkgf?kg (mESk, m(DOAI_\)k)
+ &' B;Nso ¥ (mpsg. m(D°AR), )] (7)

where B, is the branching fraction for the jth D° decay,
N?kg the number of combinatorial background events in the
jth subsample, N, and N0 the yields of B® — D°AA and
B® — DO3YA, and &} and EJE.O the average efficiencies for
the jth D° decay.

V. SYSTEMATIC UNCERTAINTIES

We consider the following systematic uncertainties: the
uncertainties associated with the number of BB events,
the particle identification (PID) algorithm, the tracking
algorithm, the z° reconstruction, the D° and A branching
fractions, the efficiency correction, and the fitting algorithm.

The uncertainty associated with the number of BB pairs
is 0.6%. We determine the systematic uncertainty associ-
ated with the PID by applying different PID selections
and comparing the result with the nominal selection. The
difference is 0.8%, which is assigned as the PID uncer-
tainty. The systematic uncertainty associated with the
tracking algorithm depends on the number of charged
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tracks in the decay. We assign a systematic uncertainty of
0.9% for the D° - K~z" and D° — K~z 2" decays and
1.2% for the D° - K~z ztx~ decay. A 3% uncertainty is
assigned to account for the z° reconstruction in D° —
K~n" 7" decays. A detailed description of these detector-
related systematic uncertainties is given in Ref. [18].

We rely on the known D° branching fractions in our fit.
To estimate the associated systematic uncertainty we vary
each branching fraction by one standard deviation of its
uncertainty [1] and define the systematic uncertainty to be
the maximum deviation observed with respect to the
nominal analysis. We divide m(AA) into six bins and
determine the total reconstruction efficiency ¢; in each bin.
We determine the uncertainty due to the use of the average
efficiency & by studying |e; — €|/ as a function of m(AA).
We average these values and take the result of 16.3%
(D - K=7%),19.6% (D° - K=n*z°), and 16.8% (D° —
K-ztn"x7) as our estimate of the systematic uncertainty
for the efficiency. We estimate the systematic uncertainty
due to the fit procedure by independently varying the fit
ranges of mgg and m(DCAA). The largest differences in the
signal yield are 3.9% for the change of the mggq fit range and
2.1% for the change of the m(D°AA) fit range. To check
our background model, we use a second-order polynomial
in m(D°AA) instead of a first-order polynomial. The signal
yield changes by 1.1%. We use an ensemble of simulated
data samples reflecting our fit results to verify the stability
of the fit. We generate 1000 such samples with shapes and
yields fixed to our results and repeat the final fit. We find no
bias in the signal-yield results. All systematic uncertainties
are summarized in Table II.

The total systematic uncertainty, obtained by adding all
sources in quadrature, is 20.1%.

TABLE 1II,
BY - DOAA.

Summary of the systematic uncertainties for

Source Relative uncertainty

Additive uncertainty

Fit procedure 4.6%
Multiplicative uncertainties
BB counting 0.6%
Particle identification 0.8%
Tracking
DY - K-zt 0.9%
D° - K~ nta° 0.9%
D’ - K- ntata 1.2%
7 systematics
D = K~ztza0 3.0%
D and A branching fractions 2.9%
Variation over phase space
D - K=zt 16.3%
D’ - K—ntz’ 19.6%
DY - K- ntata 16.8%
Total uncertainty 20.1%
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VI. RESULTS

The one-dimensional projections of the fit are shown in
Fig. 4. We find

N, = 1880728,
Nyo = 28707580 (8)

The statistical significance is calculated as /—21log Ly/Ls,
where L is the likelihood value for a fit without a signal
component and L is the likelihood value for the nominal fit.
The statistical significance of the combined B® — DYAA
and B® — DY0A yields is 3.9 standard deviations (o), while
those of the individual B — D°AA and B° — DA
results are 3.46 and 1.20, respectively. Multiplicative
systematic uncertainties do not affect the signal significance.
Additive systematic uncertainties affecting the significance
are negligible in this analysis compared to the statistical
uncertainty. We therefore quote the statistical significance as
the global significance.
The branching fractions are

B(B® —» D°AR) = (9.873¢ £1.9) x 107°,
B(B® — DYSOA + B® — DOAS) = (1570 £3) x 107°,
©)

where the first uncertainties represent the statistical uncer-
tainties and the second the systematic uncertainties. As a
cross-check of the method, independent fits to the three
subsamples are performed. The results of each of these fits
are consistent with each other and with the nominal
combined fit.

Since the statistical significance for B(B® — DA +
BY - DYAX) is low, a Bayesian upper limit at the 90%
confidence level is calculated by integrating the likelihood
function,

B(B® — DA + B® — DYA%0) < 3.1 x 107°.  (10)

To investigate the threshold dependence, we perform the
fit in bins of m(AA) and examine the resulting distribution
after accounting for the reconstruction efficiency and D°
branching fractions. The results are shown in Fig. 5. No
significant enhancement in the B — DYAA event rate is
observed at the baryon-antibaryon mass threshold within
the uncertainties, in contrast to B — D°pp decays, which
do exhibit such an enhancement [8].

We compare our results for the B® - DAA and B —
DPX0A branching fractions to theoretical predictions. The
result we obtain for the B® — D°X°A branching fraction is
consistent with the prediction of B(B®—D°S'A+B°—
DPAL?)=(184+5)x107® from Ref. [11]. However, the
obtained result for the B — D°AA branching fraction is
larger than the prediction of B(B® — D°AA)=(2+1)x107°
[11] by a factor of
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Results of the combined fit. The mgg projection is shown for m(D°AA)

PHYSICAL REVIEW D 89, 112002 (2014)

_ 7;_ T T T T _;
T oo =
3 SE 3
= E 3
o 4E E
< g 3
5 R i
= 07 olel ol _r’ ol /_. /_ Leiely poas
5.15 5.2 5.25 53 5.35 5.4
m(D’AR) (GeV/c?)
T T T _E
% 16 3
S 14 3
[*] =
= 12 3
S 10 1 =
2 6 7 /' IREE
: s
@ 2 ///?/ //?////?////?/
o (AL I SIS ISP ISP,
5.15 5.2 5.25 53 5.35 54
m(D°AR) (GeV/c?)
— 16 I I —z
REIRE E
Z o1 =
= 10 =
= ® =
— 8 —
- (] [ E
PR Y > =
Yy vy
& 7700
5.15 52 5.25 53 5.35 54

m(D°AR) (GeV/c?)

€[5.15,5.31] GeV/c? and the

m(D°AA) projection for mgg € [5.272,5.286] GeV/c?. The solid line shows the result of the fit, the dashed curve indicates the
BY — DY%0A contribution, and the shaded histogram the combinatorial background. From top to bottom: D° — K~z%, D® — K=z%x°,

and D° — K~z zt 2~ subsamples.

800~

600~

400—

Events / (0.2 GeV/c?)

n

o

=}
I

24 26 28 3 32 34
m(ARA) (GeV/c?)

FIG. 5 (color online). Distribution of the invariant baryon-
antibaryon mass for D°-branching-fraction and efficiency-
corrected B° — DYAA signal candidates. The data points
represent the BABAR data and the shaded histogram indicates
phase-space-distributed simulated events, scaled to match the
area under the data.

B(B° = D°AA),,
_ P —4943.0. (11)
B(BO - DoAA)theo

We further determine

B(B® — DA + B® — DAL?)
B(B° — DAA)

=15+09, (12)

which is in agreement with our assumption that all four
modes B? — DAA, B° —» DY3OA, BY — DOAZC, and
BY - DY39%0 are produced at equal rates. For the ratio
of branching fractions, we find

B(EO - DOA/_\) _ 1
B(B" = D°pp) 10.6+£3.7’

(13)

using B(B® — D°pp) = (1.04 £ 0.04) x 10~* [1]. This is
in agreement with the expected suppression of 1/12
discussed in the Introduction.
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VII. SUMMARY

We find evidence for the baryonic B decay B’ — D°AA.
We determine the branching fraction to be B(B® - D°AA) =
(9.873¢+£1.9)x 107° with a significance of 3.4 including
additive systematic uncertainties. This is in agreement with
the Belle measurement [13]. Within the statistical uncer-
tainty, our results support either a moderate threshold
enhancement or no enhancement at all. The result for the
branching fraction is in agreement within 1.3 standard
deviations with theoretical predictions based on measure-
ments of B® — D°pp and with simple models of hadroni-
zation. We find no evidence for the decay B® — D°X°A
and calculate a Bayesian upper limit at 90% confidence
level of B(B’— DA+ B%— DOAT?) <3.1x107°. This
result is in agreement with the theoretical expectation.
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