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We report the study of BT — pAK*K~ and B — pAK+tK" decays using a 772 x 10° BB pair
data sample recorded on the Y(4S) resonance with the Belle detector at KEKB. The following
branching fractions are measured: B(B* — pAK*K~) = (4.1010:5 £0.50) x 107%, B(B* — pAK*K*) =
(3.701039 £0.44) x 107°, B(n, —» pAK~ +c.c.) = (2.83103% £0.35) x 107 and B(B* — pA¢) =
(7.9542.09 4+ 0.77) x 1077, where c.c. denotes the corresponding charge-conjugation process. The
intermediate resonance decays are excluded in the four-body decay measurements. We also find evidence
for B(, = A(1520)A +c.c.) = (3.48 £ 1.48 £ 0.46) x 1073 and B(B* — A(1520)AK*) = (2.23+

0.63 4 0.25) x 1079.

No significant signals are found for J/yw — A(1520)A +c.c. and B* —

A(1520)AK™; we set the 90% confidence level upper limits on their decay branching fractions as

< 1.80 x 1073 and < 2.08 x 107°, respectively.

DOI: 10.1103/PhysRevD.99.032003

Baryonic B decays have been studied at the B-factories
[1], and many intriguing features have been found. Baryon-
antibaryon pairs are produced almost collinearly in most
baryonic B decays such that their masses peak near
threshold. There seems to exist a hierarchical structure
in the branching fractions of multibody decays, e.g.,
B(B® — pA;ntn™) > B(BT — pA;x*) > B(B® = pA7)
[2,3]. The angular distribution of the proton against the
energetic meson (K or z~ for the following cases) in the
dibaryon system of B* — ppK* and B — pAz~ show a
trend opposite to those predicted by theory [1]. These two
decays occur presumably via the b — sg penguin process,
where g denotes a hard gluon.

Lately, many more interesting phenomena in baryonic B
decays have been found by the LHCb experiment, e.g., very
rare two-body decays like B® — pp [4], first evidence for
CP violation in baryonic B decays [5], baryonic B, decay
[6], baryonic B, decay [7], and many first observations of
four-body B° and B, decays [8].

A generalized factorization picture [9] can qualitatively
explain some of the experimental findings. However, the

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

predicted branching fractions may differ by a factor of ten
from experimental measurements, e.g., B — pAD*~ [10].
Later theoretical predictions [11] better compare with data
after using improved baryonic form factors. It is clear that
further studies of baryonic B decays are needed in order to
improve theoretical understanding. In this paper, we report
measurements of BT — pAKTK~ and B* - pAKTK™,
for which theoretical predictions of B(B* — pAK*K™)
[12] and B(B* — pAg) [13] are available.

The data sample used in this study corresponds to an
integrated luminosity of 711 fb~!, which contains 772 x
10% BB pairs produced at the T (4S) resonance. The Belle
detector [14,15] is located at the interaction point (IP) of
the KEKB asymmetric-energy et (3.5 GeV) e~ (8 GeV)
collider [16,17]. It is a large-solid-angle spectrometer
comprising six specialized subdetectors: the Silicon Vertex
Detector, the 50-layer Central Drift Chamber (CDC), the
Aerogel Cherenkov Counter (ACC), the Time-Of-Flight
scintillation counter (TOF), the electromagnetic calorimeter
(ECL), and the Kg and muon detector (KLM). A super-
conducting solenoid surrounding all but the KLLM produces
a 1.5 T magnetic field.

In this analysis, we combine pAKTK~ (pAKTK™) to
form B' candidates. We require charged particles (tracks
from A are excluded) to originate near the IP, less than
1.0 cm away along the positron beam direction and less
than 0.2 cm away in the transverse plane. To identify a kaon
or a proton track, we use the likelihood information from
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the charged-hadron identification system (CDC, ACC,
TOF) [18] and apply the same selection criteria as in
Ref. [19]. We use information from ECL and KLLM to reject
charged particles resembling electrons and muons. We
require A(pr~) candidates to have a displaced vertex that
is consistent with a long-lived particle originating from the
IP and a mass between 1.111 and 1.121 GeV/c?.

We use the following two variables, AE = E,..on — Epeam
and My, = v/ (Epeam/%)?> = (Precon/ ), to identify signal,
where E,.con/Precon and Epe,m are the reconstructed B
energy/momentum and beam energy measured in the
Y(4S) rest frame, respectively. We define 5.24 < My, <
5.29 GeV/c? and |AE| < 0.2 GeV as the fit region; 5.27 <
My, < 5.29 GeV/c? and |AE| < 0.03 GeV as the signal
region.

The dominant background is from the continuum proc-
ess (ete™ = qq, ¢ = u, d, s, ¢). We generate phase space
BT — pAK*K~ and Bt — pAKTK* signal events and
continuum background using EvtGen [20] and later process
them with a GEANT3-based detector simulation program
that provides the detector-level information [21]. These
Monte Carlo (MC) samples are used to optimize the signal
selection criteria. We use a neural network package,
Neurobayes [22], for background suppression. There are
21 input variables for the training of Neurobayes: 17
modified Fox-Wolfram moments treating the information
of particles involved in the signal B candidate separately
from those in the rest of the event [23,24] to distinguish
spherical BB events from the jetlike ¢g events, the missing
mass of each event, the vertex difference between the BT
candidate and the accompanying B, the angle between B*
flight direction and the beam axis in the T (4S) rest frame,
and the tagging information for the accompanying B [25].
The output value of Neurobayes is between +1 (BB-like)
and —1 (gg-like). The optimized selection and its related
systematic uncertainty is mode dependent.

We consider at most one B™ candidate in each event: if
there are multiple candidates, we select the one with the
smallest (v5 v + XA _yix)> Where yj ), represents the y°
value of B(A) vertex fit. The probability to have multiple B
candidates is less than 6% and the success rate of this
selection is larger than 92% according to MC study.

In the investigation of possible intermediate states in
BT — pAK*K~ and BT — pAKTK™, we check the mass
spectra from combinations of various final-state particles in
and near the signal region. We find many intermediate
resonances: 7., J /y and ., in M(pAK™); ¢ in M(K*K™);
A(1520) in M(pK~). As an example, Fig. 1 shows the pK~
mass distribution for pAK* K~ events in and near signal
region with all selection cuts applied (including the
charmonia veto and ¢ veto mentioned below). A clear
A(1520) peak is observed. After removing events in
the mass windows of resonances: 2.92 < M(pAK~) <
3.11 GeV/c* for n. and J/wy, 3.49 < M(pAK~) <
3.53 GeV/c? for y., 1.01 < M(K*K™) < 1.03 GeV/c?
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FIG. 1. Invariant mass distribution of pK~ for pAKTK~

candidate events.

for ¢, and 1.46 < M(pK~) < 1.58 GeV/c? for A(1520),
we still observe a large number of signal events. Ignoring
other possible but unseen intermediate resonances, we
attribute them to signal events of BY — pAKTK~ and
Bt —» pAKTK™ four-body decays. Note that there is no
significant D° peak found. We also find a threshold peak
mixed with the phase space distribution in the pA mass
spectrum. Therefore, we generate signal MC samples with
this feature to mimic data. This mixing ratio is mode
dependent in order to match with data.

We use an extended unbinned maximum likelihood
fit to extract signal yields of B¥ — pAK*K~ and B* —
DPAKTK™ four-body decays. The likelihood function is
defined as

_(N.\+Nb) N

e . . . .
TH(NsPs(AEZ’M{;C) + Ny Py(AE', My,.)).
' i=1

ﬁ:

where N is the number of total events, i denotes the event
index, Ny and N, are fit parameters representing the
numbers of signal events and background events, respec-
tively; P, and P, are the probability density functions of
signal and background, respectively.

Backgrounds like generic (b — ¢) B decays and other
rare (b — u, d, s) B decays, after investigation of MC
simulation, show no peak in the fit region. We combine
them with continuum background as the general back-
ground to fit with. We use Gaussian functions to model the
signal shapes in both AE and M, a second-order poly-
nomial function for the background AE distribution and an
ARGUS function [26] for the background M,,. distribution.
The fit results are displayed in Fig. 2. Note that the possible
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FIG. 2. Fit results of four-body decays in projection plots
of AE (527 <M,. <529 GeV/c*) and M, (JAE|<
0.03 GeV). (a), (c) are for the final state pAKTK~; (b), (d) are
for the final state pAKTK™.

feed-down events from Bt — pX’K*K~ and B* —
pEOK*TK* will form a peak around —0.1 GeV in the
AE spectra. The fit bias due to this excess around
—0.1 GeV is negligible (<0.4%). We apply the same fitting
procedure in bins of M 55 to determine the signal yields.
The corresponding normalized and efficiency-corrected
signal yield distributions are shown in Fig. 3.

0.3 _+_ _+_ pAK K
0.2 -
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0 \ \ + \ ++—0—y—'+\7
22 24 26 2,§ 3 3.2 3.4
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0 \ \ \ \ \ \
22 24 26 2,8 3 3.2 3.4
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FIG. 3. Normalized and efficiency-corrected signal yield dis-

tributions of M(pA) and M(pA) for four-body decays. Clear
threshold peaks are observed.

Since the signal yield is significant enough, we fix the
signal shapes in a similar likelihood fit to extract the signal
yields with intermediate resonances 7., J/w, y.1, A(1520)
and ¢. In addition to AE and M, we include the invariant
mass of an intermediate resonance as a third variable in our
fit assuming that the probability density function, P(M ),
is independent of P(AE, My.). We use the world average
mass and width values of these resonances to generate MC
samples [2]. For 57, and ¢, we use a Breit-Wigner function
convolved with a Gaussian function; for J/y and y.,, we
use the sum of two Gaussian functions in order to fit the
corresponding MC mass distributions; for A(1520), we use
one Breit-Wigner function. The obtained signal shapes are
fixed in the later data fit. We use a 2nd-order polynomial
function to model the background shape in the resonance
mass spectrum. The different components of the fit
function are the resonance signal (peaking in all spectra),

100 (a) + data 100 (b) + data
égt Rkesult ’ —Fit Result
ackgroun
80 - «. 7, signal S 80 - ?Su:;gﬂrglund
< EJ/V signal > e
3 _ BJ/¥ signal
2 60 B4-body decay g 60 b B4-body decay
= N2
S 5
3 £ 40t
§ H L
ir]
2 20 + + ++ .
0—0.2 -0.1 0 0.1 0.2
AE (GeV)

Events/(2 MeV/c?)
Events/(2 MeV/c?)

POL X X5
RF

Events/(10 MeV/c?)

Events/(10 MeV/c?)

2.8 29 3 3.1 3.2 28 2,9 3 31 .2
M(pAK™) (GeV/c?) M(PAK*) (CeV/c?)

FIG. 4. Fit results of BY —» 5. K*(y. » pAK~) and B*—
J/wK*(J/w—pAK~) with 2.75<M ;- /Mypg+<3.2GeV/c?
in projection plots of AE (5.27 < M. < 529 GeV/c?), M,
(JAE[ < 0.03 GeV) and M ;¢ /Mppx+ (in signal box). (a), (c),
(e) are for the final state pAKTK™; (b), (d), (f) are for the
final state pAKTK™. For illustration purpose, we only show
signal curve peaking in all spectra and four-body decay as
horizontal-line region, and merge all backgrounds as cross-
hatched region.
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four-body decay signal (only peaking in AE and M,,),
background with resonances produced by other processes
(only peaking in M) and nonpeaking background. In
contrast to fixed peaking shapes, all non-peaking shapes
are floated and determined from the fit. Figure 4 shows
the fit results for B — . Kt (5. = pAK~) and B* —
J/wK* (J)w — pAK~). Figure 5 shows the fit result of
BT — y,K*. Figure 6 shows the fit result of B — pAdg.
After applying charmonia veto and ¢ veto, the fit results of
Bt — A(1520)AK" and B* — A(1520)AK* are shown
in Fig. 7.

In the mass window of 7., we observe a clear resonance
in M(pK~), at the nominal mass of A(1520). So there
is a non-negligible fraction of 5. = pAK~ from 7, —
A(1520)l_\. In the same manner, we fit the AE, M,,,
M(pAK~) and M(pK~) spectra simultaneously in order
to determine the yields of 1, — A(1520)A and J/y —
A(1520)A. The fit results are shown in Fig. 8.
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FIG. 5. Fit results of B™ — y K" with 3.42 <M zx-/
Mppg+ < 3.6 GeV/c? in projection plots of AE (527 < M, <
5.29 GeV/c?), M,. (JAE| < 0.03 GeV) and M g~/ Mppk+
(in signal box). (a), (c), (e) are for the final state pAKTK™;
(b), (d), (f) are for the final state pAKTK™. For illustration
purpose, we only show signal curve peaking in all spectra and
four-body decay as horizontal-line region, and merge all back-
grounds as cross-hatched region.

The value of the fit significance is defined by

-2 x1In(Ly/L)(6), where L is the likelihood with
null signal yield and L, is the likelihood with measured
yield. In the above calculation, we have used the likelihood
function which is smeared by considering the additive
systematic uncertainties that would affect the fitted yield.
For those modes with fit significance less than 30, we
integrate the smeared likelihood function in order to find
out the upper limit yield at the 90% confidence level. That
1s, to calculate N that satisfies

AN L(n)dn = 0.9/0°° L(n)dn,

where L(n) denotes the likelihood function with the
condition that the number of signal events is fixed to the
value n.

For systematic uncertainty, we consider tracking uncer-
tainty per track for charged particles (0.35% for each
charged particle and 0.70% for A). The uncertainty of
the estimated number of BB pairs is 1.4%. The A selection
uncertainty is determined by the difference of the flight-
distance distribution between data and MC (3.0%). Some
of systematic uncertainties are mode-dependent. The uncer-
tainty in proton/antiproton identification is determined
by using the study of A/A (0.38% to 0.53%) in data,
while the uncertainty in kaon identification is deter-
mined from the study of D** — D", D - K=z% in
data (2.0% to 3.7%). We generate two kinds of signal MC:
one considering a threshold enhancement in the dibaryonic

30 - 4 dota
(a) —Fit Result 30 - (b)
<> BlBackground
C} o
= .0 B 4-body decay A
° .. Signal > 20 +
Z ()
X =
o N
s " g o
o 3
9 i
0—0 2 -0.1 0 0.1 0.2 qj 24 5.26 5.28
AE (GeV) Mbc (GeV/c?)
15 (C)

B 10203
1 1.02 1.04 1.06
M(K*K™) (GeV/c?)

FIG. 6. Fit result of Bt — pA¢ with 1.00 < Mygig- <
1.08 GeV/c? in projection plots of AE (5.27 < M, <
5.29 GeV/c?), My, (|AE| < 0.03 GeV) and Mg:x- (in signal
box). For illustration purpose, we only show signal curve peaking
in all spectra and four-body decay as horizontal-line region, and
merge all backgrounds as cross-hatched region.
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FIG. 7. Fit results of BT — A(1520)AK" and B* —
A(1520)AK ™ with 1.44 < M ,x- /M g+ < 1.8 GeV/c?* in pro-
jection plots of AE (527 <M, <5.29 GeV/c?), M,
(|AE| < 0.03 GeV) and MI,K:/M[-,K+ (in signal box). (a), (c),
(e) are for the final state pAKTK~; (b), (d), (f) are for the
final state pAKtK™. For illustration purpose, we only show
signal curve peaking in all spectra and four-body decay as
horizontal-line region, and merge all backgrounds as cross-
hatched region.

system, the other with only phase space decays, and we
mix the two samples to mimic the real data. The MC
modeling uncertainty is set to be the larger difference in
reconstruction efficiency between the threshold enhance-
ment MC and phase space MC (0.52% to 9.3%). The
smallest value, 0.52%, is for B — 5. K+ due to limited
phase space. The uncertainty from the fixed signal prob-
ability density function is obtained by varying all of the
shape variables by one sigma and refitting (2.7% to 3.3%).
The statistical uncertainty of the MC reconstruction effi-
ciency is 0.31% to 0.47%. The uncertainty of ggq suppres-
sion is obtained from the reconstruction efficiency
difference with and without the cut (0.50% to 5.0%). We
apply the D° veto to redo the analysis and attribute the
possible veto uncertainty 2.2% to 7.4%, where the stat-
istical uncertainty from data is included. All the above
uncertainties are combined in quadrature to obtain the total
systematic uncertainties (5.9% to 12%).
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FIG. 8. Fitresults of BY — 5,K* (. = A(1520)A) and BT —
J/wK* (J/w — A(1520)A) in projection plots of AE
(527 < My, <529, 2.9<M jx-/Mppg+ <3.12GeV/c? and
145 <M k- /M g+ <1.58GeV/c?), M, (JAE| <0.03 GeV,
2.9 <M ,zx-/Mpag+ <3.12GeV/c? and 1.45<M ,x-/Mpg+ <
1.58GeV/c?), M 5k~ /Mppg+ (in signal box and 1.45 <
M, /Myg- < 158 GeV/c?) and M ,x- /M g+ (in signal box
and 2.9 < M ,zx-/Mpprg+ < 3.12 GeV/c?). (a), (c), (e), (g) are
for the final state pAK*TK™; (b), (d), (f), (h) are for the final state
DPAKT K. For illustration purpose, we only show signal curve
peaking in all spectra, and merge other B decay signals as
horizontal-line region and all backgrounds as cross-hatched
region.

Table I summarizes the fit yields, reconstruction effi-
ciencies and corresponding systematic uncertainties of
significant and evident modes; Table I summarizes the
upper limit yields and reconstruction efficiencies for
modes with fit significance less than 3¢. Note that the
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TABLE I. Signal yields (V,), reconstruction efficiencies (e.), systematic uncertainties (sys) and significances (o) from extended
unbinned maximum likelihood fits for modes with fit significance greater than 3c.

Mode N, eepr(%) sys(%) o
B* — pAKTK~ 190.1793 5.84 12.2 11.7
B* — pAKtK* 188.01107 6.40 11.8 12.7
(B* = n.K*) x (5. —» pAK~) 89.7:131 7.19 591 8.46
(B* = . K*) x (n, — pAK™) 67.01133 7.36 7.55 5.63
Total significance of the 77, mode 10.2
(Bt - J/wK") x (J/w — pAK™) 19.072/ 6.57 7.83 4.92
(B = J/wK*t) x (J/y — pAK™) 255188 6.56 5.90 5.50
Total significance of the J/ w mode 7.38
(BY =y K1) x (yo = pAK") 10.273$ 7.39 11.9 3.18
(B* = ya K1) x (ye1 = PAKT) 13.4739 6.38 10.5 3.79
Total significance of the y.; mode 4.95
(B = pAg) x (¢ - KTK") 232 +6.1 7.52 9.53 5.15
(BT — A(1520)AK™") x (A(1520) — pK~) 30.3 £8.6 7.60 10.5 4.08
(B* = n.K") x (n, — A(1520)A) x (A(1520) — pK~) 19.2 £ 12.5 7.58 9.68 1.97
(Bt - n.K") x (5. = A(1520)A) x (A(1520) - pK™) 239+ 134 6.95 6.40 2.50
Total significance of the 7. submode 3.18

TABLE II.

Upper limits of yields (Vyppe;) and reconstruction efficiencies (¢.¢r) from extended unbinned maximum

likelihood fits for modes with fit significance less than 3¢. For the J/y decay, we determine its upper limit of
branching fraction with the combined B* — pAKTK~ and Bt — pAK" K™ data samples.

Mode Nypper it (%) comment
(B* = J/wK*) x (J/y —>_A(1520)/_\) x (A(1520) - pK™) 17.2 5.88 90% C.L.
(Bt = A(1520)AK™) x (A(1520) —» pK™) 19.8 5.70 90% C.L.

reconstruction efficiencies in Table I and Table II include
the decay branching fraction 63.9% for the long-lived
A — pn~ in the MC simulation and efficiencies have been
corrected for the MC-data difference of the proton/kaon
identification.

TABLE III. Summary of measured branching fractions. Here
c.c. stands for the corresponding charge-conjugation process. The
listed four-body modes exclude the mentioned intermediate
resonances.

Mode Branching fraction

Bt — pAKtK~ (4.101943 £0.50) x 107°
B* > pAKTK* (3.701932 £0.44) x 107°
BT - pA¢ (7.95 £2.09 £ 0.77) x 1077

(2.831939 £0.35) x 1073
(8.321193 £ 0.49) x 107*
(9.1513%3 £0.86) x 107*
(2.23 £0.63 £0.25) x 107
(3.48 + 1.48 £0.46) x 1073
<1.80 x 1073
<2.08 x 107°

n. = pAK~ +c.c.

J/w > pAK~ +c.c.

Xel = pAK~ +c.c.

Bt — A(1520)AK*

7. = A(1520)A + c.c.
J/w — A(1520)A +c.c.
BT —=A(1520)AK™

We wuse the world average values [2] of
B(Y(4S) - B*B™), B(¢p - KTK~), B(A(1520) - pK~),
B(B* = n.K*), B(B* — J/wK*) and B(B* — 1 K*),
to obtain the results listed in Table III. The measured
branching fractions of four-body decay of B* — pAK+tK~
and BT — pAg¢ are consistent with theoretical predictions
[12,13]. Note that B(B™ — pAK*K~) is compatible with
B(B* - pAxtz™) [27].

In summary, using a sample of 772 x 10° BB pair
events, we measure the branching fractions of the four-
body decays BT — pAKTK~ and BY — pAKTK* with
intermediate resonance modes being excluded. The feature
of a threshold enhancement of the dibaryon system persists,
but with a non-negligible phase space contribution. We also
observe the three-body decay of 5, — pAK~ + c.c. The
measured B(J/w — pAK~ +c.c.) is in good agreement
with the world average [2]. We also confirm the observation
of y.; = pAK~ +c.c. These decay amplitudes can be
useful for a better understanding of the charmonium
system. We observe the charmless decay B* — pA¢ with
a smaller branching fraction than that of the four-body
decay. Its signal yield is not significant enough to perform
an angular analysis.
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