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1 Introduction

Experimental studies of hadronic two-body decays of charmonium states, in particular
those into baryon-anti-baryon pairs, are essential for testing perturbative Quantum Chro-
modynamics (QCD), e.g. the helicity selection rule (HSR), which prohibits x.o decays to
baryon-anti-baryon pairs [1]. However, it has long been known that this rule is strongly
violated. The measured branching fractions for the x. meson decaying into a number
of baryon-anti-baryon final states do not vanish [2-9], which indicates substantial contri-
butions due to finite quark masses. These observations have stimulated many theoretical
efforts [10-14]. In refs. [12, 13], it was proposed that intermediate-meson loop transitions
can serve as a soft mechanism in charmonium decays, and such a long-distance interac-
tion can bypass the Okubo-Zweig-lizuka rule and lead to a violation of the HSR. In the
framework of effective Lagrangians for hadron interactions, ref. [14] performed a quan-
titative study of this mechanism investigating the role of charmed hadron loops in X
decays to baryon anti-baryon pairs. However, considerable discrepancies have been seen
between theoretical predictions and experimental results. This could be a sign that SU(4)
flavor symmetry is badly broken. In this case, more precise measurements and more decay
channels are needed to understand the mechanisms of HSR violation.

The importance of the color-octet mechanism (COM) in x.; decays was pointed out
more than two decades ago, and this concept was invoked in many theoretical predictions
of exclusive two-body decays of the .y meson [15-17]. In this mechanism, the y.; state is
treated as more than just a pure quark-antiquark state and the octet operators are included



in the transition matrix elements to a particular final state to calculate the exclusive two-
body decay rates [16]. In the case of x.; decays to meson pairs, the COM predictions are
in agreement with experiments, while for baryon pairs, the COM cannot give a satisfactory
prediction, e.g. ref. [17] has used the COM to explain the partial decay widths of x.; — pp
processes and made predictions for the processes x.; — AA, £¥ and EZ. The predictions
show that the decay widths decrease roughly with increasing baryon masses. However,
the predictions are significantly lower than the experimental results. Therefore more de-
cay modes of the x.; mesons are desired as inputs to further study the contributions of
the COM.

The decay mechanisms of the y.; meson can be studied by measuring the angular
distribution of the final state particles. In the helicity frame, the angular distribution of a
spin-1/2 baryon from charmonium decays takes the form [18]

dN
dcos b

o (1 + acos?6), (1.1)

where 6 is the helicity angle of the final state baryon with respect to the initial state
charmonium and « is a constant indicating the level of polarization of the initial state
charmonium, which has been widely studied both in theory and experiment [19-21].

In the Standard Quark Model, the x.; mesons are cc states in a L = 1 configuration and
cannot be produced directly in eTe™ annihilation. However, the large branching fractions
of the decays 1(3686) — 7x.s provides very clean environments for the investigation of
the decay mechanism of the x.; mesons. More than ten years ago BESII and CLEO-c
measured the branching fractions of the processes x.; — Z~ =1 and =0=° [4, 5]. Due
to the limited sample sizes, no significant signals were observed for the y., — Z°=° and
Ye2 — 2920 processes, and the other processes were measured with large uncertainties.

In this paper, we present a measurement of branching fractions and angular distri-
butions for the processes x.; — Z =1 and Z°Z°. The data sample used in this analysis
corresponds to a total of (448.142.9) x 10° ¢/(3686) decays [22] collected with the BESIII
detector [23] at BEPCII [24].

2 BESIII detector and Monte Carlo simulation

The BESIII detector [23] records symmetric eTe™ collisions provided by the BEPCII storage
ring [24], which operates with a peak luminosity of 1x10% em~2s~! in the center-of-mass
energy range from 2.0 to 4.9 GeV. BESIII has collected large data samples in this energy
region [25]. The cylindrical core of the BESIII detector covers 93% of the full solid angle
and consists of a helium-based multilayer drift chamber (MDC), a plastic scintillator time-
of-flight system (TOF), and a CsI(T1) electromagnetic calorimeter (EMC), which are all
enclosed in a superconducting solenoidal magnet that provides a 1.0 T magnetic field. The
solenoid is supported by an octagonal flux return yoke with resistive plate counter muon
identifier modules interleaved with steel. The momentum resolution for charged particles
at 1 GeV/c is 0.5%, and the dE/dx resolution for electrons from Bhabha scattering is 6%.
The EMC measures photon energies with a resolution of 2.5% (5%) at 1 GeV in the barrel



(end-cap) region. The time resolution of the TOF barrel part is 68 ps, while that in the
end-cap part is 110 ps.

Simulated data samples produced with a GEANT4-based [26] Monte Carlo (MC) pack-
age, which includes the geometric description of the BESIII detector and the detector
response, are used to determine detection efficiencies and to estimate backgrounds. The
simulation models the beam energy spread and initial-state radiation (ISR) in the eTe™ an-
nihilation using the generator KKMC [27]. The inclusive MC sample includes the production
of the ¢ (3686) resonance, the ISR production of the J/i¢ meson, and the continuum pro-
cesses incorporated in KKMC [27]. Known decay modes are modeled with EVTGEN [28, 29]
using branching fractions taken from the Particle Data Group (PDG) [30], and the re-
maining unknown charmonium decays are modeled with LUNDCHARM [31, 32]. Final-state
radiation (FSR) from charged final state particles is included using the PHOTOS pack-
age [33]. To determine the detection efficiency, exclusive MC samples are generated for
each signal process. The decay of ¥(3686) — ~x.s is generated by taking the angular
distribution from ref. [34], where the helicity angle 6, of the radiative photon is distributed
according to 1+ o/ cos? 6., and o/ =1, —1/3, 1/13 for J = 0,1 and 2, respectively. It has
been argued that the electric dipole (E1) dominates the decay of ¥(3686) — vx.s, which
was confirmed by the BESIII measurement [35]. Hence the higher-order multipole ampli-
tudes are neglected in this analysis. The decays of x.; — Z~ =1 and Z°Z° are generated
with the measured angular distributions, where the helicity angle 6, of the outgoing baryon
satisfies the angular distribution 1 4 a cos? 6. Note that the decay of a scalar meson is
isotropic, so a = 0 for the decays of the x., meson. The decays of the = baryons as well
as their anti-particles are inclusively simulated via EVTGEN [28, 29].

3 Event selection

Since the full reconstruction method suffers from low selection efficiency, a partial recon-
struction technique [36-38] is used in this analysis. The radiative photon from the decay
¥(3686) — vxcs is reconstructed to infer the presence of a y.; meson. The == (=Z°)
baryon is reconstructed by the decay to A7~ (A7r”) with the subsequent decay A — pr—
(7% = ~47), and the presence of the anti-baryon =+ (Z°) is inferred from the invariant mass
of the system recoiling against the reconstructed y= system (unless otherwise noted, the
charge conjugated state is implicitly included throughout the paper).

Tracks of charged particles detected in the MDC are required to satisfy | cosf| < 0.93,
where the polar-angle 6 is defined with respect to the z-axis. The particle identification
(PID) for charged particles combines measurements of the energy deposited in the MDC
and the time of flight by the TOF to form likelihoods £(h) (h = p, K, 7) for each hadron
h hypothesis. Tracks are identified as protons if the proton hypothesis has the greatest
likelihood (L(p) > L(K) and L(p) > L(r)), while charged kaons and pions are identified
by comparing the likelihoods for the kaon and pion hypotheses, L(K) > L(w) and L(7) >
L(K), respectively. Events with two (one) negatively charged pions and one proton are
kept for further analysis of the y.; — Z~Z% (2°2°) process.



Photon candidates are identified using showers in the EMC. The deposited energy of
each shower must be greater than 25MeV in the barrel region (|cos | < 0.80) and greater
than 50 MeV in the end-cap region (0.86 < |cosf| < 0.92). To exclude showers that
originate from tracks of charged particles, the angle between the position of each shower
in the EMC and the closest extrapolated track must be greater than 10°. To suppress
electronic noise and showers unrelated to the event, the difference between the EMC time
and event start time has to be between 0 and 700 ns. At least one (three) photon candidates
are required for further study of the y.; — Z~ =% (E°Z°) process.

The reconstruction of A and =~ baryons follow the technique explained in refs. [39-
41]. Briefly, to reconstruct A candidates, a secondary vertex fit [42] is applied to all pr—
combinations, and their invariant masses are required to be within 5 MeV /c? of the known A
mass from the PDG [30]. The decay length of the A candidate, i.e. the distance between its
production and decay position, is required to be greater than zero. Similarly, Z~ candidates
are reconstructed with A7~ combinations, and their invariant masses are required to be
within 10 MeV/c? of the known =~ mass [30]. The decay length of the =~ candidate is
also required to be greater than zero.

To reconstruct the 7° meson from the Z° — A7n® decay, a one-constraint (1C) kinematic

fit is applied to all vy combinations using the 7°

— 7y hypothesis. The requirement
X%C < 20 is employed to suppress the non-7" backgrounds [21]. The candidate with the
minimum value of |M,,x — m=o| among all vy combinations is selected, where M, is
the invariant mass of the yyA system, mzo is the known Z° mass [30], and the value of
|M.,,pA — mzo| is required to be less than 10 MeV/ 2. The selected 7° candidate together
with the A candidate are combined to form the Z° candidate.

The radiative photon from the 1(3686) — yx.s decay is selected from the remaining

photon candidates. The candidate with the minimum value of |M;%C°ﬂ — mz| is selected

—_

for the x.; — = ZT and Z°Z° processes. Here mz is the known = mass, and M,‘;%COH is
the recoiling mass of the vZ system, which for signal events is the invariant mass of the =
anti-baryon. The recoiling mass of vZ system is required to be within 50 (25) MeV/c? for
the x.; — Z~ = (2°2Y) decay.

The x.; candidate can be inferred from the system recoiling against the selected radia-
tive photon, i.e. M;CCOH. Figure 1 shows the two-dimensional (2D) distributions of M;CECOH
versus M;econ for data. Clear accumulations around the known = and x.; masses can be
seen. Potential sources of background are investigated by studying the generic MC samples
after imposing the signal-selection criteria with an event-type analysis tool, TopoAna [43].
It is found that the decay 1(3686) — 79 79%H) J /4 (J/1p — AA) is the dominant back-
ground process, and is distributed smoothly throughout the region of interest.

4 Determination of branching fractions and decay angular distributions

4.1 Determination of branching fractions

The signal yield for each process is determined by performing an unbinned maximum
likelihood fit to the M};ec"ﬂ spectrum in the range between 3.3 and 3.6 GeV/c?. The signal
shape for each process is represented by the individual MC simulated shape convolved with
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Figure 1. 2D distributions of M;%:Oil versus Ml from data for the (a) x.; — E-ET and (b)
Xes — 2920 processes. The dashed lines indicate the signal region.

a Gaussian function to compensate for the mass resolution difference between data and MC,
and the parameters of the Gaussian function are left free in the fit. The background is
described by a second-order polynomial. Figure 2 shows the M};ec"ﬂ distributions and the
fit results for each process.

The branching fractions are calculated as

o Nobs
Ny 3es6) - B(¥(3686) — vxer) - €

(1]

B(xes = E (4.1)
where Ngps is the number of observed signal events, € is the detection efficiency of the single
baryon-tag technique, including the branching fractions for the subsequent decays of the A
and = baryons, Ny 3es6) is the total number of 1(3686) decays [22] and B(v)(3686) — vxc.)
is the branching fraction of the 1)(3686) — vx.s decay [30].

4.2 Decay angular distributions

The angular distribution for each process is studied using a binned method [44]. The data
satisfying all selection criteria are divided into 16 (10) intervals in cos@ from —0.8 to 0.8
for the x.; — E-Z% (2°29) process. The signal yield in each cos @ interval is determined
by a fit to the M;CCOH spectrum. A bin-by-bin efficiency correction is applied to the signal
yield, where the corresponding efficiency is obtained from MC simulation. Since the decay
of a scalar meson is isotropic, the measurements of the angular distribution in x.o decays
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Figure 2. Fit of the M;econ distributions for the (a) x.; — Z~Z% and (b) x.; — Z°Z° processes.
Dots with error bars are data, the solid lines show the fit results, the long dashed lines represent
the signal contributions, and the short dashed lines represent the smooth backgrounds.

Channel Nobs e (%) o B (x10~%)
E =t 4932492 254 0.09 £ 0.11 + 0.17 4.43 £ 0.08 £ 0.18
Xeo = =020 1741+ 71 85 —0.23+0.19+ 036 4.67 £ 0.19 £ 0.26
E =t 692 4+44 273 —0.52 £0.29 4+ 0.48 0.58 + 0.04 £ 0.05
Xer = =0 =0 325 £49 99 —0.54+0.52+0.43 0.75 £ 0.11 £ 0.06
N = =t 1691+ 66 27.6 —0.34 £0.18 +0.30 1.44 + 0.06 £ 0.11
¢ Z020 g04 467 103 —0.65+ 0314022 1.83 4+ 0.15 + 0.16

Table 1. The measured branching fractions B and decay parameters « for the y.; — 2~ = and
Xes — 2920 processes, where Nops is the number of signal events and e is the detection efficiency.
The first uncertainty is statistical and the second is systematic.

are regarded as a systematic check for the other measurements. The efficiency-corrected
angular distributions are fitted by eq. (1.1) as shown in figure 3. The fit results for x.o are
consistent with theoretical expectations [18].

Table 1 summarizes the measured branching fractions and « parameters. To test

isospin symmetry, the ratios between the branching fractions of the processes x.; — Z =T
and x.; — Z°Z0 are calculated and summarized in table 2. The single-baryon tag method
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Figure 3. Angular distributions for y.; — Z~Z% processes with (a) J =0, (b) J =1, (¢) J = 2
and y.; — Z°Z° processes with (d) J =0, (e) J = 1, (f) J = 2. Dots with error bars are efficiency-
corrected data and the solid lines show the fit results.

Xc0 Xel Xc2
Ratio 0.95 4+ 0.04 +£ 0.06 0.77 + 0.12 £+ 0.08 0.79 £+ 0.07 + 0.09

—_

Table 2. The ratio between the branching fractions of the y.; — Z~ = and y.; — Z°Z° processes.
The first uncertainty is statistical and the second is systematic. Systematic uncertainties arising
from the same source cancel when calculating the ratio.

leads to a double counting effect for the == final state, which is taken into account in the
calculation of the statistical uncertainties based on the study of MC simulation [45]. In
this analysis, the double counting ratio is about 20% (6.5%) for the x.; — Z-E+ (20=29)
process. This effect does not affect the central value of the final result but it does affect the
statistical uncertainty. If the uncertainty is determined by the fit, the relative statistical
uncertainty is underestimated by 8% (3%) approximately.

5 Systematic uncertainty

Several sources of systematic uncertainties in the branching fraction and angular distribu-
tion measurements are studied and summarized in table 3 and 4, respectively. While some
common systematic uncertainties of the BESIII experiment are briefly mentioned below



XeJ — Eié'Jr XeJ — EOEO
Source X0 Xel  Xe2 Xc0  Xel  Xe2
Photon reconstruction 1.0 1.0 1.0 1.0 1.0 1.0
= reconstruction 26 34 27 3.1 34 36
M,‘;%COH mass window 09 07 05 0.1 02 0.2
Fitting range 0.6 05 0.7 05 1.2 0.8
Signal shape 1.6 3.2 4.2 3.5 59 6.2
Background shape 0.2 0.3 0.2 1.6 1.2 1.1
Angular distribution — 59 438 - 21 39
Branching fractions 22 26 22 22 26 22
Total number of ¢(3686) 0.6 0.6 0.6 0.6 06 0.6
Total 41 81 74 56 7.9 8.6

Table 3. Systematic uncertainties on the branching fraction measurements (in %).

XcJ = E_é+ XcJ — EOEO
Source Xc0 Xel X2 Xc0 Xel Xc2
Bin size 0.01 0.09 0.01 0.01 0.28 0.05
cos f range 0.16 0.46 0.28 0.34 0.31 0.18
Fitting range 0.01 0.01 0.02 0.01 0.03 0.02
Signal shape 0.01 0.02 0.01 0.00 0.01 0.01
Background shape 0.03 0.05 0.01 0.00 0.00 0.01
Efficiency correction 0.05 0.06 0.10 0.11 0.08 0.11
Total 0.17 0.48 0.30 0.36 0.43 0.22

Table 4. Systematic uncertainties on the angular-distribution measurements (absolute value).

and described elsewhere, the other specific systematic uncertainties are described in detail
in the following paragraphs.

Systematic uncertainties associated with the branching fraction measurements include
the photon reconstruction efficiency, the = reconstruction efficiency, the requirement on
M};%COH, the fit procedure and the angular distribution. Other sources of systematic un-
certainties arise from the total number of 1(3686) decays [22] and the cited branching
fractions [30]. The uncertainty of the photon reconstruction efficiency is estimated to be
1.0% per photon [46]. The systematic uncertainty for the 2~ and Z° reconstruction effi-

0 reconstruction efficiency in the Z°

ciencies, including the tracking and PID efficiencies, 7
decay, A reconstruction efficiency as well as the requirements on mass window and decay
length are studied using the methods described in refs. [3, 20, 21, 47]. The uncertainty
associated with the requirements on M, f/eECOﬂ are estimated by smearing the M;eECOﬂ distribu-
tion of MC sample according to the resolution difference between data and MC [48]. The
systematic uncertainty due to the fit of the M;‘mﬂ spectrum includes considerations of the
fit range, signal shape and background shape. The systematic uncertainty associated with

the fit range is estimated by varying the mass range in steps of 50 MeV /c2. The systematic



uncertainty due to the signal shape is estimated by changing the nominal signal shape to an
individual simulated shape. To estimate the E1 transition effects [49] on the signal shape,
the correction method described in ref. [50] is applied and the differences in the branch-
ing fractions are assigned as the systematic uncertainties. For the uncertainty due to the
background shape, since the background is smoothly distributed in the region of interest,
an alternative fit is performed using a third-order polynomial. The systematic uncertainty
resulting from the angular distribution of the = baryon is estimated by the differences in
branching fractions when alternative MC samples generated with o = 0 are used. The total
systematic uncertainty is obtained by summing the individual contributions in quadrature.
Systematic uncertainties associated with the angular-distribution measurements in-
clude the bin size and fit range of cos#, the fit procedure and efficiency correction in the
determination of signal yields in each cos @ interval. The systematic uncertainty associated
with the bin size in cosf is estimated by changing the number of bins from 16 to 8 for
the xcg — =-Z* process and from 10 to 5 for the XeJ — =020 process. The systematic
uncertainty due to the fit range of cos 6 is estimated by changing the cos § range from [—0.8,
0.8] to [~0.7, 0.7] for the x.; — E~E% process and from [-0.8, 0.8] to [~0.64, 0.64] for
the x.; — Z°Z0 process. The systematic uncertainty due to the fit of the M;ewﬂ spectrum
includes considerations of the fit range, signal shape and background shape. These are es-
timated using the same method as described above. In this analysis, the o parameters are
determined by fitting the efficiency-corrected cos 8 distribution. The systematic uncertainty
associated with the efficiency used to perform the correction is estimated by changing the
MC samples generated with a (o) = 0 to the measured « (o) value. The total systematic
uncertainty is obtained by summing the individual contributions in quadrature.

6 Summary

The branching fractions and angular distributions for x.; — =~ 2 and Z°Z° processes
are measured using 448.1 x 105 ¢(3686) decays collected with the BESIII detector, The
results show that the branching fraction of the y.; — Z~ =1 process is consistent with

that of the y.; — Z9Z° process within one or two standard deviation, as expected from

isospin symmetry. The decays xo1 — Z°Z0 and yeo — Z°Z0 are observed for the first
time with statistical significances of 7o and 150, respectively. The measured branching
fractions in this analysis are still inconsistent with theoretical predictions [14, 15, 17]. On
the contrary, the measured angular distributions of x.g — Z~Z% and Z°Z° processes are
consistent with theoretical expectations [18]. The precision for these measurements are

significantly improved compared to the previous measurements [4, 5].
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