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ABSTRACT: Using a sample of (2.71240.014) x 10% (3686) events collected with the BESIII
detector at the electron positron collider BEPCII, the decay (3686) — =~ K2Qt + c.c.
is observed for the first time, which has a significance of 5.9 standard deviations. The
branching fraction of this decay is measured to be (2.91 & 0.47 4+ 0.33) x 1075, where the
first and second uncertainties are statistical and systematic, respectively. The ratio between
Bw(3686)—>E*KgQ++c‘c. and B¢(3686)_)Q,K+§0+C.C. is determined to be 1.05 4 0.23 4+ 0.14, which
deviates from the isospin symmetry conservation predicted value of 0.5 by 2.10.
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1 Introduction

The discovery of the J/¢ and other charmonium(-like) states significantly impacts the
development of the theory of strong interaction within the Standard Model [1, 2]. It revealed
the existence of the fourth quark, known as the charm quark, while also motivating the
exploration of additional heavy quarks in experimental studies. Charmonium decays serve as
a critical testing ground for probing non-perturbative Quantum Chromodynamics (QCD)
properties in experimental studies. [3].

The decay modes of the charmonium states to BB’ P, where B/B’ denote a baryon and P
is a pseudoscalar meson, are the important modes to search for the excited baryons and provide
essential information for investigating many topics involving the strong interaction, such as the
color octet and singlet contributions, the violation of helicity conservation, and SU(3) flavor
symmetry breaking effects [3-5]. Under the quantum number and energy conservation, all the
BB'P decays of charmonium states can be summarized straightforwardly, but the branching
fractions (BFs) of them are hard to predict theoretically due to the non-perturbative strong
effects at low energies [4]. In investigations of baryon strong interaction dynamics through
charmonium decay processes, the production of at least two baryons is fundamentally required
by baryon number conservation. To probe low-energy baryon excited states, the inclusion of
an additional pseudoscalar meson becomes experimentally advantageous due to its relatively
low mass. Furthermore, three-body decays typically exhibit larger BFs and simpler dynamics
compared to higher-multi-body decays (four-body or five-body decays). Therefore, the studies
of BB'P decays of charmonium states in experiments have become a necessary task.

Recently, the first observation of the decay v(3686) — Z0K —Q1 + c.c. has been reported
and the corresponding BF has been measured by the BESIII collaboration [5]. This study
expanded our knowledge of the decay mechanism of ¢(3686) and provided an ideal environment
to search for possible =% and Q* states [6, 7]. The research of its isospin partner channels



can also search for the possible baryon excited states and test the SU(3) flavor symmetry,
which is interesting.

In this paper, the first observation of the decay 1 (3686) — E*Kg(_ﬁ + c.c. is reported
and the corresponding BF is measured using (2.712+0.014) x 10 1(3686) events [8] collected
with the BESIII detector. In addition, the possible baryon excited states are searched for
and the conservation of isospin symmetry is tested in this decay. Throughout this paper,
the charge-conjugate mode is always implied.

2 BESIII detector and Monte Carlo simulation

The BESIII detector [9] records symmetric ete™ collisions provided by the BEPCII storage
ring [10] in the center-of-mass energy range from 1.84 to 4.95 GeV, with a peak luminosity of
1.1 x 1033 cm=2s~! achieved at /s = 3.773 GeV. BESIII has collected large data samples in
this energy region [11, 12]. 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 time-of-flight
system (TOF), and a CsI(Tl) electromagnetic calorimeter (EMC), which are all enclosed
in a superconducting solenoidal magnet providing a 1.0 T magnetic field. The solenoid is
supported by an octagonal flux-return yoke with resistive plate counter muon identification
modules interleaved with steel. The charged-particle momentum resolution at 1 GeV/c is
0.5%, and the dE/dz resolution is 6% for electrons from Bhabha scattering. The EMC
measures photon energies with a resolution of 2.5% (5%) at 1 GeV in the barrel (end cap)
region. The time resolution in the plastic scintillator TOF barrel region is 68 ps, while that
in the end cap region was 110 ps. The end cap TOF system was upgraded in 2015 using
multigap resistive plate chamber technology, providing a time resolution of 60 ps, which
benefits 83% of the data used in this analysis [13-15].

Monte Carlo (MC) simulated data samples produced with a GEANT4 [16] based software
package, which includes the geometric description of the BESIII detector and the detector
response, are used to optimize the event selection criteria, estimate the signal efficiency
and background level. The simulations incorporate the beam-energy spread and initial-state
radiation in the e™e™ annihilation using the generator KkMc [17]. The inclusive MC sample
includes the production of the 1(3686) resonance, the initial-state radiation production of
the J/¢ meson, and the continuum processes incorporated in KKMC [17]. Particle decays
are generated by EVTGEN [18, 19] for the known decay modes with BFs taken from the
Particle Data Group [20] and LUNDCHARM [21, 22] for the remaining unknown ones. Final-
state radiation from charged final-state particles is included using the PHOTOS package [23].
The inclusive MC sample at the (3686) resonance, consisting of 2.712 x 10% events, is
analysed with a generic event-type examination tool, TopoAna [24], to identify potential
backgrounds. To determine the detection efficiency, a signal MC sample comprising 2 million
events of the signal decay chain of ¢ (3686) — E_KgQ+, E- = A= pr)r K —»nn
is generated uniformly distributed in phase space, along with inclusive Q1 decays. The
data sample collected at the center-of-mass energies of 3.650 and 3.773 GeV, corresponding
to total integrated luminosities of 410 pb~! and 7.93fb~! [25], are used to estimate the
continuum production contribution. The data sample of (2.7124-0.014) x 109 (3686) events
is used to study 1(3686) — =~ K0T



3 Event selection

As the full reconstruction method suffers from low detection efficiency, a partial-reconstruction
strategy is applied, in which only the == and Kg candidates are reconstructed, without
identifying Q. The cascade decay of interest is 1(3686) — Z~ KO+, with 2= — An~,
A — pr~ and Kg — ™. Charged tracks detected in the MDC are required to be within a
polar angle (6) range of |cosf| < 0.93, where 6 is defined with respect to the z-axis, which
is the symmetry axis of the MDC. For these tracks, the distance of closest approach to
the interaction point (IP) is required to be less than 20 ¢cm along the MDC axis. Particle
identification (PID) for charged tracks combines measurements of the energy deposited in
the MDC (dE/dz) and the flight time in the TOF to form likelihoods L(h) (h = p, K, ) for
each hadron h hypothesis. Tracks are identified as protons when the proton hypothesis has
the greatest likelihood (L(p) > L(K) and L(p) > L(7)), while charged pions are identified by
comparing the likelihoods for the kaon and pion hypotheses, £(7) > L£(K). PID is performed
for the proton from A and the pion from =~. The pion from A can be effectively identified
through the vertex fit of A, whereas the selection of pion from =~ through vertex fit of
=7 is not satisfactory. PID applied on the pion from =~ can suppress the background of
misidentification of it.

The A candidates are reconstructed using vertex fits [26] on pm~ pairs with the requirement
x? < 200. The pr~ invariant mass (M, -
[1.111,1.120] GeV/c?, as shown in figure 1(a). The signal region corresponds to six times the A

) must be within the A signal region, M- €

mass resolution, as determined by fitting the distribution of M, for the signal MC sample.

The =~ candidate is reconstructed with a A candidate and a w~ by another vertex
fit. The dz-, which is the decay length of the == obtained by the vertex fit, is required
to be larger than 0. If there is more than one =~ candidate, the one with the mini-
M, _—MEDG

M __—MPDG _ .
)2+ (—2=—2—)2 is chosen, where MEPY and MFPC are the nominal
oM o—kfpﬂ_ —

mum 4/ (
Am—

masses of =7 and A cited from the Particle Data Group [20]. op,  and oM, are the
mass resolution of Z~ and A, which is 2.8 and 1.5 MeV /c? respectively. The invariant mass
of the =~ candidate is defined as Mz = My, — M, + MZF\)DG, which is used to improve
the mass resolution of the =~ candidate. The distribution of Mz- is shown in figure 1(b).
The =~ signal region is defined as Mz- € [1.313,1.330] GeV /c?, corresponding to six times
the =~ mass resolution determined by fitting the distribution of M=- for the signal MC
sample. The sideband regions defined as Mz € ([1.296, 1.305] U [1.339,1.347]) GeV /c? are
used to investigate the background.

Each Kg candidate is reconstructed from two oppositely charged tracks satisfying |V,| <

20 cm. The two charged tracks are assigned as 7+

7~ without imposing further PID criteria.
They are constrained to originate from a common vertex. The decay length of the Kg
candidate is required to be greater than twice the vertex resolution away from the IP.
The quality of the vertex fits is ensured by a requirement on the x2%, and Xid (x4 <
200 and X%d < 200), which 2, and X%d are the Chi-Square of primary and secondary
vertex fit, respectively. The distribution of M+ - is shown in figure 1(c). The K¢ signal
region is defined as M+, € [0.489,0.506] GeV /c?, corresponding to six times the K mass

resolution determined by fitting the distribution of M+ .- for the signal MC sample. The
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Figure 1. The distributions of M- (a), Mz-(b) and M +,-(c) for the data and signal MC sample.
The red arrows show the signal region, and the blue arrows show the sideband regions.

sideband regions defined as M, ., € ([0.472,0.481] U [0.515,0.523]) GeV/c? are used to
study the background.
Signal events manifest themselves through an QT peak in the distribution of the invariant

mass recoiling against the =~ K system(RME,Kg), RMz-xo = \/]peJre— — p=- —ng|2,

where pg+.-, p=— and PKY refer to the 4-momentum of the initial eTe™, 2~ and Kg.

4 Detection efficiency

The detection efficiency is determined with signal MC simulation. Thus, it is necessary to
assess the potential impact of intermediate states on the efficiency. As shown in figure 2
exemplarily, which provides the Dalitz plot for the signal regions, no intermediate state,
Q~ (E7KQ) or EF (QTKY), is evident in the data sample. Therefore, the efficiency
determined by the signal MC simulation is acceptable. The diagonal band observed in the
Dalitz plot of the signal MC arises from the requirement of the recoil mass of K2(RM +.-) to
veto the process 1(3686) — ntn~J/1h. RM +,- is defined as RM +,— = ,/|Pete- — ngP.
The specific requirement will be mentioned in the section 5. In contrast, this band does not
appear in the Dalitz plot of the data due to the influence of background effects.
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Figure 2. The Dalitz plot in the signal regions for the data (a) and signal MC sample (b).
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Figure 3. The distributions of RMz=— K for the data at the center-of-mass energies /s = 3.650 GeV (a)
and /s = 3.773 GeV (b).

5 Background study

According to the study of the inclusive MC sample, there are peaking J/1) background events in
the recoiling mass distribution against K2(RM .+~ ), which is from the 1(3686) — 77~ .J /1
process. We require RM .+, to be less than 3.09 GeV/c? or larger than 3.105GeV/c? to
veto such background.

Further studies are performed on the surviving events in the Q% signal region from the
inclusive MC sample, on the events in the =~ mass sideband regions from data, and on the
events in the K g sideband regions from data. These investigations indicate that there is no
significant source of peaking background in the RM-- K9 distribution. To investigate the
contamination from continuum processes [8], the same selection criteria are applied to the
data samples at the center-of-mass energies /s = 3.650 GeV and /s = 3.773 GeV. Few events
from these sample survived and do not contribute a peaking structure, which are shown in
figure 3, indicating the continuum background neglected.
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Figure 4. Fit to the RMz- ko distribution of the accepted candidates in ¢(3686) data.

6 Signal yield and BF

To determine the signal yield, an unbinned maximum-likelihood fit is performed on the
RM<- K9 distribution [27]. In the fit, the signal shape is described by the signal MC shape
convolved with a Gaussian function with free parameters mean value and o, where the
Gaussian function is used to account for the difference in mass resolution between data and
MC simulation. The signal MC shape is the RM- K9 shape extracted from the signal MC
sample by using the RooKeysPdf in RooFit toolkit [28] The background shape is described by
a second-order Chebyshev polynomial function. The fit result is shown in figure 4. The signal
yield from the fit is Nops, = 224+36. The statistical significance of the Ot signal is 6.1, which
is determined from the change in the log-likelihood values and the corresponding change in
the number of degrees of freedom with and without including the signal contribution in the fit.
The BF of the ¢(3686) — =~ K3Q% decay is calculated as

_ Nobs.
Ny (36s6) " B~ an— * Baopr - Brosntn— - €

Bw(3686)—>E*KgQ+ , (6.1)

where Ny 36s6) is the total number of (3686) events [8], and € = 6.43% is the detection
efficiency. The efficiency uncertainty is considered as a systematic uncertainty, which is
estimated in the section 7. Bz—_zr—, By_pr— and BKg_err are the BFs of == — An—,
A — pr~ and KY — ntm~ decays, respectively, cited from the PDG [20]. With these
inputs, the BF of 1/(3686) — =~ K2Q7 is determined to be (2.91 + 0.47) x 107%, where
the uncertainties is statistical.

7 Systematic uncertainty

The systematic uncertainties in the Bw(%%) LE- KOO measurement include contributions
associated with the pion-tracking, PID, A reconstruction, the requirement on M=- and
d=—, 1(3686) — mtr~J /1 veto, K2 reconstruction, signal and background shapes, fit bias,
MC generator, the size of signal MC sample, the input BFs [20], and the total number
of 1(3686) events [8].



The systematic uncertainties arising from the pion-tracking and PID are studied with
the well understood decays J/v — pprtn~ [29] and ¥ — yXes, Xes — Yp°(w) [30], and
both are assigned as 1.0% per track.

The systematic uncertainty associated with the A-reconstruction includes effects from
the tracking and PID for the proton and the tracking for pion, and the requirement on
M, . This uncertainty is estimated with a control sample of J/¢ — pK ~A decays [31, 32].
The momentum-dependent ratios of the A reconstruction efficiencies between data and MC
simulation are used to re-weight the signal MC sample. The difference between the baseline
and reweighted detection efficiencies, 2.7%, is taken as the systematic uncertainty.

The systematic uncertainties associated with the requirements on M=- and dz- are
studied with a control sample of J/¢ — =-=t, where =~ is fully reconstructed with
== — An~, A — pn~. The reconstruction strategy for =~ is the same as in section 3 and
the uncertainty is determined to be 0.2%.

The v(3686) — 77~ J /1 background is vetoed by requiring RM, 1, - to be less than
3.09 GeV/c? or more than 3.105 GeV/c?. By changing the requirement of RM, .+, .- to be
less than 3.08 GeV/c? or more than 3.115GeV/c?, the change of the re-measured BF, 2.4%,
is assigned as the systematic uncertainty.

Two control samples J/1 — K*(892)" K+, K*(892)~ — K27~ and J/v — ¢K2K n~
are used to study the systematic uncertainty of Kg reconstruction. By comparing the
inconsistency in the data and signal MC regarding the reconstruction of Kg, this uncertainty
is estimated to 1.2%.

The pseudo-experiment method is used to estimate the systematic uncertainty related
to the fit bias, signal shape and background shape. The probability density function (PDF)
is utilized to describe the signal and background distributions derived from the fit to data.
Subsequently, 500 pseudo-experiments are generated based on the same statistical properties
as the real data, with the derived PDFs. The same fitting method as the nominal result
is applied to perform fits on the 500 pseudo-experiments samples. The difference between
the mean value of the fitted signal yields and the nominal signal yield is assigned as the
systematic uncertainty of fit bias, amounting to 5.5%. To explore the impact of different
signal shape models, the signal shape is modified from convolving the MC shape with a
Gaussian function to convolving the MC shape with two Gaussian functions in the alternative
fit model. Both the alternative and nominal fits are then applied to the 500 fake data. The
distribution of the differences between the fitted signal yields with these two models describes
the deviation between the two fit models. The systematic uncertainty attributed to the
signal shape is quantified as the mean value of this distribution, which is 0.7%. Similarly, the
background shape is modified from the second-order to first-order or third-order Chebyshev
polynomial function as an alternative fit model. The systematic uncertainty attributed to the
background shape is determined to be 8.8% using the same method, which is the maximum
value of the two alternative fit model.

Similar to refs. [33, 34], an event-by-event weighting method is used to study the
systematic uncertainty related to the MC generator. The signal MC events are weighted
according to the momentum distributions of Kg and =~ in data. The deviation between the
nominal and reweighting detection efficiencies, 1.7%, is taken as the systematic uncertainty.



Source Uncertainty (%)

Pion tracking 1.0
Pion PID 1.0
A reconstruction 2.7
Mass window and decay length of =~ 0.2
Veto 1(3686) — wrr~J /1 2.4
Kg reconstruction 1.2
Signal shape 0.7
Background shape 8.8
Fit bias 5.5
MC generator 1.7
MC sample size 0.2
B=— _Ar— 0.1
B KOst 0.1
BA%pﬂ_ 0.8
Total number of 1)(3686) events 0.4
Total 11.3

Table 1. Relative systematic uncertainties in the BF measurement.

The systematic uncertainty arising from the size of the signal MC sample is 0.2%, which
is the uncertainty of detection efficiency. The uncertainty associated with the total number
of 1(3686) events is 0.5% [8]. The uncertainties arising from the quoted BFs of =~ — An—,
A — pr~ and K2 — 77~ are 0.04%, 0.8% and 0.1% [20], respectively.

The systematic uncertainties are summarized in table 1. Assuming that all sources
are independent, the total systematic uncertainty on the BF of ¢ (3686) — E*Kg(_fr is
determined to be 11.3% by adding them in quadrature.

The Q1 signal statistical significance is conservatively estimated to be 5.9¢ after con-
sidering the systematic variations of vetoing 1 (3686) — w7~ .J/1, and the signal and
background shapes in the fit to RM=— K9 With considering the systematic effects, the BF
of ¥(3686) — E~ K20+ is determined to be (2.91 4 0.47 4 0.33) x 1075, where the first
uncertainty is statistical and the second is systematic.

8 Summary

In summary, using the world’s largest 1)(3686) data sample taken with the BESIII detector, we
observe the ¥(3686) — =~ K gf_fr decay for the first time by employing a partial reconstruction
method. The measured BF is (2.91+0.4740.33) x 1075, where the first uncertainty is statistical
and the second is systematic. This result provides valuable information for understanding the
dynamics of ¥(3686) — BB'P decays. Combining the BF of ¢(3686) — =~ K2Q" measured

_ B Le— K05
in this paper and the BF of 1(3686) — Q- KTZY [5], the ratio R = BW%%) KO g
¥ (3686)—»Q— K+320
determined to be 1.05 4 0.23(stat) £ 0.14(syst), which deviates from the isospin symmetry
conservation predicted value of 0.5 by 2.1¢. It is hard to make any reliable conclusion




about this deviation under the current statistics. More precise measurements of these two
decays are desirable.
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