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Based on a data sample of (448.1 £ 2.9) x 10° y(3686) events collected with the BESIII detector at the
BEPCII collider, the branching fraction of yw(3686) — AAw is measured to be (3.30 4 0.34(stat) +
0.29(syst)) x 107> for the first time. In addition, the Aw (or Aw) invariant mass spectra is studied and the
potential presence of excited A states has been investigated.

DOI: 10.1103/PhysRevD.106.112011

I. INTRODUCTION

Quantum chromodynamics (QCD), the theory which
describes the strong interaction, has been tested thor-
oughly at high energy. However, in the medium energy
region, theoretical calculations based on first principles
are still unreliable, since nonperturbative contributions
are significant and calculations have to rely on models.
Experimental measurements in this energy region are
helpful to validate models, constrain parameters, and
inspire new calculations. Charmonium states are on the
boundary between the perturbative and nonperturbative
regimes; therefore, their decays, especially hadronic
decays, provide ideal inputs to the study of QCD. The
availability of very large data samples of vector charmo-
nia, such as J/y and y(3686), produced via electron-
positron annihilations, makes possible experimental
studies of rare processes and decay channels with com-
plicated intermediate structures [1].

Among these hadronic decays, scenarios of y/(3686)
and J/y decaying into baryon pairs have been under-
stood in terms of c¢ annihilations into three gluons or
into a virtual photon [2]. Three-body decays, namely
w(3686) — AAP, where P represents a meson such as
7°, n, or w, are of great interest since intermediate states
contribute significantly [3]. Recent studies have focused
mainly on the final states AAz’ and AAz, and not so
much on AAw. This is probably due to the fact that
the final states AAz" and AAn allow a test of the “12%
rule” [1]. However, it is not possible for AAw, since it
is heavily suppressed due to the small phase space for the
decay of J/w to AAw. In addition, as the excitation
spectra of most hyperons are still not well understood [4],
the process y(3686) — AAw provides a good opportu-
nity to search for potential A excitations. Multichannel
analysis of the quasi-two-body excited hyperon states
has been performed in the past; a pole and Breit-Wigner
resonance parameters, assigned to A(2070) - Aw
are given as M=2044+20MeV/c?, T'=360+45MeV
and M:2070i24MeV/cz, '=370£50MeV, respec-
tively [4].

Using the large sample of (448.1 4-2.9) x 10 y(3686)
events collected with the BESIII detector, we present
the first observation of y(3686) — AAw and the corre-
sponding upper limit of the branching fraction of
B(y(3686) = AA* + c.c. = AAw).

II. DETECTOR AND DATA SAMPLES

The BESIII detector [5] records symmetric ete™ colli-
sions provided by the BEPCII storage ring [6], which
operates with a peak luminosity of 1 x 10** cm™2s~! in the
center-of-mass (CM) energy range from 2.0 to 4.9 GeV.
BESIII has collected large data samples in this energy
region [7]. 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 (TOF) system, and a CsI(TIl)
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 identi-
fication modules interleaved with steel. The charged-
particle momentum resolution at 1 GeV/c is 0.5%, and
the specific energy loss (dE/dx) 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 TOF barrel region is 68 ps, while that in the end cap
region is 110 ps.

Simulated data samples produced with GEANT4-based [8]
Monte Carlo (MC) software, which includes the geo-
metric description of the BESIII detector and the detector
response, are used to optimize the selection criteria,
determine detection efficiencies and to estimate back-
grounds. The simulation models the beam energy spread
and initial state radiation (ISR) in the e*e™ annihilations
with the generator KKMC [9,10]. The inclusive MC sim-
ulation includes the production of the y(3686) resonance,
the ISR production of the J/w, and the continuum
processes incorporated in KKMC. The known decay modes
are modeled with EVTGEN [11,12] using branching frac-
tions taken from the Particle Data Group [13], and the
remaining unknown charmonium decays are modeled with
LUNDCHARM [14,15]. Final state radiation (FSR) from
charged final-state particles is incorporated using PHOTOS
[16]. An exclusive phase space MC is used to simulate the
w(3686) — AAw reaction. The data sets collected at the
CM energies of 3.650 GeV and 3.773 GeV, with an
integrated luminosity of (44.49 & 0.02 + 0.44) pb~! and
(2917 +29) pb! [17], respectively, are used to esti-
mate the contamination from the continuum processes of
ete” = Aw.
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III. EVENT SELECTION AND
BACKGROUND ANALYSIS

The process w(3686) — AAw is reconstructed with
A= pr, A= prt, w— a2’ and 7° = yy. The
signal events are required to have at least six charged
tracks and at least two photon candidates. Charged tracks
detected in the MDC are required to be within a polar angle
(0) range of | cos 8| < 0.93, where 0 is defined with respect
to the z-axis, which is the symmetry axis of the MDC. A
secondary vertex fit is performed for each pair of oppositely
charged tracks, and the combinations with y? less than 50
are saved as A or A candidates, without further require-
ments on the decay length. At least one AA pair is required
in each signal event. Particle identification (PID) based on
TOF and dE/dx information is applied to the pairs of
charged tracks belonging to the A (A) candidate. The track
in the pair with the largest probability calculated under the
proton (antiproton) assumption is assumed to be a proton
(antiproton), and the other track is assumed to be a pion. If
more than one AA pair survive, the one with the minimum
value of ((M,,- —mp)? + (M, —mg)?) is kept for
further analysis, where M- (Mp,+) is the invariant mass
of pa~(px*) and m, (my) is the known mass of A (A)
[13]. The charged tracks which are not used in the AA pairs
are assumed to originate from @ decays. For these tracks,
the distance of closest approach to the eTe™ interaction
point must be less than 10 cm in the z direction, and less
than 1 cm in the plane perpendicular to the z direction.
They are identified as z if the pion PID likelihood is the
largest among the three assumptions of z, K and p. Signal
events are selected when at least one pair of z7z~ is
identified.

Photon candidates are identified using showers in
the EMC. The deposited energy of each shower must be
greater than 25 MeV in the barrel region (| cos 8| < 0.80)
and greater than 50 MeV in the end cap region
(0.86 < |cos ] < 0.92). To exclude showers originating
from charged particles, the angle between the position of
the shower in the EMC and the closest point of the
extrapolated trajectory of each charged track must be
greater than 10 degrees; because of the large number of
secondary photons produced in antiproton annihilations
[18], the angle between the position of the shower and the
extrapolated trajectory point of antiproton tracks must be
greater than 30 degrees. To suppress electronic noise and
showers unrelated to the event, the difference between the
EMC time and the event start time is required to be within
(0, 700) ns. The z° candidates are reconstructed through
7’ = yy decays, and a kinematic fit that constrains the
invariant mass to the 7° known mass is performed [13]. The
x* of the kinematic fit is required to be less than 25.

To improve the mass resolution, a five-constraint (5C)
kinematic fit for the w(3686) — AAz*z"yy hypothesis
is performed, where in addition to energy-momentum

conservation, the invariant mass of the two photons is
constrained to the known mass of z°. Figure 1(a) shows the
x?* of the 5C fit, which is required to be less than 40. For
events with more than one combination satisfying this
requirement, the combination with the smallest y? is kept.

For the surviving events, A(A) candidates are selec-
ted by requiring [M . 5.+) — mpi)l <5 MeV/c?, as
shown in Figs. 1(b) and 1(c). Backgrounds from
w(3686) - 7tn~J/w decays are rejected by requiring
|M™¢ _ —my,| > 30 MeV/c?, where M™¢ _ is the recoil
mass of the 7+ 7~ system decaying from @ and m,, is the
known mass of J/y [13], as shown in Fig. 1(d).

To study the background contributions, the same
selection criteria are applied to the w(3686) inclusive
MC simulation. A topological analysis of the events
surviving to the selections has been performed with
TopoAna [19], and the number of background events
with @ in the final state is negligible. Therefore, the
background contributions are estimated using the @ side-
band events from data, where the sideband regions are
defined as 0.693 GeV/c?> < M+ 0 < 0.723GeV/c? and
0.843 GeV/c? < M+ -0 < 0.873GeV/c?, and the signal
region as 0.753 GeV/c?> < M+, 0 < 0.813GeV/c?. To
investigate the amount of possible background from con-
tinuum processes, the same selection criteria are applied
to data samples of (2917 4-29) pb~! collected at /s =
3.773 GeV and (44.49 +0.02 £ 0.44) pb~! collected at
/s = 3.650 GeV [17], and no event survives after apply-
ing all the selection criteria [20]. Hence, background from
the continuum contribution of the electromagnetic process
ete” — AAw is negligible.

&\: 150) b
> (b)
2] E 100
5 7
> =
m =~ 50
E
=]
2 PRPVCR) . o
m 1.1 1.105 1.11 L.115 1.12 1.125 1.13
ch M(pr) (GeVic?)
& o
<o = Q
s © Sob @ +
ﬁ 100 ﬁ 400F
R S0 < 300
: 60F [
e x 200F
= 4of >
E 122]
5 20F + 5% T
O S O Boletast shucts 2 et h
m 1.1 1105 1.11 1.115 1.12 1.125 1.13 m 24 2.6 2.8 3 32 34
M(Bn*) (GeV/e?) M2 (GeV/c?)
FIG. 1. (a) The y? distribution of the 5C fit, (b) the invariant

mass distribution of pz~ and (¢) pz ™, and (d) the recoil mass of the
xtx~ system from the decaying w. Dots with error bars are
w(3686) data, and the green histograms show the phase space MC
simulation of y(3686) — AA®. The blue arrows show the applied
selections. The simulation is normalized to the maximum bin value
of the data in (a),(b) and (c), and to the data integral in (d).
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IV. BRANCHING FRACTION MEASUREMENT
OF y(3686) > AAw

An unbinned maximum likelihood fit is performed to the
invariant mass distribution of 7z~ z°, as shown in Fig. 2,
to determine the number of @ signal events. The @ signal
shape is taken from signal MC simulation, and the back-
ground is described by a first order Chebyshev polynomial.
The branching fraction (BF) of y(3686) — AAw is calcu-
lated according to

Nobs

B(y(3686) - AAw) = ——
(w(3686) ) Ny o) B

(1)

where Ny, =207 £21 is the number of ® signal
events obtained from the fit, ¢ = (3.89+0.02)% is
the detection efficiency, estimated from w(3686) —
AAw MC simulation, and B is the product of branching
ratios of B(A— pr~)-B(A— prt)-B(w— atn"7°)-
B(z° = yy) [13]. B(y(3686) = AAw) is measured to
be (3.30 + 0.34(stat)) x 107>, where the uncertainty is
statistical only.

V. STUDY OF INTERMEDIATE STATES

In order to study possible intermediate states in
w(3686) — AAw, an additional requirement of |M .+ - 0 —
m,| < 30 MeV/c? is applied, where m, is the mass
of the @ meson [13]. The Dalitz plot of M?(Aw) versus
M?(Aw) is shown in Fig. 3. A two-dimensional
unbinned maximum likelihood fit is performed to
the Dalitz plot to investigate the potential exicted
Lambda state A*, which could decay as A* —
Aw(A* = Aw). In the fit, the signal of A* is modeled
with an S-wave Breit-Wigner function in two dimen-
sions [21], namely,

N W W
wn O W
T[T TITT|T

15F

Events/( 2.00 MeV/c?)
)
S
T

—_
(=]
I —

........

o W
T
1= =1

S T e o ST —
v 0.75 0.8 0.85 0.9
M(ntrn®) (GeV/c?)

FIG. 2. Invariant mass spectrum of the 7+ 7z~ 2" system. Dots
with error bars are data, and the blue solid curve shows the fit
result. The red dashed curve is the @ signal shape, and the green
dashed curve is the background.

~
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FIG. 3. Dalitz plot of M?(Aw) versus M?(Aw) from data.

G(X,y)'< 2 pg'q 2 2
(My —x)*+ Mz -T
P-4
G ) O @

where x and y correspond to M?(Aw) and M?*(Aw),
respectively; Myp and I' are the mass and width of
A*/A*; p is the momentum of A*/A* in the c.m. frame;
g is the momentum of w in the rest frame of A*/A*;
o(x,y), is the two dimensional Gaussian resolution
function, obtained from a zero width A* and A* signal
MC simulation, and e(x,y) is the two dimensional
detection efficiency function of x and y, which is
obtained from y(3686) — AAw exclusive MC simula-
tion. Due to the low statistics, possible interference
effects are not considered in the analysis. The proba-
bility density function of the process w(3686) — AAw
without intermediate states is taken from MC simula-
tion. The non —w background is described by the
normalized @ sidebands.

The fit projections of M?(Aw) and M?(Aw) are shown in
Fig. 4. From the fit, 51 4+ 16 signals are obtained, with
statistical significance of 3.ls, which is evaluated by
comparing the likelihood values with and without the A*
resonance included in the fit. To take into account the
additive systematic uncertainties related to the fits, alter-
native fits with different @ sideband background levels
and shapes are performed, and the minimum significance
among these cases is 3.0c. The fitted A*/A* mass and
width are M. z- = 2.001 £ 0.007 GeV/c? and Cpejae =
0.036 4+ 0.014 GeV/c?. If compared with the excited states
with similar mass listed in the Review of Particle Properties
[13], like A(2000), A(2050) and A(2070), the fitted width
of 36 MeV/c? is below the reported value of these states,
which is between 100 and 400 MeV/c?. It is evident that
higher statistics and a detailed partial wave analysis are
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FIG. 4. The distributions of (a) M?(A®) (b) and M?(A®). Dots
with error bars are data, the black solid curves are projections
from the fits, the red solid curves show the shape of A*/A*
resonances, the blue solid curves show the background described
by w sidebands and the green solid curves show the shapes from
the nonresonant decay (3686) - AAw. The Aw and Aw
invariant masses are fitted simultaneously giving the same yield
for the Aw and Aw excited state. The differences between the Aw
and Aw invariant masses in the fitted curves in (a) and (b) for the
signal and the background are due to different detection effi-
ciencies of Aw and Aw.

needed in order to decide whether this structure is present
and if its properties are consistent with one of these states
or not.

The BF of y(3686) — AA* + c.c. = AAw according to

B(y(3686) > AA* +c.c. > AAw) =—&
W c.c. )
N -B-e
v (3686)

= (8.91 £ 2.82(stat) +0.73(sys.)) x 1076, (3)

where N, = 51 + 16 is the number of A* signal events
obtained from the fit, ¢ = (3.59 £ 0.02)% is the detection
efficiency, estimated from y(3686) — AA* + c.c. » AAw
MC simulation and B is the product of branching ratios as
Eq. (3). Since only a few signal events are observed and the
significance is only 30, to be conservative, the branching
fraction upper limit of y(3686) — AA* + c.c. —» AAw is

measured. The upper limit on the number of signal events,
N:Eg, is determined at the 90% confidence level (CL) by
solving [22]

N:?; +oo
~ L(u)du/ / L(u)du = 0.9, (4)
0 0

where . is the number of fitted signal events, and £(u) is the
likelihood function obtained from the fit to data. To deter-
mine the upper limit on the A* resonance signal events, a
series of unbinned maximum-likelihood fits are performed to
the Dalitz plot of M?(Aw) versus M?(Aw) with a varying
number of expected A* resonance signal events. To take into
account the additive systematic uncertainties related to the
fits, alternative fits with different @ sideband background
levels and shapes are performed, and the maximum upper
limit among these cases is determined. To account for the
multiplicative systematic uncertainties, the likelihood dis-
tribution is convolved with a Gaussian function G(x;0, c)
with a standard deviation of 6 = x x A [22],

+o0

L' (p) = L(x) x G(u — x;0,0)dx (5)

0

where p is the expected number of signal events, £'(u)
indicates the expected likelihood distribution, and A refers to
the total relative systematic uncertainty listed in Table 1.

The branching fraction upper limit of w(3686) —
AA* +c.c. - AAw is calculated as follows:

_ _ NP
By (3686) = AA* +c.c. » AAw) < —=2—— (6
(w(3656) e ©

where N, is the upper limit of the number of signal events,

€= (3.59£0.02)% is the detection efficiency, estimated
from y(3686) — AA* + c.c. = AAw MC simulation, and
B is the product of branching ratios of B(A — pz~) -
B(A - prt)-B(w — 272~ 2°%) - B(z° - yy) [13]. The
red and black solid curves in Fig. 5 show the updated
and the raw likelihood distributions, respectively. The
upper limit of the number of signal events is 80.1, and
the upper limit of the branching fraction is 14 x 107 at
the 90% CL.

VI. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainties are summarized
in Table I. The second and third columns present
the uncertainties for the branching fraction measure-
ment of w(3686) - AAw and the upper limit of
B(y(3686) — AA* + c.c. - AAw), respectively.

Number of y(3686) events: The uncertainty due to the
number of y(3686) events is 0.7% [23].

Tracking efficiency, The uncertainty due to data-MC
difference in the tracking efficiency is 1.0% for each
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TABLE I. Systematic uncertainties in %.

Source

w(3686) — AAw Upper limit of A*/A*

Number of y(3686) events
MDC tracking

PID efficiency

Photon detection efficiency
AA reconstruction efficiency
Kinematic fit

Intermediate decay A — pr~
A = prt
w—->rtnrrx
7’ =y

0

Mass window A
A
J/w
0]

Fitting Signal shape
Background shape
Fit range

Total

0.7 0.7
6.0 6.0
4.0 4.0
2.0 2.0
2.0 2.0
1.5 1.5
0.8 0.8
0.8 0.8
0.7 0.7
0.03 0.03
0.02 0.04
0.03 0.02
1.6 1.8
- 0.02
2.9
1.4
1.5 -
8.9 8.2

charged track coming from a primary vertex, according to a
study based on J/yw — K*K and J/w — pprtn~ events
[24]. For tracks coming from A(A) decays, the uncertainty
is also 1.0%, estimated by an analysis of J/y — pKTA
events [24].

PID efficiency: In this analysis, the particle identification
is applied to the p(p) from A(A) decays, and to the z* and
z~ from w decays. The PID efficiency has been investigated
using control samples of J/y — KSK*z* and J/y —
pprta~ [25,26]. The uncertainty is assigned to be 1.0%
per charged track; thus the total systematic uncertainty
is 4.0%.

Number of Events

0 50 100 150 200
1F
é 0.8
g 06:
2
m 0.4 O
02
0:‘“1““1‘“1““ L 1 ><10$
0 5 10 15 20 25 30
BF
FIG. 5. Distribution of likelihood versus number of signal

events (and BF) for data. The results obtained with and without
incorporating the systematic uncertainties are shown in blue solid
and red solid curves, respectively. The black arrow shows the
results corresponding to the 90% CL.

Photon detection efficiency: The uncertainty in the
photon reconstruction is studied by using the control
sample w(3686) — nta~J/w, J/w — p°2°, and a 1.0%
systematic uncertainty is estimated for each photon [25].

AA reconstruction efficiency: The uncertainties due
to the A and A secondary vertex fits are determined to
be 1.0% each, as presented in Ref. [3]. In this work,
a 2.0% systematic uncertainty is estimated for the AA
reconstruction efficiency.

Kinematic fit: The systematic uncertainty due to kin-
ematic fitting is estimated by correcting the helix param-
eters of charged tracks according to the method described
in Ref. [27]. The difference between the detection effi-
ciencies with and without this correction is considered as
the systematic uncertainty, which is 1.5%. The detection
efficiencies with this correction is nominal result.

Intermediate decays: The systematic uncertainties on the
intermediate-decays A — pa~, A = pa*, @ = ata a°
and 7° — yy are from the PDG [13].

Mass window: The systematic uncertainty from the
requirement on the A(A, w) signal region is estimated by
smearing the pz~(pz*,z"2~z") invariant mass in the
signal MC simulation with a Gaussian function to
compensate for the resolution difference between data
and MC simulation. The smearing parameters are deter-
mined by fitting the pz~(pa*, 7" 2~ 2") invariant mass
distribution in data with the MC-simulated shape con-
volved with a Gaussian function. The difference in the
detection efficiency as determined from the signal MC
simulation with and without the extra smearing is taken as
the systematic uncertainty. The systematic uncertainties
related to the vetoed J/y mass window are estimated by
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varying the size of the mass window, i.e., contracting/
expanding it by 2 MeV/c% The resulting differences
of branching fractions are treated as the systematic
uncertainties.

Fit range: To estimate the systematic uncertainty
due to the fit range, several alternative fits in dif-
ferent ranges ([0.69,0.89] GeV/c?, [0.71,0.91] GeV/c?,
[0.69,0.91] GeV/c? and [0.71, 0.89] GeV/c?) are per-
formed. The largest resulting difference in the BF is
assigned as the systematic uncertainty.

Signal shape: To estimate the uncertainty due to the
choice of the signal shape, the MC-simulated shape is
replaced by MC-simulated shape convolved with a
Gaussian function, and the resulting differences in the
BFs are assigned as systematic uncertainties.

Background shape: To estimate the systematic uncer-
tainty due to choice of the background shape, an alternative
fit is performed by replacing the first order Chebyshev
polynomial with a second-order Chebyshev polynomial.
The change in the measured BF is assigned as the
corresponding systematic uncertainty.

The total systematic uncertainty is calculated by assum-
ing the individual components to be independent, and
adding their magnitudes in quadrature.

VII. SUMMARY

The process w(3686) — AAw is observed for the
first time, using (448.14+2.9) x 10° w(3686) events
collected with the BESIII detector. The branching frac-
tion B(y(3686) — AAw) is measured to be (3.304
0.34(stat) £ 0.29(syst)) x 1073, In addition, the potential
excited A states are investigated by an unbinned maxi-
mum likelihood fit to the Dalitz plot. The results hint in
agreement with a resonant structure with a mass around
2 GeV/c?, which could be explained as an excited state A*,
but its significance (3.00) is not sufficient to claim an
observation. The corresponding upper limit for the branch-
ing fraction B(y(3686) — AA* +c.c. > AAw) is deter-
mined to be 1.40 x 10~ at the 90% confidence level.
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