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Using a sample of 1.06 X 10® 1/(3686) events collected with the BESIII detector, we present the first
observation of the decays of ¢(3686) — AST 7 + c.c. and (3686) — AS 7 + c.c. The branching
fractions are measured to be B((3686) — AS "7 +c.c) = (140 £0.03 £0.13) X 10~ and
B(h(3686) — AS 7+ + c.c.) = (1.54 = 0.04 = 0.13) X 10~4, where the first errors are statistical and
the second ones systematic.
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OBSERVATION OF THE DECAY ...
L. INTRODUCTION

Charmonium decays provide an ideal laboratory where
our understanding of nonperturbative quantum chromody-
namics (QCD) and its interplay with perturbative QCD can
be tested [1]. Perturbative QCD [2,3] predicts that the
partial widths for J/ ¢ and /(3686) decays into an exclu-
sive hadronic state 4 are proportional to the squares of the
cc wave-function overlap at zero quark separation, which
are well determined from the leptonic widths. Since the
strong coupling constant, «;, is not very different at the
J/ ¥ and /(3686) masses, it is expected that the J/ ¢ and
/(3686) branching fractions of any exclusive hadronic
state h are related by

_ B((3686) — h) - B((3686) — ete)

OTTBU = BUfi—ee)

This relation defines the ““12% rule,” which works reason-
ably well for many specific decay modes. A large violation
of this rule was observed by later experiments [4—6],
particularly in p7 decay. Recent reviews [7,8] of relevant
theories and experiments conclude that current theoretical
explanations are unsatisfactory. Clearly, more experimental
results are desirable.

The study of baryon spectroscopy plays an important
role in the development of the quark model and in the
understanding of QCD [9-11]. However, our knowledge of
baryon spectroscopy is limited; in particular the number of
observed baryons is significantly smaller than what is
expected from the quark model. For a recent review of
baryon spectroscopy, see Ref. [12].

Three-body charmonium decays of J/ ¢ and 1 (3686)
decays provide a complementary approach to study the
internal structure of light baryons with respect to the
traditional pion (kaon) scattering experiments. Using 58
million J/i events, the BESII Collaboration reported
the observation of a new N* resonance [13], denoted as
N(2065), in J/¢ — pam~ + c.c., which was subse-
quently confirmed in J/¢ — ppn° [14]. More recently,
with 106 million ¢ (3686) events, two new structures,
N(2300) and N(2570), were observed at the BESIII
experiment in (3686) — ppm’ decay [15,16]. Not
only excited nucleons, but also baryons with one strange
quark (e.g. A* and X*) can be studied in J/¢ and
1 (3686) decays.

In this paper, we study (3686) — A 7~ + c.c. and
¥ (3686) — A" 7" + c.c., and measure the correspond-
ing branching fractions for the first time using 1.06 X 108
¥ (3686) events collected with the Beijing Spectrometer
(BESIII) detector. Further, the branching fraction of
#(3686) — AX~ 7" and that from J/¢ decay are used
to test the “12% rule’’ [2,3]. Peaks are observed around 1.5
to 1.7 GeV/c? inthe ¥ 77~ and A7~ mass spectra, which
are indicative of A* and X* states, respectively.
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II. DETECTOR AND MONTE
CARLO SIMULATION

The Beijing Electron Positron Collider (BEPCII) [17] is
a double-ring e*e~ collider designed to provide a peak
luminosity of 10°* cm™2s™! at a center of mass energy of
3.77 GeV. The BESIII [17] detector has a geometrical
acceptance of 93% of 47 and has four main components.
(1) A small-cell, helium-based (40% He, 60% C;Hg) main
drift chamber (MDC) with 43 layers provides an average
single-hit resolution of 135 um, and charged-particle
momentum resolution in a 1 T magnetic field of 0.5% at
1 GeV/c. (2) An electromagnetic calorimeter (EMC) con-
sists of 6240 CsI(TI) crystals in a cylindrical structure
(barrel) and two end caps. For 1 GeV photons, the energy
resolution is 2.5% (5%) and the position resolution is 6 mm
(9 mm) in the barrel (end caps). (3) A time-of-flight system
(TOF) consists of 5-cm-thick plastic scintillators, with 176
detectors of 2.4 m length in two layers in the barrel and 96
fan-shaped detectors in the end caps. The barrel (end caps)
time resolution of 80 ps (110 ps) provides 20 K/ sepa-
ration for momenta up to ~1 GeV/c. (4) The muon system
consists of 1000 m? of resistive plate chambers in nine
barrel and eight end cap layers and provides a position
resolution of 2 cm.

The optimization of the event selection and the estima-
tion of backgrounds are performed through Monte Carlo
(MC) simulations. The GEANT4 [18] based simulation
software BOOST [19] includes the geometry and material
description of the BESIII spectrometer and the detector
response and digitization models, as well as the tracking of
the detector running conditions and performance. The
production of the #(3686) resonance is simulated by the
MC event generator KKMC [20,21], while the decays are
generated by EVTGEN [22] for known decay modes with
branching fractions being set to world average values [9],
and by LUNDCHARM [23] for the remaining unknown
decays.

III. EVENT SELECTION

In this analysis, the charge-conjugate reaction is always
implied unless explicitly mentioned. The X~ is recon-
structed in its p7° and 7w~ decay modes, and STA
and 70 are reconstructed in 37 — awT, A — pm~ and
70— . The possible final states of 1(3686) — AX " 7~
and (3686) — AX 7" are then pwm 7w w i and
vyppm~ w*t. The following common selection criteria,
including charged track selection, particle identification
and A reconstruction, are used to select candidate events.

Candidate events must have four charged tracks with
zero net charge. Tracks, reconstructed from the MDC hits,
must have a polar angle 6 in the range | cos 6] < 0.93 and
pass within 20 cm of the interaction point in the beam
direction and within 10 cm in the plane perpendicular
to the beam. The pion produced directly from ¢ (3686)
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decays must have its point of closest approach to the beam
line within 20 cm of the interaction point along the beam
direction and within 2.0 cm in the plane perpendicular to the
beam. In order to suppress background events from
1 (3686) — K71 A, the point of closest approach in the plane
perpendicular to the beam is required to be within 0.5 cm in
the cases of 3~ — 7w~ +c.c and 3T —ant +c.c.

For each charged track, both TOF and dE/dx informa-
tion are combined to form particle identification (PID)
confidence levels for the =z, K, and p hypotheses
[Prob(i), i = r, K, p]. A charged track is identified as a
pion or proton if its Prob is larger than those for any other
assignment. For all four channels with a neutron (or anti-
neutron), only one charged track is required to be identified
as a proton or antiproton, and the other charged tracks are
assigned as pions. In order to suppress background events
from (3686) — 7070J /s with J/¢p — AA, the candi-
date pion should not be identified as an antiproton in the
case of 3~ — im~ + c.c. For 3~ — pm® + c.c., at least
one of the charged tracks should be identified as a proton
or an antiproton.

To reconstruct the decay A — p7~, a vertex fitting
algorithm is applied to all combinations of p7~ pairs. If
more than one p7r~ combination satisfies the vertex fitting
requirement, the pair with the mass closest to M(A) is
chosen, where M(A) is the nominal mass of A [9].

A. (3686) — A3 7wt — ppatayy

Events selected with the above selection criteria and at
least two photon candidates are kept for further analysis.
Photon candidates, reconstructed by clustering EMC crys-
tal energies, must have a minimum energy of 25 MeV for
the barrel (| cos 8] < 0.80) and 50 MeV for the end cap
(0.86 < | cos 8] < 0.92), must satisfy EMC cluster timing
requirements to suppress electronic noise and energy de-
posits unrelated to the event, and be separated by at least
10° from the nearest charged track (20° if the charged
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FIG. 1 (color online).
signal MC simulations without background included.
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track is identified as an antiproton) to exclude energy
deposits from charged particles.

Figure 1(a) shows the p7~ mass, M(p7 ), distribution
for events that satisfy the A vertex finding algorithm.
A clear peak at the A mass is observed, and a A mass
window requirement, 1.111 < M(p7~) < 1.121 GeV/c?,
is applied to extract the A signal.

A four-constraint kinematic fit imposing momentum and
energy conservation is performed under the yyppm~ 7"

hypothesis, and the chisquare ( ,\/prﬁﬁ, -+) with the num-

ber of degrees of freedom (d.o.f. = 4) is required to be
less than 100. For events with more than two photons,
all combinations are tried, and the combination with the

smallest 2~ . is retained. The 7” is clearly seen in

the yy mass, M(y7y), spectrum shown in Fig. 1(b). The
pm¥ invariant mass spectrum for events in the 7° mass
window (0.12 < M(yy) < 0.145 GeV/c?) is shown in
Fig. 2(a), where the 3~ peak is seen. To check the possible
background, Fig. 3(a) shows the unconstrained
ppm T vy mass, M(ppmta yy), distribution for
events inside the 3~ mass region (1.171 < M(p7°) <
1.207 GeV/c?) without kinematic fit; few of them survived
with the kinematic fit and chisquare requirement.

To extract the number of 2~ events, an unbinned maxi-
mum likelihood fit is applied to the p7® mass spectrum
with a double Gaussian function for the signal plus a
second order Chebychev polynomial as the background
function. The fit, shown as the solid line in Fig. 2(a), yields
458 + 23 3~ events, while the fit to the p7° mass distri-
bution gives 554 + 26 X events, as shown in Fig. 2(b).
The background under the A signal can be estimated by
fitting the 3 signal inside the A sideband. Fits of the A and

A sideband events yield 18 + 5 S and 13 =537 events.

B. #(3686) - ASt 7~ (AS " #t) — pianta m
Neutrons cannot be fully reconstructed with the EMC
information. However, the distribution of mass recoiling

(b)
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The distributions of (a) M(p7r~) and (b) M(y7y). The crosses with error bars are data, and the histograms are
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(b)

100~
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g
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The distributions of (a) M(p#°) and (b) M(p#°). The crosses with error bars are data, the histograms are

background estimated with A(/_\) sidebands, the solid lines are the fits described in the text, and the dashed lines are the fits of

background.

against pr* 7w~ 7~ tracks, R(pm* 7~ ™), for events with
the recoiling mass and the 77" mass, M(R(pmt 7w~ 7~ )mrt),
inside the X mass region [1.186<M(R(pm" 7 7)
7+)<1.208GeV/c?], shown in Fig. 3(b), has a significant
antineutron peak. After requiring |R(pm 7 7 ) —
M(71)| < 0.04 GeV/c? (30), where M(71) is the neutron
mass, a one-constraint kinematic fit with the recoil mass
constrained to the neutron mass is performed to improve the
mass resolution, and the chisquare y*(p7~ 7 7' i) with
the number of degrees of freedom (d.o.f. = 1) is required to
be less than 20.

Using the same method described in Sec. 3(a), we
perform fits to the Aawrt, nw™, nw", and A7~ mass dis-
tributions [M(i7"), M(n7™), M(n7") and M(iim™)] to
extract the number of 3%, 37, 3* and 3~ events and
background events from the A sideband. Here, the n and 72
momenta from the one-constraint kinematic fits above
are used to determine M(iw"t), M(n7m™), M(n7") and

(@)

B D [+
o o o
T T T T T T T T T T

Events/(5MeV/c?)
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: 38
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FIG. 3 (color online).

M(iimr™). The fits are shown in Figs. 4(a) to 4(d), and the
fit results are summarized in Table 1.

IV. BACKGROUND STUDY

In this analysis, 106 million inclusive (3686) MC
events are used to investigate possible backgrounds from
1/ (3686) decays. The results indicate that the background
events mainly have an approximately flat distribution.
Since the background contributions to the 3, peak are not
very significant, and the branching fractions of some
possible decay channels are not yet well measured,
background contributions are estimated from A side-
bands, defined as 1.1027 < M(p7~) < 1.1077 GeV/c?
and 1.1237 < M(p7~) < 1.1337 GeV/c?, and shown in
Fig. 5(a), where M(p7~) is the pm~ invariant mass.
Fitting the A sideband events in the same way as the signal
events, we obtain the numbers of background events,

120

100

[=]
o
L B L B B B

[=2]
o

Events/(2MeV/c?)
=y
o

N
o

RO, 5
0.8 085 09 0.95 1 1.05
M(R(pr*')) (GeV/c?)

The distribution of (a) the unconstrained pp7" 7~y mass and (b) the mass recoiling against p7r* 7~ 7,

where the crosses with error bars are data and the histogram the MC simulation of signal events.
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FIG. 4 (color online). The distributions of (a) M(i7r™), (b) M(n7™), (¢c) M(n7™), and (d) M(iizr™). The crosses with error bars are
data, the histograms are background estimated with A(A) sidebands, the solid lines are the fits described in the text, and the dashed

lines are the fits of background.

summarized in Table I, which will be subtracted in the
calculation of the branching fractions.

To estimate the number of background events com-
ing directly from the e e~ annihilation, the same
analysis is performed on data taken at a center-
of-mass energy of 3.65 GeV, where the number of
background events is also extracted by fitting the
im" (or par’) mass spectrum. The background events
are then normalized to the ¥(3686) data after taking
into account the luminosities and energy-dependent

cross section of the quantum electrodynamics (QED)
processes,

3.65%
3.686°

L5636
Ngep = —=

X Nis (1

£3.650

where Nggp is the number of background events from
QED processes, L3436 =165pb™! and L3¢50 =44pb~!
are the integrated luminosities for (3686) data [24]
and 3.65 GeV data [25], and N?‘GS is the number of
selected events from continuum data.

TABLE I. The branching fractions and the values used in the calculation for each decay mode,
where the first errors are statistical and the second ones systematic.

¥ (3686) — Nops Ngq Noep £(%) B(X1075)
4i+w_(i+ —amt) 159448 4310 64 =16 20.25+0.15 691 £0.25 +0.65
AS"7H (27 —nm™) 163747 44+10 54+ 14 20.55*+0.15 7.05+0.24 = 0.61
A" 7wt (X" —am”)  898%+35 28+6 25*+12 10.03*+0.11  7.93+0.36 + 0.70
AXT7= (T —na™) 89135 29+6 32*11 1022*0.11  7.64 =0.35 + 0.69
A7 (37— p7°) 458 =23 185 26*10 534=*=0.078 7.29 =047 =0.72
ASTa (ST - pa®)  554+26 13*+5 33*11 6.22+0.081 7.68*0.67*0.71

112007-6



OBSERVATION OF THE DECAY ...

1.251 (a)
< [ L]
°
S - -
& 1.2 B D .
-~ L

B L

E O
= i

115}

1 |

11 1.1 1.12 1.13 1.14

M(pr) (GeV/c?)

FIG. 5 (color online).

PHYSICAL REVIEW D 88, 112007 (2013)

o ee (b)
— OO0 = = s oooQ0o
6 OfjOcococaaan
o e OC]o L] a
D F Oog0oo = =)
N cOOOOo = o Oo
o L Ooo0oo = 08 .
OoOoO0e oo = = OoO0oe o
> coooOO o coooe
Q o ooOoog o ooOs
OoOOO0cocoooescsnsass=sD oo
0 oJOoOdOo o e ooo
= 4 GoocOOcos= o T
g oJooOo s o e o ocoOooOoo
B - cfjooooocecocsceocecadan Ocoo
+ oJ-oo=o=ooo Ooooea
A L oOood ©Seo oO0Oos0e0e0 oogo
OQdoo0doOdoeoceon eJoooOdOe
~ cHooO0oOooogoooogoodd
= F oJeooesoooodocogoOjdds
cdodOoodoooooojog
| ocooOo oo™
2 oOcoood ===
1 1 n n n 1
2 4 6
2 - 2\2
M(Ar')(GeV/c?)

(a) The scatter plot of M(pm~) versus M(iiar"), where the boxes denote the signal regions and the sideband

regions for background estimation; (b) the Dalitz plot of ¥(3686) — A" 7~ candidate events.

V. DETECTION EFFICIENCY DETERMINATION

To determine the detection efficiencies, possible
intermediate states decaying into X7 and A7 are inves-
tigated. Figure 5(b) is the Dalitz plot of selected
y(3686) — A 7~ — pamtm w candidates, where
clear clusters indicate that this process is mediated by
excited baryons. The two-dimensional A — % sidebands,
shown as the boxes in Fig. 5(a), are used to estimate the
number of background events, and the background dis-
tributions, shown as shaded histograms in Figs. 6(a)-6(c),
indicate that the structures are not from background
events. The A7 and 37 invariant mass spectra, shown
in Figs. 6(a) and 6(b), indicate A* and X* structures,
e.g. peaks around 1.4 to 1.7 GeV/c? in the invariant
mass distributions of A7~ and 3" 7", that clearly de-
viate from what is expected according to phase space. In
order to determine the correct detection efficiency, a
partial wave analysis (PWA) is performed based on an
unbinned maximum likelihood fit [13]. As shown in
Fig. 6, the background contamination is small and is
ignored in the PWA. Sixteen possible intermediate excited
states [A(1810), A(1800), A(1670), A(1600), A(1405),
A(1116), A(2325), A(1890), A(1690), A(1520), A(1830),
A(1820), 2(1660), %(1670), %(1580) and X (1385)] with
at least two stars according to the PDG [9] are included

in the PWA. In the global fit, all of these resonances are
described with Breit-Wigner functions, and the masses
and widths are fixed to the world average [9]. A compari-
son of the data and global fitting results, shown in Fig. 6,
indicates that the PWA results are consistent with data.
A similar PWA is also performed for the decays
¥ (3686) = A" 7t — ppm T vy, and the results are
also in agreement with data. Finally the MC samples of
(3686) — A" 7~ and (3686) = AS” 7" are gener-
ated according to the PWA results, and the detection
efficiencies are determined by fitting the X signal and
A sideband events and presented in Table I. In the deter-
mination of the detection efficiencies, the branching
fractions of the unstable intermediates (e.g. A, SF) are
included by generating all their possible decay modes in
the corresponding MC samples.

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainty due to the charged track
detection efficiency has been studied with control samples
J/p — pK~A + c.c. and J/ iy — AA decays. The differ-
ence of the charged tracking efficiencies between data and
MC simulation is 2% per track. In this analysis, there are
four charged tracks in the final states, and the uncertainty is
determined to be 8%.

70
60
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40
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20
10

70F
60F
50F
a0f
30F
20f
10p"

Events/(25MeV/c?)
Events/(25MeV/c?)

70F
60F
sof
:
30f
20f

Events/(25MeV/c?)

10

3.4

0 ! I h !
14 1.6 1.8 2 1.8

M(AT)(GeV/c?)

ME ) (GeV/c?)

2:8 3 3.2
M(AZ")(GeV/c?)

2 2.2 3.6

FIG. 6 (color online). Comparisons between data and PWA projections of (3686) — AST 7, (@) M(Am), (b) M(ET7) and
(c) M(AX™). Points with error bars are data, the solid histograms are PWA projections, the dashed histograms are phase space
distributions from MC simulation, and the shaded histograms are the background contributions estimated from the A — 2, sidebands.
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TABLE II. Summary of systematic sources and the corresponding contributions (%).
¥ (3686) —
ASt AS 7t AS 7t AS T At AS "7t
Sources Cr-art) S —ar) S —=pn) Cf—-nmrt) ST -pr®) S —nm)
Track detection efficiency 8 8 8 8 8 8
Particle identification 1 1 1 1 1 1
Photon detection efficiency .- 2 s 2 s
Fitting of 3 mass 3.6 2.7 0.7 3.1 2.6 1.5
Kinematic fit 2.0 2.0 1.7 2.0 1.7 2.0
Intermediate excited states 2.3 0.1 5.1 1.0 22 1.4
BA— pm7) 0.78 0.78 0.78 0.78 0.78 0.78
BE*T — nwtor pa®) 0.005 0.62 0.58 0.62 0.58 0.005
,77.0_,,)/,)/ 0.034 0.034
Number of 1/(3686) events 0.81 0.81 0.81 0.81 0.81 0.81
Total 9.4 8.8 9.9 9.0 9.2 8.6

The PID efficiency for MC simulated events agrees with
the one determined using data within 1% for each proton
or antiproton according to the study of J/¢ — ppmr* 7~
[15]. 1% is taken as the uncertainty from PID in each
channel. The photon reconstruction efficiency is studied
using the control sample of J/¢ — p’z° events, as de-
scribed in [26]. The efficiency difference between data
and MC simulated events is within 1% for each photon.

In order to estimate the uncertainty due to the fitting
range and the background function in fitting of 3, different
mass regions (3 — Aiw™: from [1.12, 1.26 GeV/c?]
to [1.14, 1.24GeV/c?], X —pn’: from [1.11,
1.27GeV/c?] to [1.13, 1.25 GeV/c?]) have been used to
perform the fitting and several polynomials (from second-
order polynomial to third-order) have been used to describe
the backgrounds. The changes of the fitting results are
treated as the corresponding systematic errors.

The uncertainty associated with the 4C kinematic fit is
estimated to be 1.7% using the control sample of
W(3686) = wraJ/ ¢, J/y — ppm°, 7 — yy. The
uncertainty associated with the 1C kinematic fit is esti-
mated to be 2.0% using the control sample i (3686) —
ata I/, I/ — pam.

For the detection efficiency derived from the PWA,
another MC sample is generated with only six dominant
intermediate excited baryon states [A(1116), A(1520),
A(1670), 3(1385), 2(1580), 2(1670)], and the dif-
ference of the detection efficiencies obtained from the
two different MC samples is taken as the uncertainty
from intermediate excited states.

The uncertainties of the branching fractions are
0.78% for A — pm, 0.58% for X" — p#°, 0.62% for
St —nwt, 001% for X~ — nw~ and 0.04% for
7° — yv [9]. The number of (3686) events is deter-
mined to be 106.41 X (1.00 *+ 0.81%) X 10° with the in-
clusive hadronic events, and its uncertainty is 0.81% [25].

The sources of the systematic errors discussed above
and the corresponding contributions in the error on the

branching fractions are summarized in Table II. The total
systematic errors are obtained by adding the contributions
from all sources in quadrature.

VII. RESULTS

For the decays analyzed in this analysis, the branching
fractions are obtained using the following formula:

B((3686) — AS 7~ (AS 7))
_ Nobs - Nsid - NQED
Ny 3686) X €

, 2)

where N, is the number of observed 3 (2 7) events, N4
is the number of background events estimated from A
sidebands, Nggp is the number of background events
from QED processes, € is the detection efficiency obtained
from the MC simulation after accounting for the branching
factions of intermediate states, and Ny 3486) is the number
of /(3686) events, which is determined from the inclusive
hadronic events [25].

The resulting branching fractions are summarized in
Table I, in which the first errors are statistical and the
second ones systematic.

VIII. SUMMARY

Based on 106 million (3686) events collected with the
BESIII detector, the decays (3686) — AS 7~ + c.c.
and (3686) — AX ™ 7" + c.c. are analyzed, and excited
strange baryons (e.g. peaks around 1.5 to 1.7 GeV/c? in
the invariant mass spectra of X7~ and A7) are ob-
served. The branching fractions are measured for the first
time and summarized in Table I. For each decay mode,
the branching fraction is in good agreement with its
charge-conjugate reaction. With the approach proposed
in Ref. [27], the weighted averages of the measurements
are determined to be
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B((3686) — AS 7~ +c.c.)

= (1.40 £ 0.03 = 0.13) X 1074,
B(y(3686) — AS 7" + c.c.)

= (1.54 = 0.04 = 0.13) X 1074,

where the first errors are statistical and the second ones
systematic, and the correlation coefficient between these
two measurements is determined to be 0.83.

With the branching fraction of J/ i — AS ™7t [9], we
obtain

_ B(4(3686) — AS " 7T)

QAS,77T+ - < — __+
BJ/¢p — A7)

which tests the “12% rule” for this decay.

=(93%12)% (3)
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