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Observation of y,, — X*X~7 and evidence for y,, > Z*X 77
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Using (27.12 £ 0.14) x 108 y(3686) events collected with the BESIIT detector, the decay y.o — Z+Z7y
is observed for the first time with a signal significance of 7.0c, and evidence for y,, — "5 and

Yoo = LT E7nis found with signal significances of 4.3¢ and 4.60, respectively. The branching fractions are
determined to be B(y.o — ZtE ) = (126 £0.20 £ 0.13) x 107, By, — ZtZ7n) = (5.10 £ 1.21+
0.67) x 107, and B(y., — ZtZ7n) = (5.46 £ 1.18 £ 0.50) x 107>, where the first uncertainties are

statistical, and the second ones are systematic.
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I. INTRODUCTION

In the investigations of ete™ — AAy, ete™ = AAg,
J/w — ypp and y(3686) — ypp, unexpected enhance-
ments have been detected near the mass thresholds of AA
and pp pairs [1-3]. Several theoretical models have been
suggested to explain these enhancements, including the
one-boson-exchange potential model, 3P, meson decay
model, quark potential model and quark-pair creation
model [4,5]. Due to a larger phase space available for
s decays compared to J/y decays, a greater range of
possible final states may be explored in y.; decays for
baryon-antibaryon pair mass threshold enhancements.

The exploration of charmonium decays is crucial to
improve our understanding of quantum chromodynamics
(QCD) [6]. So far, only a few investigations have been
conducted on the decays y.; — BBM (where B represents a
baryon and M denotes a meson), such as y.; = AAn [7].
Therefore, further studies are highly desirable to explore
the properties of y.; particles.

In this paper, we report the first observation of
Zeo = ZTZ7n, evidence for y.;, = TE7n, and searches
for enhancements near the X*X~ mass threshold and
possible excited states of X*, where the y . 1, are produced
in w(3683) radiative decays. The analysis uses (27.12 £
0.14) x 10 y/(3686) events [8] collected with the BESIII
detector in 2009, 2012 and 2021.
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I1. BESIIT DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [9] records symmetric e'e™
collisions provided by the BEPCII storage ring [10] in
the center-of-mass energy range from 2.0 to 4.95 GeV,
with a peak luminosity of 1 x 10’ cm™2s~! achieved at
/s = 3.77 GeV. BESIII has collected large data samples in
this energy region [11-13]. 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 Csl
(TI) 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
specific energy loss (dE/dx) resolution is 6% for electrons
from Bhabha scattering. The EMC measures photon ener-
gies 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 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 86% of the data used
in this analysis [14].

Monte Carlo (MC) simulated data samples produced
with a Geantd-based [15] software package, which includes
the geometric description of the BESIII detector and the
detector response, are used to determine detection efficien-
cies and to estimate backgrounds. The simulation models
the beam energy spread and initial state radiation (ISR) in
the et e~ annihilations with the generator KKMC [16]. The
inclusive MC sample includes the production of the
y(3686) resonance, the ISR production of the J/y, and
the continuum processes incorporated in KKMC, with
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approximately 2.8 billion events. All particle decays are
modeled with EvtGen [17] using branching fractions either
taken from the Particle Data Group (PDG) [18], when
available, or otherwise estimated with LUNDCHARM [19]. In
this analysis, we use the phase space (PHSP) signal MC
events (3 million events for each channel) to determine the
efficiency. The BODY3 [20] signal MC events are also
generated to estimate systematic uncertainties of PHSP
MC, by reweighting the PHSP MC Dalitz distribution to
match the background-subtracted data.

III. EVENT SELECTION

The =*(X~) candidate is reconstructed via =+ (X7) —
pr°(pn°), and the n candidate is reconstructed via n — yy.

Photon candidates are identified using isolated showers in
the EMC. The deposited energy of each shower must be
more than 25 MeV in the barrel region (|cos@| < 0.80),
where 6 is the polar angle with respect to the z axis, which is
the symmetry axis of the MDC, and more than 50 MeV in the
end cap region (0.86 < |cos 8| < 0.92). To exclude showers
that originate from charged tracks, the angle subtended by
the EMC shower and the position of the closest charged track
at the EMC must be greater than 10 degrees as measured
from the interaction point (IP). To suppress electronic noise
and showers unrelated to the event, the difference between
the EMC shower time and the event start time is required to
be within [0, 700] ns. The number of photon candidates is
required to be at least seven.

Candidate events must contain at least one positively
charged track and one negatively charged track. The polar
angle of each track measured in the MDC is required to
satisfy |cos 0| < 0.93. The dE/dx information in the MDC
is combined with the time of flight from the TOF detector to
identify the type of particle (PID). For this purpose,
confidence levels for pion, proton and kaon hypotheses
are calculated, and tracks are assigned to the hypothesis
with the highest confidence level. The =+ () candidate is
reconstructed by combining pairs of p(p) and z° candi-
dates. Because of the relatively large decay length of the
T+ (X7) particle, the p(p) candidate is required to have a
distance of closest approach to the IP less than 15 cm along
the z-axis, and less than 2 cm in the transverse plane.

Next we select 7° candidates from yy pairs with invariant
masses within [0.08,0.20] GeV/c?, which roughly corre-
sponds to the 36 region around the fitted central value. A 7°
candidate must satisfy a one constraint (1C) kinematic fit
with the yy mass constrained to the z° mass. At least two 7°
candidates are required. Of the remaining photons, the one
resulting in the largest value of AM as defined in Eq. (1) is
assigned as the radiative photon (yg), and the others are
assigned as possibly decaying from the 7.

In order to suppress background and improve the reso-
lution, six-constraint (6C) kinematic fits (with constraints on
total four momentum of the final state particles and the masses

of the two 7° candidates) are applied to all the potential final
state combinations, and the combination with the smallest y2-
is kept. Further, to match p(p) with its z° to identify = (£7),
only the combination with the smallest value of

AM = ((Mpﬂo - mz+)2 + (Mpﬂ.o - mi—>2

+ (M},},—m”)z)% (1)

is retained, where M ,,0(M,0) is the invariant mass of the
pn®(pa®) system, M, is the invariant mass of the yy system,

my+ (ms-) is the known mass of X" (X7) [18], and m,, is the
known mass of 77 [18]. A figure of merit (FOM) optimization
is performed for the ;(%C requirement, based on maximizing

the value of \/SS-&-_B (where S is the signal yield from the signal

MC sample and B is the background yield from the inclusive
MC sample normalized to the integrated luminosity of data).
The optimized selection criterion is )(gc < 45.

Various background channels are suppressed by requir-
ing ;(fignal < )(ﬁkg, where )(gignal is the 4C »? under the
hypothesis of y.; — Z*E7n, while y, is the 4C y* of
background channels by adding or subtracting one photon,
satisfying the good photon requirements.

In the following, particle momenta updated by the 6C
fit are used. To reject y., — yJ/w(— ZtZ7y), we
require |M(ZTZ7yg) —3.091 GeV/c?| > 0.056 GeV/c?,
where yy is the photon from the w(3686). To reject
ey = ZTE7 70, we require [M (ygy;) — 0.132 GeV/c?| >
0.018 GeV/c*> and  |M(ygy,) — 0.137 GeV/c?| >
0.044 GeV/c?, where 7, and y, are the photons from
the 7, which are the other two good photons in addition to
the previously mentioned y and z° candidates. The photon
with higher energy is designated as y;, while the other is
denoted as y,. The mass windows for these vetoes are
centered around the fitted value from data, which slightly
differ from the PDG values. The widths of the mass
windows are also obtained from the fit to data and
correspond to the 3¢ region around the fitted central value.
Other potential backgrounds, including y., — nA*A~,
Yoy = n'pp, and y.; — a°ETE", are investigated by ana-
lyzing the w(3686) inclusive MC sample with TopoAna [21].
After the above requirements, only a small fraction (less
than 1% of the signal yield) of background events survive
the selection criteria and can be safely ignored. We impose
the same event selection criteria on the continuum data
taken at \/E = 3.650 GeV, and only one event survives.
After scaling to the w(3686) data sample using
fscale = Ly 365

Ly 36867
the luminosities of the y(3686) data and continuum data

samples, respectively, the continuum contribution is also
found to be negligible. The luminosity of the continuum
data sample is 445.5 pb~!, while the luminosity of y(3686)
data sample is 3877 pb~'.

where the L, 3636) and L3¢5 are
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FIG. 1. Distributions of (left) M(pz®) versus M(pz°) and (right) M(yy) of the accepted candidates. In the left figure, the red box
represents the 7~ signal region, and the yellow boxes are the 7%~ sideband region. In the right figure, the red dashed line represents
the fitted # signal, and the blue dashed line is the combinatorial background. The gray line is the total fit. The red arrows denote the #

signal region, while the blue arrows denote the # sideband region.

The distributions of M(pz°) versus M (pz®) and M(yy)
with all the selection criteria are shown in Fig. 1. The /£~
signal mass window of M(pz) is chosen as [1.174,
1.204] GeV/c?, and the sideband regions are defined
by [1.139,1.169] GeV/c?* and [1.209,1.239] GeV/c>.
The four squares with equal areas around the signal region
are taken as the two dimensional (2D) *X~ sideband
regions. The 7 signal mass window is taken as M(yy) €
[0.517,0.577] GeV/c?, and the n sideband regions are
[0.448,0.508] GeV/c? and [0.588,0.648] GeV/c2.

IV. SIGNAL YIELD DETERMINATION

The signal yields of y.; decays are determined by
performing a simultaneous fit to the M(Z*X~yy) distribu-
tions for events in both the # signal and sideband regions, as
shown in Fig. 2.

For the fit to the events in the # signal region, shown in
Fig. 2 (right), the probability density functions of the y,,
signals are modeled by individual simulated MC shapes
convolved with a Gaussian resolution function that
accounts for the resolution difference between data and
MC simulation. The combinatorial background is described
by a second order Chebyshev polynomial function. The
non-# background is constrained by the simultaneous fit to
the events in the 5 sideband region. The non-X* X~ back-
ground is fixed to the number obtained from the non-X %~
background estimated by the £+~ sideband region of data
as shown in Fig. 1 (right) with a scale factor of 0.25, since
the *Z~ sideband region is four times larger than the
T+%- signal region.

For the fit to the 5 sideband region, simulated MC shape
of y.; = Z*Z yy convolved with a Gaussian resolution
function is used for the y.; signal shapes. The combina-
torial background is described by a second order
Chebyshev polynomial function. The non-Z*tZ~ back-
ground is again constrained by the number of events in
the *X~ sideband region with a scale factor of 0.25. To
determine the scale factor between the 7 signal and side-
band regions, f,, a fit is performed on the M(yy) spectrum,
as shown in Fig. 1 (right), in which the simulated signal MC
shape convolved with a Gaussian function is used to model
the # signal and a polynomial function is used to describe
the combinatorial background. The scale factor f, is
determined to be 0.547 £ 0.067.

For the above two fits, the fraction of non-=*X~ back-
ground events in the T2~ sideband region [denoted as the
four yellow boxes in Fig. 1(left)] are 11.4% in the # signal
region and 37.9% in the  sideband region. The signal yields
for y.01, = "E7n are 74 £ 12,36 + 8 and 35 + 8, with
signal significances of 7.00, 4.35, and 4.606, respectively. The
signal significance is determined by examining the difference
in log-likelihood as each signal is individually excluded in the
fit, taking the changes in the degrees of freedom into account.
The systematic uncertainties are already considered in the
evaluation of the signal significance.

The branching fractions of y, — XX 5 are calculated by

N
Ny 3686) By (3686) = vx.s) - 11, Bi €’
(2)

Blre —+En) =
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FIG. 2. Simultaneous fit to the M(Z"Z yy) distributions in the # signal (left) and sideband (right) regions. In the left figure, the red
dashed line is the signal, the red histogram is the fixed contribution from the non-Z+Z~ sideband region of data in the  signal region,
and the green dashed line is the background contribution constrained by the fit to the # sideband. Additionally, the orange histogram is
the combinatorial background. The gray line is the total fit. In the right figure, the green line is from the simulated y., — Z*Z~yy shape,
and the red histogram is the fixed contribution from the non-Z+Z~ background estimated by the Z* X~ sideband region of data.

where Ny is the fitted signal yield of y.;, Ny(es6) 1S
the number of y(3686) events, B(w(3686) — yx.;) is the
branching fractions of w(3696) — yy.;, [[;B; is the
product of branching fractions of the intermediate decays,
including B(X" — pa%)=(51.57+0.30)%, B(£~ - pa°) =
(51.5740.30)%, B(z° — yy) = (98.823 £ 0.034)% and
B(n = yy) = (39.36 £ 0.18)%, which are taken from the
PDG [18], and € is the detection efficiency. The results of
branching fractions are listed in Table L.

The background subtracted M(X*X~), M(Z*y), and
M(Z75) distributions of data are examined for possible
intermediate structures, and no obvious structure is
observed with the current statistics. The background-
subtracted data distributions are derived by subtracting
the corresponding histograms of the sideband regions,
which is adjusted by their scaling factors, from the total
histogram

hbackground—subtraeted = htotal _fq X thD _fZD X hZDSD- (3)

TABLE 1. Fitted signal yield (Ng,), detection efficiency (e),
statistical significance, and branching fraction (B). The first and
second uncertainties are statistical and systematic, respectively.

Decay N B(1073)

Yo = StEp 74+12 706 218 126+£20+13
Yo = StE Ty 3648 436 261 510+ 121+0.67
Yo = StEy 3548 460 246 546+ 1.18+0.50

Significance ¢(%)

The values of M(X+X7), M(Z*n) and M(E7 ) are taken
from the 6C fit. The data-MC comparison is shown
in Fig. 3.

V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties considered are from the
tracking and PID efficiencies, photon reconstruction, kin-
ematic fit, mass windows, mass vetoes, signal and back-
ground shape, fit range, scale factor f,, non-X* X~ sideband
background level, possible intermediate states, external
branching fractions, number of y(3686) events, and MC
statistics. Each of these uncertainties is discussed in
detail below.

(1) Tracking: The systematic uncertainties due to the

tracking are estimated to be 0.7% for p and 1.0% for
P [22]. Adding them linearly gives the total systematic
uncertainty due to p and p tracking to be 1.7%.

(i) pp PID: The systematic uncertainty due to the PID
efficiency is estimated to be 0.5% and 0.6% for the
proton and antiproton [23], respectively. Adding
them linearly gives a total systematic uncertainty
due to p and p PID of 1.1%.

(iii) Photon reconstruction: The photon-detection effi-
ciency is studied using a control sample of eTe™ —
yuTu~ events. The difference in the photon detection
efficiencies between data and MC simulation, 0.5%, is
assigned as the systematic uncertainty for each photon.

(iv) Kinematic fit: The systematic uncertainty associated
with the 6C kinematic fit is assigned as the differ-
ence between the efficiencies before and after the
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FIG. 3. Comparisons of M(£~5/X%#) (left) and M (ZTZ™) (right) of (top) y.o, (middle) y,;, (bottom) y.,. The black dots with error

bars represent the data. The green filled histogram indicates the 2D background, while the yellow filled histogram represents events in
the 5 sideband. The red line corresponds to the PHSP Monte Carlo simulation, and the blue line represents the BODY3 Monte Carlo
simulation. The kinematic limits are marked by the red dashed arrows.

helix correction [24], which are 0.8%, 0.4% and
0.4% for y.01, = ZtX7n, respectively.
(v) Mass windows: To estimate the systematic uncer-

uncertainty due to the X mass window is found
to be negligible for y ; »; the systematic uncertainty
due to the X~ mass window is assigned to be 0.3%

tainties due to the mass windows of ¥, £~ and #,
we use the control sample of y(3686) — "X~ and
w(3686) — n¢. By comparing the difference be-
tween data and MC simulation, the systematic

for y.¢.1.2; and the systematic uncertainty due to the 5
mass window is assigned to be 1.1% for y.g ;5.

(vi) Mass vetoes: To estimate the systematic uncertain-
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(vii)

(viii)

(ix)

x)

(xi)

(xii)

fractions after enlarging or shrinking the veto region.
For different background vetoes, we vary the cor-
responding mass windows for seven times with a
step of 1 or 2 MeV/c?. For each case, the deviation
between the alternative and nominal fits is defined as

= —Buonina=Besl \where B is the branching frac-

1% nominal ~0 et

tions of y.; — "X 7n and o is its statistical un-
certainty. If ¢ is less than 2.0, the associated
systematic uncertainty is negligible according to
the Barlow test [25]. The largest relative difference
is assigned as the systematic uncertainty.

Fit range: The systematic uncertainties due to the fit
range are examined by enlarging and shrinking the
fit range seven times with a step of 4 MeV/c?, and
the Barlow test is performed with the same method
mentioned above, and the systematic uncertainties
are negligible for y g 5.

Signal shape: The systematic uncertainty arising
from the signal shape is evaluated by varying the
parameters of the resolution Gaussian within their
statistical uncertainties, and the larger difference
is taken as the systematic uncertainties, which
are 0.8%, 1.8% and 1.5% for y.,, > =",
respectively.

Background shape: The systematic uncertainty due
to the background shape is estimated by replacing
the second order Chebyshev polynomial function
with a first or third order Chebyshev polynomial
function. The largest differences in the measured
branching fractions are taken as the systematic
uncertainties, which are 6.3%, 8.6% and 2.9% for
Xeo12 = ZTE7n, respectively.

Scale factor f,: The scale factor f, directly affects
the fitted signal yields. The associated systematic
uncertainty is estimated by changing the # sideband
region by 416, where ¢ is the mass resolution of 7.
The largest differences of the branching fractions,
which is negligible for ., — Z*X7#, and are 3.5%
and 3.4% for y ., — > +3Z7n, respectively, are taken
as the systematic uncertainties.

Non-2+%~ background level: The systematic un-
certainties induced by the non-X*X~ background
subtraction are estimated by changing the number of
background events in the Z+Z~ sideband region by
+10, where o is the statistical uncertainty of back-
ground events. The differences between the nominal
and adjusted values are assigned as the systematic
uncertainties, which are 4.8%, 6.3% and 3.3% for
X012 — TTE7n, respectively.

Possible intermediate states: Considering the differ-
ence between data and PHSP signal MC sample, we
develop a data-driven BODY3 model [20]. The
Dalitz plot of M2, versus M%_ obtained from data

b
is taken as input for the BODY3 model, which is

corrected for backgrounds and efficiencies. To
estimate the systematic uncertainty associated with
the possible intermediate structures, we compare the
efficiencies based on the PHSP and BODY?3 signal
MC samples. The differences are assigned as the
systematic uncertainties, which are 2.1%, 3.6% and
3.9% for y.01, — TTZ7n, respectively.

(xiii) External branching fractions: The branching frac-
tions of w(3686) = yy.;, =" = pa’, L~ - pa°,
n — vy, and 7° — yy are taken from the PDG [18].
Their uncertainties are 2.4%, 2.8% and 2.4% for
X012 = ZTE7n, respectively.

(xiv) Number of y(3686) events: The number of y(3686)
events is determined with the inclusive hadronic
w(3686) decays, and its uncertainty is assigned as
0.5% [8].

(xv) MC statistics: Using simulated signal events of all
the decay modes, the statistical uncertainty in the
efficiency is A, = \/e(l —¢€)/N, where ¢ is the
reconstruction efficiency after all the event selection,
and N is the number of generated events. The
uncertainties for the MC statistics, estimated as
A./e are 0.4%, 0.4% and 0.4% for y. ., respec-
tively.

The systematic sources and their contributions are
summarized in Table II. The total systematic uncertainty
for each signal decay is obtained by adding all of them in
quadrature.

TABLE II. The relative systematic uncertainties (in unit of %)
in the measurements of the branching fractions.

Source Xc0 Xel X2
Tracking 1.7 1.7 1.7
p(p) PID 1.1 1.1 1.1
Photon reconstruction 3.5 3.5 3.5
Kinematic fit 0.8 0.4 0.4
>+ mass window e e e
¥~ mass window 0.2 0.2 0.2
7 mass window 1.1 1.1 1.1

Veto 7°(y17x)
Veto 7°(y,7k) e
Veto J/y 3.3

Fitrange
Signal shape 1.4 0.4
Background shape 6.3 8.6 2.9
Scale factor f, 3.5 4.4
Non-Z*Z~ background level 4.8 6.3 33
Possible intermediate states 2.1 3.6 3.9
External branching fractions 24 2.8 24
Total number of y(3686) events 1.0 1.0 1.0
MC statistics 0.4 0.4 0.4
Total 10.4 13.2 9.2
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VI. SUMMARY

By using (27.12 4 0.14) x 10® y/(3686) events taken by
the BESIII detector, the decay y., — "X 77 is observed
for the first time with a statistical significance of 7.0c.
Evidence for y,, = XtX75 and y., - X*Z75 is found
with statistical significance of 4.36 and 4.60, respectively.
The branching fractions of these decays are determined
to be By — ZZn) =(126+0.20+0.13) x 1074,
By, — *Zn) = (5.10 + 1.21 + 0.67) x 107 and
By — ZE5) = (5.4641.1840.50) x 1073, where the
first and second uncertainties are statistical and systematic,
respectively. With current statistical precision, no obvious
intermediate structure is observed in these decays. In order
to further understand the characteristics of y.; mesons,
theoretical investigations of these decay channels are of
great importance.
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