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Using a data sample of 1.31 x 10° J/y events accumulated with the BESIII detector, the decay J/y —

pp¢ is studied via two decay modes, ¢p — KgKg and ¢ - K+ K~. The branching fraction of J/y — pp¢
is measured to be B(J/y — ppg) = [5.23 £ 0.06(stat) 4- 0.33(syst)] x 1075, which agrees well with a
previously published measurement, but with a significantly improved precision. No evident enhancement
near the pp mass threshold, denoted as X(pp), is observed, and the upper limit on the branching fraction
of J/w — X(pp) — pp¢ is determined to be B(J/y — X(pp)p — ppg) < 2.1 x 1077 at the 90%

confidence level.

DOI: 10.1103/PhysRevD.93.052010

I. INTRODUCTION

In 2003, a strong enhancement near the pp mass
threshold, known as the X(pp), was first observed by
the BESII experiment in the radiative decay J/w — ypp
[1]. It was later confirmed by the CLEO and BESIII
experiments [2—4]. Strikingly, no corresponding enhance-
ments were observed either in Y(1S) — ypp [5] radiative
decays or in hadronic decays of vector charmonium states
below the open-charm threshold, e.g. J/w(w(3686)) —
2pp [1,6] and J/w — wpp [7,8].

The experimental observations of the X(pp) structure in
J/w — ypp and the absence in other probes raised many
discussions in the community resulting in various specula-
tions on its nature. The most popular theoretical interpre-
tations include baryonium [9-11], a multiquark state [12]
or an effect mainly due to pure final-state interaction (FSI)
[13-16]. In accordance with the latest results of a partial
wave analysis (PWA) [4], it was proposed to associate this
enhancement with a new resonance, X(1835), that was
observed in the J/y — yn"z~y' decay [17,18]. The nature
of the X(pp) is still mysterious to date; therefore, its
investigation via other J/y decay modes may shed light
on its nature. The decay J/yw — pp¢ restricts the isospin of
the p p system and is helpful to clarify the role of the pp FSIL.

In this paper, we report on a search for a near-threshold
enhancement in the pp mass spectrum and the possible p¢
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(p¢p) resonances in the process J/w — pp¢. The decay
J/w — pp¢ was investigated by the DM2 Collaboration
based on (8.6 +1.3) x 10° J/y events about 30 years
ago [19], with a large uncertainty due to the limited
statistics (only 17 & 5 events were observed). In this work,
the channel J/w — pp¢ is studied via the two decay
modes ¢ — K(S)KOL and ¢ —» K"K~ using a data sample of
1.31 x 10° J/w events [20,21] accumulated with the
BESIII detector.

I1. BESIII DETECTOR AND
MONTE CARLO SIMULATION

The BESIII detector [22] is a general purpose spectrom-
eter at the BEPCII e*e™ accelerator for studies of hadron
spectroscopy as well as z-charm physics [23]. The BESIII
detector with a geometrical acceptance of 93% of 4z
consists of the following main components: (1) a small-
cell, helium-based main drift chamber (MDC) with 43
layers, which measures tracks of charged particles and
provides a measurement of the specific energy loss dE/dx.
The average single wire resolution is 135 ym, and the
momentum resolution for 1 GeV/c charged particles in a
1 T magnetic field is 0.5%, (2) a time-of-flight system
(TOF) for particle identification (PID) composed of a barrel
part constructed of two layers with 88 pieces of 5-cm-thick,
2.4-m-long plastic scintillators in each layer and two end
caps with 48 fan-shaped, 5-cm-thick plastic scintillators in
each end cap. The time resolution is 80 ps (110 ps) in the
barrel (end caps), corresponding to a K/z separation of
more than 26 for momenta at 1 GeV/c and below, (3)
an electromagnetic calorimeter (EMC) consisting of 6240
CsI(TI) crystals arranged in a cylindrical shape (barrel) plus
two end caps. For 1 GeV/c photons, the energy resolution
is 2.5% (5%) in the barrel (end caps), and the position
resolution is 6 mm (9 mm) in the barrel (end caps); (4) a
muon chamber system (MUC) consisting of about 1200 m?
of resistive plate chambers (RPC) arranged in nine layers in
the barrel and eight layers in the end caps and incorporated
in the return iron yoke of the superconducting magnet. The
position resolution is about 2 cm.

052010-3
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The optimization of the event selection, the determina-
tion of the detector efficiency and the estimation of back-
grounds are performed through Monte Carlo (MC)
simulations. The GEANT 4-based [24] simulation software
BOOST [25] includes the geometric and material description
of the BESIII detectors and models for the detector
response and digitization, as well as the tracking of the
detector running conditions and performance. For the
background study, an inclusive MC sample of 1.23 x
10° J/y decay events is generated. The production of
the J/w resonance is simulated by the MC event generator
KKMC [26,27], while the decays are generated by EVTGEN
[28] for known decay modes with branching fractions set to
Particle Data Group (PDG) world average values [29] and
by LUNDCHARM [30] for the remaining unknown decays. A
sample of 2.0 x 10° events is generated for the three-body
decay J/yw — pp¢ using a flat distribution in phase space
(PHSP), and the signal detection efficiency is obtained
by weighting the PHSP MC to data. For the decay
J/w — X(pp)p — pp¢, a sample of 2.0 x 10° events is
generated, and the angular distribution is considered in the
simulation.

III. EVENT SELECTION AND
BACKGROUND ANALYSIS

Two dominant ¢ decays are used to reconstruct the ¢
meson in the study of the decay J/w — p p¢, which allows
us to check our measurements and to improve the precision
of our results. In the following text, if not specified, KK
refers to both K9K9 and KK~ final states.

A. J/w — pi, ¢ — K$K}

In this decay channel, the K‘S] is reconstructed in its decay
to two charged pions, while the long-lived, difficult-to-
detect KY is taken as a missing particle. The event topology
is therefore ppztz~K?, and candidate events must have at
least four charged tracks. Each of the charged tracks is
reconstructed from MDC hits, and the polar angle € must
satisfy | cos 9] < 0.93.

Two of the charged tracks are identified as proton and
antiproton by using combined TOF and dE/dx informa-
tion, while all other tracks are assumed to be charged pions
without PID requirement. The identified proton and anti-
proton are further required to originate from the same
primary vertex and pass within 10 cm in the beam direction
and within 1 cm in the radial direction with respect to the
interaction point.

The K meson is reconstructed by constraining a pair of
oppositely charged pions to originate from a secondary
vertex, and only candidate events with only one success-
fully reconstructed K9 candidate are preserved for the
further analysis. To suppress backgrounds, the chi-square
of the second vertex fit is required to be less than 40. The
scatter plot of the #7z~ invariant mass (M ,+,-) versus the
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FIG. 1. Scatter plot of the z"z~ invariant mass versus the
recoiling mass against p pK?; the boxes represent the K and K9
signal region and sideband regions described in the text.

recoiling mass against p ng (M;f; K0 ) is shown in Fig. 1,

where a prominent K — K9 cluster corresponding to the
signal channel of J/y — ppKYKY is observed. Mass
windows of |M,+,- —mgo| <5 MeV/c? and |M;C;Kg -
mygo| < 15 MeV/c? are required to identify signal events,
where mgo is the nominal mass of K° from PDG [29].
After applying the previously mentioned selection cri-
teria, the recoil mass against the pp system, M77, is
examined, as shown in Fig. 2(a), in which a clear ¢ signal
is observed. To estimate the combinational backgrounds
from non-K9 or non-KY events, the background events
in the K% and K9 sideband regions, as indicated in Fig. 1,
are investigated. More specifically, the sideband ranges are
defined as 10 MeV/c? < |M - — mgo| < 15 MeV/c?

and 20 MeV/c? < |M;f;Kg - mK(Z| <35 MeV/c?. The
sideband events do not form a peaking background around
the ¢ nominal mass in the M7 spectrum. In addition, the
other background sources are examined by analyzing the
inclusive MC sample of J/y decay. The potential back-
ground contributions from the inclusive MC sample are
found to be the channels with ppa*z~z°z° final states,
such as J/y — ppfy— ppKOKY, and J/w — pwA~ +c.c.,
but none of these backgrounds produce a peak around the ¢
nominal mass.

B.J/w - pp¢,  —> K"K~

For J/w — pp¢ with ¢p - KTK~, the final states are
ppK*TK~. Since the pp¢ mass threshold is close to the
J/w nominal mass, the available kinematic energy for the
kaons is small in this reaction. As a consequence, one of
the two charged kaons will have a relatively low momen-
tum and is, thereby, difficult to reconstruct. Therefore, the
candidate events are required to have three or four charged
tracks. The selection criteria for the charged tracks are
the same as for the proton (antiproton) as described in the
previous subsection. Two of the charged tracks are required
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long dashed lines represent the background shapes.

to be identified as proton and antiproton, while the others
are required to be identified as kaons.

A one-constraint (1C) kinematic fit is applied in which
the missing mass of the undetected kaon is constrained to
its nominal mass. In the case where both kaons have been
detected, two 1C kinematic fits are performed with the
missing Kt or K~ assumptions, and the one with the
smallest chi-square is retained. To suppress backgrounds,
the chi-square of 1C kinematic fit is required to be less
than 10.

After the above selection criteria, the background con-
tamination is investigated using the inclusive J/y MC
sample. Besides the irreducible backgrounds from non-
resonant J/y — ppKTK~, the reducible background is
evaluated to be 20% of all selected events, dominated by
the processes involving A (A) intermediate states. To
suppress the above backgrounds, all other charged tracks
except for the selected proton, antiproton and kaon candi-
dates are assumed to be pions, and the events are vetoed if
any combination of pz~ or pz has an invariant mass lying
in the range [M - (p+) — My(z)| < 10 MeV/c2. The A (A)
veto requirement retains about 97% of the signal events
while rejecting about two-thirds of corresponding reducible
backgrounds.

The K+ K~ invariant mass distribution after applying all
the above mentioned selection criteria is shown in Fig. 2(b).
A clear ¢ peak, corresponding to the signal of J/y — ppa,
is observed. Using the inclusive J/y MC sample, the main
backgrounds are found to be the processes of J/y —

A(1520)A(1520) and J/y — pK~A(1520) + c.c. with

TABLE L

A(1520) — pK. These processes can be seen in the data
as well, but none of these backgrounds contribute to the

¢ peak.

IV. MEASUREMENT OF B(J/y — pp¢)

The signal yields of J/w — pp¢ for the two decay
modes are obtained from unbinned maximum likelihood
fits to the M55 and M g+~ mass spectra. In the fit of each
mode, the ¢ signal is described by the line shape obtained
from the MC simulation convoluted with a Gaussian
function, which accounts for the difference of mass
resolution between the data and the MC. The background
shape is parametrized by an ARGUS function [31]. The
parameters of the Gaussian function and the ARGUS
function are left free in the fit. The projections of the fits
are shown in Fig. 2, and the signal yields are listed in
Table. 1.

The detection efficiencies are obtained by MC simula-
tions that are, in the first instance, based on a PHSP three-
body decay of the signal mode J/w — pp¢. However, it is
found that data deviate strongly from the PHSP MC
distributions, as the histograms shown in Fig. 3, where,
to subtract the backgrounds, the signal yields of data in
each bin are extracted by fitting the ¢ signal in the KK
invariant mass. The detection efficiency varies significantly
at low momenta of proton and antiproton and, therefore,
strongly depends on the pp invariant mass. To obtain a
more accurate detection efficiency, the events of the PHSP
MC are weighted according to the observed pp mass
distribution, where the weight factor is the ratio of pp mass

Signal yields, weighted detection efficiencies and the branching fractions of J /v — pp¢ measured by

the two decay modes. The first errors are statistical and the second systematic (see Sec. V).

¢ decay mode Nobs e(%) B(J/w — ppp)
¢ — KK 4932 + 101 30.8+£0.2 (5.17 +£0.11 +0.44) x 107
¢— KK~ 9729 + 148 28940.1 (5.25+0.08 +0.43) x 107
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Dalitz plots of the data and the pp, p¢, and p¢ invariant masses. The upper row (a, b, c, d) and the lower row (e, f, g, h)

correspond to ¢p — K%K 9 and ¢ — KK, respectively. The dots with error bars represent the background-subtracted data, the dashed
histograms represent the PHSP MC simulations, and the solid histograms represent the reweighted MC simulation.

distributions between data and the PHSP MC in Fig. 3(b)
and 3(f). The average detection efficiencies are determined
to be (30.8 = 0.2)% and (28.9 + 0.1)% for ¢ — KOK? and
¢ — KTK~, respectively. The weighted PHSP MC distri-
butions of the pp, p¢ and p¢ invariant masses are
approximately consistent with the background-subtracted
data, as shown by the solid lines in Fig. 3. As for the small
discrepancies between the weighted PHSP MC and the
data, a secondary reweighting is performed based on the
present results, and the difference is considered as a
systematic uncertainty.

The branching fraction of J/w — pp¢ is calculated
using

— o Nobs
B(J/w — ppe) = Ny xex B = KK)' (1)

where N, is the number of signal yields from the fit,
Ny, = (1.314£0.01) x 10° is the total number of J/y
events [21] determined from J/y inclusive decays, ¢ is
the weighted detection efficiency obtained as described
above, and B(¢ — KK) represents the branching fraction
of ¢ — K3KY or ¢ - K*K~, taking into account the
branching fraction of K — z 7.

The branching fractions of J/y — pp¢ measured using
the two ¢ decay modes are summarized in Table I. The
results are consistent with each other within statistical
uncertainties. These two branching fractions are combined
using a weighted least-square approach [32], where the
systematic uncertainties on the tracking and PID efficien-
cies of proton and antiproton as well as the number of J/y
events are common for the two decay modes, and the
remaining systematic uncertainties are independent for

each mode. The systematic uncertainties are discussed in
detail in the next section. The combined branching fraction,
B(J/y — pp¢), is calculated to be (5.234+0.06+
0.33) x 107>, where the first uncertainty is the statistical
and the second systematic.

V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are estimated by taking
into account the differences in efficiencies between data
and MC for the tracking and PID algorithms, the K(S)
reconstruction, the K(S) / K% mass window requirement, the
kinematic fit and the A (A) veto. In addition, the uncer-
tainties associated with the mass spectrum fit, the weighting
procedure, as well as the branching fraction of the inter-
mediate state decay and the total number of J/y events are
taken into consideration.

(1) MDC tracking: the MDC tracking efficiencies of p/p
and K+ are measured using clean samples of J/y —
pprta~ and J )y — KYK*x¥F [33,34], respectively.
The difference in tracking efficiencies between data
and MC is 1.2% for protons, 1.9% for antiprotons,
and 1.0% for kaons. The systematic uncertainty
associated with the tracking efficiency of z* is
included in the uncertainty of K9 reconstruction.

(2) PID efficiency: To estimate the PID efficiency
uncertainty, we study p/p and K= PID efficiencies
with the same control samples as those used in the
tracking efficiency. The average PID efficiency
difference between data and MC is found to be
2% per charged track and taken as a systematic
uncertainty.

(3) K9 reconstruction: the K% reconstruction involves
the charged-track reconstruction of the "z~ pair
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and a second vertex fit. The corresponding system-
atic uncertainty is estimated using a control sample
of the decay J/y — ¢pKYK*x¥. The relative differ-
ence in the reconstruction efficiencies of the K§
between data and MC is 4.2% and taken as a
systematic uncertainty.

K% and K9 mass window: Due to the difference in
the mass resolutions between data and MC, the
uncertainty related with the K% or K9 mass window
requirement is investigated by smearing the MC
simulation in accordance with the signal shape of
data. The changes on the detection efficiencies, 1.3%
and 2.5%, are assigned as the systematic uncertain-
ties for the K and K mass window requirements,
respectively.

1C kinematic fit: To estimate the systematic un-
certainty from the 1C kinematic fit, a clean control
sample J/w — pK~A +c.c. is selected without
using a kinematic fit. The efficiency of 1C kinematic
fit is estimated by the ratio of signal yields with
(r3c < 10 required) and without 1C kinematic fit.
The corresponding difference in the efficiencies
between data and MC is found to be 1.4% and
taken as a systematic uncertainty.

A/A veto: the requirement |[M,,-/pr — M) 5| >
10 MeV/c? is applied to veto A/A background
events. The alternative choices [M -5, —M 5| >

5MeV/c?, or > 15 MeV/c? are implemented to
recalculate the branching fraction. The maximum
difference of the final results, 0.6%, is taken as a
systematic uncertainty.

Mass spectrum fit: The systematic uncertainty asso-
ciated with the fit of the mass spectrum comes from
the parametrization of the signal shape, the back-
ground shape and the fit range. To estimate the

®)
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uncertainty from the ¢ signal shape, we perform an
alternative fit with an acceptance corrected Breit-
Wigner to describe the ¢ signal shape. The uncer-
tainty associated with the smooth shape of the
background underneath the ¢ peak is evaluated by
replacing the ARGUS function with a function of
f(M)=(M~-M,)(M, —M)?, where, M, and M,
are the lower and upper edges of the mass distribu-
tion, respectively, and ¢ and d are free parameters.
The uncertainty due to the fit range is estimated by
fitting within the alternative ranges. The change of
signal yield in the different fit scenarios is taken as
the corresponding systematic uncertainty. The quad-
ratic sums of the three individual uncertainties, 3.9%
and 1.9%, for ¢ - K%K and ¢ — K"K, respec-
tively, are taken as the systematic uncertainty related
with the mass spectrum fit.

Weighting procedure: To obtain a reliable detection
efficiency, the PHSP MC sample is weighted to
match the distribution of the background-subtracted
data. To consider the effect on the statistical fluc-
tuations of the signal yield in the data, a set of toy-
MC samples, which are produced by sampling the
signal yield and its statistical uncertainty of the data
in each bin, are used to estimate the detection
efficiencies. Consider the systematic uncertainty
on the secondary reweighting, the resulting devia-
tions of detection efficiencies, 2.4% and 2.9% for
¢ — K(S)K(Z and ¢ - K"K, respectively, are taken
as the systematic uncertainty associated with the
weighting procedure.

The contributions of the systematic uncertainties from

the above sources and the systematic uncertainties of the
branching fractions of intermediate decays (¢ — KK~
and Kg — ntx7) as well as the number of J/y events

TABLE II. Summary of the systematic uncertainties in the branching fraction measurement (in %), the items with - - - denote that the
corresponding systematic uncertainty is not applicable.
¢ — KIKY ¢ > K"K~
Sources B(J/y — ppp)  B(U/w - X(pp)¢ - pp¢)  BU/w > ppp)  B(J/y - X(pp)p > pbe)
MDC tracking 3.1 3.1 4.1 4.1
PID efficiency 4.0 4.0 6.0 6.0
K reconstruction 4.2 4.2
K% mass window 1.3 1.3
K9 mass window 25 2.5 oo .
1C kinematic fit 1.4 1.4
A(A) veto e 0.6 0.6
Mass spectrum fit 3.9 1.9
Weighting procedure 2.4 e 2.9 e
Number of J/y events 0.8 0.8 0.8 0.8
B(¢ - KK) 1.2 1.2 1.0 1.0
B(K§ - ntn™) 0.1 0.1
Total 8.6 7.3 8.3 7.5
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[20,21] are summarized in Table II. The total systematic
uncertainties are given by the quadratic sum of the
individual uncertainties, assuming all sources to be
independent.

VI. UPPER LIMIT OF pp MASS
THRESHOLD ENHANCEMENT

The Dalitz plots of the data and the corresponding one-
dimensional mass projections presented in Fig. 3 show no
significant signatures of a threshold enhancement in the pp
invariant mass nor obvious structures in the p¢ (p¢) mass
spectra. The most rigorous procedure is to carry out a PWA.
However, due to the small phase space for the decay J/y —
pp¢ and the lack of a proper physics model, such an
analysis is difficult to pursue. In this analysis, we only
consider an upper limit for the p p mass threshold enhance-
ment by fitting solely the pp mass spectrum near the
threshold.

To obtain the best upper limit on the X(pp) yield, the
two decay modes are combined to determine the upper limit
on the branching fraction of J/yw — X(pp)¢p — ppp. A
least squares simultaneous fit is performed on both pp
invariant mass distributions of the two ¢ decay modes
around the mass threshold. The two decay modes share the
same branching fraction,

_ Nobs
NJ/!// B(¢ - KI_() e (1 _Usys) ’

B (2)

where N, represents the X(pp) signal yield of each
decay mode corresponding to the given test B(J/y —
X(pp)p — pph), Ny, and B(¢p - KK) are the same as
described in Eq. (1), € is the detection efficiency of X(pp)
obtained from MC simulations (14.4% for the mode ¢ —
K9K9 and 21.4% for ¢ - KTK™), and o, is the total
relative systematic uncertainty as reported in Table II. With
such a method, a combined upper limit on the branching
fraction, BYL, at a 90% C.L. can be determined directly.
In the simultaneous fit, the spin and parity of X(pp) are
set to be 0~ based on earlier BESIII observations [4], and
effects of interference are neglected. The signal of X(pp)
is parametrized by an acceptance-weighted S-wave Breit-
Wigner function,
fFSI X q2L+lK.3
(M? — M})* + M3T

BW(M) = X lgrch”)? (3)

where M is the pp invariant mass, g is the momentum of
the proton in the p p rest frame, « is the momentum of the ¢
in the J/y rest frame, L = 0 is the relative orbital angular-
momentum of pp system, M, and I, are the mass and
width of the X(pp) [4], &..(M) is the detection efficiency
as a function of the pp invariant mass, which is obtained
from the MC simulations of J/yw — X(pp)p — pp¢ by
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sponding to the upper limit on the branching fraction at the
90% C.L., where the dashed line at the bottom is the efficiency as

a function of the p p mass. (a) for ¢ — KgKg, (b)for¢p - KK~

taking into account the helicity angular distributions, and
the parameter frg; accounts for the effect of the FSI.

To take into account the systematic uncertainties related
to the fit procedure of the X(pp), three aspects with
different fit scenarios are considered: (1) excluding the
FSI factor (corresponding to frg; = 1), taking into account
the Jiilich FSI value for FSI [14], (2) the nonresonant
backgrounds both parametrized by a function of f(8§) =
N(8'"2 + a18%2 + a,8?) (5 =M,; —2m,, m, is the
proton mass, a; and a, are free parameters), or both
represented by the shape obtained from the J/y — pp¢
MC simulation, and (3) the fit ranges both in [0.0, 0.140] or
in [0.0,0.150] GeV/c?. By combining these three different
aspects, we perform, in total, eight alternative fit scenarios.
The fit scenario taking into account the FSI, with the
nonresonant backgrounds parametrized by the function,
and the fit ranges both in [0.0,0.140] GeV/c?, gives the
maximum upper limit on the branching fraction, which is
shown in Fig. 4, where the efficiency as a function of the
pp mass is also plotted. The combined upper limit at the
90% C.L. is determined to be 2.1 x 1077,

VII. SUMMARY

Based on a sample of 1.31 x 10° J/y events accumu-
lated at BESIII, we present a study of J/y — pp¢ with
two decay modes, ¢ — K9KY and ¢ — K*K~. The
branching fraction of J/w — pp¢ is measured to be
[5.23 4- 0.06(stat) £ 0.33(syst)] x 1073, which is consis-
tent with the previous measurement [19], but with a
significantly improved precision. We have neither
observed a significant structure in the p¢ or p¢ mass
spectra nor found evidence of an enhancement in the
pp mass spectrum near its threshold. The corresponding
upper limit on the branching fraction of J /yy - X(pp)¢ —
pp¢ is determined to be 2.1 x 1077 at a 90% C.L.
With the production branching fraction of J/y —
vX(pp) = ypp, [9.01(stat) "3 (syst) & 2.3(model)] x
107> [4], the upper limit on the decay rate ratio of
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B(J/w — X(pp)¢)/B(J/w — yX(pp)) is calculated to
be [0.23700; (stat) "5% (syst) = 0.06(model)]%.

Though no clear structure in the pp, p¢ and p¢ mass
spectra is observed in this analysis, the data appear to
significantly deviate from a naive PHSP distribution. This
implies the existence of interesting dynamical effects, such
as intermediate resonances. With the presented analysis, it
is difficult to study them in detail due to the small phase
space of the decay J/yw — pp¢. The study of analogous
decay processes with larger phase space, such as
w(3686) — ppg¢, in combination with a PWA, may shed
light and help us to understand their dynamical origins.
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