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The decays of c ð2SÞ into �p �p, �0p �p, and �p �p have been studied with the CLEO-c detector using a

sample of 24:5� 106 c ð2SÞ events obtained from eþe� annihilations at
ffiffiffi

s
p ¼ 3686 MeV. The data show

evidence for the excitation of several N� resonances in p�0 and p� channels in �0p �p and �p �p decays,

and f2 states in �p �p decay. Branching fractions for decays of c ð2SÞ to �p �p, �0p �p, and �p �p have been

determined. No evidence for p �p threshold enhancements was found in the reactions c ð2SÞ ! Xp �p,

where X ¼ �, �0, �. We do, however, find confirming evidence for a p �p threshold enhancement in

J=c ! �p �p as previously reported by BES.

DOI: 10.1103/PhysRevD.82.092002 PACS numbers: 14.40.Pq, 13.25.Gv, 13.66.Bc, 14.20.Gk

I. INTRODUCTION

There is long-standing interest in 6-quark dibaryons and
3-quark–3-antiquark ‘‘baryonium’’ states which are

permitted in QCD, and may possibly exist. Of particular
interest is a possible bound state of a proton and an anti-
proton. The p �p state, sometimes called ‘‘protonium,’’ was
searched for in many experiments, but no credible evidence
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was found [1,2]. Interest was revived in 2002 by two
reports by the Belle Collaboration of threshold enhance-
ments in Mðp �pÞ in the decays B� ! K�p �p [3] and �B0 !
D�0p �p [4]. These reports were followed by a BES report of
threshold enhancement in the decay J=c ! �p �p [5].
Subsequently, there have been reports of threshold en-
hancements and studies by Belle in Bþ ! �þp �p, B0 !
K0p �p, and Bþ ! K�þp �p [6]; by BABAR in Bþ ! Kþp �p
[7] and B0 ! p �pþ ð �D0; �D�0; D��þ; orD���þÞ [8]; and
most recently by Belle in Bþ ! Kþp �p and Bþ ! �þp �p
[9]. Many theoretical explanations, cusp effects, final state
interactions, quark fragmentation, and real bound states of
quarks and gluons, have been suggested for these threshold
enhancements [10].

If the enhancement reported by BES in the decay
J=c ! �p �p [5] is due to a threshold resonance, it is
reasonable to expect that evidence for it may be found
also in c ð2SÞ ! �p �p. Further insight into its nature may
be provided by the study of the reactions c ð2SÞ ! �0p �p
and �p �p.

II. EVENT SELECTION

In this paper we report on studies of these reactions
observed in the CLEO-c detector in a data sample of
24:5� 106 c ð2SÞ events obtained by eþe� annihilations
at

ffiffiffi

s
p ¼ 3:686 GeV at the Cornell Electron Storage Ring,

CESR. In addition, we use 20:7 pb�1 of off-resonance data
taken at

ffiffiffi

s
p ¼ 3:67 GeV.

The CLEO-c detector, described in detail elsewhere
[11], has a solid angle coverage of 93% for charged and
neutral particles. The charged particle tracking and identi-
fication system operates in a 1.0 T solenoidal magnetic
field, and consists of an inner drift chamber, a central drift
chamber, and a ring-imaging Cherenkov (RICH) detector.
It has a momentum resolution of �0:6% at momenta of
�1 GeV=c. The CsI elecromagnetic calorimeter has a
photon energy resolution of �2:2% for E� ¼ 1 GeV and

�5% at 100 MeV.
Photons and charged particles with j cos�j< 0:8 were

accepted in the detector, where � is the polar angle with
respect to the incoming positron beam. For the modes
involving the direct decays of the c ð2SÞ, exactly two
oppositely charged tracks were required in candidate
events. A photon candidate was defined as a shower which
does not match a track within 100 mrad, is not in one of the
few cells of the electromagnetic calorimeter known to be
noisy, has the transverse distribution of energy consistent
with an electromagnetic shower, and has an energy more
than 30MeV. For �p �p the number of showers was required
to be � 1, and it was required that the most energetic
shower (the signal photon candidate) does not make a
�0 or � with any other shower with a pull mass <3�.
For �0p �p and �p �p the number of showers was required
to be � 2.

To identify charged tracks as protons and antiprotons,
the energy loss in the drift chambers (dE=dx) and
RICH information was used. For tracks of momentum
less than 0:9 GeV=c, only dE=dx information is used. To
utilize dE=dx information, for each particle hypothesis,

X ¼ �, K, p, or �p, we calculate �dE=dx
X ¼ ½ðdE=dxÞmeas �

ðdE=dxÞpred�=�X, where ðdE=dxÞmeas is the measured

value of dE=dx, ðdE=dxÞpred is the predicted value for

hypothesis X, and �X is the standard deviation of the
measurements for hypothesis X. We cut on both the
deviation of the measured dE=dx from a given particle

hypothesis, �dE=dx
X , and the difference in �dE=dx between

two particle hypotheses, ��dE=dx
X;Y � �dE=dx

X � �dE=dx
Y . For

higher momentum tracks, we use a combined log-
likelihood variable. For example, to differentiate between
proton and pion we construct

�Lp;� ¼ ð�dE=dx
p Þ2 � ð�dE=dx

� Þ2 þ 2� ðLRICH
p � LRICH

� Þ;

where LRICH
�;p are the log-likelihoods obtained from the

RICH subdetector. We use RICH information if the track
has j cos�j< 0:8 and the track has valid RICH information
for at least one hypothesis (pion or proton), and at least
three photons consistent with that hypothesis were re-
corded in the RICH.
We consider three different momentum regions for

charged tracks.
(i) p < 0:9 GeV=c: In this momentum region only

dE=dx information for the tracks is available, and
it is required that it be within 3�p of the proton

hypothesis, and must be more ‘‘protonlike’’ than

‘‘pionlike’’ or ‘‘kaonlike,’’ i.e., j�dE=dx
p j< 3,

���;p > 0, and ��K;p > 0.

(ii) 0:9 GeV=c < p< 1:15 GeV=c: In this momentum
region, although we are above the threshold for a
proton to emit Cherenkov radiation in the RICH,
the probability that it will do so is still low.
Therefore, if RICH information is available, we
require that the track be more protonlike in the
combined log-likelihood variable, i.e., �Lp;� < 0.

If RICH information is not available, we again

require that j�dE=dx
p j< 3, and additionally require

a 5� difference between the proton hypothesis and
the pion and kaon hypotheses, i.e., ���;p > 5, and

��K;p > 5, in order to reduce the number of other

particles which pass these cuts.
(iii) p > 1:15 GeV=c: In this momentum region,

dE=dx alone no longer provides useful information
for proton identification. We require that RICH
information be available, and that �Lp;� < 0.

We require one of the charged tracks to be identified as a
proton or antiproton and assume the other track to be its
antiparticle as required by baryon conservation, and we
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require the proton and antiproton to come from a common
vertex, with kinematic fit yielding �2

p �pvertex < 20.

Finally, in order to select the events for the channels of
interest:

(i) For selection of c ð2SÞ ! �p �p events we require
�2
fit=degrees of freedom ðd:o:f:Þ< 5 for the four-

momentum conservation constrained fit to p, �p and
the signal photon candidate.

(ii) For selection of c ð2SÞ ! �0ð�Þp �p events, we first
require that only one �0ð�Þ be made by any two
photons and the pull mass be within 3�. Then we
require �2

fit=d:o:f: < 5 for the four-momentum

conservation constrained fit to p, �p, and �0ð�Þ.
We remove the events corresponding to c ð2SÞ !
�0ð�ÞJ=c by rejecting candidates for which
Mðp �pÞ ¼ MðJ=c Þ � 20 MeV=c2. Figure 1 shows
the distribution of Mð��Þ before and after the
selection of �0 and � described above.

(iii) For selection of c ð2SÞ ! �þ��J=c , J=c !
�p �p events the additional event selection require-
ments are described in Sec. VIII.

The values of the �2 cuts for the fits were selected based
on the comparison of the data and the phase space
distributions for the individual decays obtained from
Monte Carlo (MC) simulations.

III. MONTE CARLO STUDIES

In order to verify the event selection criteria and
determine efficiencies, 50 000 phase space MC events
were generated for each decay channel analyzed. As
an example, for c ð2SÞ ! �p �p events with Mðp �pÞ<
2:85 GeV=c2 the contribution of each step of event selec-
tion is presented in Table I. The overall phase space
efficiency is ð27:7� 0:2Þ%. The corresponding efficiency
for c ð2SÞ ! �0p �p is ð26:9� 0:2Þ%, and for c ð2SÞ !
�p �p it is ð27:7� 0:2Þ%.
We also use c ð2SÞ ‘‘generic’’ MC events with

the available statistics of about 5 times data events
(� 118� 106 events). The generic c ð2SÞ MC sample is
generated using the available branching fractions for the
c ð2SÞ, �cJ, J=c , and �c decays, with unmeasured decay
modes simulated by JETSET [12]. We have tested the event
selection using a generic MC sample. We apply the same
event selection to these MC events, extract the different
branching fractions, and compare them to the branching
fractions which were input in creating the generic MC
sample. The agreement between the input and output
branching fractions for c ð2SÞ ! �p �p, �0p �p, and �p �p
is found to be within ð2:4� 3:9Þ%, ð1:0� 1:0Þ%, and
ð3:0� 4:0Þ%, respectively.

IV. OVERVIEW OF c ð2SÞ DECAYS
Figure 2 shows Dalitz plots for the data for the three

decays. All three Dalitz plots show event populations
which are far from uniform, as would be expected for
pure phase space decays, and suggest contribution by
intermediate excited nucleon states, N�, and mesons.
Since the branching fractions for N� decays to N� and
N� are generally much larger than those for decays to N�,
we expect excitation of N� states in c ð2SÞ ! �0p �p and
c ð2SÞ ! �p �p. Similarly, we expect excitation of inter-
mediate meson states which decay into p �p, fJ states in
c ð2SÞ ! �p �p and �p �p, and aJ states in c ð2SÞ ! �0p �p.
A caveat about the intermediate states is in order. The

intermediate N� and f0;2 states which we use in our analy-

sis tend to have masses � 1:5 GeV=c2. Unfortunately, the
existence of most high mass N� resonances is either un-
certain or poorly established, and their masses and widths

FIG. 1 (color online). Distribution of Mð��Þ in c ð2SÞ !
�0ð�Þp �p. The unshaded histogram shows the Mð��Þ distribu-
tion before the selection of �0 and �, and the shaded histogram
shows it after the �0 and � selection described in the text.

TABLE I. Efficiencies of the individual event selection criteria for the decay c ð2SÞ ! �p �p
based on phase space MC simulation.

Selection requirement Efficiency (%)

Charged track and photon selection Nch ¼ 2, net charge ¼ 0, N� � 1 74.5

Signal photon does not make �0 with any other shower 97.0

Vertex fit, constrained fit �2
vertex < 20, �2

fit < 5 84.3

Proton-antiproton identification 98.2

Mðp �pÞ< 2:85 GeV=c2 64.3

All p, �p and most energetic photon are in the barrel (j cos�j< 0:8) 72.0

Total 27.7
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have large uncertainties, so much so that the 2008 Particle
Data review (PDG08) [13] omits many of them from its
summary table. Similar uncertainties exist for meson states
with masses� 1:5 GeV=c2. Therefore our identification of
an observed resonance with a known resonance is neces-
sarily tentative.

Our data lack the statistics to make a full partial wave
analysis. Instead, we analyze the projections of the Dalitz
plots of invariant mass distributions forMðpð�;�0; �ÞÞ and
Mðp �pÞ. Throughout this paper, charge conjugate states and
their contributions are implied.

We fit the invariant mass distributions with contributions
from phase space and the minimum number of resonances
required to obtain good fits. The resonances are parame-
trized in terms of relativistic Breit-Wigner functions with
mass dependent widths and include the Blatt-Weisskopf
penetration factors ([13], see p. 772). We note that peak
positions and widths in the relativistic fits can be substan-
tially different from those for the simple Breit-Wigner
function, particularly for large widths and proximity to
thresholds [13].

In order to take proper account of intermediate states and
possible reflections in the Dalitz plots we analyze the data
in the full range of p �p invariant mass, from threshold to
3:6 GeV=c2. In this important respect the present analysis
differs from the BES analyses [5,14,15].

In Secs. V, VI, and VII we discuss the decays c ð2SÞ !
�p �p, �0p �p, and �p �p, respectively. In Sec. VIII we
present the results of the analysis of our limited statistics
sample of J=c ! �p �p events.

V. THE DECAY c ð2SÞ ! �p �p

For the search for a threshold enhancement in c ð2SÞ !
�p �p, and for the measurement of the inclusive branching
fractionBðc ð2SÞ ! �p �pÞ, we limit ourselves toMðp �pÞ<
2:85 GeV=c2, below the �c mass. As a check on our
analysis technique, we use our data for Mðp �pÞ>
3:15 GeV=c2 to calculate the Bð�cJ ! p �pÞ branching
fractions and compare them to recent measurements.

In Fig. 3 we show the �2 distributions for the data
and the phase space MC events for vertex fit and
four-momentum conservation constrained fit to the proton,

antiproton, and most energetic shower in the event. All
other selection criteria have been applied. Comparison of
these distributions suggests the cut values �2

p �pvertex < 20

and �2
fit < 20.

In Fig. 4 we compare E=pc distributions for protons and
antiprotons in data and the phase space c ð2SÞ ! �p �pMC
simulation, where E is the energy determined from the
calorimeter and p is the momentum determined from track
reconstruction. The distributions of protons and antipro-
tons are different, because antiprotons annihilate in the

FIG. 3 (color online). Distributions of the �2 of four-
momentum conservation constrained fits for c ð2SÞ ! �p �p:
(a) �2 of vertex fit, (b) �2 of the four-momentum conservation
fit. Points correspond to the data and the shaded histograms
correspond to the phase space MC simulation. Dashed lines
indicate the cut values used.

FIG. 2. (a) Dalitz plots for the data: (a) M2ðp�Þ versus M2ð �p�Þ for c ð2SÞ ! �p �p; (b) M2ðp�0Þ versus M2ð �p�0Þ for c ð2SÞ !
�0p �p; (c) M2ðp�Þ versus M2ð �p�Þ for c ð2SÞ ! �p �p.

FIG. 4 (color online). Distributions of E=pc for c ð2SÞ ! �p �p
forMðp �pÞ< 2:85 GeV=c2: (a) protons, (b) antiprotons. Because
of annihilations E/p for antiprotons extends over a much larger
range than for protons. Points correspond to the data and the
shaded histograms to the phase space MC simulation.
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material of the electromagnetic calorimeter. However, for
both protons and antiprotons, the data and the phase space
MC distributions show good agreement.

In Fig. 5 proton and antiproton momentum distributions
for the data and the phase space c ð2SÞ ! �p �p MC simu-
lation are shown. The agreement between MC simulation
and data momentum distributions is not good, and may
indicate the effect of intermediate resonances.

In Fig. 6 we present the Mðp �pÞ invariant mass distribu-
tions for the data and the c ð2SÞ generic MC simulation,
which includes the excitation of �cJ and �c, but not the
initial state radiation generated J=c . All event selection
criteria have been applied. The generic MC events are
normalized to the number of c ð2SÞ events in the data for
a qualitative comparison.

In Fig. 6 we note that there is an excess of events in
the data over the generic MC simulation in the region
Mðp �pÞ< 2:3 GeV=c2. The generic MC simulation has
no input for possible resonances in this mass region.

The excitation of the �cJ states, shown in Fig. 6, gives us
an opportunity to further test the appropriateness of our
event selection.

To extract �cJ branching ratios we fit the photon energy
E� distribution shown in Fig. 7 with Breit-Wigner

functions convolved with Crystal Ball line shape [16],
and a second-order polynomial background. The fit results

for photon energies agree with those expected for the
�cJ resonances within �2 MeV. As seen in Table II, our
calculated values of Bð�cJ ! p �pÞ agree within errors
with both the results of a recent CLEO measurement
[17], which use the same data, and PDG08 [13].

FIG. 5 (color online). Distributions of the momenta of charged
particles for c ð2SÞ ! �p �p: (a) protons, (b) antiprotons. Points
correspond to the data and the shaded histograms to the phase
space MC simulation.

FIG. 6 (color online). Distribution of Mðp �pÞ for c ð2SÞ !
�p �p. All event selection criteria have been applied. The points
represent data and the shaded histogram is the generic MC
distribution, which is normalized to the 24:5� 106 c ð2SÞ events
in data. The dashed line indicates the Mðp �pÞ ¼ 2:85 GeV=c2

limit of the range used for c ð2SÞ ! �p �p branching fraction
calculations.

FIG. 7. Fit of the photon energy distribution for c ð2SÞ !
�p �p. Events in the figure are the same as in Fig. 6. The fit has
�2=d:o:f: ¼ 100=98.

TABLE II. Results for Bð�cJ ! p �pÞ for �cJ states. The PDG08 values for Bðc ð2SÞ ! ��cJÞ have been used to obtain the results
for Bð�cJ ! p �pÞ.

�c0 �c1 �c2

Mass (MeV=c2) 3412:8� 1:0 3512:5� 0:4 3555:0� 1:0
N (events) 236:0� 18:4 79:0� 10:7 62:5� 9:8
Efficiency in % 39.5 41.4 37.9

Bðc ð2SÞ ! ��cJÞ �Bð�cJ ! p �pÞ � 106 22:0� 1:7 7:05� 0:96 6:07� 0:95
Bð�cJ ! p �pÞ � 105 (this analysis) 23:4� 2:1 8:0� 1:1 7:3� 1:2
Bð�cJ ! p �pÞ � 105 (CLEO [17]) 25:7� 1:5� 2:0 9:0� 0:8� 0:6 7:7� 0:8� 0:6
Bð�cJ ! p �pÞ � 105 (PDG08 [13]) 21:4� 1:9 6:6� 0:5 6:7� 0:5
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These measurements are intended as checks on the analysis
technique only and not as new measurements, and no
systematic errors are included.

In order to explore the intermediate state resonances
which are excited in the reaction c ð2SÞ ! �p �p we study
several presentations of the data. These include the p�
versus �p� Dalitz plot, the Mðp �pÞ and Mðp�Þ projections,
and the distributions of cos�, where � is the angle be-
tween the proton and antiproton in the rest frame of the
photon-proton system.

The three panels in Fig. 8 show M2ðp�Þ versus M2ð �p�Þ
Dalitz plots, respectively, for phase space MC simulation,
data, and MC simulation with the intermediate resonances
as described below. Figure 9 shows phase space MC
distributions superimposed on the data for Mðp �pÞ,
Mðp�; �p�Þ, and cos�. (In the last two plots events have
been included for both p� and �p�, resulting in double
counting.)

In the distributions shown in Figs. 8 and 9, it is clear that
pure phase space distributions fail to describe the data.

Significant contributions by intermediate states are re-
quired. We have made MC studies of the contributions
that various known scalar and tensor meson resonances
would make to these distributions. We find that the best
candidates are f2ð1950Þ and f2ð2150Þ with parameters
given in PDG08. We determine MC shapes of the contri-
butions that f2ð1950Þ, f2ð2150Þ, and phase space make to
the distributions for Mðp �pÞ, Mðp�Þ, and cos�, and deter-
mine their relative magnitudes by fitting the data distribu-
tions. Using the PDG08 [13] values for masses and widths
for the two resonances, the best fit is obtained with relative
fractions listed in Table III. The corresponding MC-
determined efficiencies, which are found to be insensitive
to the uncertainties in masses and widths of the resonances,
are also listed in the table. The overall efficiency of the
admixture of the resonances and phase space is

h�i ¼ 0:336� 0:008: (1)

As shown in Fig. 10 good fits to all three distributions are
obtained with the above admixtures, their respective

FIG. 8. Dalitz plots of M2ðp�Þ versus M2ð �p�Þ for c ð2SÞ ! �p �p: (a) the phase space MC simulation; (b) the data; (c) the sum of
three MC plots for f2ð1950Þ, f2ð2150Þ, and phase space.

FIG. 9. Distributions in data (points) compared to the phase space MC distributions (solid lines): (a) the Mðp �pÞ invariant mass
distributions; (b) the Mðp�Þ distributions; (c) the cos� distributions. Phase space normalization is arbitrary in all plots.

TABLE III. Fractions and efficiencies for the intermediate resonances and the phase space
contribution for the best fits for the reaction c ð2SÞ ! �p �p.

State M (MeV=c2) � (MeV=c2) Fraction (%) �

f2ð1950Þ 1944� 12 472� 18 32� 5 0.375

f2ð2150Þ 2156� 11 167� 30 21� 5 0.410

Phase space 47� 6 0.277
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�2=d:o:f: being 15=24 for Mðp �pÞ, 33=35 for Mðp�Þ,
and 23=20 for cos�. The resulting Dalitz plot, shown in
Fig. 8(c), is also in good qualitative agreement with that
for the data. No evidence is found in the data for a
narrow resonance R with �R < 40 MeV=c2 anywhere in
the region Mðp �pÞ ¼ 2200–2800 MeV=c2. The 90%
confidence level upper limit is Bðc ð2SÞ ! �RÞ�
BðR ! p �pÞ< 2� 10�6.

A. Determination of Bðc ð2SÞ ! �p �pÞ
In the region Mðp �pÞ< 2:85 GeV=c2, we obtain N ¼

407� 20 c ð2SÞ ! �p �p candidate events. We evaluate the
background due to c ð2SÞ ! �0p �p, in which one photon
from the �0 decay is lost, as Nbkgð�0Þ ¼ 38� 2. In addi-

tion, by analyzing the continuum data at
ffiffiffi

s
p ¼ 3:76 GeV

we determine that the luminosity-normalized continuum
background contribution is Ncont ¼ 26� 8 counts. With
the relative contributions of f2ð1950Þ, f2ð2150Þ, and phase
space as in Table III, and the effective overall efficiency
[Eq. (1)], we get

B ðc ð2SÞ ! p �p�Þ ¼ N � Nbkg � Ncont

h�i � Nc ð2SÞ
¼ ð4:18� 0:26ðstatÞÞ � 10�5: (2)

The individual product branching fractions are

B ðc ð2SÞ ! �f2ð1950ÞÞ �Bðf2ð1950Þ ! p �pÞ
¼ ð1:2� 0:2ðstatÞÞ � 10�5; (3)

B ðc ð2SÞ ! �f2ð2150ÞÞ �Bðf2ð2150Þ ! p �pÞ
¼ ð0:72� 0:18ðstatÞÞ � 10�5: (4)

Estimates of systematic errors are provided in Sec. IX.
Our result for Bðc ð2SÞ ! �p �pÞ differs by 2� from the

PDG08 result based on the BES measurement [14],
Bðc ð2SÞ ! �p �pÞ ¼ ð2:9� 0:6Þ � 10�5, in which no ac-
count of intermediate resonances was taken. The results in
Eqs. (3) and (4) represent the first measurements of these
product branching fractions.

B. Search for threshold enhancement in c ð2SÞ ! �p �p

Figure 10(a) shows that a good fit to the Mðp �pÞ spec-
trum is obtained with the sum of contributions from
f2ð1950Þ, f2ð2150Þ, and phase space, with �2=d:o:f: ¼
15=24. No threshold resonance seems to be needed.
However, to reach a quantitative conclusion we study in
detail the p �p threshold region, �M ¼ Mðp �pÞ � 2mp ¼
0–300 MeV=c2. To do so, we evaluate the contributions of
the f2 resonances and phase space in this region, and
determine the efficiency for c ð2SÞ ! �Rthr, Rthr ! p �p
in this region. The results are shown in Fig. 11.
The�M ¼ Mðp �pÞ � 2mp event distribution is shown in

Fig. 12. A visual inspection of the distributions shows that
there is no evidence for a statistically significant enhance-
ment at the threshold, �M ¼ 0. In fact, a straight line fit to
the data gives �2=d:o:f: ¼ 52=58. However, we must con-
sider the contributions due to the f2 resonances and phase
space as has been determined in Table III, and as shown in
Fig. 11(b), and the efficiency h�i ¼ 55:8% in the threshold
region. Figure 12 shows the best fit obtained using these
contributions plus a Breit-Wigner threshold resonance
with the parameters obtained by BES [5], namely,
Mðp �pÞ ¼ 1859 MeV=c2, and � ¼ 20 MeV=c2. The fit
has �2=d:o:f: ¼ 53=58, and includes the best fit threshold
resonance Rthr with 9þ10

�9 counts. This leads to

FIG. 10 (color online). Distributions in data (points) compared with the sum of the MC distributions in the proportions given in
Table III (solid lines): (a) the Mðp �pÞ invariant mass distributions; (b) the Mðp�Þ distributions; (c) the cos� distributions. The
individual contributions are f2ð1950Þ shown with the dotted line marked 1, f2ð2150Þ shown with the dash-dotted line marked 2, and
phase space shown with the dashed line marked 3.

FIG. 11. (a) MC-determined efficiency as a function of
�M ¼ Mðp �pÞ � 2mp for c ð2SÞ ! �Rthr, Rthr ! p �p. (b) The

solid curve is the shape of the �M distribution from MC
simulation for the admixtures shown in Table III, and the dashed
curve is the shape of the �M distribution from MC simulation
for phase space alone. Relative normalizations are arbitrary.
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Bðc ð2SÞ ! �RthrÞ �BðRthr ! p �pÞ ¼ NR

�Nc ð2SÞ
¼ ð0:66þ0:73

�0:66Þ � 10�6 or < 1:6� 10�6; 90%CL;

(5)

where CL means confidence level. This is more than a
factor 3 more restrictive than the current best limit [14].

VI. THE DECAY c ð2SÞ ! �0p �p

Our analysis of c ð2SÞ ! �0p �p follows the same steps
as described in Sec. IV for c ð2SÞ ! �p �p. Figure 13 shows

the three Dalitz plots, respectively, for (a) phase space MC
simulation, (b) data, and (c) MC simulation with the reso-
nances described below. The phase space and data Dalitz
plots differ dramatically, and the MC plot with the reso-
nances described below is in impressive agreement with
the data. Figure 14 shows the projected distributions for
Mðp�0Þ, Mðp �pÞ, and cos�, the polar angle of p in the
rest frame of �0p. It is clear that the pure phase space
distributions do not reproduce the data in either the Dalitz
plots or the projected distributions. Figure 15 shows the
same three distributions with good quality fits based on
resonance shapes determined from MC simulations, as
described below.
The N� intermediate states in c ð2SÞ ! �0p �p are most

clearly visible in the Mðp�0Þ distribution of Fig. 14(a),
with enhancements near Mðp�0Þ 	 1400 MeV=c2 and
Mðp�0Þ 	 2300 MeV=c2. Similarly, the meson intermedi-
ate states are most clearly visible in the Mðp �pÞ distribution
of Fig. 14(b), with enhancements near Mðp �pÞ 	
2100 MeV=c2 and Mðp �pÞ 	 2900 MeV=c2. The enhance-
ment atMðp�0Þ 	 1400 MeV=c2 can be identified with the
well known N�ð1440Þ, which we call N�

1 , and the enhance-

ment atMðp �pÞ 	 2100 MeV=c2, which we call R1, can be
identified with the known resonance f0ð2100Þ [13]. The
large enhancements in Mðp�0Þ at 2300 MeV=c2, which
we call N�

2 , and in Mðp �pÞ at 2900 MeV=c2, which we

call R2, cannot be identified with known N� and f0;2 reso-
nances, and we have to take an empirical approach for them.
Because the mass and width of f0ð2100Þ are well de-

fined, in all subsequent analysis we keep them fixed to their

FIG. 12. Fits of the �M � Mðp �pÞ � 2mp distribution for
c ð2SÞ ! �p �p decay. The dotted line is the sum of the resonance
and phase space contributions according to Table III, and the
dashed line shows the fitted threshold resonance contribution.
The solid line is the sum of all contributions.

FIG. 13. Dalitz plots of M2ðp�0Þ versus M2ð �p�0Þ for the channel c ð2SÞ ! �0p �p: (a) the phase space MC simulation; (b) the data;
(c) the sum of four MC plots for R1ð2100Þ, R2ð2900Þ, N�

1ð1440Þ, and N�
2ð2300Þ.

FIG. 14. Distributions in data (points) compared to the phase space MC distributions: (a) the Mðp�0Þ distributions, (b) the Mðp �pÞ
invariant mass distributions, (c) the cos� distributions. Normalization is arbitrary in all plots.
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PDG08 values. To determine the optimum values for the
masses and widths of the N�

1 , N
�
2 , and R2 resonances, the

following procedure was used.
Because the Dalitz plot projections contain reflections,

the projections cannot be fitted with simple Breit-Wigner
resonances. Instead, MC distributions have to be generated
for individual resonances with assumed masses and widths,
and their optimum values have to be determined by fitting
the data distributions with the MC generated distributions.
Our procedure takes account of reflections, but does not
include taking account of any possible interferences
between resonances.

We first fit theMðp�0Þ distribution with only N�
1 and N

�
2

resonances and determine the best fit values for their
masses and widths by iterating each in 5 MeV=c2 steps.
We then fit the Mðp �pÞ distribution with just the above
N�

1 and N
�
2 resonances. We find that theMðp �pÞ distribution

is fitted poorly, with �2=d:o:f: ¼ 65=37, and the enhance-
ments at Mðp �pÞ 	 2100 MeV=c2 and Mðp �pÞ 	
2900 MeV=c2 are not reproduced. We then explicitly in-
troduce fixed parameter R1ð2100Þ, and R2 on whose pa-
rameters we iterate to find their best values. As expected,
the fit to the Mðp �pÞ distribution is improved, with
�2=d:o:f: ¼ 44=33. We go back to theMðp�0Þ distribution
to determine the effect of including R1 and R2. It is found
that their contribution is structureless in the Mðp�0Þ dis-
tribution, and it does not affect the best fit parameters ofN�

1

and N�
2 .

In Table IV final resonance parameters of N�
1 , N

�
2 , R1,

and R2 are listed. The errors in the masses and widths are
those which change the likelihood of fits by two units.

The efficiencies are as determined by MC simulations.
The relative fractions are determined by the final fit to
the Mðp �pÞ distribution.
The fits obtained for Mðp�0Þ, Mðp �pÞ, and cos�

distributions with the final set of parameters for all
four resonances are shown in Figs. 15(a)–15(c). The indi-
vidual resonance contributions are shown with dotted
and dashed lines. The corresponding composite Dalitz
plot is shown in Fig. 13(c). It agrees very well with that
for data in Fig. 13(b). No evidence for a p �p threshold
enhancement is observed in the Mðp �pÞ distribution of
Fig. 15(b).
BES reported the result for c ð2SÞ ! �0p �p using its

sample of 14� 106 c ð2SÞ events [15]. Since the number
of events was almost a factor of 2 smaller than in the
present investigation, BES was not able to reach any con-
clusions about intermediate states other than to note that
there was ‘‘indication of some enhancement around
2 GeV=c2.’’

Determination of Bðc ð2SÞ ! �0p �pÞ
We consider all events in the Mðp �pÞ spectrum for

Mðp �pÞ< 3:6 GeV=c2 [Fig. 15(b)] for determination of
the branching fraction Bðc ð2SÞ ! �0p �pÞ, except those
withMðp �pÞ ¼ 3:097� 0:020 GeV=c2, which could come
from J=c production.
We obtain N ¼ 1063� 33 c ð2SÞ ! �0p �p candi-

date events. Using our branching fraction of Bðc ð2SÞ !
�p �pÞ ¼ ð4:18� 0:26Þ � 10�5, and the efficiency deter-
mined in Eq. (1), we estimate Nbkg ¼ 15� 1 background

counts due to misidentified �p �p events.
We estimate the nonresonant contribution of �0p �p

production by using the data taken at the off-c ð2SÞ
resonance energy of

ffiffiffi

s
p ¼ 3:67 GeV. It leads to a

luminosity-normalized nonresonant contribution in our
data, Ncont ¼ 105� 16.
The efficiencies determined from the N�

1ð1440Þ,
N�

2ð2300Þ, R1ð2100Þ, and R2ð2900Þ MC simulations are
24.1%, 27.6%, 27.5%, and 24.1%, respectively. The overall
efficiency of the admixture of the resonances is h�i ¼
ð25:4� 0:2Þ%.

FIG. 15 (color online). Distributions in data (points) compared to the sum of the MC distributions in the proportions given in
Table IV (solid lines): (a) the Mðp�0Þ distributions; (b) the Mðp �pÞ distributions; (c) the cos� distributions. The individual
contributions are R1ð2100Þ shown with the dashed line marked 1, N�

1ð1440Þ shown with the dotted line marked 2, N�
2ð2300Þ shown

with the dash-dotted line marked 3, R2ð2900Þ shown with the dotted line marked 4.

TABLE IV. Fractions and efficiencies for the intermediate
resonances for the reaction c ð2SÞ ! �0p �p.

Resonance M (MeV=c2) � (MeV=c2) Fraction (%) �

N�
1ð1440Þ 1400� 25 220� 20 50� 4 0.241

N�
2ð2300Þ 2300� 25 300� 30 28� 4 0.276

R1ð2100Þ 2103� 8 209� 19 8� 3 0.275

R2ð2900Þ 2900� 20 250� 25 24� 4 0.241
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This yields a branching fraction of

B ðc ð2SÞ ! p �p�0Þ ¼ N � Nbkg � Ncont

h�i � Nc ð2SÞ �Bð�0 ! ��Þ
¼ ð1:54� 0:06ðstatÞÞ � 10�4:

(6)

This result is in agreement with the PDG08 [13] value of
ð1:33� 0:17Þ � 10�4, and has a factor 3 smaller error.

We can also determine the product branching fractions
for the N�

1ð1440Þ, N�
2ð2300Þ, R1ð2100Þ, and R2ð2900Þ reso-

nances by taking account of their respective fractions and
efficiencies given in Table IV. The resulting product
branching fractions are

B ðc ð2SÞ ! �pN�
1ð1440ÞÞ �BðN�

1ð1440Þ ! p�0Þ
¼ ð8:1� 0:7ðstatÞÞ � 10�5; (7)

B ðc ð2SÞ ! �pN�
2ð2320ÞÞ �BðN�

2ð2320Þ ! p�0Þ
¼ ð4:0� 0:6ðstatÞÞ � 10�5; (8)

B ðc ð2SÞ ! �0R1ð2100ÞÞ �BðR1ð2100Þ ! p �pÞ
¼ ð1:1� 0:4ðstatÞÞ � 10�5; (9)

B ðc ð2SÞ ! �0R2ð2900ÞÞ �BðR2ð2900Þ ! p �pÞ
¼ ð2:3� 0:7ðstatÞÞ � 10�5: (10)

These are the first determinations of these product
branching fractions. Estimates of systematic errors are
provided in Sec. IX.

VII. THE DECAY c ð2SÞ ! �p �p

As shown in Fig. 1, the yield of �p �p (184 counts) is
nearly a factor of 6 smaller than for �0p �p (1063 counts).
Dalitz plots of M2ðp�Þ versus M2ð �p�Þ are shown in
Fig. 16, (a) for pure phase space, (b) for the data, and
(c) for resonances described below. As in the c ð2SÞ !
�0p �p case, it is seen that the Dalitz plot for the data
[Fig. 16(b)] is completely different from the uniformly
populated Dalitz plot for phase space MC simulation
[Fig. 16(a)]. The data are clearly dominated by the con-
tribution of intermediate states. As shown in Fig. 16(c) the
sum of MC simulated contributions of resonances de-
scribed below reproduces the data very well.
The projected distributions for (a) Mðp�Þ, (b) Mðp �pÞ,

and (c) cos�, where� is the polar angle of the p in the rest
frame of �p, are shown in Fig. 17, together with MC
generated distributions for phase space. As expected, the
phase space distributions do not reproduce the data
distributions.

FIG. 16. Dalitz plots of M2ðp�Þ versus M2ð �p�Þ for the channel c ð2SÞ ! �p �p: (a) the phase space MC simulation; (b) the data;
(c) the sum of two MC plots for R1ð2100Þ (20%), and N�ð1535Þ (80%).

FIG. 17. Distributions in data (points) compared to the phase space MC distributions: (a) the Mðp�Þ distributions; (b) the Mðp �pÞ
invariant mass distributions; (c) the cos� distributions. Normalization of the curves is arbitrary in all plots.
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In theMðp�Þ invariant mass distribution [Fig. 17(a)] no
evidence is found for N�

1ð1440Þ and N�
2ð2300Þ resonances

seen in the Mðp�0Þ plot of Fig. 15(a), but a large peak is
observed at Mðp�Þ � 1540 MeV=c2. This suggests
excitation of N�ð1535Þ JP ¼ 1

2
� nucleon resonance of

PDG08 [13] with M ¼ 1525–1545 ðMeV=c2Þ and � ¼
125–175 ðMeV=c2Þ, which is known to decay into N�
with a branching fraction of (45–60)%.

In the Mðp �pÞ distribution [Fig. 17(b)] there is a broad
enhancement in the 2:7–3:0 GeV=c2 region which arises
mainly as reflection of the N�ð1535Þ resonance in Mðp�Þ.
In addition there is a narrow enhancement near Mðp �pÞ 	
2100 MeV=c2 reminiscent of the one observed in Mðp �pÞ
from c ð2SÞ ! �0p �p decay.

The optimized masses and widths we obtain for these
resonances, and their fractions and estimated efficiencies,
are shown in Table V. It is found that the MC-determined
efficiencies are insensitive to the uncertainties in masses
and widths of the resonances.

We fit our data distribution for Mðp�Þ and Mðp �pÞ with
an admixture of MC simulated shapes for these two reso-
nances (the fit result shows that the contribution from the
phase space MC is consistent with zero). The best fit
admixture is

ð0:20� 0:06Þ � R1ð2100Þ þ ð0:80� 0:06Þ � N�ð1535Þ:
(11)

The final results for the Mðp�Þ, Mðp �pÞ, and cos�
distributions are presented in Fig. 18 with solid lines.
The dashed and dotted lines represent the contributions
from the individual resonances. Good agreement between
the data and the fitted distributions is obtained for all three
distributions, with �2=d:o:f: are 35=30 ðMðp�ÞÞ, 30=30
ðMðp �pÞÞ, and 32=20 ( cos�).

The M2ðp�Þ versus M2ð �p�Þ Dalitz plot in Fig. 16(c)
constructed with the MC distributions for the above reso-
nance admixture is seen to reproduce very well the Dalitz
plot of data in Fig. 16(b).

Determination of Bðc ð2SÞ ! �p �pÞ
We consider the entire Mðp �pÞ spectrum with Mðp �pÞ<

3:077 GeV=c2 in Fig. 18(b) for the determination of
Bðc ð2SÞ ! �p �pÞ.
We obtain N ¼ 184� 14 c ð2SÞ ! �p �p candidate

events. We do not find any background contribution from
feed-down from other decay channels. We estimate the
continuum contribution of �p �p production by using the
data taken at

ffiffiffi

s
p ¼ 3:67 GeV. It leads to the luminosity-

normalized contribution Ncont ¼ 30� 8 counts.
The reconstruction efficiencies determined from the

R1ð2100Þ and N�ð1535Þ MC simulations are 25.9% and
29.4%, respectively, and the overall effective efficiency of
the resonances admixture is h�i ¼ ð28:7� 0:2Þ%.
This yields a branching fraction of

B ðc ð2SÞ ! �p �pÞ ¼ N � Ncont

h�i � Nc ð2SÞ �Bð� ! ��Þ
¼ ð5:6� 0:6ðstatÞÞ � 10�5: (12)

This is in agreement with the PDG08 [13] value of ð6:0�
1:2Þ � 10�5, and has a factor 2 smaller error. We can
determine the product branching ratios for the production
of N�ð1535Þ and R1ð2100Þ resonances by taking account of
their respective fractions and efficiencies. We obtain

B ðc ð2SÞ ! �pN�ð1535ÞÞ �BðN�ð1535Þ ! p�Þ
¼ ð4:4� 0:6ðstatÞÞ � 10�5; (13)

B ðc ð2SÞ ! �R1ð2100ÞÞ �BðR1ð2100Þ ! p �pÞ
¼ ð1:2� 0:4ðstatÞÞ � 10�5: (14)

These are the first determinations of these product
branching fractions. Estimates of systematic errors are
provided in Sec. IX.

TABLE V. Fractions and efficiencies for the intermediate reso-
nances for the best fits for the reaction c ð2SÞ ! �p �p.

Resonance M (MeV=c2) � (MeV=c2) Fraction (%) �

N�ð1535Þ 1535� 10 150� 25 80� 6 0.294

R1ð2100Þ 2103� 8 209� 19 20� 6 0.259

(a) (b) (c)

FIG. 18 (color online). Distributions in data (points) compared to the sum of the MC distributions in the proportions given in Table V
(solid lines): (a) the Mðp�Þ distributions; (b) the Mðp �pÞ distributions; (c) the cos� distributions. The individual contributions are
R1ð2100Þ shown with the dotted line marked 1, N�ð1535Þ shown with the dashed line marked 2.

STUDY OF c ð2SÞ DECAYS TO �p �p, . . . PHYSICAL REVIEW D 82, 092002 (2010)

092002-11



VIII. SEARCH FOR p �p THRESHOLD
ENHANCEMENT IN J=c ! �p �p

Although the number of �þ�� tagged J=c events in
our sample of c ð2SÞ ! �þ��J=c is 8:7� 106, as com-
pared to the 58� 106 event J=c sample of BES II, it is
instructive to analyze it for the subthreshold resonance
with Mðp �pÞ ¼ 1859þ3þ5

�10�25 MeV=c2 reported by BES [5].

For selection of c ð2SÞ ! �þ��J=c , J=c ! �p �p
events, we require first �2

p �pvertex < 20 and �2
fit=d:o:f: < 3

of the J=c mass constrained fit to p �p and most energetic
shower in the event, then �2

vertex < 40 and �2
fit=d:o:f: < 10

of the four-momentum conservation constrained fit to
�þ�� and J=c .

In Fig. 19 we show the distribution of p �p invariant mass
as a function of �M ¼ Mðp �pÞ � 2mp in the extended

mass region �M ¼ 0–970 MeV=c2. We believe that it is
essential to analyze the data in the extended mass region,
because as we have seen for c ð2SÞ decays, higher mass
resonances make contributions all the way down to the p �p
threshold. Further, as shown in Fig. 19, a much better
estimate of the phase space contribution can be made
when data in the extended mass region are taken into
account. Figure 19 shows an enhancement near the p �p
threshold and a large broad enhancement around �M 	
200 MeV=c2. We therefore analyze our data in the ex-
tended mass region, �M ¼ 0–970 MeV=c2, and take ac-
count of possible resonances other than the one near the
p �p threshold. Our analysis differs in this essential respect
from that of BES in which data in the limited region,
�M¼0–300MeV=c2, was analyzed, and no account was
taken of the enhancement around �M 	 200 MeV=c2.

We have made an attempt to fit the present �M
distribution with a threshold resonance plus the comple-
ment of resonances and phase space observed in the
case of c ð2SÞ ! �p �p, i.e., f2ð1950Þ (corresponding to
�M 	 74 MeV=c2), f2ð2150Þ (corresponding to �M 	
224 MeV=c2), and phase space. No evidence for a

contribution due to the f2ð1950Þ resonance was found. All
subsequent fits were therefore tried with an S-wave thresh-
old resonance plus MC shapes determined for contributions
of a resonance at M ¼ 2100� 20 ðMeV=c2Þ, � ¼ 160�
20 ðMeV=c2Þ (our optimum values), and phase space. The
MC-determined event selection efficiency as a function of

FIG. 19. The �M ¼ Mðp �pÞ � 2mp invariant mass distribution
for the data for J=c ! �p �p. The curve illustrates the shape of
the phase space contribution.

FIG. 20. MC-determined efficiency as a function of �M �
Mðp �pÞ � 2mp for J=c ! p �p decays. The weighted average

efficiency over the whole range is 25.4%.

FIG. 21 (color online). Fits of the �M ¼ Mðp �pÞ � 2mp in-
variant mass distribution for J=c ! �p �p decays. Dashed lines
are the contributions of (1) Rthr, (2) f2ð2100Þ, and (3) the phase
space. The solid line is the sum of all three contributions. (a) Fit
in the full region �M ¼ 0–970 MeV=c2. (b) Same fit in the
�M ¼ 0–300 MeV=c2.
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�M is shown in Fig. 20. The average efficiency, weighted by
the threshold resonance contribution, as shown by the curves
marked (1) in Fig. 21, was found to be � ¼ 0:254.

We find that if, like BES, we fit the�M distribution only
in the region �M ¼ 0–300 MeV=c2, and do not consider
the contribution due to the resonance at Mðp �pÞ ¼
2100 MeV=c2, we obtain a good fit (�2=d:o:f: ¼ 15=26)
which is essentially identical to that obtained by BES [5],
with the results

MðRthrÞ ¼ 1861þ16
�6 MeV=c2;

�ðRthrÞ ¼ 0þ32
�0 MeV=c2;

BðJ=c ! �RthrÞ �BðRthr ! p �pÞ ¼ ð5:9þ2:8
�3:2Þ � 10�5:

(15)

The errors are statistical only.
Fitting data in the extended region �M ¼

0–970 MeV=c2 leads to a better determination of the phase
space contribution; it is smaller than what is obtained if the
fit is confined to the small region, �M ¼ 0–300 MeV=c2.
The fit with all parameters kept free (�2=d:o:f: ¼ 97=89)
leads to the fractional contributions of f2ð2100Þ of
ð22� 3Þ% and phase space ð54� 3Þ%. The threshold
resonance obtains 231þ85

�59 counts and leads to the following

parameters:

MðRthrÞ¼ 1837þ10þ9
�12�7 MeV=c2;

�ðRthrÞ¼ 0þ44
�0 MeV=c2;

BðJ=c !�RthrÞ�BðRthr!p �pÞ¼ ð11:4þ4:3þ4:2
�3:0�2:6Þ�10�5:

(16)

The first errors are statistical, and the second errors
are estimates of systematic errors obtained by varying
the mass and width of the 2100 MeV=c2 resonance by
their 1� uncertainties. The same result, MðRthrÞ ¼
1837þ9

�12 MeV=c2, is obtained when �ðRthrÞ is fixed to

20 MeV=c2.
Figure 21(a) shows the fit in the region �M ¼

0–970 MeV=c2, and Fig. 21(b) shows the same fit in the
�M ¼ 0–300 MeV=c2 region.
The fit result for mass in Eq. (16) is consistent with

the conjecture that the threshold enhancement might be
due to the tail of a subthreshold resonance at that mass.
This possibility was raised earlier by BES with its observa-
tion of a resonance with mass MðRÞ¼1833:7�6:1�
2:7MeV=c2 in the reaction J=c ! �R, R ! �þ��� [18].

IX. SYSTEMATIC UNCERTAINTIES

In Table VI we list various contributions to the system-
atic uncertainties in the branching fractions. References to

TABLE VI. Sources of systematic uncertainties in branching fractions in %. References to
previous CLEO publications for estimates of uncertainties are given in square brackets.

Source Reference �p �p �0p �p �p �p

Number of c ð2SÞ [19] 2.0 2.0 2.0

Trigger efficiency [20,21] 1.0 1.0 1.0

Tracking efficiency [22] 2� 1:0 2� 1:0 2� 1:0
Particle identification [19] 1.0 1.0 1.0

�, �0, � reconstruction [21] 1.0 2.0 4.0

Background subtraction 1.0 1.4 2.0

Subtotal (quadrature) 3.5 4.0 5.5

Resonance fractions 2.4 0.8 0.7

Total (quadrature) 4.2 4.1 5.5

TABLE VII. Summary of the measured quantities. First errors are statistical, and second errors are systematic.

Quantity Events Our result (10�5) PDG08 (10�5)

Bðc ð2SÞ ! �p �pÞ 348� 22 4:18� 0:26� 0:18 2:9� 0:6
Bðc ð2SÞ ! �0p �pÞ 948� 37 15:4� 0:6� 0:6 13:3� 1:7
Bðc ð2SÞ ! �p �pÞ 154� 16 5:6� 0:6� 0:3 6:0� 1:2
Bðc ð2SÞ ! �f2ð1950ÞÞ �Bðf2ð1950Þ ! p �pÞ 111� 19 1:2� 0:2� 0:1
Bðc ð2SÞ ! �f2ð2150ÞÞ �Bðf2ð2150Þ ! p �pÞ 73� 18 0:72� 0:18� 0:03
Bðc ð2SÞ ! �pN�

1ð1440ÞÞ �BðN�
1ð1440Þ ! p�0Þ 474� 42 8:1� 0:7� 0:3

Bðc ð2SÞ ! �pN�
2ð2300ÞÞ �BðN�

2ð2300Þ ! p�0Þ 265� 39 4:0� 0:6� 0:2
Bðc ð2SÞ ! �0R1ð2100ÞÞ �BðR1ð2100Þ ! p �pÞ 76� 29 1:1� 0:4� 0:1
Bðc ð2SÞ ! �0R2ð2900ÞÞ �BðR2ð2900Þ ! p �pÞ 133� 38 2:3� 0:7� 0:1
Bðc ð2SÞ ! �pN�ð1535ÞÞ �BðN�ð1535Þ ! p�Þ 123� 16 4:4� 0:6� 0:3
Bðc ð2SÞ ! �R1ð2100ÞÞ �BðR1ð2100Þ ! p �pÞ 31� 10 1:2� 0:4� 0:1
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previous CLEO studies for several of these are also given.
The uncertainty in feed-down and continuum contributions
to the background leads to systematic uncertainties of
1%, 1.4%, and 2% in �p �p, �0p �p, and �p �p, respectively.
All the above contributions add in quadrature to 3.5%,
4.0%, and 5.5% uncertainty in �p �p, �0p �p, and �p �p,
respectively. Since the uncertainties in the fractions of
individual resonance and continuum contributions are
taken into account in the statistical uncertainties, the above
are the systematic uncertainties in the product branching
fractions for the individual resonances in these decays. For
Bðc ð2SÞ ! �p �pÞ, Bðc ð2SÞ ! �0p �pÞ, and Bðc ð2SÞ !
�p �pÞ, the uncertainties in the fractions of individual
resonance and continuum contributions lead to additional
systematic uncertainties because the different contribu-
tions have different efficiencies. To take account of corre-
lations in the fractions, the effective overall efficiencies
were determined by MC simulations and the relative un-
certainties found to be 2.4%, 0.8%, and 0.7% for �p �p,
�0p �p, and �p �p, respectively. Thus the total systematic
uncertainties in Bðc ð2SÞ ! �p �pÞ, Bðc ð2SÞ ! �0p �pÞ,
and Bðc ð2SÞ ! �p �pÞ are 4.2%, 4.1%, and 5.5%,
respectively.

The results for the branching fractions with systematic
errors are given in Table VII.

It is found that �100 MeV=c2 changes in the masses
and widths of resonances introduce changes in branching
fractions much less than 1%.

X. SUMMARYAND CONCLUSIONS

Using CLEO data for 24:5� 106 c ð2SÞwe have studied
decays c ð2SÞ ! �p �p, �0p �p, and �p �p. In all three decays
we find that intermediate N�ð �N�Þ states decaying into

�0Nð �NÞ and �Nð �NÞ, and fJ, aJ meson resonances decay-
ing into p �p, make important contributions to the total
decay. We have determined branching fractions for the
total decay and for the contributions of the individual
intermediate states. For the total decays our branching
fractions have factors 2 to 3 smaller uncertainties than in
the current literature. The product branching fractions for
decays through individual intermediate states have been
determined for the first time. The results are summarized in
Table VII.
We do not find any evidence for a threshold enhance-

ment in any of the three c ð2SÞ decay channels. For
c ð2SÞ ! �p �pwe set a stringent upper limit for the thresh-
old resonance Rthr,Bðc ð2SÞ ! �RthrÞ �BðRthr ! p �pÞ<
1:6� 10�6 at 90% CL.
With a limited sample of 8:6� 106 J=c available to us

from c ð2SÞ ! �þ��J=c we have searched for J=c !
�Rthr. We find a p �p threshold enhancement. When it is
analyzed taking into account an enhancement at Mðp �pÞ ¼
2100 MeV=c2, we obtain MðRthrÞ ¼ 1837þ10þ9

�12�7MeV=c2,
�ðRthrÞ ¼ 0þ44�0 MeV=c2, and BðJ=c ! �RthrÞ �
BðRthr ! p �pÞ ¼ ð11:4þ4:3þ4:2

�3:0�2:6Þ � 10�5.
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[12] T. Sjöstrand et al., Comput. Phys. Commun. 135, 238
(2001).

[13] C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1
(2008).

[14] M. Ablikim et al. (BES Collaboration), Phys. Rev. Lett.

99, 011802 (2007).
[15] M. Ablikim et al. (BES Collaboration), Phys. Rev. D 71,

072006 (2005).
[16] S. B. Athar et al. (CLEO Collaboration), Phys. Rev. D 70,

112002 (2004).

J. P. ALEXANDER et al. PHYSICAL REVIEW D 82, 092002 (2010)

092002-14

http://dx.doi.org/10.1016/S0920-5632(00)00587-9
http://dx.doi.org/10.1016/S0550-3213(98)00083-2
http://dx.doi.org/10.1103/PhysRevLett.88.181803
http://dx.doi.org/10.1103/PhysRevLett.88.181803
http://dx.doi.org/10.1103/PhysRevLett.89.151802
http://dx.doi.org/10.1103/PhysRevLett.89.151802
http://dx.doi.org/10.1103/PhysRevLett.91.022001
http://dx.doi.org/10.1103/PhysRevLett.91.022001
http://dx.doi.org/10.1103/PhysRevLett.92.131801
http://dx.doi.org/10.1103/PhysRevLett.92.131801
http://dx.doi.org/10.1016/j.physletb.2005.05.008
http://dx.doi.org/10.1103/PhysRevD.72.051101
http://dx.doi.org/10.1103/PhysRevD.72.051101
http://dx.doi.org/10.1103/PhysRevD.74.051101
http://dx.doi.org/10.1103/PhysRevD.74.051101
http://dx.doi.org/10.1103/PhysRevD.71.054010
http://dx.doi.org/10.1016/0168-9002(92)90770-5
http://dx.doi.org/10.1016/0168-9002(92)90770-5
http://dx.doi.org/10.1016/S0168-9002(01)01737-5
http://dx.doi.org/10.1016/S0168-9002(01)01737-5
http://dx.doi.org/10.1016/j.nima.2005.07.056
http://dx.doi.org/10.1016/j.nima.2005.07.056
http://dx.doi.org/10.1016/S0010-4655(00)00236-8
http://dx.doi.org/10.1016/S0010-4655(00)00236-8
http://dx.doi.org/10.1016/j.physletb.2008.07.018
http://dx.doi.org/10.1016/j.physletb.2008.07.018
http://dx.doi.org/10.1103/PhysRevLett.99.011802
http://dx.doi.org/10.1103/PhysRevLett.99.011802
http://dx.doi.org/10.1103/PhysRevD.71.072006
http://dx.doi.org/10.1103/PhysRevD.71.072006
http://dx.doi.org/10.1103/PhysRevD.70.112002
http://dx.doi.org/10.1103/PhysRevD.70.112002


[17] P. Naik et al. (CLEO Collaboration), Phys. Rev. D 78,
031101(R) (2008).

[18] M. Ablikim et al. (BES Collaboration), Phys. Rev. Lett.
95, 262001 (2005).

[19] S. B. Athar et al. (CLEO Collaboration), Phys. Rev. D 70,
112002 (2004).

[20] T.K. Pedlar et al. (CLEO Collaboration), Phys. Rev. D 72,
051108(R) (2005).

[21] N. E. Adam et al. (CLEO Collaboration), Phys. Rev. Lett.
94, 012005 (2005).

[22] Q. He et al. (CLEO Collaboration), Phys. Rev. Lett. 95,
121801 (2005).

STUDY OF c ð2SÞ DECAYS TO �p �p, . . . PHYSICAL REVIEW D 82, 092002 (2010)

092002-15

http://dx.doi.org/10.1103/PhysRevD.78.031101
http://dx.doi.org/10.1103/PhysRevD.78.031101
http://dx.doi.org/10.1103/PhysRevLett.95.262001
http://dx.doi.org/10.1103/PhysRevLett.95.262001
http://dx.doi.org/10.1103/PhysRevD.70.112002
http://dx.doi.org/10.1103/PhysRevD.70.112002
http://dx.doi.org/10.1103/PhysRevD.72.051108
http://dx.doi.org/10.1103/PhysRevD.72.051108
http://dx.doi.org/10.1103/PhysRevLett.94.012005
http://dx.doi.org/10.1103/PhysRevLett.94.012005
http://dx.doi.org/10.1103/PhysRevLett.95.121801
http://dx.doi.org/10.1103/PhysRevLett.95.121801

