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Abstract
Using e+e− → XJ/ψ, J/ψ → `+`− events taken at

√
s=3773 MeV with the CLEO detector

operating at CESR, we observe signals for the direct decays ψ(3770) → XJ/ψ, X = π+π− (13σ

significance) and π0π0 (3.8σ significance). We determine the cross sections and branching fractions

for these modes, B(ψ(3770) → π+π−J/ψ) = (189 ± 22+7
−4) × 10−5 and B(ψ(3770) → π0π0J/ψ) =

(87 ± 33±+4
−3) × 10−5, where listed errors are statistical and systematic, respectively. The signals

for decays with X = η and π0 are statistically inconclusive. The XJ/ψ event sample has a large

contribution from the radiative return process e+e− → γψ(2S) → γXJ/ψ and is used to measure

Γee(ψ(2S)) = 2145± 85 eV (statistical and systematic errors combined), consistent with and more

precise than individual or combined previous measurements. All results are preliminary.

∗Submitted to the XXII International Symposium on Lepton and Photon Interactions at High Energies,

June 30-July 5, 2005, Uppsala, Sweden
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I. INTRODUCTION

The ψ(3770) charmonium state decays most copiously into DD̄ pairs. As each of the
ψ(3770) and ψ(2S) mass eigenstates is expected to be a mixture of the 13D1 and 23S1

angular momentum eigenstates, other ψ(2S)-like decays for ψ(3770) are expected [1–7].
Decays to light hadrons are explored in two other submissions [8, 9] to this Conference and
those involving radiative transitions through χcJ elsewhere [10]. Because more than half
of ψ(2S) decays contain a J/ψ in the final state, the 2 3S1 admixture in ψ(3770) implies
that similar transitions occur from this state as well. Transitions of this sort from the 1 3D1

eigenstate can also occur. Theoretical estimates [3–6] for the rate of this latter process, based
on a QCD multipole expansion, are very uncertain, allowing for branching fractions at the
few tenths percent level. BES reported the first sighting of a ψ(3770) non-DD̄ decay [11],
at 3σ significance, with B(ψ(3770) → π+π−J/ψ) = (0.34 ± 0.14 ± 0.09)%.

The width for ψ(3770) → π+π−J/ψ can be brought to bear on the interpretation [12, 13]
of the X(3872) [14]: a width the size that BES [11] measured, or larger, enhances the
possibility that X(3872) is a conventional 1 3D2 charmonium state. A significantly smaller
value would favor other quantum number assignments (the weakly bound DD∗ molecule
hypothesis, or a hybrid), which recent developments [15–17] seem to favor.

Voloshin [18] posits that the cc̄ purity of the ψ(2S) and ψ(3770) and the nature of their
mixing can be probed by measuring the rates for ψ(3770) → π0J/ψ and ψ(3770) → ηJ/ψ.
Large rates for these modes could indicate a 4-quark component in these two charmonium
states that would also explain other features of their decays.

In this paper we describe a search for the XJ/ψ final states, X = π+π−, π0π0, η,
and π0, in e+e− collision data taken at a center-of-mass energy

√
s=3.773 GeV. The data

were acquired with the CLEO detector operating at the Cornell Electron Storage Ring
(CESR) [19], and correspond to an integrated luminosity of 281 pb−1. The radiative return
process e+e− → γψ(2S) → γXJ/ψ must be quantitatively understood in order to validate
any signal for ψ(3770) → XJ/ψ. We evaluate what fractions of the observed XJ/ψ events
are attributable to ψ(3770) and γψ(2S) decays. The sample of γψ(2S) events is also used
to measure Γee(ψ(2S)).

The CLEO-c detector [20] features a solid angle coverage of 93% for charged and neutral
particles. For the data presented here, the charged particle tracking system operates in a
1.0 T magnetic field along the beam axis and achieves a momentum resolution of ∼0.6%
at p = 1 GeV/c. The cesium iodide (CsI) calorimeter attains photon energy resolutions of
2.2% at Eγ = 1 GeV and 5% at 100 MeV. The integrated luminosity (L) of the datasets
was measured with a relative accuracy of 1.0% using e+e−, γγ, and µ+µ− events [21]; event
counts were normalized with a Monte Carlo (MC) simulation based on the Babayaga [22]
event generator.

II. ANALYSIS OVERVIEW

We select fully reconstructed XJ/ψ, J/ψ → `+`− candidates for each mode with as loose
a set of criteria as backgrounds will permit (thereby attempting to minimize systematic
effects), determine efficiencies from fully simulated Monte Carlo samples, subtract back-
grounds, and normalize to luminosity and the DD̄ cross section.

The primary background for ψ(3770) → ππJ/ψ is the tail of the ψ(2S) resonance and
radiative returns to it. By the term “tail of the ψ(2S)” we mean the process e+e− → γψ(2S)
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in which the photon usually, but not always, goes in the forward direction down the beam
pipe. Because there is a long tail to the ψ(2S) Breit-Wigner resonance shape, the radiative
photon can take on a range of energies, with a peak near Eγ ∼ (3773 − 3686) = 87 MeV
and including arbitrarily close to zero. It is straightforward to estimate the full differential
cross section for this tail (see below). The distribution in radiative photon energy for a
single fixed beam energy with no spread is shown in Fig. 1. Direct decays from the ψ(3770)
and the tail of the ψ(2S) add incoherently [5], so that the ψ(2S) background can be simply
subtracted.

In order to prove that we understand the tail, we measure both the “signal” for
ψ(3770) → XJ/ψ as well as the “background” tail of the ψ(2S). The integral of all ψ(2S) ra-
diative return events for a particular X is proportional to B(ψ(2S) → XJ/ψ)×Γee(ψ(2S)),
facilitating a precision measurement of Γee(ψ(2S)) by using previously measured CLEO
ψ(2S) and J/ψ → `+`− branching fractions [23, 24]. The Γee values thus obtained will be
seen to be consistent with (and more precise than) PDG [25] values, showing that we both
understand the background and can improve upon knowledge of Γee.

III. EVENT SELECTION

We proceed from the starting point of our ψ(2S) → XJ/ψ analysis [24], but make some
adjustments in the selection criteria more appropriate to the situation here.

To select event samples of J/ψ → `+`−, we demand that candidate events fulfill the
following requirements: The lepton pair consists of the two highest-momentum tracks in
the event which individually satisfy | cos θ| < 0.83 or 0.85 < | cos θ| < 0.93 (avoiding the
barrel-endcap calorimeter overlap region, where lepton identification would be problematic).
The lepton candidates must also obey the very loose identification criteria of E/p > 0.85
for one electron and E/p > 0.5 for the other, or E/p < 0.25 and E/p < 0.5 in case of
muons, where E is the measured calorimetric energy deposition of each track and p is its
measured momentum. The invariant mass of the track pair must be consistent with that
of a J/ψ, with m(`+`−) = 3.05 − 3.14 GeV. In order to salvage lepton pairs that have
radiated photons and would hence fail the J/ψ mass cut, we add bremsstrahlung photon
candidates found within a cone of 100 mrad to the track three-vector at the e+e− interaction
point. We impose loose restrictions on the absolute momentum and energy of the event:
(EJ/ψ + Eπ+π−)/

√
s = 0.95 − 1.05, ||pJ/ψ| − |pπ+π−||/

√
s < 0.07.

The accompanying particle(s) X are selected as follows. The X = π+π− and X = η →
π+π−π0 state is selected from events with at least four charged tracks, and the third and
fourth most energetic tracks are taken if they have opposite charge. The first π0 candidate
is taken as the most energetic candidate that has photons which are unmatched to a track,
are more than 30 cm from the nearest shower matched to a track, and are not tagged as
bremsstrahlung, and have M(γγ)=80-180 MeV. Candidates for X = π0π0 take the first π0

as above, and the second π0 as the next most energetic π0 that contains photons satisfying
the same criteria as the first π0 but does not involve either of the showers in the first π0

candidate. Candidates for η → γγ are defined in an identical manner as π0’s except for the
initial mass cut, M(γγ)=450-650 MeV. Candidates for η → π+π−π0 need to fulfill the track
and π0 selection as above and are required to satisfy M(π+π−π0)=450-650 MeV.

Final cuts are specific to each final state.

• For X = π+π−, the π+π− invariant mass is required to exceed 450 MeV to suppress
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radiative Bhabha and muon pair events in which the photon converts and the conver-
sion e+e− pair is mistaken for the pion pair. The dipion invariant mass cut is placed
at 350 MeV for π0π0J/ψ events.

• Candidate π0 and η mesons must satisfy respective mass cuts of 110-150 MeV and
500-580 MeV.

• The π0J/ψ mode is susceptible to background from radiative lepton pair events where
an extra “photon” is picked up to fake the π0. We suppress these by requiring only
barrel photons be used for the π0, and that the π0 center-of-mass decay angle satisfy
| cosα| < 0.75, which requires the π0 decays not to be too asymmetric.

• For the π0J/ψ(→ e+e−) and η(→ γγ)J/ψ(→ e+e−) modes, background from Bhabha
events with extra photons is partially suppressed with the cut | cos θe+| < 0.3; this is
effective because Bhabha events are dominated by the t-channel diagrams which have
the final state e+ preferentially scattered at small angles.

• For X = π0 or η(→ γγ), background from radiative transitions (from ψ(3770) or the
ψ(2S) tail) to χc2 and χc1 are suppressed by requiring the least energetic photon in
the π0 or η candidate to have energy exceeding 280 MeV or in the range 30-170 MeV.

IV. MONTE CARLO SAMPLES

To model the physics processes in a Monte Carlo procedure, we begin with a modified
version (see below) of the EvtGen generator [26] including final state radiation [27], and a
GEANT-based [28] detector simulation.

The process e+e− → γψ(2S) requires special care. We begin with a decay model which
generates a final state with a photon and a vector meson with the correct angular dis-
tribution [29], inserting full initial state radiation effects according to the formulas below;
specifically, the Breit-Wigner is generated out to ∼ ±285Γ.

If Eγ denotes the photon energy, s the e+e− center-of-mass-energy squared, and M2S

the ψ(2S) mass central value, then a scaled photon energy variable can be defined as x ≡
2Eγ/

√
s, and s ′ ≡ s(1 − x) defined as the event-by-event mass-squared of the (broadly

fluctuating) ψ(2S). Then the differential cross section [30] for e+e− → γψ(2S) → γ XJ/ψ
as a function of s and x is

dσ

dx
(s, x) = W (s, x) × σBW (s ′) × F (s ′) × B(ψ(2S) → XJ/ψ) (1)

where W (s, x) represents the probability to emit a photon of scaled energy x from the
initial state e+e−, σBW (s) is the usual relativistic Breit-Wigner formula, and F (s ′) is the
appropriate phase space factor [31] for the given final state. The three functions W , σBW ,
and F can be written as

W (s, x > x0) ≡
2α

πx

(

ln
s

m2
e

− 1

)(

1 − x +
x2

2

)

, (2)

in which x0 is a scaled photon energy cutoff to prevent the divergence of W , me is the
electron mass and α is the fine structure constant;
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σBW (s) ≡ 12πΓeeΓ

(s−M2
2S)

2 +M2
2SΓ

2
(3)

is a relativistic Breit-Wigner in which Γ (281 ± 17 keV [25]) and Γee (2.12 ± 0.12 keV [25])
are, respectively, the full and di-electron partial widths of the ψ(2S) and M2S ≡
3686.093 MeV [25]; and the phase space factor is

F (s ′) ≡
(

pX
p0

)2L+1

, (4)

in which pX represents the average momentum of X in the ψ(2S) center of mass frame, p0

is the value of pX at
√
s ′ = M2S, and L is the relative orbital angular momentum between

X and J/ψ.
The divergence in W (s, x) as x → 0 is handled in the way most MC event gener-

ators do: the above formulas are used for a photon energy above some cutoff (chosen
here as Ecutoff

γ =2 MeV), and then also generate events without a photon to represent all
events with photons softer than the cutoff. The normalization for events below the cutoff,
W (s, x < x0), includes terms accounting for soft and virtual photon emission as well as
dileptonic and hadronic vacuum polarization, and can be calculated analytically [30]. For
s = s0 = (3773 MeV)2 and x0 = 2Ecutoff

γ /
√
s0, we find

∫

W (s0, x < x0) dx = 0.67, which has
been checked empirically against a similar computation in the Babayaga [22] µ+µ− event
generator. The soft piece amounts to ∼ 1% of the total radiative return cross section,
depending on the phase space for each exclusive final state.

The radiative photon cutoff energy should be small enough that lumping together all
events with energies below that value are experimentally indistinguishable from events just
above the cutoff; if they were, then a discontinuity could appear in some distributions. On
the other hand, the cutoff must be large enough so that the statistics near the photon cutoff
energy in the radiative return MC do not limit the analysis. The choice of 2 MeV satisfies
both criteria.

The center-of-mass energy determines the energy of the peak of the radiative return cross
section as shown in Fig. 2, and the spread of such energies will affect the width of the
radiative return photon energy peak. The MC sample used for this analysis has a mean and
spread of

√
s very close to that of the data (within 0.05 MeV and 0.02 MeV, respectively).

V. ANALYSIS METHOD

If both sides of the radiative return cross section in Eq. (1) are integrated, the total cross
section for e+e− → γψ(2S) → γXJ/ψ is obtained as

σ(s) =
N

ε× L = Γee × B(ψ(2S) → XJ/ψ) ×
∫

W (s, x)
σBW (s ′)

Γee
F (s ′)dx (5)

in which σ is the total cross section, which can be measured (N is the number of events
seen, ε is the detection efficiency, and L is the integrated luminosity), and other symbols
have been defined previously. The integral on the right in Eq. (5) has no unknowns and can
be performed numerically, allowing determination of the product Γee ×B(ψ(2S) → XJ/ψ).
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A. Extracting the background and signal yields

For the exclusive XJ/ψ modes we select events as described and then fit a distribution
in a missing momentum variable we call k, which can be interpreted as the radiative photon
energy In this variable, events that peak at 87 MeV are due to radiative returns and events
that peak at zero represent a possible signal for direct ψ(3770) decay (to the extent that
the number exceeds that predicted by the tail of the ψ(2S)). We use the usual kinematic
formulas in such a way as to deweight the effect of the leptons (the higher momentum, less
well-measured, tracks) in the resolution. The expression for k can be obtained by writing
out the two ways of computing the mass recoiling against the X “particle” (which could
be ππ), one using the properties of X only and the known center-of-mass momentum and
energy, and the other from the measured J/ψ momentum and direction and the unknown
momentum of a missing photon k:

(Ecm − EX)2 − (pcm − pX)2 = (k +
√

p2
J +M2

J)
2 − (pJ + k)2 (6)

which, after a few lines of algebra, can be reduced to

k =
E2
cm −M2

J +m2
X − 2Ecm

√

p2
X +m2

X

2
(

√

p2
J +M2

J − pJ cos φ
) (7)

in which MJ=3.097 GeV is the J/ψ mass, pJ is the measured dilepton momentum, pX is
the measured X momentum, mX is the mass of X (a fixed number for X = η or X = π0,
or the measured mass for X = ππ), φ is the measured angle between the J/ψ and the
event missing momentum 3-vector, and the small (∼2 mrad) crossing angle of the incoming
e± beams has been neglected. For radiative returns to the ψ(2S), k ≈ 87 MeV, and this
expression depends mostly on the measured properties of the system X, with corrections
from the J/ψ momentum and direction amounting to as much as ±5 MeV. The missing
momentum k has about 20% better resolution on γπ+π−J/ψ events than the π+π− recoil
mass alone.

The measured k distribution can be used for two purposes: determination of the yield
of direct ψ(3770) → XJ/ψ from the peak at k = 0 MeV (in excess of the radiative return
component), and the dielectron width of the ψ(2S), as can be seen from Eq. (7).

B. Integrals of the Radiative Return Cross Section

The integration for Eγ > 2 MeV is accomplished by throwing pseudo-random points uni-
formly in a photon energy versus relative cross section rectangle and counting what fraction
of them lies underneath the known differential cross section. Results for the numerical inte-
grations are shown in Table I. We find that a statistical accuracy of ∼0.1% can be obtained
by throwing points with photon energy from 2-160 MeV with ∼ 1 × 109 trials, which has
efficiency of landing a point under the dσ/dx curve of ∼0.24%. The table includes the ef-
fects of beam energy spread and of phase space for the particular final state as shown, and
the soft photon term is shown and added to form the total radiative return cross section.
These integrals are tabulated exclusive of (i.e. not including) the branching fraction of the
ψ(2S) → XJ/ψ decay and dielectron width Γee of the ψ(2S), obtaining a value in units of
cross section per energy unit. That is, to obtain the actual total cross section for the final
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state XJ/ψ in question, one would have to multiply the value computed in this way by the
product Γee × B(ψ(2S) → XJ/ψ). The integral has only very weak dependence upon the
full width Γ (< 0.1% for a change in Γ from the PDG [25] fit central value of 281 keV of one
standard deviation, 17 keV); what sensitivity to Γ exists resides almost exclusively in the
soft photon term, which has linear Γ dependence but very small overall weight. The table
also shows that getting the mean beam energy right is moderately important, as changes
of ±1.5% are induced by shifts of 1 MeV in Ecm, and that precise knowledge of the beam
energy spread is not crucial.

The phase space [31] factors for π0 and η are simple to calculate. The η momentum
increases from ∼200 MeV/c to ∼356 MeV/c and the π0 momentum from ∼527 MeV/c to
∼600 MeV/c. The phase space factors for ηJ/ψ and π0Jψ will scale with the cube of the
J/ψ momentum since each has a P -wave orbital angular momentum state.

The phase space [31] factor for ππ is more complicated since the ππ mass varies over a
range of ∼300 MeV. The average momentum of the ππ system increases by ∼11% (from
∼247 MeV/c to ∼275 MeV/c) from

√
s=3.686 GeV to 3.773 GeV. As the ππ and J/ψ are

in a relative S-wave, and S-wave phase space for a fixed mass particle scales linearly with
the its momentum, we expect only approximate ∼11% increase in the phase space factor
over the full range of masses and momentum. For ψ(2S) produced with masses in between
3.686 GeV and 3.773 GeV we use a phase space factor which scales linearly with the radiative
photon energy. The functional form of phase space scaling between zero and 87 MeV photon
energy is not crucial because the total phase space change is only 11% and the differential
cross section is very small over most of this interval.

The phase space factors have a ∼0.1% effect on the “hard” photon (Eγ > 2 MeV) integrals
for ππ and π0, and increase the η integrals by just over 1%. Where the factors enter more
dramatically is in σ(x < x0), where the factor is ∼5.64 for η, ∼1.11 for ππ, and ∼1.48 for
π0.

VI. RESULTS

The distributions of missing momentum for the exclusive modes are fit to three compo-
nents with floating normalization: a radiative return to ψ(2S) contribution, which extends
into the signal region but which has normalization set by the population near the radia-
tive return peak at ∼87 MeV; a direct decay ψ(3770) → XJ/ψ signal contribution, which
absorbs any remaining events near zero missing momentum that the ψ(2S) radiative tail
does not account for; and a background component linear in missing momentum to allow for
the remaining feature of the data distributions. For each mode, the histogram representing
the ψ(2S) tail comes from merging those from two MC sources, one with radiative photons
and one without. The cross sections in Table I dictate the fixed relative weight of the two
contributions: ∼200:1 for ππ, ∼40:1 for η, and ∼150:1 for π0.

The distributions and fits are shown in Figs. 3-5. The fit results and quantities derived
from them are shown in Table II. The efficiencies shown include the correction factors
detailed in Ref. [24], the visible cross sections use the B(J/ψ → `+`−) = (5.953 ± 0.056 ±
0.042)% from Ref. [23], and the Γee values use the B(ψ(2S) → XJ/ψ) results shown from
Ref. [24]. Statistical significances of the ψ(3770) signals, obtained from the differences
in log-likelihoods of the fits with and without a signal component included, are shown,
indicating an unambiguous (13σ significance) π+π−J/ψ signal, a strong (3.8σ significance)
π0π0J/ψ signal, and a suggestive (2.2σ significance) ηJ/ψ signal. In the absence of any
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compelling evidence for significant non-DD̄ decays of the ψ(3770), the recent precision
measurement [32], σ(DD̄) = 6.39±0.10+0.17

−0.08 nb, is used along with the integrated luminosity
(281 ± 2.8 pb−1) to estimate the number of ψ(3770) decays in the final sample as (1.80 ±
0.03+0.06

−0.02) × 106, where we have added an additional high-side relative uncertainty of 2% to
account for possible non-DD̄ ψ(3770) decays. Systematic errors from the fits, the efficiencies,
radiative return cross section integrals, intermediate branching fractions, and luminosity are
included.

Table III summarizes the uncertainties relevant to the quantities being measured. The
efficiency uncertainties are larger than those appearing in the ψ(2S) → XJ/ψ analysis [24]
because here the leptons are not restricted to the barrel, the cut is harder on the π+π−

invariant mass, the π0 → γγ mass cuts are somewhat tighter, and, for the radiative return
events, we account for possible mismodeling of the ψ(2S) boost direction. The systematic
error on the fitted event yields accounts for varying the range in missing momentum of
the fit, the shape of the background function, and the effect of the data having slightly
worse resolution than the simulation. Statistical errors dominate for the ψ(3770) results
and systematic errors dominate for the ψ(2S) results.

The π0J/ψ radiative return yield shown has been reduced by 10 events from the fit
value to account for background expected from ψ(2S) two photon cascade decays to J/ψ
through χcJ . MC studies also show that substantial background is expected from radiative
Bhabha and radiative muon pair events, but the precise level of this background is difficult
to estimate since it amounts to such a small fraction of the total Bhabha or muon pair cross
sections. For this reason, the radiative return values for π0J/ψ are all treated as upper
limits. The statistical error on the direct ψ(3770) decay yield (essentially zero) yields the
upper limits at 90% C.L. shown.

We compute a value for Γee by combining results from π+π−J/ψ, π0π0J/ψ, and ηJ/ψ,
weighting by the uncorrelated statistical and systematic errors, and adding back the corre-
lated uncertainties after weighting, resulting in Γee = 2145±85 eV. The relative 4.0% uncer-
tainty includes both statistical and systematic errors, but is dominated by the common 3%
systematic normalization uncertainty in all CLEO ψ(2S) branching fraction measurements.

The branching fractions allow us to set a 90% C.L. upper limit for B(ψ(3770) → XJ/ψ),
X = ππ, η, π0 of 0.66%, or a corresponding cross section upper limit of 42 pb. This will
become a useful after an inclusive ψ(3770) cross section is measured with precision.

Fig. 6 shows the folded `+ polar angle distribution of π+π−J/ψ, J/ψ → `+`− events with
m(π+π−recoil) = 3.085− 3.105 GeV, background subtracted with the scaled 3.11-3.15 GeV
sideband. The MC assumes relative S-wave between the ππ and the J/ψ; the confidence
level of the data-MC consistency is ∼10%.

Fig. 7 shows the dipion mass of π+π−J/ψ events with m(π+π−recoil) = 3.085−3.105 GeV,
background subtracted with the scaled 3.11-3.15 GeV sideband. In some models [2, 4–6] this
distribution is much softer if a strong D-wave component between ππ and J/ψ is present;
however, the data and pure S-wave [26] Monte Carlo distributions agree moderately well
here, but showing slightly more high-mass peaking in the data than the MC prediction.

VII. CONCLUSIONS

We observe a statistically unambiguous signal for ψ(3770) → π+π−J/ψ and strong evi-
dence for ψ(3770) → π0π0J/ψ. The branching fraction for ψ(3770) → π+π−J/ψ is about
half of that reported by BES [11], but is consistent with it and more precise. While the
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widths for ψ(3770) → ππJ/ψ are in the broad range predicted by the QCD multipole ex-
pansion models [2, 4–6], the ππ mass distribution appears to be much harder than predicted
for the large (> 50%) D-wave proportion these models favor. The observed width is small
enough to add yet another argument against a conventional charmonium interpretation of
X(3872).

We observe only a hint of ψ(3770) → ηJψ production but consistent with the expected
level, which is more than five times higher relative to π+π−J/ψ than at the ψ(2S) due to
the phase space enhancement. Sensitivity to ψ(3770) → π0Jψ with the current dataset is
low, with only a very loose limit set on its level. Both these values can be used to address
the question of cc̄ purity [18] of the ψ(2S) and ψ(3770): the 90% C.L. upper limits are
B(ψ(3770) → ηJ/ψ) < 0.14%, B(ψ(3770) → π0J/ψ) < 0.026%, and the η to π0 ratio is
> 2.6. These provide initial constraints, but they are not stringent enough to firmly test
the predictions. Substantially more data would be required to do so.

Our Γee measurement is unique for several reasons: it does not come from a resonance
scan, it depends on an assumed value of the full width Γ only very weakly, and it uses
only CLEO measurements for the important intermediate branching fractions (B(ψ(2S) →
XJ/ψ) and B(J/ψ → `+`−)). It is consistent with but more precise than the PDG fit
value (2.12 ± 0.12 keV) or any of the results obtained from scanning the peak, the most
precise being the BES [33] result (2.44 ± 0.21 keV). It is also significantly more precise
than can be obtained through measurements of B(ψ(2S) → e+e−) [34, 35], partly due to
the experimental precisions in these measurements, but also because the current relative
uncertaintly on the full width Γ is ∼6%. Similarly, we use this measurement of Γee to obtain
B(ψ(2S) → e+e−) = Γee/Γ = (7.63 ± 0.31 ± 0.46) × 10−3, in which the errors represent the
uncertainties in Γee and Γ, respectively. This value is limited by the full width Γ uncertainty,
but it still compares well to and agrees with the more precise E835 [35] result (renormalized
to the CLEO ψ(2S) → XJ/ψ and J/ψ → `+`− branching fractions), (7.30 ± 0.39) × 10−3.

All results described here are preliminary.
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TABLE I: Integrals of the radiative return cross section as a function of the center of mass energy

Ecm, its spread ∆Ecm, and phase space factor F (unity, ππ, η, and π0). The cross sections σ are

quoted without including the factor B(ψ(2S) → XJ/ψ) × Γee and are in units of cross section per

unit energy. The results quoted are for Eγ=2-160 MeV (and are insensitive to the exact value of

the upper limit), more than 1 billion trials and therefore better than 0.1% statistical accuracy for

each point. The values varied from one line to the next are underlined.

Ecm ∆Ecm F σ(Eγ >2 MeV) σ(Eγ <2 MeV) σsum
(GeV) (GeV) (pb/keV) (pb/keV) (pb/keV)

3.7723 0.0023 1 1456.4 6.7 1463.1

3.7733 0.0023 1 1437.7 6.5 1444.2

3.7743 0.0023 1 1420.5 6.4 1426.9

3.7733 0.0021 1 1437.6 6.5 1444.1

3.7733 0.0025 1 1438.0 6.5 1444.5

3.7733 0.0023 ππ 1441.4 7.2 1448.6

3.7733 0.0023 η 1454.2 36.7 1490.9

3.7733 0.0023 π0 1437.9 9.6 1447.5
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TABLE II: Results for radiative return process e+e− → γψ(2S), ψ(2S) → XJ/ψ and direct decay

ψ(3770) → XJ/ψ. For each appears the fit yield N , efficiency ε, and cross section σ (obtained

using B(J/ψ → `+`−) from ref. [23]). In addition, for the radiative return process, the B(ψ(2S) →
XJ/ψ)×Γee values inferred from the cross section and the integrals in Table I appear, and, using the

exclusive branching fractions B(ψ(2S) → XJ/ψ) from ref. [24], the resulting Γee. The bottom five

rows include the significance in standard deviations of the ψ(3770) → XJ/ψ signals obtained from

the likelihood differences of fits with and without a signal component, and the ψ(3770) branching

fraction using the number of produced ψ(3770) events as (1.80 ± 0.03+0.06
−0.02) × 106 [32] with an

extra 2% high side uncertainty added to account for potential non-DD̄ decays. Errors shown are

statistical and systematic, respectively.

Mode XJ/ψ π+π−`+`− π0π0`+`− η`+`− π0`+`−

N(γψ(2S)) 16923 ± 157 ± 169 3592 ± 85 ± 72 275 ± 26 ± 8 < 37

ε (%) 48.03 ± 0.07 ± 0.72 21.66 ± 0.06 ± 0.45 7.77 ± 0.17 ± 0.14 11.3 ± 0.1 ± 0.4

σ (pb) 1053 ± 14 ± 23 496 ± 13 ± 16 105.7 ± 10.3 ± 5.0 < 9.8

B × Γee (eV) 727 ± 10 ± 16 342 ± 9 ± 11 70.9 ± 6.9 ± 3.4 < 6.8

B (%) [24] 33.54 ± 0.14 ± 1.10 16.52 ± 0.14 ± 0.58 3.25 ± 0.06 ± 0.11 0.13 ± 0.01 ± 0.01

Γee (eV) 2168 ± 30 ± 85 2072 ± 56 ± 98 2181 ± 216 ± 128 < 5220

N(ψ(3770)) 217 ± 25 ± 2 42.2 ± 16.1 ± 0.8 17.1 ± 11.4 ± 0.5 < 7.6@90% C.L.

Signif. 13σ 3.8σ 2.2σ 0σ

ε (%) 53.70 ± 0.19 ± 0.81 22.67 ± 0.20 ± 0.48 12.01 ± 0.19 ± 0.22 13.67 ± 0.15 ± 0.44

σ (pb) 12.1 ± 1.4 ± 0.3 5.6 ± 2.1 ± 0.2 4.2 ± 2.8 ± 0.2 < 1.7@90% C.L.

B (10−5) 189 ± 22+7
−4 87 ± 33±+4

−3 67 ± 44+4
−3 < 26@90% C.L.
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TABLE III: Relative uncertainties in percent for the branching fractions, cross sections, B × Γee,

and Γee measurements, as applicable. The numbers in parentheses in the first row apply to the

direct decay ψ(3770) → XJ/ψ cross section determinations; all other rows’ entries apply to both

radiative return and direct decay measurements. The rows labelled with a superscripted asterisk∗

signify those which have the same, completely correlated uncertainty for all modes.

Source π+π− π0π0 η π0

Event yield (stat) 1.3 (9.7) 1.8 (29) 6.5(46) 19 (-)

Event yield (sys) 1.0 2.0 3.0 1.0

Efficiency 1.5 2.1 1.8 3.2

Backgrounds 0.1 0.1 3.0 50

Radiative Corrections∗ 1.0 1.0 1.0 1.0

Luminosity∗ 1.0 1.0 1.0 1.0

B(J/ψ → `+`−) stat∗ 0.94 0.94 0.94 0.94

B(J/ψ → `+`−) sys∗ 0.71 0.71 0.71 0.71

B(ψ(2S) → XJ/ψ) stat 0.42 0.85 1.85 7.7

B(ψ(2S) → XJ/ψ) sys 1.33 1.82 1.57 7.1

B(ψ(2S) → XJ/ψ) sys∗ 3.0 3.0 3.0 3.0
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FIG. 1: Distribution of the radiative photon energy for e+e− → γψ(2S) (see text) with the photon

energy cutoff set at 2 MeV (as in Eq. (1)).
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FIG. 2: Distribution of the radiative photon energy for e+e− → γψ(2S) for the three choices

of center-of-mass energy: mid-range (
√
s = 3.77316 GeV, solid black line), high-end (

√
s =

3.7741 GeV, dotted red line), and low-end (
√
s = 3.7708 GeV, dashed green).
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FIG. 3: Fit of the event missing momentum distribution for the final state π+π−J/ψ, J/ψ → `+`−,

showing the data (open circles), total fit (black dot-dash histogram), direct ψ(3770) decay peak

(solid red histogram), radiative return to the ψ(2S) (blue dotted histogram), and the background

term (dashed green histogram), on a logarithmic vertical scale (top), and on linear vertical scales

zoomed in on the direct decay peak (bottom left) and radiative return peak (bottom right).

103

102

10

80

60

40

20

0

3500
3000
2500
2000
1500
1000

500
0

0.025 0.0250 0.075 0.125 0.175

0.02 0 0.02 0.07 0.08 0.09 0.10
Missing Momentum (GeV)

E
ve

nt
s 

/ 
2 

M
eV

+ J/

2540605-001

17



FIG. 4: Fit of the event missing momentum distribution for the final state π0π0J/ψ, J/ψ → `+`−,

showing the data (open circles), total fit (black dot-dash histogram), direct ψ(3770) decay peak

(solid red histogram), radiative return to the ψ(2S) (blue dotted histogram), and the background

term (dashed green histogram), on a logarithmic vertical scale (top), and on linear vertical scales

zoomed in on the direct decay peak (bottom left) and radiative return peak (bottom right).
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FIG. 5: Fit of the event missing momentum distribution for the final state ηJ/ψ (top) and π0J/ψ

(bottom), J/ψ → `+`−, showing for each the data (open circles), total fit (black dot-dash his-

togram), direct ψ(3770) decay peak (solid red histogram), radiative return to the ψ(2S) (blue

dotted histogram), and the background term (dashed green histogram).
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FIG. 6: Distribution on π+π−`+`− events of the polar direction of the positively charged lepton

from data (open circles) and MC (solid histogram).
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FIG. 7: Distribution on π+π−`+`− events of the π+π− mass from data (open circles) and MC

(solid histogram).
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