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The cross section fore+e− → π+π−J/ψ between 3.8 GeV and 5.5 GeV is measured with a 967 fb−1 data
sample collected by the Belle detector at or near theΥ(nS) (n = 1, 2, ..., 5) resonances. TheY (4260)
state is observed, and its resonance parameters are determined. In addition, an excess ofπ+π−J/ψ production
around 4 GeV is observed. This feature can be described by a Breit-Wigner parameterization with properties
that are consistent with theY (4008) state that was previously reported by Belle. In a study ofY (4260) →
π+π−J/ψ decays, a structure is observed in theM(π±J/ψ) mass spectrum with5.2σ significance, with mass
M = (3894.5 ± 6.6 ± 4.5) MeV/c2 and widthΓ = (63 ± 24 ± 26) MeV/c2, where the errors are statistical
and systematic, respectively. This structure can be interpreted as a new charged charmonium-like state.

PACS numbers: 14.40.Rt, 14.40.Pq, 13.66.Bc, 13.25.Gv

The Y (4260) state was first observed by the BaBar Collaboration in the initial-state-radiation (ISR) processe+e− →
γISRπ

+π−J/ψ [1] and then confirmed by the CLEO [2] and Belle experiments [3] using the same technique. Subsequently,
a chargedZ(4430)± charmonium-like state was reported in theπ±ψ(2S) invariant mass spectrum ofB → Kπ±ψ(2S) [4]
and twoZ± states were observed in theπ±χc1 invariant mass distribution ofB → Kχc1π

± [5]. Motivated by the striking
observations of charged charmonium-like [4, 5] and bottomonium-like states [6], we investigate the existence of similar states
as intermediate resonances inY (4260) → π+π−J/ψ decays.

After the initial observations of theY (4260) [1–3], CLEO collected 13.2 pb−1 of e+e− data at
√
s = 4.26 GeV and investi-

gated 16 possibleY (4260) decay modes with charmonium or light hadrons in the final state [7]. An ISR analysis by the Belle
experiment with 548 fb−1 of data collected at or near

√
s = 10.58 GeV [8] showed a significantY (4260) signal as well as an

excess ofπ+π−J/ψ event production near 4 GeV that could be described by a broadBreit-Wigner (BW) parameterization —
the so-calledY (4008). Recently, the BaBar Collaboration reported an updated ISRanalysis with 454 fb−1 of data and a modi-
fied approach for the background description [9]; theY (4260) state was observed with improved significance, but theY (4008)
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structure was not confirmed. Instead, they attributed the structure below theY (4260) to exponentially falling non-resonant
π+π−J/ψ production.

In this Letter, we report cross section measurements fore+e− → π+π−J/ψ between 3.8 GeV and 5.5 GeV, and a search
for structures in theπ+π−J/ψ, π±J/ψ, andπ+π− systems. The results are based on the full Belle data sample with an
integrated luminosity of 967 fb−1 collected at or near theΥ(nS) resonances (n = 1, 2, ..., 5). The Belle detector operated at the
KEKB asymmetric-energye+e− collider [10] and is described in detail elsewhere [11]. We use thePHOKHARA [12] program
to generate signal Monte Carlo (MC) events and determine experimental efficiencies. The results reported here supersede those
of Ref. [8], wherein a subset of the Belle data sample was used.

The event selection is described in Ref. [8]. We require fourwell reconstructed charged tracks with zero net charge. Foreach
charged track, a likelihoodLX is formed from different detector subsystems for particle hypothesisX ∈ {e, µ, π, K, p}.
Tracks with a likelihood ratioRK = LK

LK+Lπ

< 0.4 are identified as pions with an efficiency of about 95%. Similar ratios
are also defined for lepton-pion discrimination [13]. For electrons fromJ/ψ → e+e−, one track should haveRe > 0.95
and the other trackRe > 0.05. For muons fromJ/ψ → µ+µ−, at least one track should haveRµ > 0.95; in cases where
the other track has no muon identification, in order to suppress misidentified muon tracks, the polar angles of the two muon
tracks in theπ+π−µ+µ− center-of-mass (CM) frame must satisfy| cos θµ| < 0.7. Events withγ conversions are removed
by requiringRe < 0.75 for theπ+π− candidate tracks. Furthermore, inJ/ψ → e+e−, such events are further reduced by
requiring the invariant mass of theπ+π− candidate pair to be larger than 0.32 GeV/c2. Events with a total energy deposit in
the electromagnetic calorimeter (ECL) above 9 GeV are removed in theJ/ψ → e+e− mode because the MC simulation of
the trigger efficiency for these Bhabha-like events does notaccurately reproduce the data. There is only one combination of
π+π−ℓ+ℓ− (ℓ = e, µ) in each event after the above selections.

Candidate ISR events are identified by the requirement|M2
rec| < 2.0 (GeV/c2)2, whereM2

rec = (PCM − Pπ+ −
Pπ− − Pℓ+ − Pℓ−)

2 andPi represents the four-momentum of the corresponding particle or composite in thee+e− CM
frame. ClearJ/ψ signals are observed in both theJ/ψ → e+e− andµ+µ− modes. We define theJ/ψ signal region as
3.06 GeV/c2 < M(ℓ+ℓ−) < 3.14 GeV/c2 (the mass resolution for lepton pairs being about 20 MeV/c2), andJ/ψ mass side-
bands as2.91 GeV/c2 < M(ℓ+ℓ−) < 3.03 GeV/c2 or 3.17 GeV/c2 < M(ℓ+ℓ−) < 3.29 GeV/c2, which are three times as
wide as the signal region.

Figure 1(a) shows theπ+π−ℓ+ℓ− invariant mass [14] distributions after all of these selection requirements are applied. Also
shown in this figure are the background estimates evaluated using the normalizedJ/ψ-mass sidebands. Two enhancements —
theY (4008) and theY (4260) — above 3.8 GeV/c2 are observed, consistent with the results of Ref. [8] but in disagreement with
those of Ref. [9]. Other possible background sources not included in the sidebands are found to be small from MC simulation [7];
these include (1)π+π−J/ψ with J/ψ decays into final states other than lepton pairs and (2)XJ/ψ, withX not being aπ+π−

pair, such asK+K− orπ+π−π0. Non-ISR production ofe+e− → π+π−J/ψ final states, such ase+e− → γγ∗γ∗ → γρ0J/ψ,
is also estimated to be small [15]. Figure 1(b) shows the measured cross sections fore+e− → π+π−J/ψ, where the error bars
are statistical only.
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FIG. 1: (a) Invariant mass distributions ofπ+π−ℓ+ℓ−. Points with error bars are data, and the shaded histograms are the normalizedJ/ψ
mass sidebands. The solid curves show the total best fit with two coherent resonances and contribution from background. The dashed curves
are for solution I, while the dot-dashed curves are for solution II. The inset shows the distributions on a logarithmic vertical scale. The large
peak around 3.686 GeV/c2 is theψ(2S) → π+π−J/ψ signal. (b) Cross section ofe+e− → π+π−J/ψ after background subtraction. The
errors are statistical only.
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Systematic uncertainties of the cross section measurementare found to be 7.9% and 7.3% for thee+e− andµ+µ− modes,
respectively. The particle identification (PID) uncertainties, measured from pureψ(2S) events in the same data sample, are 4.7%
and 3.6% for thee+e− andµ+µ− modes, respectively. Tracking efficiency uncertainties are estimated to be 3.3% for bothe+e−

andµ+µ− modes in the momentum and angular regions of interest for signal events. The uncertainties associated with the choice
of theJ/ψ mass window and|M2

rec| requirements are also estimated using pureψ(2S) events. It is found that MC efficiencies
are higher than data by (4.5 ± 0.4)% in thee+e− mode and(4.1 ± 0.2)% in theµ+µ− mode. The differences in efficiencies
are corrected and the uncertainties in the correction factors are incorporated into the systematic errors. Overall, together with
the |M2

rec| requirements, these uncertainties contribute 0.6% for thee+e− mode and 0.3% for theµ+µ− mode within theJ/ψ
mass window. Belle measures luminosity with a precision of 1.4% using wide-angle Bhabha events. ThePHOKHARA generator
calculates ISR with 0.1% accuracy [12]. The dominant uncertainties due to the MC generator are from three-body decay
dynamics. MC simulation with modifiedπ+π− invariant mass distributions weighted according to data distributions yields a
2% to 5% efficiency difference compared with a phase spaceπ+π− mass spectrum model. Thus, we conservatively use 5%
as the systematic error due to the approximations made in theMC event generator. According to MC simulation, the offline
trigger efficiency for four-track events of the studied topology exceeds 99%. A 1.0% systematic error is included for thetrigger
uncertainty. The uncertainty ofB(J/ψ → ℓ+ℓ−) = B(J/ψ → e+e−) + B(J/ψ → µ+µ−) is 1.0% [16].

As a validation of our analysis, we also measure the ISRψ(2S) production rate using the same selection criteria. The cross
sections are(14.12± 0.18± 0.85) pb and(15.13± 0.11± 0.79) pb at

√
s = 10.58 GeV [17] for thee+e− andµ+µ− modes,

respectively. Our measurement agrees within errors with the prediction of(14.25 ± 0.26) pb [18] using the world-average
resonance parameters [16].

An unbinned maximum likelihood fit is performed to theπ+π−J/ψ mass spectrum above 3.8 GeV/c2. As there are two
enhancements observed, as shown in Fig. 1(a), we use the samefit strategy as in Ref. [8]. Two coherent BW functions (R1,R2)
are used to describe theY (4008) andY (4260) structures, assuming there is no continuum production ofe+e− → π+π−J/ψ.
In the fit, the background term is fixed at the level obtained from a linear fit to the sideband data. The solid curves in Fig. 1(a)
show the fit results. There are two solutions of equal optimumfit quality. The masses and widths of the resonances are the
same for the two solutions; the partial widths toe+e− and the relative phase between the two resonances are different (see
Table I) [19]. The fit quality is estimated using the reducedχ2 statistic; we obtainχ2/ndf = 101.6/84, corresponding to a
confidence level of 9.3%. Systematic uncertainties in the extracted values of the resonance parameters arise from the absolute
energy scale, the detection efficiency, background estimation and the parameterization of the resonance models. The absolute
energy uncertainty is estimated from theψ(2S) mass fit. Uncertainty in the detection efficiency does not affect the mass and
width measurements, but could affect the measurement of thepartial width toe+e−. Systematic uncertainties associated with
the background contribution are estimated by varying the background level by±1σ in the fit. Resonance parameterization is
studied by changing theY (4260) BW function from a parameterization with a constant width toanother with a three-body
phase-space-dependent function. The interference between the two resonances,Y (4260) andY (4008), depends on the structure
of theπ+π−J/ψ amplitude, which can be different for the two resonances. Weconservatively estimate possible systematic
effects by performing a fit without the interference betweentheY (4008) and theY (4260) and taking the difference compared
to results with interference as the corresponding systematic error. All of these contributions are summarized in TableI. The
measured mass, width and the productΓeeB(R1 → π+π−J/ψ) are consistent within statistics with the previous results[8, 20].

TABLE I: Results of the fits to theπ+π−J/ψ mass spectrum with two coherent resonances.M(Ri), Γtot(Ri) andΓeeB(Ri → π+π−J/ψ),
i = 1, 2 represent the mass (in MeV/c2), total width (in MeV/c2) and product of the branching ratio for the decay intoπ+π−J/ψ and thee+e−

partial width (in eV/c2) for the two resonances, respectively. The parameterφ (in degrees) is the relative phase between the two resonances.
The first and second errors are statistical and systematic, respectively.

Parameters Solution I Solution II
M(R1) 3890.8 ± 40.5± 11.5
Γtot(R1) 254.5 ± 39.5 ± 13.6

ΓeeB(R1 → π+π−J/ψ) (3.8± 0.6± 0.4) (8.4± 1.2± 1.1)

M(R2) 4258.6 ± 8.3± 12.1
Γtot(R2) 134.1 ± 16.4± 5.5

ΓeeB(R2 → π+π−J/ψ) (6.4± 0.8± 0.6) (20.5± 1.4± 2.0)

φ 59± 17± 11 −116± 6± 11

Figure 2 shows the Dalitz plot for events in theY (4260) signal region (4.15 GeV/c2 < M(π+π−J/ψ) < 4.45 GeV/c2),
where we observe structures in theπ+π− andπ+J/ψ systems. The inset is for the events in theJ/ψ-mass sidebands, where no
obvious structures are observed in the non-π+π−J/ψ background events.

Figure 3 shows a projection of theM(π+π−), M(π+J/ψ) andM(π−J/ψ) invariant mass distributions for events in the
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FIG. 2: Dalitz plot forY (4260) → π+π−J/ψ decays for4.15 GeV/c2 < M(π+π−J/ψ) < 4.45 GeV/c2. The inset shows background
events from theJ/ψ-mass sidebands (not normalized).

Y (4260) signal region. Background contributions are estimated from the normalizedJ/ψ mass sidebands. There aref0(980),
f0(500) and non-resonant S-wave amplitudes in theπ+π− mass spectrum. In theπ±J/ψ mass spectrum, there is a significant
peak around 3.9 GeV/c2 (called theZ(3900)± hereafter) that we interpret as evidence for an exotic charmonium-like state decays
intoπ±J/ψ; the broader peak near 3.5 GeV/c2 is a reflection of theZ(3900)±, as confirmed by MC simulation. The pureπ+π−

S-wave amplitudes that describe theπ+π− invariant mass distribution well cannot reproduce the structure at 3.9 GeV/c2 in the
π±J/ψ mass spectra, as shown in Fig. 3 with the open histograms.
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FIG. 3: Invariant mass distributions of (a)π+π−, (b) π+J/ψ and (c)π−J/ψ for events in theY (4260) signal region. Points with error
bars represent data, shaded histograms are normalized background estimates from theJ/ψ-mass sidebands, solid histograms represent MC
simulations ofπ+π− amplitudes [21] (normalizedJ/ψ-mass sideband events added) and dashed histograms are MC simulation results for a
Z(3900)± signal

.

An unbinned maximum likelihood fit is performed to the distribution ofMmax(πJ/ψ), the maximum ofM(π+J/ψ) and
M(π−J/ψ). The signal shape is parameterized as an S-wave BW function convolved with a Gaussian whose mass resolution is
fixed at the MC-estimated value of 7.4 MeV, and the backgroundis approximated by a cubic polynomial. The mass-dependent
efficiency is also included in the fit. Figure 4 shows the fit results. The fit yields159± 49± 7 Z(3900)± events, with a mass of
(3894.5±6.6±4.5)MeV/c2 and a width of(63±24±26)MeV/c2, where the errors are statistical and systematic, respectively.
The largest contributions to the systematic uncertaintiesarise from the parameterization of the signal and background shapes,
the mass resolution and mass calibrations. The statisticalsignificance of theZ(3900)± state is found to be5.5σ in the nominal
fit, and is larger than5.2σ in all alternate fits used for systematic checks with different background shapes, fit ranges and BW
resonant models. The significance is calculated by comparing the logarithmic likelihoods with and without theZ(3900)± signal,
and including the change of the number of parameters in the fits. From the signal yields and the MC-simulated efficiencies,we

obtain the ratio of the production ratesB(Y (4260)→Z(3900)±π∓)B(Z(3900)±→π±J/ψ)
B(Y (4260)→π+π−J/ψ) = (29.0±8.9)%, where the error is statistical

only [22]. We test the hypothesis that interference betweenthe S- and D-waves in theπ+π− system might produce a structure
similar to the enhancement observed in data. Although the statistics do not allow us to fully explore the Dalitz plot via an
amplitude analysis, we find that these partial waves alone cannot produce aπ±J/ψ invariant mass peak near 3.9 GeV/c2 [21].
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Inclusion of aZ(3900)± with the mass and width determined above significantly improves the agreement between predicted
and observed Dalitz plot distributions.
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FIG. 4: Unbinned maximum likelihood fit to the distribution of theMmax(πJ/ψ). Points with error bars are data, the curves are the best fit, the
dashed histogram is the phase space distribution and the shaded histogram is the non-π+π−J/ψ background estimated from the normalized
J/ψ sidebands.

In summary, the cross section ofe+e− → π+π−J/ψ is measured from 3.8 GeV to 5.5 GeV. TheY (4260) resonance is
observed and its resonant parameters are determined. In addition, theY (4008) state is confirmed. The intermediate states in
Y (4260) → π+π−J/ψ decays are also investigated. AZ(3900)± state with a mass of(3894.5±6.6±4.5)MeV/c2 and a width
of (63± 24± 26) MeV/c2 is observed in theπ±J/ψ mass spectrum with a statistical significance larger than5.2σ. This state is
close to theDD̄∗ mass threshold; however, no enhancement is observed near theD∗D̄∗ mass threshold. As theZ(3900)± state
has a strong coupling to charmonium and is charged, we conclude it cannot be a conventionalcc̄ state.
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Note added.– As we were preparing to submit this paper, we became aware of a paper from the BESIII Collaboration [23] that
also reports on theZ(3900)±.



7

∗ now at Beihang University, Beijing 100191
[1] B. Aubertet al. (BaBar Collaboration), Phys. Rev. Lett.95, 142001 (2005).
[2] Q. Heet al. (CLEO Collaboration), Phys. Rev. D74, 091104(R) (2006).
[3] K. Abe et al. (Belle Collaboration), hep-ex/0612006.
[4] S. K. Choiet al. (Belle Collaboration), Phys. Rev. Lett.100, 142001 (2008).
[5] R. Mizuk et al. (Belle Collaboration), Phys. Rev. D78, 072004 (2008).
[6] A. Bondaret al. (Belle Collaboration), Phys. Rev. Lett.108, 122001 (2012).
[7] T. E. Coanet al. (CLEO Collaboration), Phys. Rev. Lett.96, 162003 (2006).
[8] C. Z. Yuanet al. (Belle Collaboration), Phys. Rev. Lett.99, 182004 (2007).
[9] J. P. Leeset al. (BaBar Collaboration), Phys. Rev. D86, 051102(R) (2012).

[10] S. Kurokawa and E. Kikutani, Nucl. Instrum. Methods Phys. Res., Sect. A499, 1 (2003), and other papers included in this volume; T.
Abeet al., Prog. Theor. Exp. Phys. (2013) 03A001 and following articles up to 03A011.

[11] A. Abashianet al. (Belle Collaboration), Nucl. Instrum. Methods Phys. Res.,Sect. A479, 117 (2002); also see detector section in J.
Brodzickaet al., Prog. Theor. Exp. Phys. (2012) 04D001.
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