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The cross section for ete™ — 7" 7~ J /i between 3.8 and 5.5 GeV is measured with a 967 fb~! data
sample collected by the Belle detector at or near the Y(nS) (n = 1, 2, ..., 5) resonances. The Y(4260) state
is observed, and its resonance parameters are determined. In addition, an excess of 77+ 7~ J/ production
around 4 GeV is observed. This feature can be described by a Breit-Wigner parametrization with
properties that are consistent with the Y(4008) state that was previously reported by Belle. In a study
of Y(4260) — 7t 7~ J/¢ decays, a structure is observed in the M(7J/i) mass spectrum with 5.2¢
significance, with mass M = (3894.5 + 6.6 = 4.5) MeV/c? and width T = (63 + 24 + 26) MeV/c?,
where the errors are statistical and systematic, respectively. This structure can be interpreted as a new
charged charmoniumlike state.

DOI: 10.1103/PhysRevLett.110.252002 PACS numbers: 14.40.Rt, 13.25.Gv, 13.66.Bc, 14.40.Pq

The Y(4260) state was first observed by the BABAR  technique. Subsequently, a charged Z(4430)* charmo-
Collaboration in the initial-state-radiation (ISR) process niumlike state was reported in the 7™ /(2S) invariant
ete” — yirm 7w J/¢ [1] and then confirmed by the  mass spectrum of B — K7~ ¢#(2S) [4] and two Z* states
CLEO [2] and Belle experiments [3] using the same were observed in the 7~ y,, invariant mass distribution of
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B — Ky, 7= [5]. Motivated by the striking observations
of charged charmoniumlike [4,5] and bottomoniumlike
states [6], we investigate the existence of similar states as
intermediate resonances in Y(4260) — 7" 7~ J/ i decays.

After the initial observations of the Y(4260) [1-3],
CLEO collected 13.2 pb~! of e*e” data at fs =
4.26 GeV and investigated 16 possible Y(4260) decay
modes with charmonium or light hadrons in the final state
[7]1. An ISR analysis by the Belle experiment with
548 fb~! of data collected at or near /s = 10.58 GeV
[8] showed a significant Y(4260) signal as well as an
excess of w77 J/iy event production near 4 GeV
that could be described by a broad Breit-Wigner (BW)
parametrization—the so-called Y(4008). Recently, the
BABAR Collaboration reported an updated ISR analysis
with 454 fb~! of data and a modified approach for the
background description [9]; the Y(4260) state was
observed with improved significance, but the Y(4008)
structure was not confirmed. Instead, they attributed the
structure below the Y(4260) to exponentially falling non-
resonant 77+ 7~ J /s production.

In this Letter, we report cross section measurements for
ete” — mtm J/ between 3.8 and 5.5 GeV, and a
search for structures in the #w"7~J/¢, w*J/¢, and
7t~ systems. The results are based on the full Belle
data sample with an integrated luminosity of 967 fb™!
collected at or near the Y(nS) resonances (n =
1,2,...,5). The Belle detector operated at the KEKB
asymmetric-energy e e~ collider [10] and is described
in detail elsewhere [11]. We use the PHOKHARA [12] pro-
gram 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
four well reconstructed charged tracks with zero net
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FIG. 1 (color online).

charge. For each charged track, a likelihood Ly is formed
from different detector subsystems for particle hypothesis
X € {e, u, 7, K, p}. Tracks with a likelihood ratio Ry =
(Lx/(Lx + L)) <04 are identified as pions with an
efficiency of about 95%. Similar ratios are also defined
for lepton-pion discrimination [13]. For electrons from
J/ — e*e”, one track should have R, > 0.95 and the
other track R, > 0.05. For muons from J/¢ — u*u™,
at least one track should have R u > 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 the 7" 7~ u™ u~ center-of-mass
(c.m.) frame must satisfy [cosf,|<0.7. Events with y
conversions are removed by requiring R, < 0.75 for the
7t~ candidate tracks. Furthermore, in J/¢ — eTe™,
such events are further reduced by requiring the invariant
mass of the 777~ candidate pair to be larger than
0.32 GeV/c?. Events with a total energy deposit in the
electromagnetic calorimeter above 9 GeV are removed in
the J/ i — e e~ mode because the MC simulation of the
trigger efficiency for these Bhabha-like events does not
accurately reproduce the data. There is only one combina-
tion of wt7 €*€~ (£ = e, u) in each event after the
above selections.

Candidate ISR events are identified by the requirement
|Mlgec| <20 (GGV/C2)2, where Mrzec = (Pc.m. — Pr =
P, — Py — Py-)? and P, represents the four-momentum
of the corresponding particle or composite in the e*e™
c.m. frame. Clear J/ signals are observed in both the
J/p — ete” and utu~ modes. We define the J/ i
signal region as 3.06GeV/c2<M(({*€)<3.14GeV/c?
(the mass resolution for lepton pairs being about
20 MeV/c?), and J/ ¢ mass sidebands as 2.91 GeV/c? <
Mt€7) <3.03 GeV/c? or 3.17 GeV/c* <Mt ¢7) <
3.29 GeV/c?, which are three times as wide as the signal
region.
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(a) Invariant mass distributions of 77+ 77~ €* €~ . Points with error bars are data, and the shaded histograms are

the normalized J/ ¢ 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 dotted-dashed curves are for solution II. The inset shows the distributions
on a logarithmic vertical scale. The large peak around 3.686 GeV/c? is the 1(2S) — 7+ 7w~ J/ signal. (b) Cross section of eTe™ —
7t 7~ J /¢ after background subtraction. The errors are statistical only.
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Figure 1(a) shows the 7+t 7~ €€~ invariant mass [14]
distributions after all of these selection requirements are
applied. Also shown in this figure are the background
estimates evaluated using the normalized J/-mass side-
bands. Two enhancements—the Y(4008) and the
Y(4260)—above 3.8 GeV/c? 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) wt#~J/¢ with J/¢
decays into final states other than lepton pairs and
(2) XJ/, with X not being a 7 7~ pair, such as
K"K~ or w7 #°. Non-ISR production of ete” —
amt7~J/¢ final states, such as eTe” — yy*'y* —
yp°J/ i, is also estimated to be small [15]. Figure 1(b)
shows the measured cross sections for
a7~ J /i, where the error bars are statistical only.

Systematic uncertainties of the cross section measure-
ment are found to be 7.9% and 7.3% for the e*e™ and
utu~ modes, respectively. The particle identification
uncertainties, measured from pure ¥ (2S) events in the
same data sample, are 4.7% and 3.6% for the e*e™ and
ut ™ modes, respectively. Tracking efficiency uncertain-
ties are estimated to be 3.3% for both e*e™ and ut ™
modes in the momentum and angular regions of interest for
signal events. The uncertainties associated with the choice
of the J/ i mass window and |MZ_| requirements are also
estimated using pure #(2S) events. It is found that MC
efficiencies are higher than data by (4.5 = 0.4)% in the
eTe” mode and (4.1 = 0.2)% in the u* u~ mode. The
differences in efficiencies are corrected and the uncertain-
ties in the correction factors are incorporated into the
systematic errors. Overall, together with the |M2,| require-
ments, these uncertainties contribute 0.6% for the eTe™
mode and 0.3% for the u* u~ mode within the J/ ¢ mass
window. Belle measures luminosity with a precision of
1.4% using wide-angle Bhabha events. The PHOKHARA
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 modified
7r"ar~ invariant mass distributions weighted according to
data distributions yields a 2% to 5% efficiency difference
compared with a phase space 77" 77~ mass spectrum model.
Thus, we conservatively use 5% as the systematic error due
to the approximations made in the MC event generator.
According to MC simulation, the off-line trigger efficiency
for four-track events of the studied topology exceeds 99%.
A 1.0% systematic error is included for the trigger uncer-
tainty. The uncertainty of B(J/¢ — €¢~) = B(J /¢y —
ete” )+ B/ — utu)is 1.0% [16].

As a validation of our analysis, we also measure the ISR
¥ (2S) production rate using the same selection criteria.
The cross sections are (14.12 = 0.18 * 0.85) and (15.13 =
0.11 £0.79) pb at /s = 10.58 GeV [17] for the e* e~ and
utu~ modes, respectively. Our measurement agrees

ete” —

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 the
7" a1~ J/ s mass spectrum above 3.8 GeV/c?. As there are
two enhancements observed, as shown in Fig. 1(a), we use
the same fit strategy as in Ref. [8]. Two coherent BW
functions (R;, R,) are used to describe the Y(4008) and
Y(4260) structures, assuming there is no continuum pro-
duction of e*e™ — 7" 77~ J/ . 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 optimum fit
quality. The masses and widths of the resonances are the
same for the two solutions; the partial widths to e* e~ and
the relative phase between the two resonances are different
(see Table 1) [19]. The fit quality is estimated using the
reduced y? statistic; we obtain y?/ndf = 101.6/84, cor-
responding to a confidence level of 9.3%. Systematic
uncertainties in the extracted values of the resonance pa-
rameters arise from the absolute energy scale, the detection
efficiency, background estimation, and the parametrization
of the resonance models. The absolute energy uncertainty
is estimated from the ¢ (2S) mass fit. Uncertainty in the
detection efficiency does not affect the mass and width
measurements, but could affect the measurement of the
partial width to e™ e~ . Systematic uncertainties associated
with the background contribution are estimated by varying
the background level by =10 in the fit. Resonance pa-
rametrization is studied by changing the Y(4260) BW
function from a parametrization with a constant width to
another with a three-body phase-space-dependent func-
tion. The interference between the two resonances,
Y(4260) and Y(4008), depends on the structure of the
t 7~ J/ amplitude, which can be different for the two
resonances. We conservatively estimate possible system-
atic effects by performing a fit without the interference
between the Y(4008) and the Y(4260) and taking the
difference compared to results with interference as the

TABLE I. Results of the fits to the 7w 7~ J /¢ mass spectrum
with two coherent resonances. M(R;), I',,(R;) and T',, B(R; —
ata~J/¢), i =1, 2 represent the mass (in MeV/c?), total
width (in MeV/c?) and product of the branching ratio for the
decay into 77t 7~ J /4 and the e e~ partial width (in eV /c?) for
the two resonances, respectively. The parameter ¢ (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(R)) 3890.8 =40.5 £ 11.5

(R} 254.5 £39.5 £ 13.6
I,BR,— 7 7 J/¢) ((3.8%=0.6=*04) 841211
M(R,) 4258.6 + 8.3 + 12.1

IMoi(R2) 134.1 £ 16.4 £ 5.5
I,,BR,— w7~ J/) (64=08=*06) (20.5*1.4=*2.0)
o) 50+ 17 =11 —-116 £ 6 + 11
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FIG. 2. Dalitz plot for Y(4260) — w*7~J/y decays for
4.15 GeV/c? < M(w"awJ/) <4.45 GeV/c?>. The inset
shows background events from the J/i-mass sidebands (not
normalized).

corresponding systematic error. All of these contributions
are summarized in Table I. The measured mass, width, and
the product I',, B(R; — 77~ J/ ) are consistent within
statistics with the previous results [8,20].

Figure 2 shows the Dalitz plot for events in the
Y (4260) signal region (4.15 GeV/c2 < M(m 7 J/§) <
4.45 GeV/c?), where we observe structures in the 77~
and 7 J/¢ systems. The inset is for the events in the
J/y-mass sidebands, where no obvious structures are
observed in the non-77* 7~ J /¢ background events.

Figure 3 shows a projection of the M(w" ),
M(mw*J/¢), and M(7r~J/ ) invariant mass distributions
for events in the Y(4260) signal region. Background con-
tributions are estimated from the normalized J/¢ mass
sidebands. There are f;(980), f,(500), and nonresonant
S-wave amplitudes in the 7777~ mass spectrum. In the
7=J/{ mass spectrum, there is a significant peak around
3.9 GeV/c? [called the Z(3900)™ hereafter], that we inter-
pret as evidence for an exotic charmoniumlike state,
decays into 77=J/4; the broader peak near 3.5 GeV/c?
is a reflection of the Z(3900)*, as confirmed by MC

simulation. The pure 7"#7~ S-wave amplitudes that
describe the 77+ 7~ invariant mass distribution well cannot
reproduce the structure at 3.9 GeV/c? in the 7=J/ mass
spectra, as shown in Fig. 3 with the open histograms.

An unbinned maximum likelihood fit is performed to the
distribution of M, (7J/ ), the maximum of M(7*J /)
and M(7~J/ ). The signal shape is parametrized 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 background is approximated by a cubic
polynomial. The mass-dependent efficiency is also
included in the fit. Figure 4 shows the fit results. The fit
yields 159 =49 =7 Z(3900)* events, with a mass of
(3894.5 = 6.6 = 4.5) MeV/c? and a width of (63 + 24 +
26) MeV/c?, where the errors are statistical and system-
atic, respectively. The largest contributions to the system-
atic uncertainties arise from the parametrization of the
signal and background shapes, the mass resolution and
mass calibrations. The statistical significance of the
Z(3900)= state is found to be 5.5¢ in the nominal fit,
and is larger than 5.2¢ 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 the Z(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 rates (B[Y(4260) —
Z(3900)* 7+ 1B[Z(3900)" — =J/¢])/B[Y(4260) —
ata J/y] = (29.0 = 8.9)%, where the error is sta-
tistical only [21]. We test the hypothesis that interference
between the S and D waves in the 777~ 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 a 7~J/i invariant
mass peak near 3.9 GeV/ ¢* [22]. Inclusion of a
Z(3900)* with the mass and width determined above sig-
nificantly improves the agreement between predicted and
observed Dalitz plot distributions.

60 o 45¢ T aa 45¢ T
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o 5o md o HF® —ve o PF© — e
§ E <et Z(3900) MC } § 35F ---- Z(3900) MC § 35 | <-e. 2(3900) MC
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FIG. 3 (color online). Invariant mass distributions of (a) 7w+ 7,

M(z*Jly) (GeV/c?)

Mz Jly) (GeV/c?)

(b) w*J /4, and (c) m~ J/ i for events in the Y (4260) signal region.

Points with error bars represent data, shaded histograms are normalized background estimates from the J/-mass sidebands, solid
histograms represent MC simulations of 77" 7~ amplitudes [22] (normalized J/ ¢y-mass sideband events added) and dashed histograms

are MC simulation results for a Z(3900) signal.

252002-5



PRL 110, 252002 (2013)

PHYSICAL REVIEW LETTERS

week ending
21 JUNE 2013

70F
r + data

60F — i
50F
40F
30F
20F
108/,
K

— Background

--+ PHSP MC

Events / 0.02 GeV/c?

rnthon fln nonnllnnn \:""»"
37 38 39 4 41 42
Miax(mdly) (GeV/c?)

FIG. 4 (color online). Unbinned maximum likelihood fit to the
distribution of the M, (7J/ ). Points with error bars are data,
the curves are the best fit, the dashed histogram is the phase
space (PHSP) distribution and the shaded histogram is the
non-7" 7~ J/y background estimated from the normalized
J/ i sidebands.

In summary, the cross section of e™e™ — 7wt 7~ J /i is
measured from 3.8 to 5.5 GeV. The Y(4260) resonance is
observed and its resonant parameters are determined. In
addition, the Y(4008) state is confirmed. The intermediate
states in Y(4260) — 77~ J /i decays are also investi-
gated. A Z(3900)* state with a mass of (3894.5 = 6.6 =
4.5) MeV/c? and a width of (63 * 24 + 26) MeV/c? is
observed in the 77*J/ mass spectrum with a statistical
significance larger than 5.2¢. This state is close to the DD*
mass threshold; however, no enhancement is observed near
the D*D* mass threshold. As the Z(3900)" state has a
strong coupling to charmonium and is charged, we con-
clude it cannot be a conventional c¢ state.
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Note added.—Recently, we became aware of a Letter
from the BESIII Collaboration [23] that also reports on the
Z(3900)= at the same time.
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