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The cross section farte™ — 77~ J/4 between 3.8 GeV and 5.5 GeV is measured with a 967 fimta
sample collected by the Belle detector at or near¥teS) (n = 1, 2, ..., 5) resonances. Th¥ (4260)
state is observed, and its resonance parameters are detdrrin addition, an excess of 7~ .J/+ production
around 4 GeV is observed. This feature can be described bgit\Bigner parameterization with properties
that are consistent with thE (4008) state that was previously reported by Belle. In a study ¢4260) —
ntw~ J /4 decays, a structure is observed in fHén=.J /1) mass spectrum with.2¢ significance, with mass
M = (3894.5 + 6.6 + 4.5) MeV /c? and width" = (63 + 24 4 26) MeV/c?, where the errors are statistical
and systematic, respectively. This structure can be iregggd 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 thialrstate-radiation (ISR) process e~ —
visrm T~ J /4 [1] and then confirmed by the CLEO [2] and Belle experimenjsugng the same technique. Subsequently,
a chargedZ (4430)* charmonium-like state was reported in th&€:(2S) invariant mass spectrum & — K7%(25) [4]
and twoZ* states were observed in thé€ x.; invariant mass distribution aB — Ky 7 [5]. Motivated by the striking
observations of charged charmonium-like [4, 5] and bottonm-like states [6], we investigate the existence of simgtates
as intermediate resonancegi4260) — =7~ .J/v decays.

After the initial observations of th& (4260) [1-3], CLEO collected 13.2 pt} of eTe~ data at,/s = 4.26 GeV and investi-
gated 16 possibl& (4260) decay modes with charmonium or light hadrons in the finabgtZt An ISR analysis by the Belle
experiment with 548 fb! of data collected at or negrs = 10.58 GeV [8] showed a significarit (4260) signal as well as an
excess ofr™ 7~ .J /¢ event production near 4 GeV that could be described by a BoeittWigner (BW) parameterization —
the so-called’ (4008). Recently, the BaBar Collaboration reported an updateda&iysis with 454 fo! of data and a modi-
fied approach for the background description [9]; ¥Yhe260) state was observed with improved significance, buff¢008)
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structure was not confirmed. Instead, they attributed thestre below thev”(4260) to exponentially falling non-resonant
7t~ J/+ production.

In this Letter, we report cross section measurementsfer — 7+7~.J/¢ between 3.8 GeV and 5.5 GeV, and a search
for structures in ther™n~J/¢, nt.J/4, andntr~ systems. The results are based on the full Belle data sanitfieaw
integrated luminosity of 967 fb collected at or near th#(n.S) resonancesy{= 1,2, ..., 5). The Belle detector operated at the
KEKB asymmetric-energy e~ collider [10] and is described in detail elsewhere [11]. V¥e thePHOKHARA [12] program
to generate signal Monte Carlo (MC) events and determineraxgntal efficiencies. The results reported here supertade
of Ref. [8], wherein a subset of the Belle data sample was.used

The event selection is described in Ref. [8]. We require foelt reconstructed charged tracks with zero net chargee&oh
charged track, a likelihood x is formed from different detector subsystems for partiglpdthesisX € {e, p, 7, K, p}.
Tracks with a likelihood ratidR = LfTKL,T < 0.4 are identified as pions with an efficiency of about 95%. Simitdios
are also defined for lepton-pion discrimination [13]. Fogattons from.J/¢) — ete™, one track should hav®. > 0.95
and the other tracR. > 0.05. For muons fromJ/¢» — p*p~, at least one track should ha®, > 0.95; in cases where
the other track has no muon identification, in order to sugpraisidentified muon tracks, the polar angles of the two muon
tracks in ther ™7~ "~ center-of-mass (CM) frame must satigfyos6,,| < 0.7. Events withy conversions are removed
by requiringR. < 0.75 for the #+7~ candidate tracks. Furthermore,.iffy) — ete™, such events are further reduced by
requiring the invariant mass of thet 7~ candidate pair to be larger than 0.32 Ge&V//Events with a total energy deposit in
the electromagnetic calorimeter (ECL) above 9 GeV are raudn the /1) — eTe~ mode because the MC simulation of
the trigger efficiency for these Bhabha-like events doesagotirately reproduce the data. There is only one combimafio
7T~ 0TE~ (¢ = e, pu) in each event after the above selections.

Candidate ISR events are identified by the requiremént.| < 2.0 (GeVic?)?, where M2, = (Poy — Prv —
P.- — P+ — P,-)? and P; represents the four-momentum of the corresponding particlcomposite in thete~ CM
frame. ClearJ/+ signals are observed in both thgy — ete™ and ™~ modes. We define thé/«) signal region as
3.06 GeV/c? < M({*¢7) < 3.14 GeV/c? (the mass resolution for lepton pairs being about 20 M&yAand.J /1) mass side-
bands a®.91 GeV/c?> < M(£T¢7) < 3.03 GeVic? or 3.17 GeV/c* < M(¢T¢~) < 3.29 GeV/c?, which are three times as
wide as the signal region.

Figure 1(a) shows the™ 7~ ¢* ¢~ invariant mass [14] distributions after all of these sétettequirements are applied. Also
shown in this figure are the background estimates evaluaied the normalized /«)-mass sidebands. Two enhancements —
theY (4008) and theY (4260) — above 3.8 Ge\W are observed, consistent with the results of Ref. [8] butsagreement with
those of Ref. [9]. Other possible background sources natdied in the sidebands are found to be small from MC simuldfiy
these include (13"~ J/¢ with J/1 decays into final states other than lepton pairs and{(2)), with X not being ar* 7~
pair, such ag{ * K~ or 7+ 7~ 7. Non-ISR production oé Te~ — 77~ J/4 final states, such as'e™ — yy*y* — vp°J /4,
is also estimated to be small [15]. Figure 1(b) shows the mredscross sections fert e~ — 7w+t x~.J /1), where the error bars
are statistical only.
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FIG. 1: (a) Invariant mass distributions of 7~ ¢¢~. Points with error bars are data, and the shaded histogresrthe normalized/ /v
mass sidebands. The solid curves show the total best fit widttbherent resonances and contribution from backgrouhd.d&shed curves
are for solution I, while the dot-dashed curves are for sotutl. The inset shows the distributions on a logarithmictieal scale. The large
peak around 3.686 Ge¥ is they(2S) — 7T n~J/4 signal. (b) Cross section affe™ — 7+~ J/+ after background subtraction. The
errors are statistical only.



4

Systematic uncertainties of the cross section measureaneribund to be 7.9% and 7.3% for thgée~ andu ™1~ modes,
respectively. The particle identification (PID) uncertain, measured from pugg(2S) events in the same data sample, are 4.7%
and 3.6% for the™ e~ andu ™~ modes, respectively. Tracking efficiency uncertaintiessstimated to be 3.3% for botfre™
andu* .~ modes in the momentum and angular regions of interest foab&yents. The uncertainties associated with the choice
of the J /1 mass window andM 2| requirements are also estimated using pu(2S) events. It is found that MC efficiencies
are higher than data byt.6 + 0.4)% in theete™ mode and4.1 + 0.2)% in theu™ 1~ mode. The differences in efficiencies
are corrected and the uncertainties in the correction fa&e incorporated into the systematic errors. Overaietiver with
the|M 2| requirements, these uncertainties contribute 0.6% foetie mode and 0.3% for the™,~ mode within theJ/«
mass window. Belle measures luminosity with a precision.4#d using wide-angle Bhabha events. Fr®OKHARA generator
calculates ISR with 0.1% accuracy [12]. The dominant umdeties due to the MC generator are from three-body decay
dynamics. MC simulation with modified™ 7~ invariant mass distributions weighted according to das#rithutions yields a
2% to 5% efficiency difference compared with a phase spdee™ mass spectrum model. Thus, we conservatively use 5%
as the systematic error due to the approximations made iM@@vent generator. According to MC simulation, the offline
trigger efficiency for four-track events of the studied tmgy exceeds 99%. A 1.0% systematic error is included fotrilgger
uncertainty. The uncertainty &f(.J /i) — (707) = B(J/v — eTe™) + B(J/¢ — ptu~) is 1.0% [16].

As a validation of our analysis, we also measure the 4%&S) production rate using the same selection criteria. Thescros
sections ar¢14.12 + 0.18 4 0.85) pb and(15.13 + 0.11 + 0.79) pb at\/s = 10.58 GeV [17] for theeTe™ andp™ 1~ modes,
respectively. Our measurement agrees within errors wighpttediction of(14.25 + 0.26) pb [18] using the world-average
resonance parameters [16].

An unbinned maximum likelihood fit is performed to the 7~.J/¢) mass spectrum above 3.8 Ge¥/ As there are two
enhancements observed, as shown in Fig. 1(a), we use thdisatragegy as in Ref. [8]. Two coherent BW function®;( R2)
are used to describe th&(4008) andY (4260) structures, assuming there is no continuum productiontef — 77~ .J /4.

In the fit, the background term is fixed at the level obtainedtfia linear fit to the sideband data. The solid curves in Fig) 1(
show the fit results. There are two solutions of equal optinfiiquality. The masses and widths of the resonances are the
same for the two solutions; the partial widthsdbe~ and the relative phase between the two resonances areediffgee
Table 1) [19]. The fit quality is estimated using the redugédstatistic; we obtainy?/ndf = 101.6/84, corresponding to a
confidence level of 9.3%. Systematic uncertainties in theaeted values of the resonance parameters arise from todudd
energy scale, the detection efficiency, background esttimaind the parameterization of the resonance models. Tswuab
energy uncertainty is estimated from thé€2S) mass fit. Uncertainty in the detection efficiency does natafthe mass and
width measurements, but could affect the measurement gfdh@l width toete~. Systematic uncertainties associated with
the background contribution are estimated by varying thek@paund level byt1o in the fit. Resonance parameterization is
studied by changing th&(4260) BW function from a parameterization with a constant widtratether with a three-body
phase-space-dependent function. The interference betivedwo resonance¥,(4260) andY (4008), depends on the structure
of the 7+ 7~ J/+) amplitude, which can be different for the two resonances. cofeservatively estimate possible systematic
effects by performing a fit without the interference betw#eny (4008) and theY (4260) and taking the difference compared
to results with interference as the corresponding sysiemator. All of these contributions are summarized in Tabldhe
measured mass, width and the prodictB(R; — 77~ J/+) are consistent within statistics with the previous req@t20].

TABLE I: Results of the fits to the ™=~ J /1) mass spectrum with two coherent resonandd¢R; ), ['vot (R;) andlec B(R; — ntn™ J /),

i = 1, 2 represent the mass (in Me)), total width (in MeV£?) and product of the branching ratio for the decay intar—J /4 and theete™
partial width (in eV£?) for the two resonances, respectively. The paramgign degrees) is the relative phase between the two resosiance
The first and second errors are statistical and systemasipectively.

Parameters Solution | Solution Il
M(R1) 3890.8 £40.5 £ 11.5
Lot (R1) 254.54+39.5 £ 13.6
TeeB(R1 — w7~ J/vy) (3.84£0.64+0.4) (84+1.241.1)
M(R2) 4258.6 +£8.3 +12.1
Tot (R2) 134.1+16.4+5.5
TeeB(R2 — 7w~ J/4) (6.4+£0.840.6) (20.5 £ 1.4 4 2.0)
® 59+ 17+11 —116+6+11

Figure 2 shows the Dalitz plot for events in thig4260) signal region .15 GeV/c? < M(rTn~J/¢) < 4.45 GeV/c?),
where we observe structures in théx~ andr™.J /1) systems. The inset is for the events in thie)-mass sidebands, where no
obvious structures are observed in the mons~.J/1) background events.

Figure 3 shows a projection of thel ("7 ~), M (7 J/v) and M (7=~ .J/4) invariant mass distributions for events in the
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FIG. 2: Dalitz plot forY (4260) — n*x~.J/4 decays ford.15 GeV/c? < M (xtn~J/+) < 4.45 GeVic®. The inset shows background
events from the//+-mass sidebands (not normalized).

Y (4260) signal region. Background contributions are estimatethftioe normalized/ /i) mass sidebands. There gg980),
fo(500) and non-resonant S-wave amplitudes inther— mass spectrum. In the*.J /¢ mass spectrum, there is a significant
peak around 3.9 GeW (called theZ (3900)* hereafter) that we interpret as evidence for an exotic chaiam-like state decays
into 7+ .J/+; the broader peak near 3.5 Ge¥is a reflection of theZ (3900)*, as confirmed by MC simulation. The purén—
S-wave amplitudes that describe theér— invariant mass distribution well cannot reproduce thecstne at 3.9 Ge\ in the
7+ J /1) mass spectra, as shown in Fig. 3 with the open histograms.
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FIG. 3: Invariant mass distributions of (a)"7~, (b) 7 J/¢ and (c)x~J/« for events in theY’ (4260) signal region. Points with error
bars represent data, shaded histograms are normalizedrbaenkl estimates from thé/¢)-mass sidebands, solid histograms represent MC
simulations oft 7~ amplitudes [21] (normalized/+-mass sideband events added) and dashed histograms arenMi@tiin results for a

Z(3900)* signal

An unbinned maximum likelihood fit is performed to the distion of M., (7.J/4), the maximum ofM (= .J/¢) and
M (m=J/4). The signal shape is parameterized as an S-wave BW funaiiorotred with a Gaussian whose mass resolution is
fixed at the MC-estimated value of 7.4 MeV, and the backgrasiagproximated by a cubic polynomial. The mass-dependent
efficiency is also included in the fit. Figure 4 shows the fititss The fit yields 59 4 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 systematic, respécti
The largest contributions to the systematic uncertairatiese from the parameterization of the signal and backgt@imapes,
the mass resolution and mass calibrations. The statisiigaificance of theZ (3900)* state is found to b&.5¢ in the nominal
fit, and is larger thad.2¢ in all alternate fits used for systematic checks with diffétgackground shapes, fit ranges and BW
resonant models. The significance is calculated by compérmlogarithmic likelihoods with and without tH&(3900)* signal,
and including the change of the number of parameters in theHibm the signal yields and the MC-simulated efficiencies,

(29.0+8.9)%, where the error is statistical

only [22]. We test the hypothesis that interference betwbers- and D-waves in the™ 7~ system might produce a structure
similar to the enhancement observed in data. Although thigssts do not allow us to fully explore the Dalitz plot via a
amplitude analysis, we find that these partial waves alonaatgproduce a*.J/+ invariant mass peak near 3.9 Ge¥[21].

obtain the ratio of the production rat

BLY (4260)— Z(3900)* nF)B(Z(3900) £ »nt 7/4p) _

B(Y (4260)—ntx—J/4)
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Inclusion of aZ(3900)* with the mass and width determined above significantly impsahe agreement between predicted
and observed Dalitz plot distributions.

70
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205 Ty
105/

-+— data
— Fit
— Background

-+ PHSP MC

TTT T T T [ TT T T[T T [TITT[TITT]T

Events / 0.02 GeV/c?

37 38 39 4 41 42
M, (/) (GeVic?)

FIG. 4: Unbinned maximum likelihood fit to the distributiofthe Mmax (7J/1)). Points with error bars are data, the curves are the bestdit, t
dashed histogram is the phase space distribution and thedtéstogram is the nom® =~ .J /1) background estimated from the normalized
J /v sidebands.

In summary, the cross section efe~ — 7+tx~J/+ is measured from 3.8 GeV to 5.5 GeV. Th€4260) resonance is
observed and its resonant parameters are determined. itioadthe Y (4008) state is confirmed. The intermediate states in
Y (4260) — nt 7~ J /¢ decays are also investigated Z43900)* state with a mass @B894.5+6.6+4.5) MeV /c? and a width
of (63 & 24 + 26) MeV/c? is observed in the® .J /1) mass spectrum with a statistical significance larger tham. This state is
close to theD D* mass threshold; however, no enhancement is observed redar I mass threshold. As thg(3900)* state
has a strong coupling to charmonium and is charged, we cdadeannot be a conventional state.
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Note added- As we were preparing to submit this paper, we became aWarpaper from the BESIII Collaboration [23] that
also reports on th&(3900)*.
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