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We study the process e"e™ — 7" 77~ J /i at a center-of-mass energy of 4.260 GeV using a 525 pb~!
data sample collected with the BESIII detector operating at the Beijing Electron Positron Collider. The
Born cross section is measured to be (62.9 * 1.9 * 3.7) pb, consistent with the production of the ¥(4260).
We observe a structure at around 3.9 GeV/c? in the 77°J /¢ mass spectrum, which we refer to as the
Z.(3900). If interpreted as a new particle, it is unusual in that it carries an electric charge and couples to
charmonium. A fit to the #*J/¢ invariant mass spectrum, neglecting interference, results in a mass of
(3899.0 + 3.6 *+ 4.9) MeV/c? and a width of (46 + 10 + 20) MeV. Its production ratio is measured to be
R=(o(ete” = 7Z.(3900)* = wrm~J/ )/ o(eTe” — wr o J/)) = (21.5 £ 3.3 = 7.5)%. In all
measurements the first errors are statistical and the second are systematic.

DOI: 10.1103/PhysRevLett.110.252001 PACS numbers: 14.40.Rt, 13.66.Bc, 14.40.Pq

Since its discovery in the initial-state-radiation (ISR)  has remained a mystery. Unlike other charmonium states
process ete” — yigrm 7w J/ 4 [1], and despite its sub-  with the same quantum numbers and in the same mass
sequent observations [2-5], the nature of the Y(4260) state  region, such as the (4040), (4160), and s(4415), the
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Y(4260) state does not have a natural place within the
quark model of charmonium [6]. Furthermore, while being
well above the DD threshold, the Y(4260) shows strong
coupling to the w7~ J/ final state [7], but relatively
small coupling to open charm decay modes [8—12]. These
properties perhaps indicate that the Y(4260) state is not a
conventional state of charmonium [13].

A similar situation has recently become apparent in
the bottomonium system above the BB threshold, where
there are indications of anomalously large couplings
between the Y(5S) state [or perhaps an unconventional
bottomonium state with similar mass, the Y,(10890)]
and the w7~ Y(1S,2S,3S) and 7" 7 h,(1P,2P) final
states [14,15]. More surprisingly, substructure in these
at 7= Y(1S,2S,3S) and 777 h,(1P,2P) decays indi-
cates the possible existence of charged bottomoniumlike
states [16], which must have at least four constituent
quarks to have a nonzero electric charge, rather than the
two in a conventional meson. By analogy, this suggests
there may exist interesting substructure in the Y(4260) —
ar" 7~ J /4 process in the charmonium region.

In this Letter, we present a study of the process e”e™ —
mtm~J/¢ at a center-of-mass (c.m.) energy of /s =
(4.260 = 0.001) GeV, which corresponds to the peak of
the Y(4260) cross section. We observe a charged structure
in the 7=J /4 invariant mass spectrum, which we refer to
as the Z,(3900). The analysis is performed with a 525 pb~!
data sample collected with the BESIII detector, which is
described in detail in Ref. [17]. In the studies presented
here, we rely only on charged particle tracking in the main
drift chamber and energy deposition in the electromagnetic
calorimeter (EMC).

The GEANT4-based Monte Carlo (MC) simulation soft-
ware, which includes the geometric description of the
BESIII detector and the detector response, is used to
optimize the event selection criteria, determine the detec-
tion efficiency, and estimate backgrounds. For the signal
process, we use a sample of ete” — 7w 7w J/i MC
events generated assuming the w7~ J/¢ is produced
via Y(4260) decays, and using the eTe™ — 7w a7 J/ ¢
cross sections measured by Belle [3] and BABAR [5].
The 7" 7~ J/ substructure is modelled according to the
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FIG. 1 (color online).

experimentally observed Dalitz plot distribution presented
in this analysis. ISR is simulated with KKMC [18] with a
maximum energy of 435 MeV for the ISR photon, corre-
sponding to a 77" 77~ J /4 mass of 3.8 GeV/c?.

For ee™ — w7~ J /i events, the J/¢ candidate is
reconstructed with lepton pairs (e*e™ or w™ u ™). Since
this decay results in a final state with four charged parti-
cles, we first select events with four good charged tracks
with net charge zero. For each charged track, the polar
angle in the main drift chamber must satisfy | cosé| < 0.93,
and the point of closest approach to the e e™ interaction
point must be within 10 c¢m in the beam direction and
within 1 cm in the plane perpendicular to the beam direc-
tion. Since pions and leptons are kinematically well sepa-
rated in this decay, charged tracks with momenta larger
than 1.0 GeV/c in the lab frame are assumed to be leptons,
and the others are assumed to be pions. We use the energy
deposited in the EMC to separate electrons from muons.
For muon candidates, the deposited energy in the EMC
should be less than 0.35 GeV, while for electrons, it should
be larger than 1.1 GeV. The efficiencies of these require-
ments are determined from MC simulation to be above
99% in the EMC sensitive region.

In order to reject radiative Bhabha and radiative dimuon
(yete™ /yu™ u™) backgrounds associated with a photon-
conversion, the cosine of the opening angle of the pion
candidates, which are true e*e™ pairs in the case of
background, is required to be less than 0.98. In the e*e™
mode, the same requirement is imposed on the 75 e™
opening angles. This restriction removes less than 1% of
the signal events.

The lepton pair and the two pions are subjected to a four-
constraint (4C) kinematic fit to the total initial four-
momentum of the colliding beams in order to improve
the momentum resolution and reduce the background.
The x? of the kinematic fit is required to be less than 60.

After imposing these selection criteria, the invariant
mass distributions of the lepton pairs are shown in Fig. 1.
A clear J/i signal is observed in both the e"e™ and
utu~ modes. There are still remaining ete  —
7t~ 7wt 7™, and other QED backgrounds, but these can
be estimated using the events in the J/¢ mass sideband.

o 120 -+ Data

— Fit

100 --- Background

80
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The distributions of M(u™ u ™) (left panel) and M(e ™ e™) (right panel) after performing a 4C kinematic fit and

imposing all selection criteria. Dots with error bars are data and the curves are the best fit described in the text.
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The final selection efficiency is (53.8 = 0.3)% for w™ ™
events and (38.4 = 0.3)% for ete™ events, where the
errors are from the statistics of the MC sample. The main
factors affecting the detection efficiencies include the de-
tector acceptances for four charged tracks and the require-
ment on the quality of the kinematic fit adopted. The lower
efficiency for e* e~ events is due to final-state-radiation,
bremsstrahlung energy loss of e e™ pairs, and the EMC
deposit energy requirement.

To extract the number of 77~ J/¢ signal events,
invariant mass distributions of the lepton pairs are
fit using the sum of two Gaussian functions with a
linear background term. The fits yield M(J/¢) =
(3098.4 = 0.2) MeV/c? with 882 * 33 signal events in
the w* ™ mode, and M(J/ )= (3097.9 +0.3) MeV/c?
with 595 = 28 signal events in the e™ e~ mode. Here the
errors are statistical only. The mass resolution is
3.7 MeV/c? in the u* u~ mode and 4.0 MeV/c? in the
e*e” mode.

The Born cross section is determined from the relation
o8 = (N"/ L;,,(1 + 8)eB), where Nt is the number of
signal events from the fit; £;,, is the integrated luminosity, €
is the selection efficiency obtained from a MC simulation,
B is the branching fraction of J/¢ — €*€~, and
(1 + d) is the radiative correction factor, which is 0.818
according to a QED calculation [19]. The measured Born
cross section for e"e™ — 7w 7~ J /i is (64.4 = 2.4) pbin
the u* ™ mode and (60.7 + 2.9) pb in the e*e™ mode.
The combined measurementis o?(e"e™ — 7wt~ J /) =
(62.9 = 1.9) pb.

Systematic errors in the cross section measurement come
from the luminosity measurement, tracking efficiency,
kinematic fit, background estimation, dilepton branching
fractions of the J/ i, and Y(4260) decay dynamics.

The integrated luminosity of this data sample was mea-
sured using large angle Bhabha events, and has an esti-
mated uncertainty of 1.0%. The tracking efficiency
uncertainty is estimated to be 1% for each track from a
study of the control samples J/¢ — 7" 7~ #° and
¥ (3686) — 7" 7~ J /. Since the luminosity is measured
using Bhabha events, the tracking efficiency uncertainty of
high momentum lepton pairs partly cancels in the calcu-
lation of the w+ 7~ J/ cross section. To be conservative,
we take 4% for both the ete™ and ' u~ modes.

The uncertainty from the kinematic fit comes from the
inconsistency between the data and MC simulation of the
track helix parameters. Following the procedure described
in Ref. [20], we take the difference between the efficiencies
with and without the helix parameter correction as the
systematic error, which is 2.2% in the u* u~ mode and
2.3% in the e* e~ mode.

Uncertainties due to the choice of background shape and
fit range are estimated by varying the background function
from linear to a second-order polynomial and by extending
the fit range.

Uncertainties in the Y(4260) resonance parameters and
possible distortions of the Y(4260) line shape introduce
small systematic uncertainties in the radiative correction
factor and the efficiency. This is estimated using the differ-
ent line shapes measured by Belle [3] and BABAR [5]. The
difference in (1 + )€ is 0.6% in both the e* ¢~ and ™ ™
modes, and this is taken as a systematic error.

We use the observed Dalitz plot to generate Y (4260) —
't 7~ J/ events. To cover possible modelling inaccura-
cies, we conservatively take the difference between the
efficiency using this model and the efficiency using a phase
space model as a systematic error. The error is 3.1% in both
the u* ™ and the e™ e~ modes.

The uncertainty in B(J/ — €7 €~) is 1% [21]. The
trigger simulation, the event start time determination, and
the final-state-radiation simulation are well understood; the
total systematic error due to these sources is estimated to
be less than 1%.

Assuming all of the sources are independent, the total
systematic error in the 77+ 7~ J/ cross section measure-
ment is determined to be 5.9% for the u* u~ mode and
6.8% for the e* e~ mode. Taking the correlations in errors
between the two modes into account, the combined sys-
tematic error is slightly less than 5.9%.

Intermediate states are studied by examining the Dalitz
plot of the selected 7 7~ J/ s candidate events. The J/
signal is selected using 3.08 < M(€7€7) <3.12 GeV/c?
and the sideband using 3.00 < M(€*€~) < 3.06 GeV/c?
or 3.14 < M(€*€~) < 3.20 GeV/c?, which is three times
the size of the signal region. In total, a sample of 1595
7t 7 J/ events with a purity of 90% is obtained.

Figure 2 shows the Dalitz plot of events in the J/i
signal region, where there are structures in the 7% 7~
system and evidence for an exotic charmoniumlike struc-
ture in the 77=J/¢ system. The inset shows background
events from J/ ¢ mass sidebands (not normalized), where
no obvious structures are observed.
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FIG. 2. Dalitz distributions of M?(z" ) vs M*(mw*J/ ) for
selected ete™ — w77~ J/ events in the J/i signal region.
The inset shows background events from the J/¢ mass side-

bands (not normalized).
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Figure 3 shows the projections of the M(7"J/),
M(m~J/¢), and M(art7~) distributions for the signal
events, as well as the background events estimated from
normalized J/¢ mass sidebands. In the 7*J/i{ mass
spectrum, there is a significant peak at around
3.9 GeV/c? [referred to as the Z.(3900) hereafter]. The
wider peak at low mass is a reflection of the Z.(3900) as
indicated from MC simulation, and shown in Fig. 3.
Similar structures are observed in the e*e™ and utu~
separated samples.

The 77" 77~ mass spectrum shows nontrivial structure.
To test the possible effects of dynamics in the 7" 7~ mass
spectrum on the 77=J/ ¢ projection, we develop a parame-
trization for the ¥ 7~ mass spectrum that includes a
f0(980), o(500), and a nonresonant amplitude. An MC
sample generated with this parametrization adequately
describes the 7+ 7~ spectrum, as shown in Fig. 3, but
does not generate any peaking structure in the 7+J/
projection consistent with the Z.(3900). We have also
tested D-wave 77" 7~ amplitudes, which are not apparent
in the data, and they, also, do not generate peaks in the
7=J/ spectrum.

An unbinned maximum likelihood fit is applied to the
distribution of M, (77=J/ ), the larger one of the two
mass combinations M(wtJ/¢) and M(7r~J/ ) in each
event. The signal shape is parametrized as an S-wave Breit-
Wigner function convolved with a Gaussian with a mass
resolution fixed at the MC simulated value (4.2 MeV/c?).
The phase space factor p - g is considered in the partial
width, where p is the Z.(3900) momentum in the Y(4260)
c.m. frame and ¢ is the J/¢ momentum in the Z.(3900)
c.m. frame. The background shape is parametrized as
a/(x —3.6)” + ¢ + dx, where a, b, ¢, and d are free
parameters and x = M, (7=J /). The efficiency curve
is considered in the fit and the possible interference
between the signal and background is neglected. Figure 4
shows the fit results; the fit yields a mass of (3899.0 =
3.6) MeV/c?, and a width of (46 + 10) MeV. The good-
ness of the fit is found to be y?/ndf = 32.6/37 = 0.9.

The number of Z.(3900) events is determined to be
N[Z.(3900)*] = 307 = 48. The production ratio is

calculated to be R = o(ete” — #w*Z.(3900)" —
ata J/) olete — ata J/¢) = (21.5 + 3.3)%,
where the efficiency correction has been applied. The
statistical significance is calculated by comparing the fit
likelihoods with and without the signal. Besides the nomi-
nal fit, the fit is also performed by changing the fit range,
the signal shape, or the background shape. In all cases, the
significance is found to be greater than 8o

Fitting the M(7w"J/) and M(7~J/) distributions
separately, one obtains masses, widths, and production
rates of the Z.(3900)" and Z.(3900)" that agree with
each other within statistical errors. Dividing the sample
into two different M(7*7~) regions [below and above
M*(wt 7)) = 0.7 GeV?/c*] allows us to check the
robustness of the Z.(3900) signal in the presence of two
different sets of interfering 77" 7~ J/ ¢ amplitudes. In both
samples, the Z.(3900) is significant and the observed mass
can shift by as much as 14 + 5 MeV/c? from the nominal
fit, and the width can shift by (20 * 11) MeV. We attribute
the systematic shifts in mass and width to interference
between the Z.(3900)7 and (7r*77)J/¢ amplitudes. In
fitting the 77=J /¢ projection of the Dalitz plot, our analy-
sis averages over the entire 77~ spectrum, and our
measurement of the Z.(3900) mass, width, and produc-
tion fraction neglects interference with other 7+ 7~ J/¢
amplitudes.

The systematic errors for the resonance parameters of
the Z.(3900) come from the mass calibration, parametri-
zation of the signal and background shapes, and the mass
resolution. The uncertainty from the mass calibration can
be estimated using the difference between the measured
and known J/# masses (reconstructed from e e”
and w ™) and D° masses (reconstructed from K~ 7).
The differences are (1.4 +0.2) MeV/c* and —(0.7 +
0.2) MeV/c?, respectively. Since our signal topology has
one low momentum pion, as in D° decay, and a pair of high
momentum tracks from the J/ ¢ decay, we assume these
differences added in quadrature is the systematic error of
the Z,.(3900) mass measurement due to tracking. Doing a
fit by assuming a P wave between the Z,.(3900) and the 77,
and between the J/ s and 7 in the Z.(3900) system, yields

. 100F + pata . 100F o o 1F 4data

§ b — Z,(3900) MC § b * —Z,(3900) MC § 100 " MC H

8 8of * * [ sideband 8 S0 [ sideband 8 P el H+

g 60:— + + + g 60- + + 8 80:— [ sideband .'F .

s NHWH + S S 60F %

» 4oF - } HHH »  40f PR w bt

AP R U N I A
i 2°;'d,ﬁ+ b a2 @ 2of fyl, f

= 1 il C. : AR
%.2 33 343536373839 4 4142 %.2 33 343536373839 4 4142 %.2 0.4 0.6 0.8 1 12 14

M Jly) (GeVic?)

FIG. 3 (color online).

M Jly) (GeV/c?)

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

One dimensional projections of the M(w*J/ ), M(7w~J/ ), and M(7* 7~ ) invariant mass distributions in

ete” — w7~ J/ for data in the J/ ¢ signal region (dots with error bars), data in the J/ s sideband region (shaded histograms), and
MC simulation results from ¢ (500), f,(980), and nonresonant 77" 77~ amplitudes (red dotted-dashed histograms). The pink blank
histograms show a MC simulation of the Z.(3900) signal with arbitrary normalization.
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FIG. 4 (color online). Fit to the My, (77=J /) distribution as
described in the text. Dots with error bars are data; the red solid
curve shows the total fit, and the blue dotted curve the back-
ground from the fit; the red dotted-dashed histogram shows the
result of a phase space (PHSP) MC simulation; and the green
shaded histogram shows the normalized J/ sideband events.

a mass difference of 2.1 MeV/c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Z,(3900) couples strongly with DD* results
in an energy dependence of the total width [22], and the fit
yields a difference of 2.1 MeV/ ¢ for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the y? of the
kinematic fit. We find differences of 3.5 MeV/c? for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J/
and DY signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4.9 MeV/c? for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied e*e™ — 7wt 7~ J/ i at a
c.m. energy of 4.26 GeV. The cross section is measured to
be (62.9 = 1.9 = 3.7) pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
(3899.0 = 3.6 = 4.9) MeV/c? and a width of (46 + 10 +
20) MeV is observed in the 77*J/ ¢ mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the 7~ ¥ (3686) and 7~ ., systems
[23-26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near the DD* and D*D*
thresholds [27].
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