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Charmonium Spectrum  
predictions based on PRD 72, 054026 (2005)

measurements from PDG 2014 The charmonium and bottomonium systems 
arguably represent the simplest bound states 
of QCD.

The quark model description of these states 
has been enormously successful (with a few 
anomalies).

But QCD is more complicated than the 
quark model, and we are now taking firm 
steps beyond it (e.g., lattice QCD).
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The “XYZ states” cannot be accommodated  
in the quark model.  Beyond that, their 
interpretation is still unclear.

Three misconceptions:
1. This is hopelessly complicated.
2. These are experimental artifacts.
3. Everything is/isn’t resonant (a “particle”).

Theoretical tasks:
1.  Develop a theoretical framework.
2.  Develop theoretical tools for amplitude 
analysis.

Experimental tasks:
1.  Keep adding information.
2.  Start making connections.

This talk:
Connections and Complexities

Introductory Notes on the XYZ Mesons
Charmonium Spectrum  

predictions based on PRD 72, 054026 (2005)
measurements from PDG 2014 
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BOTTOMONIUM:

• e+e− annihilation (CLEO, BaBar, Belle)

• proton collisions (CDF, D0, LHCb, ATLAS, CMS)

CHARMONIUM:

• e+e− annihilation using ISR (CLEO, BaBar, Belle)

• e+e− annihilation (CLEO-c, BESIII)

• B decay (CDF, D0, CLEO, BaBar, Belle, LHCb, ATLAS, CMS)

• proton collisions (CDF, D0, LHCb, ATLAS, CMS)

• γγ collisions (CLEO, BaBar, Belle)

• double charmonium production (CLEO, BaBar, Belle)

• proton anti-proton annihilation (PANDA?!?!)
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e+e− annihilation to bottomonium

e+e− → π+π−ϒ(1S,2S,3S) at Belle
arXiv:1501.01137
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FIG. 2. RΥππ data for Υ(1S) (top), Υ(2S) (center), and Υ(3S) (bottom), with results of fit C.

Error bars are statistical only.

The total of the above is found to be P = 0.42 ± 0.04. Preliminary evidence for Zb via
Υ(5S) → Z±

b [→ B∗B(∗)]π∓ [17] indicates that [B∗B(∗)]±π∓ is consistent with being exclu-
sively Z±

b π
∓, and we assume again that [B∗B(∗)]0π0 contributes at half the rate. The total,

including [B∗B(∗)]π, is P = 1.09± 0.15.

We have considered the following sources of systematic uncertainty: integrated luminosity,
event selection efficiency, energy calibration, reconstruction efficiency, secondary branching
fractions, and fitting procedure. The effects of the uncertainties in Rb and RΥππ on M5S, Γ5S,
and P depend on whether they are correlated or not over the data sets at different energy
points. The overall uncertainty in the integrated luminosity is 1.3%, while the uncorrelated
variation is 0.1%-0.2%. The overall uncertainty in

√
s is 1 MeV. The uncertainty in the Rb

event selection efficiency, ϵbb̄, stems from uncertainties in the mix of event types, containing
Bq, Bs, bottomonia, tau pairs, two-photon events, and qq̄ continuum, and is estimated to
be 1.1%. The systematic effects in fitting due to uncertainties in the measurements of

√
s,

fixed parameters, and fitting range are determined by varying each source by the value of
the uncertainty and refitting, noting the shifts in M5S[RΥππ], M5S[R′

b], Γ5S, and P. The
uncertainty on the rate of RΥππ for each Υ(nS) is dominated by those of the branching
fractions, B(Υ(nS) → µ+µ−) [8]: ±2%, ±10%, and ±10% for n = 1, 2, and 3, respectively.
The uncertainties from possible non-zero Ar and/or Anr in RΥππ are obtained by allowing
them to float in the fit and taking the variation of the fitted values of the other parameters
with respect to default results. The event-by-event efficiency correction to obtain RΥππ is
insensitive, but not immune, to intermediate states in the three-body decay. MC studies of

8

π+π−ϒ(1S)

π+π−ϒ(2S)

π+π−ϒ(3S)

• anomalously large π+π−ϒ(nS) rates —  
indication for something exotic? a Yb? 
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e+e−(γISR) → π+π−J/ψ at Belle
PRL 110, 252002 (2013)

B ! K!c1"
! [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 Yð4260Þ ! "þ"%J=c decays.

After the initial observations of the Yð4260Þ [1–3],
CLEO collected 13:2 pb%1 of eþe% data at

ffiffiffi
s

p ¼
4:26 GeV and investigated 16 possible Yð4260Þ 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

ffiffiffi
s

p ¼ 10:58 GeV
[8] showed a significant Yð4260Þ signal as well as an
excess of "þ"%J=c event production near 4 GeV
that could be described by a broad Breit-Wigner (BW)
parametrization—the so-called Yð4008Þ. Recently, the
BABAR Collaboration reported an updated ISR analysis
with 454 fb%1 of data and a modified approach for the
background description [9]; the Yð4260Þ state was
observed with improved significance, but the Yð4008Þ
structure was not confirmed. Instead, they attributed the
structure below the Yð4260Þ to exponentially falling non-
resonant "þ"%J=c production.

In this Letter, we report cross section measurements for
eþe% ! "þ"%J=c between 3.8 and 5.5 GeV, and a
search for structures in the "þ"%J=c , "!J=c , and
"þ"% systems. The results are based on the full Belle
data sample with an integrated luminosity of 967 fb%1

collected at or near the !ðnSÞ resonances (n ¼
1; 2; . . . ; 5). The Belle detector operated at the KEKB
asymmetric-energy eþe% 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

charge. For each charged track, a likelihood LX is formed
from different detector subsystems for particle hypothesis
X 2 fe;#;"; K; pg. Tracks with a likelihood ratio RK ¼
ðLK=ðLK þL"ÞÞ< 0:4 are identified as pions with an
efficiency of about 95%. Similar ratios are also defined
for lepton-pion discrimination [13]. For electrons from
J=c ! eþe%, one track should have Re > 0:95 and the
other track Re > 0:05. For muons from J=c ! #þ#%,
at least one track should have R# > 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 "þ"%#þ#% center-of-mass
(c.m.) frame must satisfy jcos$#j<0:7. Events with %
conversions are removed by requiring Re < 0:75 for the
"þ"% candidate tracks. Furthermore, in J=c ! eþe%,
such events are further reduced by requiring the invariant
mass of the "þ"% candidate pair to be larger than
0:32 GeV=c2. Events with a total energy deposit in the
electromagnetic calorimeter above 9 GeV are removed in
the J=c ! eþe% 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 "þ"%‘þ‘% (‘ ¼ e, #) in each event after the
above selections.
Candidate ISR events are identified by the requirement

jM2
recj< 2:0 ðGeV=c2Þ2, where M2

rec ¼ ðPc:m: % P"þ %
P"% % P‘þ % P‘%Þ2 and Pi represents the four-momentum
of the corresponding particle or composite in the eþe%

c.m. frame. Clear J=c signals are observed in both the
J=c ! eþe% and #þ#% modes. We define the J=c
signal region as 3:06GeV=c2<Mð‘þ‘%Þ<3:14GeV=c2

(the mass resolution for lepton pairs being about
20 MeV=c2), and J=c mass sidebands as 2:91 GeV=c2 <
Mð‘þ‘%Þ< 3:03 GeV=c2 or 3:17 GeV=c2 <Mð‘þ‘%Þ<
3:29 GeV=c2, which are three times as wide as the signal
region.
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FIG. 1 (color online). (a) Invariant mass distributions of "þ"%‘þ‘%. Points with error bars are data, and the shaded histograms are
the normalized J=c 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=c2 is the c ð2SÞ ! "þ"%J=c signal. (b) Cross section of eþe% !
"þ"%J=c after background subtraction. The errors are statistical only.

PRL 110, 252002 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
21 JUNE 2013

252002-3

Y(4260) → π+π−J/ψ

• the Y(4260) has no place in the quark model
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e+e− → π+π−J/ψ at CLEO-c
PRL 96, 162003 (2006)

The region at center-of-mass energies above the char-
monium open-flavor production threshold is of great inter-
est to theory due to its richness of c !c states, the properties
of which are not well understood. Prominent structures in
the hadronic cross section are the  !3770", the  !4040",
and the  !4160" [1]. Their main characteristics are large
total widths, 2 orders of magnitude larger than for the
lower-lying c !c states of JPC # 1$$, and weaker couplings
to leptons than the J= and  !2S". Decays to closed-charm
final states are not favored due to the availability of open-
charm channels.

Recently, observations of new charmoniumlike states in
the same energy region have been reported [2]. Most of
these have been observed to decay through open charm.
However, an enhancement in the invariant mass spectrum
of the closed-charm !%!$J= final state has also been
observed by BABAR in initial state radiation (ISR),
e%e$ ! "!!%!$J= " [3]. A weaker signal was observed
in the decay B! K!!%!$J= " [4]. The observed line
shape can be described by a single resonance, termed
Y!4260", of mass M # 4259& 8%2

$6 MeV, width "tot #
88& 23%6

$4 MeV, and coupling "ee 'B!Y!4260"!
!%!$J= " # 5:5& 1:0%0:8

$0:7 eV. It is located quite unex-
pectedly at a local minimum of the hadronic cross section.
Since it is observed in ISR, the new state must have JPC #
1$$, and therefore it can be studied directly in e%e$

collisions at threshold. No other evidence for a resonance
at this mass has been identified [5], leaving the existence
and possible charmoniumlike nature of this state uncertain.
Many interpretations have been suggested; to be compat-
ible with the absence of a corresponding enhancement in
open-charm production, most favor an unconventional ex-
planation of Y!4260", such as hybrid charmonium [6,7],
tetraquarks [8–10], or hadronic molecules [11–13]. One
proposal [14] argues that Y!4260" is conventional: it iden-
tifies Y!4260" with the  !4S" vector c !c state, and relies
upon interference effects to produce the dip in open-charm
cross section and a hypothesized large coupling to
!%!$J= of the  !3S", commonly associated with the
 !4040".

To further clarify the nature of Y!4260", investigation of
both open and closed charm decays is necessary. Here, we
report production cross sections measurements of 16 final
states containing a J= ,  !2S", #cJ, or $, in the  !4040",
 !4160", and Y!4260" energy regions, motivated by the
range of experimental tests suggested so far [6–14]. We
use data taken at center-of-mass energies

!!!
s
p #

3:97–4:26 GeV, roughly half of it taken during a scan,
complemented by a sample of an integrated luminosityR
Ldt # 281 pb$1 at

!!!
s
p # 3:773 GeV previously ac-

quired. Collisions were registered with the CLEO detector
[15] at the CESR e%e$ collider [16]. The scan data natu-
rally separate into three regions: the  !4040" (

!!!
s
p #

3:97–4:06 GeV,
R
Ldt # 20:7 pb$1), the  !4160" (4.12–

4.20 GeV, 81:4 pb$1), and
!!!
s
p # 4:26 GeV (13:2 pb$1).

Figure 1(a) shows a profile of
R
Ldt versus

!!!
s
p

and
Fig. 1(b) the Born-level Breit-Wigner line shapes [1] for
the four resonances between

!!!
s
p #3:7 and 4.4 GeV, also in-

dicating the grouping of scan points. We estimate the num-
ber of resonances produced by folding together the lumi-
nosities with the resonance Breit-Wigner cross sections
[17], including radiative corrections [18,19], and arrive at
!93&11"'103(!317&41"'103) !4040"( !4160") me-
sons, where the dominant errors are the uncertainties on
resonance parameters.

The CLEO detector [15] features a solid angle coverage
of 93% for charged and neutral particles. The charged
particle tracking system operates in a 1.0 T magnetic field
parallel to the beam axis and achieves a momentum reso-
lution of *0:6% at momenta of 1 GeV=c. The CsI crystal

FIG. 1 (color online). (a)
R
Ldt vs

!!!
s
p

(circles). (b) Born-level
Breit-Wigner cross sections for resonances in this energy region;
the Y!4260" curve has an arbitrary vertical scale.
(c) e%e$ ! " !2S" cross section measurements vs

!!!
s
p

from
!%!$J= (circles), !0!0J= (squares), and %J= (triangles)
overlaid with the theoretical prediction as described in the text.
(d) Cross sections for e%e$ ! !%!$J= (circles) and
!0!0J= (squares) vs

!!!
s
p

. Some points in (c) and (d) are offset
in

!!!
s
p

by 10 MeV for display purposes. Dashed lines [for some
points of "%J= in (c) and !0!0J= in (d)] signify upper limits.

PRL 96, 162003 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
28 APRIL 2006

162003-2

Y(4260) → ππJ/ψ

• another view of the Y(4260)
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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 Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 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 !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 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=c
and D0 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=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied eþe% ! "þ"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9& 1:9& 3:7Þ 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
ð3899:0& 3:6& 4:9Þ MeV=c2 and a width of ð46& 10&
20Þ MeV is observed in the "&J=c 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 "&c ð3686Þ and "&!c1 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 D !D# and D# !D#

thresholds [27].
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FIG. 4 (color online). Fit to the Mmaxð"&J=c Þ 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=c sideband events.
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e+e− → π±Zc → π+π−J/ψ at BESIII
PRL 110, 252001 (2013)

• substructure in Y(4260) → π+π−J/ψ

Zc
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B+ → K+(π+π−J/ψ) at LHCb
PRL 110, 222001 (2013)

Combinations of Kþ!"!þ candidates that are consis-
tent with originating from a common vertex with
"2
vtxðKþ!"!þÞ=ndf < 9, with each charged hadron (h)

separated from all PVs ["2
IPðhÞ> 9] and having pTðhÞ>

0:25 GeV, are selected. The quantity "2
IPðhÞ is defined as

the difference between the "2 of the PV reconstructed with
and without the considered particle. Kaon and pion candi-
dates are required to satisfy ln½LðKÞ=Lð!Þ&> 0 and <5,
respectively, where L is the particle identification like-
lihood [22]. If both same-sign hadrons in this combination
meet the kaon requirement, only the particle with higher
pT is considered a kaon candidate. We combine J=c
candidates with Kþ!"!þ candidates to form Bþ candi-
dates, which must satisfy "2

vtxðJ=cKþ!"!þÞ=ndf < 9,
pTðBþÞ> 2 GeV and have decay time greater than
0.25 ps. The J=cKþ!"!þ mass is calculated using the
known J=c mass and the B vertex as constraints.

Four discriminating variables (xi) are used in a like-
lihood ratio to improve the background suppression: the
minimal "2

IPðhÞ, "2
vtxðJ=cKþ!þ!"Þ=ndf, "2

IPðBþÞ, and
the cosine of the largest opening angle between the J=c
and the charged-hadron transverse momenta. The latter
peaks at positive values for the signal, as the Bþ meson
has a high transverse momentum. Background events in
which particles are combined from two different B decays
peak at negative values, while those due to random combi-
nations of particles are more uniformly distributed. The
four 1D signal probability density functions (PDFs)
P sigðxiÞ are obtained from a simulated sample of Bþ !
c ð2SÞKþ, c ð2SÞ ! !þ!"J=c decays, which are kine-
matically similar to the signal decays. The data sample of
Bþ ! c ð2SÞKþ events is used as a control sample for
P sigðxiÞ and for systematic studies in the angular analysis.

The background PDFs P bkgðxiÞ are obtained from the data

in the Bþ mass sidebands (4.85–5.10 and 5.45–6.50 GeV).
We require "2

P4
i¼1 ln½P sigðxiÞ=P bkgðxiÞ&< 1:0, which

preserves about 94% of the Xð3872Þ signal events.
About 38000 candidates are selected in a (2#

mass range around the Bþ peak in the MðJ=c!þ!"KþÞ
distribution, with a signal purity of 89%. The !M ¼
Mð!þ!"J=c Þ "MðJ=c Þ distribution is shown in
Fig. 1. Fits to the c ð2SÞ and Xð3872Þ signals are shown
in the insets. A Crystal Ball function [23] with symmetric
tails is used for the signal shapes. The background is
assumed to be linear. The c ð2SÞ fit is performed in the
539.2–639.2 MeV range leaving all parameters free to vary.
It yields 5642( 76 signal (230( 21 background) candi-
dates with a !M resolution of #!M ¼ 3:99( 0:05 MeV,
corresponding to a signal purity of 99.2% within a
(2:5#!M region. When fitting in the 723–823 MeV
range, the signal tail parameters are fixed to the values
obtained in the c ð2SÞ fit, which also describe well
the simulated Xð3872Þ signal distribution. The fit yields
313( 26 Bþ ! Xð3872ÞKþ candidates with a resolution
of 5:5( 0:5 MeV. The number of background candidates

is 568( 31 including the sideband regions. The signal
purity is 68% within a (2:5#!M signal region. The domi-
nant source of background is from Bþ ! J=cK1ð1270Þþ,
K1ð1270Þþ ! Kþ!þ!" decays, as found by studying the
Kþ!þ!" mass distribution.
The angular correlations in the Bþ decay carry infor-

mation about the Xð3872Þ quantum numbers. To discri-
minate between the 1þþ and 2"þ assignments, we use a
likelihood-ratio test, which in general provides the most
powerful discrimination between two hypotheses [24].
The PDF for each JPC hypothesis JX is defined in the
5D angular space " ) ðcos$X; cos$!!;!%X;!!; cos$J=c ;
!%X;J=c Þ by the normalized product of the expected
decay matrix element (M) squared and of the reconstruc-
tion efficiency (&), P ð"jJXÞ ¼ jMð"jJXÞj2&ð"Þ=IðJXÞ,
where IðJXÞ ¼

R jMð"jJXÞj2&ð"Þd". The efficiency is
averaged over the!þ!" mass [Mð!!Þ] using a simulation
[25–29] that assumes the Xð3872Þ ! 'ð770ÞJ=c ,
'ð770Þ ! !þ!" decay [7,17,30]. The observed Mð!!Þ
distribution is in good agreement with this simulation. The
line shape of the 'ð770Þ resonance can change slightly
depending on the spin hypothesis. The effect on &ð"Þ is
found to be very small and is neglected. We follow the
approach adopted in Ref. [13] to predict the matrix ele-
ments. The angular correlations are obtained using the
helicity formalism,

jMð"jJXÞj2 ¼
X

!()¼"1;þ1

!!!!!!!!
X

(J=c ;(!!¼"1;0;þ1
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FIG. 1 (color online). Distribution of !M for Bþ !
J=cKþ!þ!" candidates. The fits of the c ð2SÞ and Xð3872Þ
signals are displayed. The solid blue, dashed red, and dotted
green lines represent the total fit, signal component, and back-
ground component, respectively.
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• the X(3872) is also hard to accommodate in the  
quark model
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pp → π+π−J/ψ + X at LHCb
EPJ C72, 1972 (2012)

Eur. Phys. J. C (2012) 72:1972 Page 3 of 9

fit of the reconstructed J/ψπ+π− mass in the interval
3.60 < MJ/ψππ < 3.95 GeV/c2. The ψ(2S) and X(3872)

signals are each described with a non-relativistic Breit–
Wigner function convolved with a Gaussian resolution func-
tion. The intrinsic width of the ψ(2S) is fixed to the PDG
value, Γψ(2S) = 0.304 MeV/c2 [25]. The Belle collabora-
tion recently reported [7] that the X(3872) width is less than
1.2 MeV/c2 at 90 % confidence level; we fix the X(3872)

width to zero in the nominal fit. The ratio of the mass reso-
lutions for the X(3872) and the ψ(2S) is fixed to the value
estimated from the simulation, σ MC

X(3872)/σ
MC
ψ(2S) = 1.31.

Studies using the same-sign pion candidates show that
the background shape can be described by the functional
form f (M) ∝ (M − mth)

c0 exp(−c1M − c2M
2), where

mth = mJ/ψ + 2mπ = 3376.05 MeV/c2 [25] is the mass
threshold and c0, c1 and c2 are shape parameters. To im-
prove the stability of the fit, the parameter c2 is fixed to the
value obtained from the same-sign pion sample.

In total, the fit has eight free parameters: three yields
(ψ(2S), X(3872) and background), two masses (ψ(2S) and
X(3872)), one resolution parameter, and two background
shape parameters. The correctness of the fitting procedure
has been checked with simplified Monte Carlo samples,
fully simulated Monte Carlo samples, and samples contain-
ing a mixture of fully simulated Monte Carlo signal events
and same-sign background events taken from the data. The
fit results are shown in Fig. 1 and Table 1. The fit does not
account for QED radiative corrections and hence underesti-
mates the masses. Using a simulation based on PHOTOS [19]
the biases on the X(3872) and ψ(2S) masses are found to be
−0.07 ± 0.02 MeV/c2 and −0.02 ± 0.02 MeV/c2, respec-
tively. The fitted mass values are corrected for these biases
and the uncertainties propagated in the estimate of the sys-
tematic error.

Several other sources of systematic effects on the mass
measurements are considered. For each source, the com-
plete analysis is repeated (including the track fit and the
momentum scale calibration when needed) under an alter-
native assumption, and the observed change in the central
value of the fitted masses relative to the nominal results
assigned as a systematic uncertainty. The dominant source
of uncertainty is the calibration of the momentum scale.
Based on checks performed with reconstructed signals of
various mesons decaying into two-body final states (such

as π+π−, K∓π± and µ+µ−) a relative systematic uncer-
tainty of 0.02 % is assigned to the momentum scale [15],
which translates into a 0.10 (0.08) MeV/c2 uncertainty on
the X(3872) (ψ(2S)) mass. After the calibration procedure
with the J/ψ → µ+µ− decay, a ±0.07 % variation of the
momentum scale remains as a function of the particle pseu-
dorapidity η. To first order this effect averages out in the
mass determination. The residual impact of this variation is
evaluated by parameterizing the momentum scale as func-
tion of η and repeating the analysis. The systematic uncer-
tainty associated with the momentum calibration indirectly
takes into account any effect related to the imperfect align-
ment of the tracking stations. However, the alignment of
the VELO may affect the mass measurements through the
determination of the horizontal and vertical slopes of the
tracks. This is investigated by changing the track slopes by
amounts corresponding to the 0.1 % relative precision with
which the length scale along the beam axis is known [26].
Other small uncertainties arise due to the limited knowl-
edge of the X(3872) width and the modeling of the reso-
lution. The former is estimated by fixing the X(3872) width
to 0.7 MeV/c2 instead of zero, as suggested by the likeli-
hood published by Belle [7]. The latter is estimated by fix-
ing the ratio σX(3872)/σψ(2S) using the covariance estimates

Fig. 1 Invariant mass distribution of J/ψπ+π− (points with statis-
tical error bars) and same-sign J/ψπ±π± (filled histogram) candi-
dates. The curves are the result of the fit described in the text. The inset
shows a zoom of the X(3872) region

Table 1 Results of the fit to the
J/ψπ+π− invariant mass
distribution of Fig. 1

Fit parameter or derived quantity ψ(2S) X(3872)

Number of signal events 3998 ± 83 565 ± 62

Mass m [ MeV/c2] 3686.10 ± 0.06 3871.88 ± 0.48

Resolution σ [ MeV/c2] 2.54 ± 0.06 3.33 ± 0.08

Signal-to-noise ratio in ±3σ window 1.5 0.15

Number of background events 73094 ± 282

ψ(2S)

X(3872)

• another view of the X(3872)
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pp → π+π−ϒ(1S) + X  at CMS
PLB 727, 57 (2013)

CMS Collaboration / Physics Letters B 727 (2013) 57–76 59

Fig. 1. The reconstructed invariant-mass distributions of the candidates in the barrel
(top) and endcap (bottom) regions. Peaks corresponding to Υ (2S) → Υ (1S)π+π−

and Υ (3S) → Υ (1S)π+π− decays are indicated with the arrows.

Fig. 2. The invariant-mass distributions of the candidates around the Υ (2S) reso-
nance for the barrel (top) and endcap (bottom) regions. The result from the fit is
shown as a solid curve; the Υ (2S) and background contributions from the fit are
shown separately as the dashed and dotted curves, respectively.

the barrel (endcap) region. The background distribution is mod-
eled separately for the low-mass (10.06–10.31 GeV) and high-mass
(10.40–10.99 GeV) regions with a third-degree polynomial, whose
coefficients are allowed to vary in the fit. The signal yields and
the coefficients of the polynomials are determined from unbinned

maximum-likelihood fits to the invariant-mass distributions for the
barrel and endcap regions.

For a given Xb mass point, the relationship between the Xb and
Υ (2S) yields is given by

Nobs
Xb

= R × Nobs
Υ (2S) × ϵXb

ϵΥ (2S)
, (1)

where Nobs
Xb

and Nobs
Υ (2S) are the observed Xb and Υ (2S) yields, re-

spectively, and ϵXb/ϵΥ (2S) is the ratio of overall efficiencies for Xb
and Υ (2S) events. This ratio uses the acceptance and the trigger
and reconstruction efficiencies estimated from simulated samples.
In the barrel region, the ratio of efficiencies increases from about
1 to 2 for a hypothetical Xb mass in the range 10.06–10.31 GeV,
mainly because of the increased acceptance for higher masses, and
remains around 2 in the range 10.40–10.99 GeV. In the endcap re-
gion, the ratio of efficiencies stays around 1 for all the Xb mass
values considered.

In tests of statistical significance, the p-value is the probabil-
ity of obtaining a signal strength as large as (or larger than) the
one that was actually observed, assuming that there is no signal.
A signal-like distribution will result in a low observed p-value. In
this analysis, the p-value is evaluated from simultaneous signal-
plus-background fits to the observed invariant-mass distributions
in the barrel and endcap regions. Significances of the Xb signal are
evaluated for each hypothetical Xb mass. Given no strong hint of
a signal in the present data, an upper limit on R , the ratio of the
production cross sections times branching fractions of the Xb and
Υ (2S), is calculated.

4.1. Systematic uncertainties

Several sources of systematic uncertainties are considered. The
major sources are from the modeling of the signal decay, which
includes the dipion invariant-mass distribution and the Xb mass
resolution, the signal polarization, and the background shape.

The dipion distributions in the simulated Υ (2S) and Xb sam-
ples are reweighted according to the Υ (2S) data from CLEO [28],
but the actual distribution of the Xb is unknown. This affects the
value of the efficiency ratio ϵXb/ϵΥ (2S) in Eq. (1). Several alterna-
tive models have been implemented, including a Υ (1S)ρ model,
a model using the dipion invariant-mass distribution measured
in X(3872) decay [8], and a three-body S-wave model. Since the
actual quantum numbers for the Xb state are not known, the dip-
ion invariant-mass distribution in the Xb → Υ (1S)ρ decay we use
(which is similar to the X(3872) → J/ψρ decay) in the system-
atic studies. The Xb → Υ (1S)ρ process is modeled with a uniform
two-body phase-space decay. The dipion mass distribution from
X(3872) decay is scaled according to the mass difference between
the Xb and the Υ (1S). A comparison between the alternative mod-
els and the default model using the Υ (2S) distribution leads to
differences in the ϵXb/ϵΥ (2S) efficiency ratio of up to 20% depend-
ing on the Xb mass, which is included as a systematic uncertainty.
The reconstruction efficiency as a function of Xb mass is modeled
with a simple analytical function. The systematic uncertainty in
this modeling is estimated by comparing two different functions
and is found to be negligible.

The Υ (2S) mass resolutions determined in data and simulation
are consistent with each other. The statistical uncertainty in the
Υ (2S) mass resolution from data of 2.9% (4.6%) in the barrel (end-
cap) region is larger than the difference between the measured and
simulated values. The statistical uncertainty is taken as the system-
atic uncertainty from this source. While a single Gaussian function
is used in the default modeling of the signal, a sum of two Gaus-
sians is used as an alternative model, and the differences between
the respective fits are taken as systematic uncertainties.

• negative search for an X(3872)-like state in  
bottomonium
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pp → γϒ(1S) + X  at ATLAS
PRL 108, 152001 (2012)

the transition radiation tracker, the transition radiation
should be consistent with an electron hypothesis. In order
to be reliably reconstructed, each conversion electron track
must have a minimum transverse momentum of 500 MeV.
It is also required to have at least four silicon detector hits
and not to be associated to either of the two muon candi-
dates. To reduce background contamination, the conver-
sion candidate vertex is required to be at least 40 mm from
the beam axis and have a vertex !2 probability of greater
than 0.01. The converted photon impact parameter with
respect to the dimuon vertex is required to be less than
2 mm.

Electromagnetic calorimeter energy deposits not
matched to any track are classified as unconverted photons.
This analysis uses the ‘‘loose’’ photon selection described
in Ref. [7], with a minimum photon transverse energy of
2.5 GeV. The loose photon selection includes a limit on the
fraction of the energy deposit in the hadronic calorimeter
as well as a requirement that the transverse width of the
shower be consistent with the narrow shape expected for an
electromagnetic shower.

To check that an unconverted photon originates from the
same vertex as the !, and to improve the mass resolution
of the reconstructed !b, the polar angle of the photon is
corrected using the procedure described in Ref. [8]. The
corrected polar angle is determined using the measurement
of the photon direction from the longitudinal segmentation
of the calorimeter and the constraint from the dimuon
vertex position. Photons incompatible with having origi-
nated from the dimuon vertex are rejected by means of a
loose cut on the fit result (!2 per d.o.f. <200).

The converted (unconverted) photon candidates are re-
quired to be within j"j< 2:30 (2.37). Unconverted photons
must also be outside the transition region between the
barrel and the end cap calorimeters, 1:37< j"j< 1:52.

The !b candidates are formed by associating a recon-
structed ! ! #þ#" candidate with a reconstructed

photon. The invariant mass difference "m¼
mð#þ#"$Þ"mð#þ#"Þ is calculated to minimize the
effect of! ! #þ#" mass resolution. In order to compare
the "m distributions of both !bðnPÞ ! !ð1SÞ$ and
!bðnPÞ ! !ð2SÞ$ decays, the variable ~mk ¼ "mþ
m!ðkSÞ is defined, where m!ðkSÞ are the world average
masses [9] of the !ðkSÞ states. Requirements of
pTð#þ#"Þ> 20 GeV and pTð#þ#"Þ> 12 GeV are ap-
plied to ! candidates with unconverted and converted
photon candidates, respectively. These thresholds are
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FIG. 1 (color online). The invariant mass of selected dimuon
candidates. The shaded regions A and B show the selections for
!ð1SÞ and !ð2SÞ candidates, respectively.
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fit=d:o:f: ¼
0:85). (b) The mass distributions of !b ! !ðkSÞ$ (k ¼ 1, 2)
candidates formed using photons which have converted and been
reconstructed in the ID (!2

fit=d:o:f: ¼ 1:3). Data are shown
before the correction for the energy loss from the photon
conversion electrons due to bremsstrahlung and other processes.
The data for decays of !b ! !ð1SÞ$ and !b ! !ð2SÞ$ are
plotted using circles and triangles, respectively. Solid lines
represent the total fit result for each mass window. The dashed
lines represent the background components only.
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• discovery of the χb(3P) states
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γγ → ωJ/ψ at BaBar
PRD 86, 072002 (2012) 

wi ¼ 5
2 ð1# 3cos2!iÞ. The sum of the !-Dalitz-plot

weights is consistent with the number of events in the
J=c! signal region, thus consistent with the hypothesis
that most of the observed events do indeed arise from true
! ! "þ"#"0 decays.

To improve the mass resolution, we define the recon-
structed J=c!mass asmðJ=c!Þ ¼ mð‘þ‘#"þ"#"0Þ #
mð‘þ‘#Þ þmðJ=c ÞPDG. The non-J=c! background is
estimated from the J=c and ! sidebands defined in
Fig. 2. The ! sidebands are defined as ½0:55; 0:59' and
½1:00; 1:04' GeV=c2. The J=c sidebands are defined as
½2:805; 2:900' and ½3:170; 3:265' GeV=c2 for the eþe#

channel and ½2:970; 3:015' and ½3:170; 3:215' GeV=c2 for
the #þ## channel. With these definitions, each sideband
size is half of the signal size. The mðJ=c!Þ spectrum of
this background in the J=c! signal region is obtained by
Bð5Þ¼Bð2ÞþBð4ÞþBð6ÞþBð8Þ#ðBð1ÞþBð3ÞþBð7Þþ
Bð9ÞÞ, where BðiÞ is the mðJ=c!Þ spectrum in the ith
region shown in Fig. 2. The estimated background from
this method is 5( 3 in good agreement with the estimate
from the fit to the pT distribution. The residual background
from c ð2SÞ ! J=c"þ"# decay is estimated by using the
values of the integrated luminosity, MC efficiencies, the
cross section for c ð2SÞ production in ISR events [20], and
the nominal branching fractions for the relevant c ð2SÞ
and J=c decays [8]. The expected number of background
events from such process is smaller than 0.9 at 90% con-
fidence level (C.L.).

The detection efficiency depends on mðJ=c!Þ and !)‘,
where !)‘ is the angle between the direction of the posi-
tively charged lepton from J=c decay (‘þ) and the beam
axis in the J=c! rest frame. Since we select events in
which the eþ and e# beam particles are scattered at small
angles, the two-photon axis is approximately the same
as the beam axis. Therefore we use the beam axis to
determine !)‘.

We parameterize the efficiency dependence with a two-
dimensional [mðJ=c!Þ, !)‘] histogram. We label MC
events where the reconstructed decay particles are success-
fully matched to the generated ones as truth-matched
events. The detection efficiency in each histogram bin is
defined as the ratio between the number of truth-matched
MC events that satisfy the selection criteria and the number
of MC events that were generated for that bin.

The mðJ=c!Þ spectrum is shown in Fig. 4, where each
event is weighted to account for detector efficiency, which
is almost uniform as a function of the J=c! mass. The
event weight is equal to !"="ðmðJ=c!Þ; !)‘Þ, where
"ðmðJ=c!Þ; !)‘Þ is the mðJ=c!Þ- and !)‘-dependent effi-
ciency value and !" is a common scaling factor that ensures
all the weights areOð1Þ, since weights far from 1 can cause
the estimate of the statistical uncertainty to be incorrect
[21]. We observe a prominent peak near 3915 MeV=c2

over a small background. No evident structure is observed
around 3872 MeV=c2.

We perform an extended unbinned maximum-likelihood
fit to the efficiency-corrected mðJ=c!Þ spectrum to ex-
tract the resonance yield and parameters. In the likelihood
functionL there are two components: one for the Xð3915Þ
signal and one for the nonresonant (NR) J=c! contribu-
tion. The probability density function (PDF) for the signal
component is defined by the convolution of an S-wave
relativistic Breit-Wigner distribution with a detector-
resolution function. The NR contribution is taken to be
proportional to P bgðmÞ ¼ p)ðmÞ * exp½#$p)ðmÞ', where
p)ðmÞ is the J=c momentum in the rest frame of a J=c!
system with an invariant mass m, $ is a fit parameter, and
m ¼ mðJ=c!Þ. The signal and NR yields, the Xð3915Þ
mass and width, and $ are free parameters in the fit.
We use truth-matched MC events to determine the signal

PDF detector-resolution function. The signal detector-
resolution PDF is described by the sum of two Gaussian
shapes for the Xð3915Þ and the sum of a Gaussian plus a
Crystal Ball function [22] for the Xð3872Þ. The parameters
of the resolution functions are determined from fits to
truth-matched MC events. The widths of the Gaussian
core components are 5.7 and 4.5 MeV, respectively, for
Xð3915Þ and Xð3872Þ. No significant difference in the
resolution function parameters is observed for the different
J=c decay modes. The parameters of the resolution func-
tions are fixed to their MC values in the maximum-
likelihood fit.
The fitted distribution from the maximum-likelihood fit

to the efficiency-corrected mðJ=c!Þ spectrum is shown in
Fig. 4. We observe 59( 10 signal events; the measured
Xð3915Þ mass and width are ð3919:4( 2:2Þ MeV=c2 and
ð13( 6Þ MeV, respectively, where the uncertainties are
statistical only. We add an Xð3872Þ component, modeled
as a P-wave relativistic Breit-Wigner with mass
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FIG. 4 (color online). The efficiency-corrected mðJ=c!Þ dis-
tribution of selected events (solid points). The solid line repre-
sents the total fit function. The dashed line is the NR
contribution. The shaded histogram is the non-J=c! back-
ground defined in the text as Bð5Þ and estimated from sidebands.
The vertical dashed (red) line is placed at mðJ=c!Þ ¼
3:872 GeV=c2.

J. P. LEES et al. PHYSICAL REVIEW D 86, 072002 (2012)

072002-6

X(3915)

• maybe the X(3915) is the χc0(2P), but there 
are strong arguments against it
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e+e− → J/ψ + X at Belle
PRL 98, 082001 (2007) 

viously seen charmonium states plus a fourth state. A
typical signal Mrec!J= " instrumental resolution is
#30 MeV=c2; the signal shape is further smeared by ini-
tial state radiation (ISR) resulting in a higher mass tail.
The expected signal line shapes are determined from
Monte Carlo (MC) simulation assuming no

!!!
s
p

dependence
of the form factors (FF). The mass values for all states are
free parameters in the fit, the widths of !c and "c0 are fixed
to PDG values [8], and the !c!2S" width is fixed to
17 MeV=c2 [9]. The X!3940" width is a free parameter.
The background is parametrized by a second order poly-
nomial and a threshold term [

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
Mrec!J= " $ 2MD

p
] with a

free normalization to allow for contributions from e%e$ !
J= D !D; thresholds for J= D!&" !D& are taken into account
in the systematic uncertainties.

The fit results are given in Table I and shown in Fig. 1 as
the solid curve; the dashed curve is the background func-
tion. We note that the masses of the known charmonium
states are #10 MeV=c2 lower than their nominal values.
As the Mrec!J= " scale has been calibrated using the
process e%e$ !  !2S"# (the uncertainty due to J= mo-
mentum reconstruction is <3 MeV=c2 [7]), we ascribe
these shifts to a combination of statistical fluctuations
and systematic effects due to the high mass tails of the
peaks. Varying the

!!!
s
p

dependence of the FF’s in the MC
simulation, we find shifts as large as 5 MeV=c2. The
systematic error in the !c, "c0, and !c!2S" mass is thus
estimated to be 6 MeV=c2. The significance for each signal
is defined as

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
$2 ln!L0=Lmax"

p
, where L0 and Lmax de-

note the likelihoods returned by the fits with the signal

yield fixed at zero and at the fitted value, respectively. The
significance of the X!3940" signal is 5:0$. The fitted width
of the X!3940" state is consistent with zero within its large
statistical error: " ' 39( 26 MeV=c2.

The X!3940" mass is above both the D !D and the D& !D
thresholds. We therefore perform a search for X!3940"
decays into D !D and D& !D final states. Because of the small
product of D!&" reconstruction efficiencies and branching
fractions, it is not feasible to reconstruct fully the chain
e%e$ ! J= X!3940", X!3940"! D!&" !D. To increase the
efficiency, we reconstruct the J= and one D meson,
detecting the other !D!&" as a peak in the Mrec!J= D"
spectrum. The MC simulation for e%e$ ! J= D!&" !D pro-
cesses indicates a Mrec!J= D" resolution of about
30 MeV=c2 and a separation between these two pro-
cesses of 2:5$. Figure 2 shows the Mrec!J= D" spectrum
in the D mass window and the scaled D mass sidebands,
where D includes D0 and D%. Some events have multiple
D candidates. In these cases, only the candidate with
invariant mass closest to the nominal D-meson mass is
used. Two enhancements around the nominal D and D&

masses are clearly visible in this distribution. The excess of
realD events compared to theD sidebands at masses above
2:1 GeV=c2 is due to e%e$ ! J= D& !D& or J= D!&" !D!&"%
processes. A fit to this spectrum is performed using shapes
fixed from MC simulation for three processes (J= D !D,
J= D& !D, and J= D& !D&) and a second order polynomial.
The fit gives ND !D ' 86( 17 (5:1$) and ND& !D ' 55( 18
(3:3$) events in the D and the D& peaks, respectively.
Selecting events from the Mrec!J= D" regions around the
D and D& masses ((70 MeV=c2), we thus effectively tag
the processes e%e$ ! J= D !D and J= D& !D. The effi-
ciencies of the D and D& tag procedures are found from
MC calculations to be independent of MD !D!&" and equal to
0.097 in both cases, assuming equal fractions for
X!3940"! D!&"0 !D0 and D!&"%D$.

We constrain Mrec!J= D" to the D!&" nominal mass,
improving the M!D!&" !D" ) Mrec!J= " resolution by a fac-

TABLE I. Summary of the signal yields, charmonium masses,
and significances for e%e$ ! J= !c !c"res.

!c !c"res N M*GeV=c2+ N$

!c 501( 44 2:970( 0:005 15.3
"c0 230( 40 3:406( 0:007 6.3
!c!2S" 311( 42 3:626( 0:005 8.1
X!3940" 266( 63 3:936( 0:014 5.0
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• What is the X(3940)?
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Connections I:  The X(3872) and the Y(4260).

B+ → K+(π+π−J/ψ) at Belle
PRL 91, 262001 (2003)

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV

P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2003VOLUME 91, NUMBER 26

262001-3 262001-3

• first observation of the X(3872)
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B+ → K+(π+π−J/ψ) at Belle
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well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV

P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2003VOLUME 91, NUMBER 26
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• first observation of the X(3872)

B+ → K+(π+π−J/ψ) at LHCb
arXiv:1504.06339

• latest observation of the X(3872) and 
confirmation of JPC = 1++
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Figure 1: Distribution of �M for B+ ! J/ K+⇡+⇡� candidates. The fit of the X(3872) signal
is displayed. The solid (blue), dashed (red), and dotted (green) lines represent the total fit, signal
component, and background component, respectively.

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, described in detail in Ref. [18, 19]. The X(3872) candidate selection,
which is based on reconstructing B+ ! (J/ ! µ+µ�)⇡+⇡�K+ candidates using particle
identification information, transverse momentum (pT) thresholds and requiring separation
of tracks and the B+ vertex from the primary pp interaction vertex, is improved relative to
that of Ref. [17]. The signal e�ciency is increased by lowering requirements on pT for muons
from 0.90 to 0.55 GeV and for hadrons from 0.25 to 0.20 GeV. The background is further
suppressed without significant loss of signal by requiring Q < 250 MeV. The X(3872)
mass resolution (��M

) is improved from about 5.5 MeV to 2.8 MeV by constraining the
B+ candidate to its known mass and requiring its momentum to point to a pp collision
vertex in the kinematic fit of its decay. The distribution of �M ⌘ M(⇡+⇡�J/ )�M(J/ )
is shown in Fig. 1. A Crystal Ball function [20] with symmetric tails is used to model
the signal shape, while the background is assumed to be linear. An unbinned maximum
likelihood fit yields 1011 ± 38 B+ ! X(3872)K+ decays and 1468 ± 44 background
entries in the 725 < �M < 825 MeV range used in the angular analysis. The signal
purity is 80% within 2.5 ��M

from the signal peak. From studying the K+⇡+⇡� mass
distribution, the dominant source of background is found to be B+ ! J/ K1(1270)+,
K1(1270)+ ! K+⇡+⇡� decays.

Angular correlations in the B+ decay chain are analyzed using an unbinned maximum-
likelihood fit to determine the X(3872) quantum numbers and orbital angular momentum
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well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV

P H Y S I C A L R E V I E W L E T T E R S week ending
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• first observation of the X(3872)

B+ → K+(π+π−J/ψ) at LHCb
arXiv:1504.06339

• latest observation of the X(3872) and 
confirmation of JPC = 1++
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Figure 1: Distribution of �M for B+ ! J/ K+⇡+⇡� candidates. The fit of the X(3872) signal
is displayed. The solid (blue), dashed (red), and dotted (green) lines represent the total fit, signal
component, and background component, respectively.

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, described in detail in Ref. [18, 19]. The X(3872) candidate selection,
which is based on reconstructing B+ ! (J/ ! µ+µ�)⇡+⇡�K+ candidates using particle
identification information, transverse momentum (pT) thresholds and requiring separation
of tracks and the B+ vertex from the primary pp interaction vertex, is improved relative to
that of Ref. [17]. The signal e�ciency is increased by lowering requirements on pT for muons
from 0.90 to 0.55 GeV and for hadrons from 0.25 to 0.20 GeV. The background is further
suppressed without significant loss of signal by requiring Q < 250 MeV. The X(3872)
mass resolution (��M

) is improved from about 5.5 MeV to 2.8 MeV by constraining the
B+ candidate to its known mass and requiring its momentum to point to a pp collision
vertex in the kinematic fit of its decay. The distribution of �M ⌘ M(⇡+⇡�J/ )�M(J/ )
is shown in Fig. 1. A Crystal Ball function [20] with symmetric tails is used to model
the signal shape, while the background is assumed to be linear. An unbinned maximum
likelihood fit yields 1011 ± 38 B+ ! X(3872)K+ decays and 1468 ± 44 background
entries in the 725 < �M < 825 MeV range used in the angular analysis. The signal
purity is 80% within 2.5 ��M

from the signal peak. From studying the K+⇡+⇡� mass
distribution, the dominant source of background is found to be B+ ! J/ K1(1270)+,
K1(1270)+ ! K+⇡+⇡� decays.

Angular correlations in the B+ decay chain are analyzed using an unbinned maximum-
likelihood fit to determine the X(3872) quantum numbers and orbital angular momentum

2

Properties of the X(3872)
2014 PDG

• Mass = 3871.69 ± 0.17 MeV
• Width < 1.2 MeV
• M(D0) + M(D0*) - Mass = 0.11 ± 0.23 MeV  

(using M(D0) = 1864.84 +- 0.07 MeV and  
M(D0*) - M(D0) = 142.12 +- 0.07 MeV)

• JPC = 1++

• too light and too narrow to be the χc1(2P)
• also seen in other decay modes
• popular interpretation: DD* molecule  

or tetraquark
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e+e−(γISR) → π+π−J/ψ at BaBar
PRL 95, 142001 (2005)

detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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B ! K!c1"
! [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 Yð4260Þ ! "þ"%J=c decays.

After the initial observations of the Yð4260Þ [1–3],
CLEO collected 13:2 pb%1 of eþe% data at

ffiffiffi
s

p ¼
4:26 GeV and investigated 16 possible Yð4260Þ 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

ffiffiffi
s

p ¼ 10:58 GeV
[8] showed a significant Yð4260Þ signal as well as an
excess of "þ"%J=c event production near 4 GeV
that could be described by a broad Breit-Wigner (BW)
parametrization—the so-called Yð4008Þ. Recently, the
BABAR Collaboration reported an updated ISR analysis
with 454 fb%1 of data and a modified approach for the
background description [9]; the Yð4260Þ state was
observed with improved significance, but the Yð4008Þ
structure was not confirmed. Instead, they attributed the
structure below the Yð4260Þ to exponentially falling non-
resonant "þ"%J=c production.

In this Letter, we report cross section measurements for
eþe% ! "þ"%J=c between 3.8 and 5.5 GeV, and a
search for structures in the "þ"%J=c , "!J=c , and
"þ"% systems. The results are based on the full Belle
data sample with an integrated luminosity of 967 fb%1

collected at or near the !ðnSÞ resonances (n ¼
1; 2; . . . ; 5). The Belle detector operated at the KEKB
asymmetric-energy eþe% 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

charge. For each charged track, a likelihood LX is formed
from different detector subsystems for particle hypothesis
X 2 fe;#;"; K; pg. Tracks with a likelihood ratio RK ¼
ðLK=ðLK þL"ÞÞ< 0:4 are identified as pions with an
efficiency of about 95%. Similar ratios are also defined
for lepton-pion discrimination [13]. For electrons from
J=c ! eþe%, one track should have Re > 0:95 and the
other track Re > 0:05. For muons from J=c ! #þ#%,
at least one track should have R# > 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 "þ"%#þ#% center-of-mass
(c.m.) frame must satisfy jcos$#j<0:7. Events with %
conversions are removed by requiring Re < 0:75 for the
"þ"% candidate tracks. Furthermore, in J=c ! eþe%,
such events are further reduced by requiring the invariant
mass of the "þ"% candidate pair to be larger than
0:32 GeV=c2. Events with a total energy deposit in the
electromagnetic calorimeter above 9 GeV are removed in
the J=c ! eþe% 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 "þ"%‘þ‘% (‘ ¼ e, #) in each event after the
above selections.
Candidate ISR events are identified by the requirement

jM2
recj< 2:0 ðGeV=c2Þ2, where M2

rec ¼ ðPc:m: % P"þ %
P"% % P‘þ % P‘%Þ2 and Pi represents the four-momentum
of the corresponding particle or composite in the eþe%

c.m. frame. Clear J=c signals are observed in both the
J=c ! eþe% and #þ#% modes. We define the J=c
signal region as 3:06GeV=c2<Mð‘þ‘%Þ<3:14GeV=c2

(the mass resolution for lepton pairs being about
20 MeV=c2), and J=c mass sidebands as 2:91 GeV=c2 <
Mð‘þ‘%Þ< 3:03 GeV=c2 or 3:17 GeV=c2 <Mð‘þ‘%Þ<
3:29 GeV=c2, which are three times as wide as the signal
region.
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FIG. 1 (color online). (a) Invariant mass distributions of "þ"%‘þ‘%. Points with error bars are data, and the shaded histograms are
the normalized J=c 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=c2 is the c ð2SÞ ! "þ"%J=c signal. (b) Cross section of eþe% !
"þ"%J=c after background subtraction. The errors are statistical only.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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B ! K!c1"
! [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 Yð4260Þ ! "þ"%J=c decays.

After the initial observations of the Yð4260Þ [1–3],
CLEO collected 13:2 pb%1 of eþe% data at

ffiffiffi
s

p ¼
4:26 GeV and investigated 16 possible Yð4260Þ 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

ffiffiffi
s

p ¼ 10:58 GeV
[8] showed a significant Yð4260Þ signal as well as an
excess of "þ"%J=c event production near 4 GeV
that could be described by a broad Breit-Wigner (BW)
parametrization—the so-called Yð4008Þ. Recently, the
BABAR Collaboration reported an updated ISR analysis
with 454 fb%1 of data and a modified approach for the
background description [9]; the Yð4260Þ state was
observed with improved significance, but the Yð4008Þ
structure was not confirmed. Instead, they attributed the
structure below the Yð4260Þ to exponentially falling non-
resonant "þ"%J=c production.

In this Letter, we report cross section measurements for
eþe% ! "þ"%J=c between 3.8 and 5.5 GeV, and a
search for structures in the "þ"%J=c , "!J=c , and
"þ"% systems. The results are based on the full Belle
data sample with an integrated luminosity of 967 fb%1

collected at or near the !ðnSÞ resonances (n ¼
1; 2; . . . ; 5). The Belle detector operated at the KEKB
asymmetric-energy eþe% 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

charge. For each charged track, a likelihood LX is formed
from different detector subsystems for particle hypothesis
X 2 fe;#;"; K; pg. Tracks with a likelihood ratio RK ¼
ðLK=ðLK þL"ÞÞ< 0:4 are identified as pions with an
efficiency of about 95%. Similar ratios are also defined
for lepton-pion discrimination [13]. For electrons from
J=c ! eþe%, one track should have Re > 0:95 and the
other track Re > 0:05. For muons from J=c ! #þ#%,
at least one track should have R# > 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 "þ"%#þ#% center-of-mass
(c.m.) frame must satisfy jcos$#j<0:7. Events with %
conversions are removed by requiring Re < 0:75 for the
"þ"% candidate tracks. Furthermore, in J=c ! eþe%,
such events are further reduced by requiring the invariant
mass of the "þ"% candidate pair to be larger than
0:32 GeV=c2. Events with a total energy deposit in the
electromagnetic calorimeter above 9 GeV are removed in
the J=c ! eþe% 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 "þ"%‘þ‘% (‘ ¼ e, #) in each event after the
above selections.
Candidate ISR events are identified by the requirement

jM2
recj< 2:0 ðGeV=c2Þ2, where M2

rec ¼ ðPc:m: % P"þ %
P"% % P‘þ % P‘%Þ2 and Pi represents the four-momentum
of the corresponding particle or composite in the eþe%

c.m. frame. Clear J=c signals are observed in both the
J=c ! eþe% and #þ#% modes. We define the J=c
signal region as 3:06GeV=c2<Mð‘þ‘%Þ<3:14GeV=c2

(the mass resolution for lepton pairs being about
20 MeV=c2), and J=c mass sidebands as 2:91 GeV=c2 <
Mð‘þ‘%Þ< 3:03 GeV=c2 or 3:17 GeV=c2 <Mð‘þ‘%Þ<
3:29 GeV=c2, which are three times as wide as the signal
region.
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FIG. 1 (color online). (a) Invariant mass distributions of "þ"%‘þ‘%. Points with error bars are data, and the shaded histograms are
the normalized J=c 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=c2 is the c ð2SÞ ! "þ"%J=c signal. (b) Cross section of eþe% !
"þ"%J=c after background subtraction. The errors are statistical only.
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Lattice Calculations of the Charmonium Spectrum
JHEP  07, 126 (2012)
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Figure 16. Charmonium spectrum up to around 4.5 GeV showing only JPC channels in which we
identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members
of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are
other states, all calculated on the 243 volume. As in figure 14, black lines are experimental values
and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.

The observation that there are four hybrid candidates nearly degenerate with JPC =

(0, 1, 2)�+, 1��, coloured red in figure 16, is interesting. This is the pattern of states

predicted to form the lightest hybrid supermultiplet in the bag model [38, 39] and the

P-wave quasiparticle gluon approach [40], or more generally where a quark-antiquark pair

in S-wave is coupled to a 1+� chromomagnetic gluonic excitation as shown table 5. This

is not the pattern expected in the flux-tube model [41] or with an S-wave quasigluon. In

addition, the observation of two 2+� states, with one only slightly heavier than the other,

appears to rule out the flux-tube model which does not predict two such states so close

in mass. The pattern of JPC of the lightest hybrids is the same as that observed in light

meson sector [11, 31]. They appear at a mass scale of 1.2 � 1.3 GeV above the lightest

conventional charmonia. This suggests that the energy di↵erence between the first gluonic

excitation and the ground state in charmonium is comparable to that in the light meson [31]

and baryon [15] sectors.

To explore this hypothesis of a lightest hybrid multiplet further, we follow ref. [31] and

consider in more detail operator-state overlaps. The operators (⇢
NR

⇥ D
[2]

J=1

)J=0,1,2 with

JPC = (0, 1, 2)�+ and (⇡
NR

⇥D
[2]

J=1

)J=1 with JPC = 1�� are discussed in that reference.

These operators have the structure of colour-octet quark-antiquark pair in S-wave with

S = 1 (⇢
NR

) or S = 0 (⇡
NR

), coupled to a non-trivial chromomagnetic gluonic field with

J
PgCg
g

= 1+� where J
g

, P
g

and C
g

refer to the quantum numbers of gluonic excitation.

Figure 17 shows that the four states suggested to form the lightest hybrid supermultiplet

have considerable overlap onto operators with this structure.

For states within a given supermultiplet, it is expected that the Z-values for each of

these operators, projected into the relevant lattice irreps, will be similar as discussed above.

The relevant overlaps presented in figure 17 suggest that the four hybrid candidates have

– 25 –
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• a “hybrid-like state” is predicted to be near the Y(4260)
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e+e−(γISR) → π+π−J/ψ at BaBar
PRL 95, 142001 (2005)

detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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• first observation of the Y(4260)

e+e−(γISR) → π+π−J/ψ at Belle
PRL 110, 252002 (2013)

B ! K!c1"
! [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 Yð4260Þ ! "þ"%J=c decays.

After the initial observations of the Yð4260Þ [1–3],
CLEO collected 13:2 pb%1 of eþe% data at

ffiffiffi
s

p ¼
4:26 GeV and investigated 16 possible Yð4260Þ 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

ffiffiffi
s

p ¼ 10:58 GeV
[8] showed a significant Yð4260Þ signal as well as an
excess of "þ"%J=c event production near 4 GeV
that could be described by a broad Breit-Wigner (BW)
parametrization—the so-called Yð4008Þ. Recently, the
BABAR Collaboration reported an updated ISR analysis
with 454 fb%1 of data and a modified approach for the
background description [9]; the Yð4260Þ state was
observed with improved significance, but the Yð4008Þ
structure was not confirmed. Instead, they attributed the
structure below the Yð4260Þ to exponentially falling non-
resonant "þ"%J=c production.

In this Letter, we report cross section measurements for
eþe% ! "þ"%J=c between 3.8 and 5.5 GeV, and a
search for structures in the "þ"%J=c , "!J=c , and
"þ"% systems. The results are based on the full Belle
data sample with an integrated luminosity of 967 fb%1

collected at or near the !ðnSÞ resonances (n ¼
1; 2; . . . ; 5). The Belle detector operated at the KEKB
asymmetric-energy eþe% 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

charge. For each charged track, a likelihood LX is formed
from different detector subsystems for particle hypothesis
X 2 fe;#;"; K; pg. Tracks with a likelihood ratio RK ¼
ðLK=ðLK þL"ÞÞ< 0:4 are identified as pions with an
efficiency of about 95%. Similar ratios are also defined
for lepton-pion discrimination [13]. For electrons from
J=c ! eþe%, one track should have Re > 0:95 and the
other track Re > 0:05. For muons from J=c ! #þ#%,
at least one track should have R# > 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 "þ"%#þ#% center-of-mass
(c.m.) frame must satisfy jcos$#j<0:7. Events with %
conversions are removed by requiring Re < 0:75 for the
"þ"% candidate tracks. Furthermore, in J=c ! eþe%,
such events are further reduced by requiring the invariant
mass of the "þ"% candidate pair to be larger than
0:32 GeV=c2. Events with a total energy deposit in the
electromagnetic calorimeter above 9 GeV are removed in
the J=c ! eþe% 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 "þ"%‘þ‘% (‘ ¼ e, #) in each event after the
above selections.
Candidate ISR events are identified by the requirement

jM2
recj< 2:0 ðGeV=c2Þ2, where M2

rec ¼ ðPc:m: % P"þ %
P"% % P‘þ % P‘%Þ2 and Pi represents the four-momentum
of the corresponding particle or composite in the eþe%

c.m. frame. Clear J=c signals are observed in both the
J=c ! eþe% and #þ#% modes. We define the J=c
signal region as 3:06GeV=c2<Mð‘þ‘%Þ<3:14GeV=c2

(the mass resolution for lepton pairs being about
20 MeV=c2), and J=c mass sidebands as 2:91 GeV=c2 <
Mð‘þ‘%Þ< 3:03 GeV=c2 or 3:17 GeV=c2 <Mð‘þ‘%Þ<
3:29 GeV=c2, which are three times as wide as the signal
region.
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FIG. 1 (color online). (a) Invariant mass distributions of "þ"%‘þ‘%. Points with error bars are data, and the shaded histograms are
the normalized J=c 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=c2 is the c ð2SÞ ! "þ"%J=c signal. (b) Cross section of eþe% !
"þ"%J=c after background subtraction. The errors are statistical only.
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Y(4260) → π+π−J/ψ

• latest observation of the Y(4260)

Lattice Calculations of the Charmonium Spectrum
JHEP  07, 126 (2012)
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Figure 16. Charmonium spectrum up to around 4.5 GeV showing only JPC channels in which we
identify candidates for hybrid mesons. Red (dark blue) boxes are states suggested to be members
of the lightest (first excited) hybrid supermultiplet as described in the text and green boxes are
other states, all calculated on the 243 volume. As in figure 14, black lines are experimental values
and the dashed lines indicate the lowest non-interacting DD̄ and DsD̄s levels.

The observation that there are four hybrid candidates nearly degenerate with JPC =

(0, 1, 2)�+, 1��, coloured red in figure 16, is interesting. This is the pattern of states

predicted to form the lightest hybrid supermultiplet in the bag model [38, 39] and the

P-wave quasiparticle gluon approach [40], or more generally where a quark-antiquark pair

in S-wave is coupled to a 1+� chromomagnetic gluonic excitation as shown table 5. This

is not the pattern expected in the flux-tube model [41] or with an S-wave quasigluon. In

addition, the observation of two 2+� states, with one only slightly heavier than the other,

appears to rule out the flux-tube model which does not predict two such states so close

in mass. The pattern of JPC of the lightest hybrids is the same as that observed in light

meson sector [11, 31]. They appear at a mass scale of 1.2 � 1.3 GeV above the lightest

conventional charmonia. This suggests that the energy di↵erence between the first gluonic

excitation and the ground state in charmonium is comparable to that in the light meson [31]

and baryon [15] sectors.

To explore this hypothesis of a lightest hybrid multiplet further, we follow ref. [31] and

consider in more detail operator-state overlaps. The operators (⇢
NR

⇥ D
[2]

J=1

)J=0,1,2 with

JPC = (0, 1, 2)�+ and (⇡
NR

⇥D
[2]

J=1

)J=1 with JPC = 1�� are discussed in that reference.

These operators have the structure of colour-octet quark-antiquark pair in S-wave with

S = 1 (⇢
NR

) or S = 0 (⇡
NR

), coupled to a non-trivial chromomagnetic gluonic field with

J
PgCg
g

= 1+� where J
g

, P
g

and C
g

refer to the quantum numbers of gluonic excitation.

Figure 17 shows that the four states suggested to form the lightest hybrid supermultiplet

have considerable overlap onto operators with this structure.

For states within a given supermultiplet, it is expected that the Z-values for each of

these operators, projected into the relevant lattice irreps, will be similar as discussed above.

The relevant overlaps presented in figure 17 suggest that the four hybrid candidates have
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• a “hybrid-like state” is predicted to be near the Y(4260)

Properties of the Y(4260)
2014 PDG

• Mass = 4251 ± 9 MeV
• Width = 120 ± 12 MeV
• JPC = 1−−

• no place for it in the quark model
• no strong signals in other decay modes  

(besides π0π0J/ψ)
• distorted line shape?
• popular interpretation: hybrid meson
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Connections I:  The X(3872) and the Y(4260).

e+e− → γ(π+π−J/ψ) at ECM ~ 4.26 GeV at BESIII
PRL 112, 092001 (2014)

The ISR ψð3686Þ signal is used to calibrate the absolute
mass scale and to extract the resolution difference between
data and MC simulation. The fit to the ψð3686Þ results
in a mass shift of μψð3686Þ ¼ −ð0.34$ 0.04Þ MeV=c2, and
a standard deviation of the Gaussian resolution function of
σ ¼ ð1.14$ 0.07Þ MeV=c2. The resolution parameter of
the resolution Gaussian applied to the MC simulated signal
shape is fixed at 1.14 MeV=c2 in the fit to the Xð3872Þ.
Figure 2 shows the fit result (with M½Xð3872Þ&input ¼
3871:7 MeV=c2 as input in MC simulation), which gives
μXð3872Þ ¼ −ð0.10 $ 0.69Þ MeV=c2 and N½Xð3872Þ& ¼
20:1$ 4.5. So, the measured mass of Xð3872Þ
is M½Xð3872Þ& ¼ M½Xð3872Þ&input þ μXð3872Þ − μψð3686Þ ¼
ð3871:9 $ 0.7Þ MeV=c2, where the uncertainty includes

the statistical uncertainties from the fit and the mass
calibration. The limited statistics prevent us from measur-
ing the intrinsic width of the Xð3872Þ. From a fit with a
floating width we obtain Γ½Xð3872Þ& ¼ ð0.0þ1.7

−0.0Þ MeV, or
less than 2.4 MeV at the 90% confidence level (C.L.).
The statistical significance of Xð3872Þ is 6.3σ, estimated
by comparing the difference of log-likelihood value
[Δð−2 lnLÞ ¼ 44:5] with and without the Xð3872Þ signal
in the fit, and taking the change of the number of degrees of
freedom (Δndf ¼ 2) into consideration.
Figure 3 shows the angular distribution of the

radiative photon in the eþe− c.m. frame and the πþπ−
invariant mass distribution, for the Xð3872Þ signal events
(3.86 < Mðπþπ−J=ψÞ < 3.88 GeV=c2) and normalized
sideband events (3.83 < Mðπþπ−J=ψÞ < 3.86 or 3.88 <
Mðπþπ−J=ψÞ < 3.91 GeV=c2). The data agree with MC
simulation assuming a pure E1-transition between the
Yð4260Þ and the Xð3872Þ for the polar angle distribution,
and the Mðπþπ−Þ distribution is consistent with the
CDF observation [9] of a dominant ρ0ð770Þ resonance
contribution.
The product of the Born-order cross section times

the branching fraction of Xð3872Þ → πþπ−J=ψ is
calculated using σB½eþe− → γXð3872Þ& × B½Xð3872Þ →
πþπ−J=ψ & ¼ Nobs=Lintð1þ δÞϵB, where Nobs is the num-
ber of observed events obtained from the fit to the
Mðπþπ−J=ψÞ distribution, Lint is integrated luminosity,
ϵ is the detection efficiency, B is the branching fraction of
J=ψ → lþl− and (1þ δ) is the radiative correction factor,
which depends on the line shape of eþe− → γXð3872Þ.
Since we observe large cross sections at

ffiffiffi
s

p
¼ 4.229 and

4.260 GeV, we assume the eþe− → γXð3872Þ cross section
follows that of eþe− → πþπ−J=ψ over the full energy
range of interest and use the eþe− → πþπ−J=ψ line-shape
from published results [11] as input in the calculation of the
efficiency and radiative correction factor. The results of
these studies at different energies (

ffiffiffi
s

p
¼ 4.009, 4.229,

4.260, and 4.360 GeV) are listed in Table I. For the
4.009 and 4.360 GeV data, where the Xð3872Þ signal is
not statistically significant, upper limits for production
yield at 90% C.L. are also given. As a validation, the
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FIG. 1 (color online). The πþπ−J=ψ invariant mass distribu-
tions at

ffiffiffi
s

p
¼ 4.009 (top left), 4.229 (top right), 4.260 (bottom

left), and 4.360 GeV (bottom right). Dots with error bars are
data, the green shaded histograms are normalized J=ψ sideband
events.
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FIG. 2 (color online). Fit of theMðπþπ−J=ψÞ distribution with
a MC simulated histogram convolved with a Gaussian function
for signal and a linear background function. Dots with error bars
are data, the red curve shows the total fit result, while the blue
dashed curve shows the background contribution.

γθcos
-1 -0.5 0 0.5 1

E
ve

nt
s 

/ 0
.2

0

5

10
data
E1 MC
background

)2) (GeV/c-π+πM(
0.4 0.5 0.6 0.7 0.8

2
E

ve
nt

s 
/ 0

.0
1 

G
eV

/c

2

4

6

8 data

background

FIG. 3 (color online). The cos θ distribution of the radiative
photon in eþe− c.m. frame (left) and the Mðπþπ−Þ distribution
(right). Dots with error bars are data in the Xð3872Þ signal region,
the green shaded histograms are normalized Xð3872Þ sideband
events, and the red open histogram in the left panel is the result
from a MC simulation that assumes a pure E1 transition.
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• observation of the X(3872) in a radiative transition
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Connections I:  The X(3872) and the Y(4260).

e+e− → γ(π+π−J/ψ) at ECM ~ 4.26 GeV at BESIII
PRL 112, 092001 (2014)

The ISR ψð3686Þ signal is used to calibrate the absolute
mass scale and to extract the resolution difference between
data and MC simulation. The fit to the ψð3686Þ results
in a mass shift of μψð3686Þ ¼ −ð0.34$ 0.04Þ MeV=c2, and
a standard deviation of the Gaussian resolution function of
σ ¼ ð1.14$ 0.07Þ MeV=c2. The resolution parameter of
the resolution Gaussian applied to the MC simulated signal
shape is fixed at 1.14 MeV=c2 in the fit to the Xð3872Þ.
Figure 2 shows the fit result (with M½Xð3872Þ&input ¼
3871:7 MeV=c2 as input in MC simulation), which gives
μXð3872Þ ¼ −ð0.10 $ 0.69Þ MeV=c2 and N½Xð3872Þ& ¼
20:1$ 4.5. So, the measured mass of Xð3872Þ
is M½Xð3872Þ& ¼ M½Xð3872Þ&input þ μXð3872Þ − μψð3686Þ ¼
ð3871:9 $ 0.7Þ MeV=c2, where the uncertainty includes

the statistical uncertainties from the fit and the mass
calibration. The limited statistics prevent us from measur-
ing the intrinsic width of the Xð3872Þ. From a fit with a
floating width we obtain Γ½Xð3872Þ& ¼ ð0.0þ1.7

−0.0Þ MeV, or
less than 2.4 MeV at the 90% confidence level (C.L.).
The statistical significance of Xð3872Þ is 6.3σ, estimated
by comparing the difference of log-likelihood value
[Δð−2 lnLÞ ¼ 44:5] with and without the Xð3872Þ signal
in the fit, and taking the change of the number of degrees of
freedom (Δndf ¼ 2) into consideration.
Figure 3 shows the angular distribution of the

radiative photon in the eþe− c.m. frame and the πþπ−
invariant mass distribution, for the Xð3872Þ signal events
(3.86 < Mðπþπ−J=ψÞ < 3.88 GeV=c2) and normalized
sideband events (3.83 < Mðπþπ−J=ψÞ < 3.86 or 3.88 <
Mðπþπ−J=ψÞ < 3.91 GeV=c2). The data agree with MC
simulation assuming a pure E1-transition between the
Yð4260Þ and the Xð3872Þ for the polar angle distribution,
and the Mðπþπ−Þ distribution is consistent with the
CDF observation [9] of a dominant ρ0ð770Þ resonance
contribution.
The product of the Born-order cross section times

the branching fraction of Xð3872Þ → πþπ−J=ψ is
calculated using σB½eþe− → γXð3872Þ& × B½Xð3872Þ →
πþπ−J=ψ & ¼ Nobs=Lintð1þ δÞϵB, where Nobs is the num-
ber of observed events obtained from the fit to the
Mðπþπ−J=ψÞ distribution, Lint is integrated luminosity,
ϵ is the detection efficiency, B is the branching fraction of
J=ψ → lþl− and (1þ δ) is the radiative correction factor,
which depends on the line shape of eþe− → γXð3872Þ.
Since we observe large cross sections at

ffiffiffi
s

p
¼ 4.229 and

4.260 GeV, we assume the eþe− → γXð3872Þ cross section
follows that of eþe− → πþπ−J=ψ over the full energy
range of interest and use the eþe− → πþπ−J=ψ line-shape
from published results [11] as input in the calculation of the
efficiency and radiative correction factor. The results of
these studies at different energies (

ffiffiffi
s

p
¼ 4.009, 4.229,

4.260, and 4.360 GeV) are listed in Table I. For the
4.009 and 4.360 GeV data, where the Xð3872Þ signal is
not statistically significant, upper limits for production
yield at 90% C.L. are also given. As a validation, the
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FIG. 1 (color online). The πþπ−J=ψ invariant mass distribu-
tions at

ffiffiffi
s

p
¼ 4.009 (top left), 4.229 (top right), 4.260 (bottom

left), and 4.360 GeV (bottom right). Dots with error bars are
data, the green shaded histograms are normalized J=ψ sideband
events.
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FIG. 2 (color online). Fit of theMðπþπ−J=ψÞ distribution with
a MC simulated histogram convolved with a Gaussian function
for signal and a linear background function. Dots with error bars
are data, the red curve shows the total fit result, while the blue
dashed curve shows the background contribution.
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FIG. 3 (color online). The cos θ distribution of the radiative
photon in eþe− c.m. frame (left) and the Mðπþπ−Þ distribution
(right). Dots with error bars are data in the Xð3872Þ signal region,
the green shaded histograms are normalized Xð3872Þ sideband
events, and the red open histogram in the left panel is the result
from a MC simulation that assumes a pure E1 transition.
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.
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FIG. 4 (color online). The fit to σB½eþe− → γXð3872Þ& ×
B½Xð3872Þ → πþπ−J=ψ & with a Yð4260Þ resonance (red solid
curve), a linear continuum (blue dashed curve), or a E1-transition
phase space term (red dotted-dashed curve). Dots with error bars
are data.
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The ISR ψð3686Þ signal is used to calibrate the absolute
mass scale and to extract the resolution difference between
data and MC simulation. The fit to the ψð3686Þ results
in a mass shift of μψð3686Þ ¼ −ð0.34$ 0.04Þ MeV=c2, and
a standard deviation of the Gaussian resolution function of
σ ¼ ð1.14$ 0.07Þ MeV=c2. The resolution parameter of
the resolution Gaussian applied to the MC simulated signal
shape is fixed at 1.14 MeV=c2 in the fit to the Xð3872Þ.
Figure 2 shows the fit result (with M½Xð3872Þ&input ¼
3871:7 MeV=c2 as input in MC simulation), which gives
μXð3872Þ ¼ −ð0.10 $ 0.69Þ MeV=c2 and N½Xð3872Þ& ¼
20:1$ 4.5. So, the measured mass of Xð3872Þ
is M½Xð3872Þ& ¼ M½Xð3872Þ&input þ μXð3872Þ − μψð3686Þ ¼
ð3871:9 $ 0.7Þ MeV=c2, where the uncertainty includes

the statistical uncertainties from the fit and the mass
calibration. The limited statistics prevent us from measur-
ing the intrinsic width of the Xð3872Þ. From a fit with a
floating width we obtain Γ½Xð3872Þ& ¼ ð0.0þ1.7

−0.0Þ MeV, or
less than 2.4 MeV at the 90% confidence level (C.L.).
The statistical significance of Xð3872Þ is 6.3σ, estimated
by comparing the difference of log-likelihood value
[Δð−2 lnLÞ ¼ 44:5] with and without the Xð3872Þ signal
in the fit, and taking the change of the number of degrees of
freedom (Δndf ¼ 2) into consideration.
Figure 3 shows the angular distribution of the

radiative photon in the eþe− c.m. frame and the πþπ−
invariant mass distribution, for the Xð3872Þ signal events
(3.86 < Mðπþπ−J=ψÞ < 3.88 GeV=c2) and normalized
sideband events (3.83 < Mðπþπ−J=ψÞ < 3.86 or 3.88 <
Mðπþπ−J=ψÞ < 3.91 GeV=c2). The data agree with MC
simulation assuming a pure E1-transition between the
Yð4260Þ and the Xð3872Þ for the polar angle distribution,
and the Mðπþπ−Þ distribution is consistent with the
CDF observation [9] of a dominant ρ0ð770Þ resonance
contribution.
The product of the Born-order cross section times

the branching fraction of Xð3872Þ → πþπ−J=ψ is
calculated using σB½eþe− → γXð3872Þ& × B½Xð3872Þ →
πþπ−J=ψ & ¼ Nobs=Lintð1þ δÞϵB, where Nobs is the num-
ber of observed events obtained from the fit to the
Mðπþπ−J=ψÞ distribution, Lint is integrated luminosity,
ϵ is the detection efficiency, B is the branching fraction of
J=ψ → lþl− and (1þ δ) is the radiative correction factor,
which depends on the line shape of eþe− → γXð3872Þ.
Since we observe large cross sections at

ffiffiffi
s

p
¼ 4.229 and

4.260 GeV, we assume the eþe− → γXð3872Þ cross section
follows that of eþe− → πþπ−J=ψ over the full energy
range of interest and use the eþe− → πþπ−J=ψ line-shape
from published results [11] as input in the calculation of the
efficiency and radiative correction factor. The results of
these studies at different energies (

ffiffiffi
s

p
¼ 4.009, 4.229,

4.260, and 4.360 GeV) are listed in Table I. For the
4.009 and 4.360 GeV data, where the Xð3872Þ signal is
not statistically significant, upper limits for production
yield at 90% C.L. are also given. As a validation, the
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FIG. 1 (color online). The πþπ−J=ψ invariant mass distribu-
tions at

ffiffiffi
s

p
¼ 4.009 (top left), 4.229 (top right), 4.260 (bottom

left), and 4.360 GeV (bottom right). Dots with error bars are
data, the green shaded histograms are normalized J=ψ sideband
events.
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FIG. 2 (color online). Fit of theMðπþπ−J=ψÞ distribution with
a MC simulated histogram convolved with a Gaussian function
for signal and a linear background function. Dots with error bars
are data, the red curve shows the total fit result, while the blue
dashed curve shows the background contribution.
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FIG. 3 (color online). The cos θ distribution of the radiative
photon in eþe− c.m. frame (left) and the Mðπþπ−Þ distribution
(right). Dots with error bars are data in the Xð3872Þ signal region,
the green shaded histograms are normalized Xð3872Þ sideband
events, and the red open histogram in the left panel is the result
from a MC simulation that assumes a pure E1 transition.
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measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.
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FIG. 4 (color online). The fit to σB½eþe− → γXð3872Þ& ×
B½Xð3872Þ → πþπ−J=ψ & with a Yð4260Þ resonance (red solid
curve), a linear continuum (blue dashed curve), or a E1-transition
phase space term (red dotted-dashed curve). Dots with error bars
are data.
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• is this Y(4260) → γX(3872)??

Implications of Y(4260) → γX(3872)?

• Is this a radiative transition between  
a hybrid meson and a meson molecule?  
(that doesn’t seem right)

• Can this be used to limit theoretical ideas?
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Connections II:  The Y(4260) and the “ϒ(5S)”.

e+e− → π+π−ϒ(1S,2S,3S) at Belle
arXiv:1501.01137
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FIG. 2. RΥππ data for Υ(1S) (top), Υ(2S) (center), and Υ(3S) (bottom), with results of fit C.

Error bars are statistical only.

The total of the above is found to be P = 0.42 ± 0.04. Preliminary evidence for Zb via
Υ(5S) → Z±

b [→ B∗B(∗)]π∓ [17] indicates that [B∗B(∗)]±π∓ is consistent with being exclu-
sively Z±

b π
∓, and we assume again that [B∗B(∗)]0π0 contributes at half the rate. The total,

including [B∗B(∗)]π, is P = 1.09± 0.15.

We have considered the following sources of systematic uncertainty: integrated luminosity,
event selection efficiency, energy calibration, reconstruction efficiency, secondary branching
fractions, and fitting procedure. The effects of the uncertainties in Rb and RΥππ on M5S, Γ5S,
and P depend on whether they are correlated or not over the data sets at different energy
points. The overall uncertainty in the integrated luminosity is 1.3%, while the uncorrelated
variation is 0.1%-0.2%. The overall uncertainty in

√
s is 1 MeV. The uncertainty in the Rb

event selection efficiency, ϵbb̄, stems from uncertainties in the mix of event types, containing
Bq, Bs, bottomonia, tau pairs, two-photon events, and qq̄ continuum, and is estimated to
be 1.1%. The systematic effects in fitting due to uncertainties in the measurements of

√
s,

fixed parameters, and fitting range are determined by varying each source by the value of
the uncertainty and refitting, noting the shifts in M5S[RΥππ], M5S[R′

b], Γ5S, and P. The
uncertainty on the rate of RΥππ for each Υ(nS) is dominated by those of the branching
fractions, B(Υ(nS) → µ+µ−) [8]: ±2%, ±10%, and ±10% for n = 1, 2, and 3, respectively.
The uncertainties from possible non-zero Ar and/or Anr in RΥππ are obtained by allowing
them to float in the fit and taking the variation of the fitted values of the other parameters
with respect to default results. The event-by-event efficiency correction to obtain RΥππ is
insensitive, but not immune, to intermediate states in the three-body decay. MC studies of

8

π+π−ϒ(1S)

π+π−ϒ(2S)

π+π−ϒ(3S)

e+e−(γISR) → π+π−J/ψ at Belle
PRL 110, 252002 (2013)

B ! K!c1"
! [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 Yð4260Þ ! "þ"%J=c decays.

After the initial observations of the Yð4260Þ [1–3],
CLEO collected 13:2 pb%1 of eþe% data at

ffiffiffi
s

p ¼
4:26 GeV and investigated 16 possible Yð4260Þ 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

ffiffiffi
s

p ¼ 10:58 GeV
[8] showed a significant Yð4260Þ signal as well as an
excess of "þ"%J=c event production near 4 GeV
that could be described by a broad Breit-Wigner (BW)
parametrization—the so-called Yð4008Þ. Recently, the
BABAR Collaboration reported an updated ISR analysis
with 454 fb%1 of data and a modified approach for the
background description [9]; the Yð4260Þ state was
observed with improved significance, but the Yð4008Þ
structure was not confirmed. Instead, they attributed the
structure below the Yð4260Þ to exponentially falling non-
resonant "þ"%J=c production.

In this Letter, we report cross section measurements for
eþe% ! "þ"%J=c between 3.8 and 5.5 GeV, and a
search for structures in the "þ"%J=c , "!J=c , and
"þ"% systems. The results are based on the full Belle
data sample with an integrated luminosity of 967 fb%1

collected at or near the !ðnSÞ resonances (n ¼
1; 2; . . . ; 5). The Belle detector operated at the KEKB
asymmetric-energy eþe% 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

charge. For each charged track, a likelihood LX is formed
from different detector subsystems for particle hypothesis
X 2 fe;#;"; K; pg. Tracks with a likelihood ratio RK ¼
ðLK=ðLK þL"ÞÞ< 0:4 are identified as pions with an
efficiency of about 95%. Similar ratios are also defined
for lepton-pion discrimination [13]. For electrons from
J=c ! eþe%, one track should have Re > 0:95 and the
other track Re > 0:05. For muons from J=c ! #þ#%,
at least one track should have R# > 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 "þ"%#þ#% center-of-mass
(c.m.) frame must satisfy jcos$#j<0:7. Events with %
conversions are removed by requiring Re < 0:75 for the
"þ"% candidate tracks. Furthermore, in J=c ! eþe%,
such events are further reduced by requiring the invariant
mass of the "þ"% candidate pair to be larger than
0:32 GeV=c2. Events with a total energy deposit in the
electromagnetic calorimeter above 9 GeV are removed in
the J=c ! eþe% 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 "þ"%‘þ‘% (‘ ¼ e, #) in each event after the
above selections.
Candidate ISR events are identified by the requirement

jM2
recj< 2:0 ðGeV=c2Þ2, where M2

rec ¼ ðPc:m: % P"þ %
P"% % P‘þ % P‘%Þ2 and Pi represents the four-momentum
of the corresponding particle or composite in the eþe%

c.m. frame. Clear J=c signals are observed in both the
J=c ! eþe% and #þ#% modes. We define the J=c
signal region as 3:06GeV=c2<Mð‘þ‘%Þ<3:14GeV=c2

(the mass resolution for lepton pairs being about
20 MeV=c2), and J=c mass sidebands as 2:91 GeV=c2 <
Mð‘þ‘%Þ< 3:03 GeV=c2 or 3:17 GeV=c2 <Mð‘þ‘%Þ<
3:29 GeV=c2, which are three times as wide as the signal
region.
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Y(4260) → π+π−J/ψ

Similarity:  Large rates to ππJ/ψ and ππϒ,
but no observed decays to open charm  
or open bottom.
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the details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. The computer-readable data are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)

• the Y(4260) does not appear.

R

Connections II:  The Y(4260) and the “ϒ(5S)”.
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• the Y(4260) does not appear.

R
Rb above the ϒ(4S) from BaBar

PRL 102, 012001 (2009)

requirement and take the difference among the results as a
correlated systematic error. Its contribution depends on the
value of Rb, and it is at most 2%.

To measure
ffiffiffi
s

p
of each point we fit the distribution of the

invariant mass of the two muons in the selected di-muon
sample with a function made of a Gaussian with an ex-
ponential tail on the side below the peak mass. We then use
the mean of the Gaussian as estimator of

ffiffiffi
s

p
and we

determine a bias of ð20:9" 1:5Þ MeV for this quantity
by comparing the !ð3SÞ mass measured on the data taken
during the $100 pb%1 scan performed by PEP-II at the
beginning of the last data-taking period with the resonant
depolarization result [13]. We correct for this bias, that
comes from the (strongly) nonlinear impact of the momen-
tum resolution in the invariant mass, and verify on simu-
lated events that it does not depend on

ffiffiffi
s

p
.

The resulting measurements of Rb as a function of
ffiffiffi
s

p
are shown in Fig. 1, where the error bars represent the sum
of the statistical and uncorrelated systematic errors and
dotted lines show the different B meson production thresh-
olds. The relative correlated systematic errors on Rb are
summarized in Table I. The numerical results for each
energy point, together with the estimated ISR cross section,

can be found in Ref. [14]. It is important to stress that
radiative corrections have not been applied since they
would require an a priori knowledge of the resonant re-
gion. The measured Rb therefore includes all final- or
initial-state radiation processes.
The large statistics and the small energy steps of this

scan make it possible to observe clear structures corre-
sponding to the opening of new thresholds: dips corre-

sponding to the Bð&ÞB& and BsB
&
s openings and a plateau

close to the B&
sB

&
s one. It is also evident that the !ð10860Þ

and !ð11020Þ behave differently above and below the
corresponding peaks. Finally, the plateau above the
!ð11020Þ is clearly visible.
We fit the following simple model to our data between

10.80 and 11.20 GeV: a flat component representing
b "b-continuum states not interfering with resonance decays,
added incoherently to a second flat component interfering
with two relativistic Breit-Wigner (BW) resonances, i.e.,
! ¼ jAnrj2 þ jAr þ A10860e

i"10860BWðM10860; #10860Þ þ
A11020e

i"11020BWðM11020; #11020Þj2, with BWðM;#Þ ¼
1=½ðs%M2Þ þ iM#*. The results summarized in Table II
and Fig. 1 differ substantially from the PDG values [15]. In
particular, the B&

sBs and B&
sB

&
s thresholds have a very large

impact on the determination of the !ð10860Þ width.
TABLE I. Contributions to the relative correlated systematic
error on Rb. The last three contributions depend on the energy
point and only the largest value is reported.

Contribution Relative error (%)

## MC statistics 0.2
## radiative corrections 1.4
$# 1.3
$B 1.3
$cont <2:0
$ISR <0:7
!%%$%% <0:2

TABLE II. Fit results for the !ð10860Þ and !ð11020Þ reso-
nances resulting from the fit described in the text. The " phases
are relative to the interfering continuum. The corresponding
world averages [15] are also reported.

!ð10860Þ !ð11020Þ
Mass (GeV) 10:876" 0:002 10:996" 0:002
Width (MeV) 43" 4 37" 3
" (rad) 2:11" 0:12 0:12" 0:07
PDG mass (GeV) 10:865" 0:008 11:019" 0:008
PDG width (MeV) 110" 13 79" 16
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FIG. 1. Left: Measured Rb as a function of
ffiffiffi
s

p
with the position of the opening thresholds of the eþe% ! Bð&Þ

ðsÞ
"Bð&Þ
ðsÞ processes indicated

by dotted lines. Right: A zoom of the same plot with the result of the fit described in the text superimposed. The errors on data
represent the statistical and the uncorrelated systematic errors added in quadrature.
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• the “ϒ(5S)” in ππϒ(nS) and in Rb are (more or  
less) consistent.

Dissimilarity in R.

Connections II:  The Y(4260) and the “ϒ(5S)”.



The Y(4260) and the “ϒ(5S)”

25

e+e− → π+π−hc(1P) at ECM = 4.26 GeV at BESIII
PRL 111, 242001 (2013)

where a clear hc ! !"c signal is observed. To extract the
number of #þ#"hc signal events, the !"c mass spectrum
is fitted by using the MC simulated signal shape convolved
with a Gaussian function to reflect the mass resolution
difference (around 10%) between the data and MC simu-
lation, together with a linear background. The fit to the
4.26 GeV data is shown in Fig. 1. The tail in the high mass
side is due to the events with initial state radiation (ISR),
which is simulated well in MC, and its fraction is fixed in
the fit. At the energy points with large statistics (4.23, 4.26,
and 4.36 GeV), the fit is applied to the 16 "c decay modes
simultaneously, while, at the other energy points, we fit the
mass spectrum summed over all the "c decay modes. The
number of signal events (nobshc

) and the measured Born cross

section at each energy are listed in Table I. The #þ#"hc
cross section appears to be constant above 4.2 GeV with a
possible local maximum at around 4.23 GeV. This is in
contrast to the observed energy dependence in the eþe" !
#þ#"J=c channel which revealed a decrease of cross
sections at higher energies [2,17].

Systematic errors in the cross section measurement
mainly come from the luminosity measurement, the
branching fraction of hc ! !"c, the branching fraction
of "c ! Xi, the detection efficiency, the ISR correction
factor, and the fit. The integrated luminosity at each energy
point is measured by using large angle Bhabha events, and
it has an estimated uncertainty of 1.2%. The branching
fractions of hc ! !"c and "c ! Xi are taken from
Refs. [11,13]. The uncertainties in the detection efficiency
are estimated in the same way as described in
Refs. [13,16], and the error in the ISR correction is esti-
mated as described in Ref. [1]. Uncertainties due to the
choice of the signal shape, the background shape, the mass
resolution, and the fit range are estimated by varying the hc

and "c resonant parameters and line shapes in the MC
simulation, varying the background function from linear to
a second-order polynomial, varying the mass resolution
difference between data and MC simulation by one stan-
dard deviation, and by extending the fit range. Assuming
all of the sources are independent, the total systematic error
in the#þ#"hc cross section measurement is determined to
be between 7% and 9% depending on the energy, and to be
conservative we take 9% for all the energy points. The
uncertainty in Bðhc ! !"cÞ is 15.7% [14], common to all
energy points, and quoted separately in the cross section
measurement. Altogether, about 95% of the total system-
atic errors are common to all the energy points.
Intermediate states are studied by examining the

Dalitz plot of the selected #þ#"hc candidate events.
The hc signal is selected by using 3:518<M!"c

<
3:538 GeV=c2 and the sideband by using 3:490<M!"c

<
3:510 GeV=c2 or 3:560<M!"c

< 3:580 GeV=c2, which
is twice as wide as the signal region. Figure 2 shows the
Dalitz plot of the #þ#"hc candidate events summed over
all energies. While there are no clear structures in the
#þ#" system, there is clear evidence for an exotic char-
moniumlike structure in the #%hc system. Figure 3 shows
the projection of the M#%hc (two entries per event) distri-

bution for the signal events, as well as the background
events estimated from normalized hc mass sidebands.
There is a significant peak at around 4:02 GeV=c2 [the
Zcð4020Þ], and the wider peak at low masses is the reflec-
tion of the Zcð4020Þ. There are also some events at around
3:9 GeV=c2, which could be the Zcð3900Þ. The individual
data sets at 4.23, 4.26, and 4.36 GeV show similar
structures.
An unbinned maximum likelihood fit is applied to the

M#%hc distribution summed over the 16 "c decay modes.

The data at 4.23, 4.26, and 4.36 GeV are fitted simulta-
neously with the same signal function with common mass
and width. The signal shape is parametrized as a constant
width relativistic Breit-Wigner function convolved with a
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curves are the best fit described in the text. The inset is the scatter
plot of the mass of the "c candidate versus that of the hc
candidate.
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• σ(e+e− → π+π−hc(1P)) is comparable to  
σ(e+e− → π+π−J/ψ) around the Y(4260).

Connections II:  The Y(4260) and the “ϒ(5S)”.
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where a clear hc ! !"c signal is observed. To extract the
number of #þ#"hc signal events, the !"c mass spectrum
is fitted by using the MC simulated signal shape convolved
with a Gaussian function to reflect the mass resolution
difference (around 10%) between the data and MC simu-
lation, together with a linear background. The fit to the
4.26 GeV data is shown in Fig. 1. The tail in the high mass
side is due to the events with initial state radiation (ISR),
which is simulated well in MC, and its fraction is fixed in
the fit. At the energy points with large statistics (4.23, 4.26,
and 4.36 GeV), the fit is applied to the 16 "c decay modes
simultaneously, while, at the other energy points, we fit the
mass spectrum summed over all the "c decay modes. The
number of signal events (nobshc

) and the measured Born cross

section at each energy are listed in Table I. The #þ#"hc
cross section appears to be constant above 4.2 GeV with a
possible local maximum at around 4.23 GeV. This is in
contrast to the observed energy dependence in the eþe" !
#þ#"J=c channel which revealed a decrease of cross
sections at higher energies [2,17].

Systematic errors in the cross section measurement
mainly come from the luminosity measurement, the
branching fraction of hc ! !"c, the branching fraction
of "c ! Xi, the detection efficiency, the ISR correction
factor, and the fit. The integrated luminosity at each energy
point is measured by using large angle Bhabha events, and
it has an estimated uncertainty of 1.2%. The branching
fractions of hc ! !"c and "c ! Xi are taken from
Refs. [11,13]. The uncertainties in the detection efficiency
are estimated in the same way as described in
Refs. [13,16], and the error in the ISR correction is esti-
mated as described in Ref. [1]. Uncertainties due to the
choice of the signal shape, the background shape, the mass
resolution, and the fit range are estimated by varying the hc

and "c resonant parameters and line shapes in the MC
simulation, varying the background function from linear to
a second-order polynomial, varying the mass resolution
difference between data and MC simulation by one stan-
dard deviation, and by extending the fit range. Assuming
all of the sources are independent, the total systematic error
in the#þ#"hc cross section measurement is determined to
be between 7% and 9% depending on the energy, and to be
conservative we take 9% for all the energy points. The
uncertainty in Bðhc ! !"cÞ is 15.7% [14], common to all
energy points, and quoted separately in the cross section
measurement. Altogether, about 95% of the total system-
atic errors are common to all the energy points.
Intermediate states are studied by examining the

Dalitz plot of the selected #þ#"hc candidate events.
The hc signal is selected by using 3:518<M!"c

<
3:538 GeV=c2 and the sideband by using 3:490<M!"c

<
3:510 GeV=c2 or 3:560<M!"c

< 3:580 GeV=c2, which
is twice as wide as the signal region. Figure 2 shows the
Dalitz plot of the #þ#"hc candidate events summed over
all energies. While there are no clear structures in the
#þ#" system, there is clear evidence for an exotic char-
moniumlike structure in the #%hc system. Figure 3 shows
the projection of the M#%hc (two entries per event) distri-

bution for the signal events, as well as the background
events estimated from normalized hc mass sidebands.
There is a significant peak at around 4:02 GeV=c2 [the
Zcð4020Þ], and the wider peak at low masses is the reflec-
tion of the Zcð4020Þ. There are also some events at around
3:9 GeV=c2, which could be the Zcð3900Þ. The individual
data sets at 4.23, 4.26, and 4.36 GeV show similar
structures.
An unbinned maximum likelihood fit is applied to the

M#%hc distribution summed over the 16 "c decay modes.

The data at 4.23, 4.26, and 4.36 GeV are fitted simulta-
neously with the same signal function with common mass
and width. The signal shape is parametrized as a constant
width relativistic Breit-Wigner function convolved with a
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distribution after the "c signal

selection of 4.26 GeV data: dots with error bars are data, and the
curves are the best fit described in the text. The inset is the scatter
plot of the mass of the "c candidate versus that of the hc
candidate.
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• σ(e+e− → π+π−hc(1P)) is comparable to  
σ(e+e− → π+π−J/ψ) around the Y(4260).

Similar pattern in hc and hb production around the Y(4260) and “ϒ(5S)”.

• σ(e+e− → π+π−hb(nP)) is comparable to σ(e+e− → π+π−ϒ(nS)) 
around the “ϒ(5S)”.Table II represent the sum in quadrature of all the contri-

butions listed in Table III. The signal for the !ð1DÞ is
marginal, and therefore systematic uncertainties on its
related measurements are not listed in the table. The sig-
nificances of the hbð1PÞ and hbð2PÞ signals, with system-
atic uncertainties accounted for, are 5:5! and 11:2!,
respectively.

The measured masses of hbð1PÞ and hbð2PÞ
are M ¼ ð9898:2þ1:1þ1:0

%1:0%1:1Þ MeV=c2 and M ¼ ð10259:8&
0:6þ1:4

%1:0Þ MeV=c2, respectively. Using the world average
masses of the "bJðnPÞ states, we determine the
hyperfine splittings to be "MHF ¼ ðþ1:7& 1:5Þ and
ðþ0:5þ1:6

%1:2Þ MeV=c2, respectively, where statistical and
systematic uncertainties are combined in quadrature.

We also measure the ratio of cross sections for eþe% !
!ð5SÞ ! hbðnPÞ#þ#% to that for eþe% ! !ð5SÞ !
!ð2SÞ#þ#%. To determine the reconstruction efficiency,
we use the results of resonant structure studies reported in
Ref. [12] that revealed the existence of two charged

bottomoniumlike states, Zbð10610Þ and Zbð10650Þ,
through which the #þ#% transitions we are studying pri-
marily proceed. These studies indicate that the Zb most
likely have JP ¼ 1þ, and therefore in our simulations the
#þ#% transitions are generated accordingly. To estimate
the systematic uncertainty in our reconstruction efficien-
cies, we use Monte Carlo samples generated with all
allowed quantum numbers with J ' 2.
We find that the reconstruction efficiency for the !ð2SÞ

is about 57% and that those for the hbð1PÞ and hbð2PÞ
relative to that for the !ð2SÞ are 0:913þ0:136

%0:010 and
0:824þ0:130

%0:013, respectively. The efficiency of the R2 < 0:3
requirement is estimated from data by measuring signal
yields with R2 > 0:3. For !ð2SÞ, hbð1PÞ, and hbð2PÞ
we find 0:863& 0:032, 0:723& 0:068, and 0:796&
0:043, respectively. From the yields and efficiencies

FIG. 3 (color online). The inclusive Mmiss spectrum with the combinatoric background and K0
S contribution subtracted (points with

errors) and signal component of the fit function overlaid (smooth curve). The vertical lines indicate boundaries of the fit regions.

TABLE II. The yield, mass, and statistical significance from
the fits to the Mmiss distributions. The statistical significance is
calculated from the difference in "2 between the best fit and the
fit with the signal yield fixed to zero.

Yield, 103 Mass, MeV=c2 Significance

!ð1SÞ 104:9& 5:8& 3:0 9459:4& 0:5& 1:0 18:1!
hbð1PÞ 50:0& 7:8þ4:5

%9:1 9898:2þ1:1þ1:0
%1:0%1:1 6:1!

3S ! 1S 55& 19 9973.01 2:9!
!ð2SÞ 143:7& 8:7& 6:8 10 022:2& 0:4& 1:0 17:1!
!ð1DÞ 22:4& 7:8 10 166:1& 2:6 2:4!
hbð2PÞ 83:9& 6:8þ23:

%10: 10 259:8& 0:6þ1:4
%1:0 12:3!

2S ! 1S 151:3& 9:7þ9:0
%20: 10 304:6& 0:6& 1:0 15:7!

!ð3SÞ 45:5& 5:2& 5:1 10 356:7& 0:9& 1:1 8:5!

TABLE III. Absolute systematic uncertainties in the yields and
masses from various sources.

Polynomial
order

Fit
range

Signal
shape

Selection
requirements

N½!ð1SÞ), 103 &1:4 &1:7 &2:0 * * *
N½hbð1PÞ), 103 &2:4 &3:6 þ1:2

%8:0 * * *
N½!ð2SÞ), 103 &3:4 &3:2 &5:0 * * *
N½hbð2PÞ), 103 &2:2 &2:6 þ23:

%9:0 * * *
N½2 ! 1), 103 &3:0 &8:0 þ0

%18 * * *
N½!ð3SÞ), 103 &1:0 &3:0 &4:0 * * *
M½!ð1SÞ), MeV=c2 &0:04 &0:06 &0:03 &0:18
M½hbð1PÞ), MeV=c2 &0:04 &0:10 þ0:04

%0:20
þ0:20
%0:30

M½!ð2SÞ), MeV=c2 &0:02 &0:08 &0:06 &0:03
M½hbð2PÞ), MeV=c2 &0:10 &0:20 þ1:0

%0:0 &0:08
M½2 ! 1), MeV=c2 &0:20 &0:10 &0:06 &0:10
M½!ð3SÞ), MeV=c2 &0:15 &0:24 &0:10 &0:20
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e+e− → π+π−(ϒ(nS),hb(nP)) at ECM ~ ϒ(5S) Mass at Belle
PRL 108, 032001 (2012)
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e+e− → π+π−ϒ(1S,2S,3S) and π+π−hb(1P,2P) at ECM ~ ϒ(5S) Mass at Belle
PRD 91, 072003 (2015), PRL 108, 122001 (2012)

the χ2 test for data with enough statistics and is applicable
for multidimensional fits with a small data sample. From
this analysis, we find that the nominal model and the data
are consistent at 27%, 61%, and 34% confidence levels for

the ϒð1SÞπþπ−, ϒð2SÞπþπ−, and ϒð3SÞπþπ− final states,
respectively.
As an alternative approach, we calculate χ2 values for

one-dimensional projections shown in Fig. 4, combining
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FIG. 4. Comparison of fit results with the nominal model with JP ¼ 1þ assigned to both Zb states (solid open histogram) and the data
(points with error bars) for events in the (a),(d)ϒð1SÞπþπ−, (b),(e)ϒð2SÞπþπ−, and (c),(f)ϒð3SÞπþπ− signal region. The dashed histogram
shows results of the fit with a JP ¼ 2þ assignment for the Zb states. Hatched histograms show the estimated background components.
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FIG. 5. A detailed comparison of fit results with the nominal model (open histogram) with the data (points with error bars) for events in
the ϒð1SÞπþπ− signal region. Hatched histograms show the estimated background components. Panels (a)–(c) show Mðϒð1SÞπÞmax
projections in different M2ðπþπ−Þ regions. Panels (d)–(f) show Mðπþπ−Þ projections in different M2ðϒð1SÞπÞmax regions.
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suppressed by a requirement on the ratio of the second to
zeroth Fox-Wolfram moments R2 < 0:3 [13]. The fit func-
tion is a sum of peaking components due to dipion
transitions and combinatorial background. The positions
of all peaking components are fixed to the values measured
in Ref. [3]. In the case of the hbð1PÞ the peaking compo-
nents include signals from !ð5SÞ ! hbð1PÞ and !ð5SÞ !
!ð2SÞ transitions, and a reflection from the !ð3SÞ !
!ð1SÞ transition, where the !ð3SÞ is produced inclusively
or via initial state radiation. Since the !ð3SÞ ! !ð1SÞ
reflection is not well constrained by the fits, we determine
its normalization relative to the !ð5SÞ ! !ð2SÞ signal
from the exclusive !þ!$"þ"$ data for every Mmissð"Þ
bin. In case of the hbð2PÞ we use a smaller Mmissð"þ"$Þ
range than in Ref. [3], Mmissð"þ"$Þ< 10:34 GeV=c2,
to exclude the region of the K0

S ! "þ"$ reflection.
The peaking components include the !ð5SÞ ! hbð2PÞ
signal and a !ð2SÞ ! !ð1SÞ reflection. To constrain the
normalization of the !ð2SÞ ! !ð1SÞ reflection we use
exclusive !þ!$"þ"$ data normalized to the total yield
of the reflection in the inclusive data. Systematic uncer-
tainty in the latter number is included in the error
propagation. The combinatorial background is parame-
trized by a Chebyshev polynomial. We use orders between
6 and 10 for the hbð1PÞ [the order decreases monotonically
with the Mmissð"Þ] and orders between 6 and 8 for the
hbð2PÞ.

The results for the yield of !ð5SÞ ! hbðmPÞ"þ"$

(m ¼ 1, 2) decays as a function of the Mmissð"Þ are shown
in Fig. 3. The distribution for the hbð1PÞ exhibits a clear
two-peak structure without a significant nonresonant con-
tribution. The distribution for the hbð2PÞ is consistent with
the above picture, though the available phase space is
smaller and uncertainties are larger. We associate the two
peaks with the production of the Zbð10 610Þ and
Zbð10 650Þ. To fit the Mmissð"Þ distributions we use the
expression

jBW1ðs;M1;"1Þ þ aei#BW1ðs;M2;"2Þ þ beic j2 qpffiffiffi
s

p :

(4)

Here
ffiffiffi
s

p & Mmissð"Þ; the variablesMk, "k (k ¼ 1, 2), a,#,
b, and c are free parameters; qpffiffi

s
p is a phase-space factor,

where p (q) is the momentum of the pion originating from
the !ð5SÞ (Zb) decay measured in the rest frame of the
corresponding mother particle. The P-wave Breit-Wigner

amplitude is expressed as BW1ðs;M;"Þ ¼
ffiffiffiffiffiffi
M"

p
Fðq=q0Þ

M2$s$iM"
.

Here F is the P-wave Blatt-Weisskopf form factor F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þðq0RÞ2
1þðqRÞ2

r
[14], q0 is a daughter momentum calculated with

pole mass of its mother, R ¼ 1:6 GeV$1. The function
[Eq. (4)] is convolved with the detector resolution function
($ ¼ 5:2 MeV=c2), integrated over the 10 MeV=c2 histo-
gram bin and corrected for the reconstruction efficiency.
The fit results are shown as solid histograms in Fig. 3
and are summarized in Table I. We find that the nonreso-
nant contribution is consistent with zero [significance is
0:3$ both for the hbð1PÞ and hbð2PÞ] in accord with
the expectation that it is suppressed due to heavy-quark
spin flip. In case of the hbð2PÞ we improve the stability
of the fit by fixing the nonresonant amplitude to zero.
The C.L. of the fit is 81% (61%) for the hbð1PÞ [hbð2PÞ].
The default fit hypothesis is favored over the phase-space
fit hypothesis at the 18$ [6:7$] level for the hbð1PÞ
[hbð2PÞ].
To estimate the systematic uncertainty we vary the order

of the Chebyshev polynomial in the fits to the
Mmissð"þ"$Þ spectra; to study the effect of finite
Mmissð"Þ binning we shift the binning by half bin size; to
study the model uncertainty in the fits to the Mmissð"Þ
distributions we remove [add] the nonresonant contribu-
tion in the hbð1PÞ [hbð2PÞ] case; we increase the width of
the resolution function by 10% to account for possible
difference between data and MC simulation. The maxi-
mum change of parameters for each source is used as
an estimate of its associated systematic error. We estimate
an additional 1 MeV=c2 uncertainty in mass measure-
ments based on the difference between the observed
!ðnSÞ peak positions and their world averages [3]. The
total systematic uncertainty presented in Table I is the sum
in quadrature of contributions from all sources. The sig-
nificance of the Zbð10 610Þ and Zbð10 650Þ including sys-
tematic uncertainties is 16:0$ [5:6$] for the hbð1PÞ
[hbð2PÞ].
In conclusion, we have observed two charged bottomo-

niumlike resonances, the Zbð10 610Þ and Zbð10 650Þ, with
signals in five different decay channels, !ðnSÞ"' (n ¼ 1,
2, 3) and hbðmPÞ"' (m ¼ 1, 2). The parameters of the
resonances are given in Table I. All channels yield consis-
tent results. Weighted averages over all five channels give
M ¼ 10 607:2' 2:0 MeV=c2, " ¼ 18:4' 2:4 MeV for
the Zbð10 610Þ and M ¼ 10 652:2' 1:5 MeV=c2, " ¼
11:5' 2:2 MeV for the Zbð10 650Þ, where statistical
and systematic errors are added in quadrature. The
Zbð10 610Þ production rate is similar to that of the
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FIG. 3. The (a) hbð1PÞ and (b) hbð2PÞ yields as a function of
Mmissð"Þ (points with error bars) and results of the fit (histo-
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• two peaks, Zb and Zbʹ′, are found  
in the substructure of all five  
reactions, close to BB* and B*B*  
thresholds.

π+π−ϒ(1S) π+π−ϒ(2S) π+π−ϒ(3S)

π+π−hb(1P) π+π−hb(2P)
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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 Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 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 !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 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=c
and D0 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=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied eþe% ! "þ"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9& 1:9& 3:7Þ 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
ð3899:0& 3:6& 4:9Þ MeV=c2 and a width of ð46& 10&
20Þ MeV is observed in the "&J=c 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 "&c ð3686Þ and "&!c1 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 D !D# and D# !D#

thresholds [27].
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FIG. 4 (color online). Fit to the Mmaxð"&J=c Þ 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=c sideband events.
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Gaussian with a mass resolution determined from the data
directly. Assuming the spin parity of the Zcð4020Þ JP ¼
1þ, a phase space factor pq3 is considered in the partial
width, where p is the Zcð4020Þ momentum in the eþe%

c.m. frame and q is the hc momentum in the Zcð4020Þ c.m.
frame. The background shape is parametrized as an
ARGUS function [18]. The efficiency curve is considered
in the fit, but possible interferences between the signal and
background are neglected. Figure 4 shows the fit results;
the fit yields a mass of ð4022:9& 0:8Þ MeV=c2 and a width
of ð7:9& 2:7Þ MeV. The goodness of fit is found to be
!2=n:d:f: ¼ 27:3=32 ¼ 0:85 by projecting the events into

a histogram with 46 bins. The statistical significance of the
Zcð4020Þ signal is calculated by comparing the fit like-
lihoods with and without the signal. Besides the nominal
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 8:9".
The numbers of Zcð4020Þ events are determined to be

N½Zcð4020Þ&( ¼ 114& 25, 72& 17, and 67& 15 at 4.23,
4.26, and 4.36 GeV, respectively. The cross sections are
calculated to be"½eþe% ! #&Zcð4020Þ) ! #þ#%hc( ¼
ð8:7& 1:9& 2:8& 1:4Þ pb at 4.23 GeV, ð7:4&1:7&2:1&
1:2Þ pb at 4.26 GeV, and ð10:3& 2:3& 3:1& 1:6Þ pb at
4.36 GeV, where the first errors are statistical, the second
ones systematic (described in detail below), and the third
ones from the uncertainty in Bðhc ! $%cÞ [14]. The
Zcð4020Þ production rate is uniform at these three energy
points.
Adding a Zcð3900Þ with the mass and width fixed to the

BESIII measurement [1] in the fit results in a statistical
significance of 2:1" (see the inset in Fig. 4). We set upper
limits on the production cross sections as "½eþe% !
#&Zcð3900Þ) ! #þ#%hc(< 13 pb at 4.23 GeV and
<11 pb at 4.26 GeV, at the 90% confidence level (C.L.).
The probability density function from the fit is smeared by
a Gaussian function with a standard deviation of "sys to

include the systematic error effect, where "sys is the rela-

tive systematic error in the cross section measurement
described below. We do not fit the 4.36 GeV data, as the
Zcð3900Þ signal overlaps with the reflection of the
Zcð4020Þ signal.
The systematic errors for the resonance parameters of

the Zcð4020Þ come from the mass calibration, parametri-
zation of the signal and background shapes, possible exis-
tence of the Zcð3900Þ and interference with it, fitting range,
efficiency curve, and mass resolution. The uncertainty
from the mass calibration is estimated by using the differ-
ence between the measured and known hc masses and D0

masses (reconstructed from K%#þ). The differences are
(2:1& 0:4) and %ð0:7& 0:2Þ MeV=c2, respectively. Since
our signal topology has one low momentum pion and many
tracks from the hc decay, we assume these differences
added in quadrature, 2:6 MeV=c2, is the systematic error
due to the mass calibration. Spin parity conservation for-
bids a zero spin for the Zcð4020Þ, and, assuming that
contributions from D wave or higher are negligible, the
only alternative is JP ¼ 1% for the Zcð4020Þ. A fit under
this scenario yields a mass difference of 0:2 MeV=c2 and a
width difference of 0.8 MeV. The uncertainty due to the
background shape is determined by changing to a second-
order polynomial and by varying the fit range. A difference
of 0:1 MeV=c2 for the mass is found from the former, and
differences of 0:2 MeV=c2 for mass and 1.1MeV for width
are found from the latter. Uncertainties due to the mass
resolution are estimated by varying the resolution differ-
ence between the data and MC simulation by one standard
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e+e− → π+π−J/ψ and π+π−hc(1P) at ECM ~ 4.26 GeV at BESIII
PRL 110, 252001 (2013), PRL 111, 242001 (2013)

π+π−J/ψ π+π−hc(1P)

• a Zc peak is found in πJ/ψ and a Zcʹ′ peak is found in πhc(1P),  
close to the DD* and D*D* thresholds.

Zc

Zcʹ′
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Υ(10860) → B∗B∗π candidate events. Points with error bars are data, the solid line is the result of

the fit with the nominal model (see text), the dashed line - fit to pure non-resonant amplitude, the
dotted line - fit to a single Zb state plus a non-resonant amplitude, and the dash-dotted - two Zb

states and a non-resonant amplitude. The hatched histogram represents background component
normalized to the estimated number of background events.

where ANR is the non-resonant amplitude parameterized as a complex constant and the
Zb(10610) amplitude is a Breit-Wigner function. As a variation of this nominal model, we
also add a second Breit-Wigner amplitude to account for possible Zb(10650) → BB∗π decay.
We also fit the data with only the Zb(10610) channel included in the decay amplitude. The
results of these fits are shown in Fig. 4(a). Two models give about equally good description
of the data: nominal model and a model with additional non-resonant amplitude. However,
we select the former one as our nominal model since adding a non-resonant amplitude does
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states and a non-resonant amplitude. The hatched histogram represents background component
normalized to the estimated number of background events.

where ANR is the non-resonant amplitude parameterized as a complex constant and the
Zb(10610) amplitude is a Breit-Wigner function. As a variation of this nominal model, we
also add a second Breit-Wigner amplitude to account for possible Zb(10650) → BB∗π decay.
We also fit the data with only the Zb(10610) channel included in the decay amplitude. The
results of these fits are shown in Fig. 4(a). Two models give about equally good description
of the data: nominal model and a model with additional non-resonant amplitude. However,
we select the former one as our nominal model since adding a non-resonant amplitude does

9

e+e− → π±B(*)B* at ECM ~ ϒ(5S) Mass at Belle
arXiv:1209.6450

BB* B*B*Zb

Zbʹ′
Zbʹ′

e+e− → π±D(*)D* at ECM ~ 4.26 GeV at BESIII
PRL 112, 022001 (2014),  PRL 112, 132001 (2014)

select the Dþ candidates. We use events in 30 MeV=c2-
wide sideband regions centered at 40 MeV=c2 above
and below the D mass peaks to evaluate non-D meson
backgrounds.
Figure 1(a) shows the distribution of masses recoiling

against the detected πþD0 system [23], where a prominent
peak at mD"− is evident. The solid-line histogram shows the
same distribution for MC-simulated eþe− → πþD0D"−,
D0 → K−πþ three-body phase-space events. Because of
the limited phase space, some events from the isospin part-
ner decay πþZcð3885Þ−, Zcð3885Þ− → D−D"0, where the
detected D0 is from the D"0 decay, also peak near mD"−, as
shown by the dashed histogram for MC-simulated
eþe− → πþZcð3885Þ−, Zcð3885Þ− → D−D"0, D"0 → γ
or π0D0 decays with the mass and width of the
Zcð3885Þ set to our final measured values. Since the
DD̄" invariant mass distribution is equivalent to the bach-
elor pion recoil mass spectrum, the shape of the
Zcð3885Þ → DD̄" signal peak is not sensitive to the parent-
age of the D meson that is used for the event tagging.
Figure 1(b) shows the corresponding plot for π−Dþ-tag
events, where the solid histogram shows the contribution
from MC-simulated eþe− → π−DþD̄"0 three-body
phase-space events and the dashed histogram shows the
cross feed from MC-simulated eþe− → π−Zcð3885Þþ,
Zcð3885Þþ → D̄0D"þ, D"þ → π0Dþ events.
We apply a two-constraint (2C) kinematic fit to the

selected events that constrains the invariant mass of the
D0 (Dþ) candidate to be equal to mD0 (mDþ) and the mass
recoiling from the πþD0 (π−Dþ) to be equal to mD"−

(mD̄"0). If there is more than one bachelor pion candidate
in an event, we retain the one with the smallest χ2 from
the 2C fit. Events with χ2 < 30 are retained for further
analysis. For the πþD0-tag analysis, we require
MðπþD0Þ > 2.02 GeV=c2 to reject eþe− → D"þD"−,
D"þ → πþD0 events. Figure 2(a) [2(b)] shows the distribu-
tion ofD0D"− (DþD̄"0) invariant masses recoiling from the
bachelor pion for the πþD0- (π−Dþ-) tag events. Both dis-
tributions have a distinct peak near the mD þmD̄" mass
threshold. For cross-feed events, the reconstructed D
meson is not, in fact, recoiling from a D̄", and the efficiency
for these events decreases with increasing DD̄" mass. This
acceptance variation is not sufficient to produce a peaking

structure, and its influence on the signal parameter deter-
mination is small compared to other sources of systematic
error.
To characterize the observed enhancement and determine

the signal yield, we fit the histograms of Figs. 2(a) and 2(b)
using a mass-dependent-width Breit-Wigner (BW) line
shape using the parametrization described in Ref. [24] to
model the signal and smooth threshold functions to re-
present the nonpeaking background. In the default fits,
we assume S waves for Zcð3885Þ production and decay,
and leave the Zcð3885Þ mass, width, and yield as free
parameters. We multiply the BW by the mass-dependent
efficiency to form the signal probability density function.
Mass resolution effects are less than 1 MeV=c2 and
ignored. For the default nonpeaking background, we
use: fbkgðmDD̄" Þ∝ ðmDD̄" −MminÞcðMmax−mDD̄"Þd, where
Mmin and Mmax are the minimum and maximum kinemat-
ically allowed masses, respectively, and c and d are free
parameters.
The solid curves in Fig. 2 show the fit results and the

dashed curves show the nonresonant background. The
Zcð3885Þ signal significance for each fit is greater than
18σ. The fitted BW mass and width from the πþD0

(π−Dþ)-tag sample are 3889:2% 1.8 MeV=c2 and 28:1%
4.1 MeV (3891:8% 1.8 MeV=c2 and 27:8% 3.9 MeV),
respectively, where the errors are statistical only. Since
the mass and width of a mass-dependent-width BW are
model dependent [26], we solve for the corresponding com-
plex quantities P ¼ Mpole − iΓpole=2 for which the BW
denominators are zero, and useMpole and Γpole to character-
ize the Zcð3885Þ. These are listed in Table I.
Monte Carlo studies indicate that the process

eþe− → DD̄1ð2420Þ, D̄1ð2420Þ → D̄"π, where D1ð2420Þ
is the lightest established D"π resonance with
MD1

¼ 2421:3% 0.6 MeV=c2 and ΓD1
¼ 27:1%

2.7 MeV [6], would produce a near-threshold reflection
peak in the DD̄" mass distribution. The D1ð2420Þ peak
mass is 30 MeV=c2 above the

ffiffiffi
s

p −mD kinematic boun-
dary, which suggests that contributions from DD̄1ð2420Þ
final states would be small. However, some models for
the Yð4260Þ attribute it to a bound DD̄1 molecular state
[13], in which case subthreshold D̄1 → D̄"π decays
might be important and, possibly, produce a reflection peak
in the DD̄" mass distribution that mimics a Zcð3885Þ
signal.
We study this possibility by separating the events into

two samples according to j cos θπDj > 0.5 and

FIG. 2 (color online). The (a) MðD0D"−Þ and
(b) MðDþD̄"0Þ distributions for selected events. The curves
are described in the text.

TABLE I. The pole mass Mpole and width Γpole, signal yields
and fit quality (χ2=ndf) for the two tag samples.

Tag Mpole ðMeV=c2Þ Γpole (MeV) Zc signal (evts) χ2=ndf

πþD0 3882:3% 1.5 24:6% 3.3 502% 41 54=54
π−Dþ 3885:5% 1.5 24:9% 3.2 710% 54 60=54
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distribution for the WS events, shown in Fig. 3(a), is
compatible with an ARGUS-function [20] shape fit to the
sidebands of the signal peak in the data. As shown in
Figs. 3(b) and 3(c), the WS events with a scaling factor of
1.9 well represent the combinatorial backgrounds in the
recoil mass spectra of the bachelor π−. This scaling is
verified by an analysis of the inclusive MC data.
Backgrounds from the soft π− from D!− decays in the
eþe− → D!þD!−ðπ0; γISRÞ processes are not well
described by the WS background; its RMðπ−Þ distribution
peaks in the region above 4.1 GeV=c2, which is excluded
in this analysis.
In Fig. 3(c), a clear enhancement above the WS back-

ground is evident. To study the enhancement, the events of
the D!þD̄!0π− final states within the signal region
ð2.135; 2.175Þ GeV=c2 in Fig. 3(a) are selected and dis-
played in Fig. 4. The enhancement cannot be attributed to
the PHSP eþe− → D!þD̄!0π− process. We simulate the
processes of eþe− → D!!D̄ð!Þ; D!! → Dð!ÞπðπÞ, where
D!! denotes neutral and charged highly excited D states,
such as D!

0ð2400Þ, D1ð2420Þ, D1ð2430Þ, and D!
2ð2460Þ.

Among these processes, only those with D!þD̄!0π− final
states, which are not components of the WS backgrounds,
would contribute to the difference between data and the WS
backgrounds. No peaking structure in the π− recoil mass
spectra for these simulated events is seen in Fig. 4. Since
the energy

ffiffiffi
s

p
¼ 4.26 GeV is much lower than the pro-

duction thresholds of D!!D̄!, we neglect the possibility of
backgrounds relevant to D!!D̄! processes.
The observed enhancement is very close to the

mðD!þÞ þmðD̄!0Þ mass threshold. We assume that the
enhancement is due to a particle, labeled as Zþ

c ð4025Þ, and
parameterize its line shape by the product of an S-wave
Breit-Wigner (BW) shape and a phase space factor p · q

""""
1

M2 −m2 þ imΓ=c2

""""
2

· p · q: (1)

Here,M is the reconstructed mass;m is the resonance mass;
Γ is the width; pðqÞ is the D!þðπ−Þ momentum in the rest
frame of the D!þD̄!0 system (the initial eþe− system).
The signal yield of Zþ

c ð4025Þ is estimated by an
unbinned maximum likelihood fit to the spectrum of
RMðπ−Þ. The fit results are shown in Fig. 4. Possible
interference between the Zþ

c ð4025Þ signals and the PHSP
processes is neglected. The Zþ

c ð4025Þ signal shape is taken
as an efficiency-weighted BW shape convoluted with a
detector resolution function, which is obtained from MC
simulation. The detector resolution is about 2 MeV=c2 and
is asymmetric due to the effects of ISR. The shape of the
combinatorial backgrounds is taken from the kernel esti-
mate [21] of the WS events and its magnitude is fixed to the
number of the fitted background events within the signal
window in Fig. 3(a). The shape of the PHSP signal is taken
from the MC simulation and its amplitude is taken as a free
parameter in the fit. By using the MC shape, the smearing
due to effects of ISR and the detector resolution are taken
into account. From the fit, the parameters of m and Γ in
Eq. (1) are determined to be

mðZþ
c ð4025ÞÞ ¼ ð4026.3& 2.6Þ MeV=c2;

ΓðZþ
c ð4025ÞÞ ¼ ð24.8& 5.6Þ MeV:

A goodness-of-fit test gives a χ2=d.o.f. ¼ 30.4=33 ¼ 0.92.
The Zþ

c ð4025Þ signal is observed with a statistical signifi-
cance of 13σ, as determined by the ratio of the maximum
likelihood value and the likelihood value for a fit with a
null-signal hypothesis. When the systematic uncertainties
are taken into account, the significance is evaluated to
be 10σ.
The Born cross section is determined from

σ ¼ ðnsig=Lð1þ δÞεBÞ, where nsig is the number of
observed signal events, L is the integrated luminosity, ε
is the detection efficiency, 1þ δ is the radiative correction
factor, and B is the branching fraction ofD!þ → Dþðπ0; γÞ,
Dþ → K−πþπþ. From the fit results, we obtain 560.1&
30.6 D!þD̄!0π− events, among which 400.9& 47.3 events
are Zþ

c ð4025Þ candidates. With the input of the observed
center-of-mass energy dependence of σðD!þD̄!0π−Þ, the
radiative correction factor is calculated to second order in
QED [22] to be 0.78& 0.03. The efficiency for
the Zþ

c ð4025Þ signal process is determined to be 23.5%,
while the efficiency of the PHSP signal process is 17.4%.
The total cross section σðeþe− → ðD!D̄!Þ∓π&Þ is mea-
sured to be ð137& 9Þpb, and the ratio R ¼ ðσðeþe− →
Z&
c ð4025Þπ∓ → ðD!D̄!Þ&π∓Þ=σðeþe− → ðD!D̄!Þ&π∓ÞÞ

is determined to be 0.65& 0.09.
Sources of systematic error on the measurement of the

Zþ
c ð4025Þ resonance parameters and the cross section are

listed in Table I. The main sources of systematic uncer-
tainties relevant for determining the Zþ

c ð4025Þ resonance
parameters and the ratio R include the mass scale, the signal
shape, background models, and potentialD!! backgrounds.
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FIG. 4 (color online). Unbinned maximum likelihood fit to the
π− recoil mass spectrum in data. See the text for a detailed
description of the various components that are used in the fit. The
scale of the D!D!! shape is arbitrary.
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Possible Parallels

Zc and Zcʹ′:   
     at the DD* and D*D* thresholds;  
     decaying to πJ/ψ and πhc(1P); 
     decaying to DD* and D*D*;
     produced in e+e− collisions near the Y(4260).

Zb and Zbʹ′:   
     at the BB* and B*B* thresholds;  
     decaying to πϒ(nS) and πhb(nP); 
     decaying to BB* and B*B*;
     produced in e+e− collisions near the “ϒ(5S)”.
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Connections I:  The X(3872) and the Y(4260).

Connections II:  The Y(4260) and the “ϒ(5S)”.

Connections III:  The Zc and Zcʹ′ and the Zb and Zbʹ′.

Complexities:  A Collection of e+e− Cross Sections.
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R in the Charmonium Region
PDG 2014

6 50. Plots of cross sections and related quantities

R in Light-Flavor, Charm, and Beauty Threshold Regions
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Figure 50.6: R in the light-flavor, charm, and beauty threshold regions. Data errors are total below 2 GeV and statistical above 2 GeV.
The curves are the same as in Fig. 50.5. Note: CLEO data above Υ(4S) were not fully corrected for radiative effects, and we retain
them on the plot only for illustrative purposes with a normalization factor of 0.8. The full list of references to the original data and
the details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. The computer-readable data are available at
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• R suggests a tidy quark model picture: ψ(3770) = 13D1 
ψ(4040) = 33S1 
ψ(4160) = 23D1 
ψ(4415) = 43S1

R
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e+e−(γISR) → π+π−J/ψ at Belle
PRL 110, 252002 (2013)

B ! K!c1"
! [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 Yð4260Þ ! "þ"%J=c decays.

After the initial observations of the Yð4260Þ [1–3],
CLEO collected 13:2 pb%1 of eþe% data at

ffiffiffi
s

p ¼
4:26 GeV and investigated 16 possible Yð4260Þ 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

ffiffiffi
s

p ¼ 10:58 GeV
[8] showed a significant Yð4260Þ signal as well as an
excess of "þ"%J=c event production near 4 GeV
that could be described by a broad Breit-Wigner (BW)
parametrization—the so-called Yð4008Þ. Recently, the
BABAR Collaboration reported an updated ISR analysis
with 454 fb%1 of data and a modified approach for the
background description [9]; the Yð4260Þ state was
observed with improved significance, but the Yð4008Þ
structure was not confirmed. Instead, they attributed the
structure below the Yð4260Þ to exponentially falling non-
resonant "þ"%J=c production.

In this Letter, we report cross section measurements for
eþe% ! "þ"%J=c between 3.8 and 5.5 GeV, and a
search for structures in the "þ"%J=c , "!J=c , and
"þ"% systems. The results are based on the full Belle
data sample with an integrated luminosity of 967 fb%1

collected at or near the !ðnSÞ resonances (n ¼
1; 2; . . . ; 5). The Belle detector operated at the KEKB
asymmetric-energy eþe% 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

charge. For each charged track, a likelihood LX is formed
from different detector subsystems for particle hypothesis
X 2 fe;#;"; K; pg. Tracks with a likelihood ratio RK ¼
ðLK=ðLK þL"ÞÞ< 0:4 are identified as pions with an
efficiency of about 95%. Similar ratios are also defined
for lepton-pion discrimination [13]. For electrons from
J=c ! eþe%, one track should have Re > 0:95 and the
other track Re > 0:05. For muons from J=c ! #þ#%,
at least one track should have R# > 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 "þ"%#þ#% center-of-mass
(c.m.) frame must satisfy jcos$#j<0:7. Events with %
conversions are removed by requiring Re < 0:75 for the
"þ"% candidate tracks. Furthermore, in J=c ! eþe%,
such events are further reduced by requiring the invariant
mass of the "þ"% candidate pair to be larger than
0:32 GeV=c2. Events with a total energy deposit in the
electromagnetic calorimeter above 9 GeV are removed in
the J=c ! eþe% 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 "þ"%‘þ‘% (‘ ¼ e, #) in each event after the
above selections.
Candidate ISR events are identified by the requirement

jM2
recj< 2:0 ðGeV=c2Þ2, where M2

rec ¼ ðPc:m: % P"þ %
P"% % P‘þ % P‘%Þ2 and Pi represents the four-momentum
of the corresponding particle or composite in the eþe%

c.m. frame. Clear J=c signals are observed in both the
J=c ! eþe% and #þ#% modes. We define the J=c
signal region as 3:06GeV=c2<Mð‘þ‘%Þ<3:14GeV=c2

(the mass resolution for lepton pairs being about
20 MeV=c2), and J=c mass sidebands as 2:91 GeV=c2 <
Mð‘þ‘%Þ< 3:03 GeV=c2 or 3:17 GeV=c2 <Mð‘þ‘%Þ<
3:29 GeV=c2, which are three times as wide as the signal
region.
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FIG. 1 (color online). (a) Invariant mass distributions of "þ"%‘þ‘%. Points with error bars are data, and the shaded histograms are
the normalized J=c 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=c2 is the c ð2SÞ ! "þ"%J=c signal. (b) Cross section of eþe% !
"þ"%J=c after background subtraction. The errors are statistical only.
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Y(4260) → π+π−J/ψ

• the Y(4260) has no place in the quark model
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e+e−(γISR) → π+π−J/ψ at Belle
PRL 110, 252002 (2013)

B ! K!c1"
! [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 Yð4260Þ ! "þ"%J=c decays.

After the initial observations of the Yð4260Þ [1–3],
CLEO collected 13:2 pb%1 of eþe% data at

ffiffiffi
s

p ¼
4:26 GeV and investigated 16 possible Yð4260Þ 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

ffiffiffi
s

p ¼ 10:58 GeV
[8] showed a significant Yð4260Þ signal as well as an
excess of "þ"%J=c event production near 4 GeV
that could be described by a broad Breit-Wigner (BW)
parametrization—the so-called Yð4008Þ. Recently, the
BABAR Collaboration reported an updated ISR analysis
with 454 fb%1 of data and a modified approach for the
background description [9]; the Yð4260Þ state was
observed with improved significance, but the Yð4008Þ
structure was not confirmed. Instead, they attributed the
structure below the Yð4260Þ to exponentially falling non-
resonant "þ"%J=c production.

In this Letter, we report cross section measurements for
eþe% ! "þ"%J=c between 3.8 and 5.5 GeV, and a
search for structures in the "þ"%J=c , "!J=c , and
"þ"% systems. The results are based on the full Belle
data sample with an integrated luminosity of 967 fb%1

collected at or near the !ðnSÞ resonances (n ¼
1; 2; . . . ; 5). The Belle detector operated at the KEKB
asymmetric-energy eþe% 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

charge. For each charged track, a likelihood LX is formed
from different detector subsystems for particle hypothesis
X 2 fe;#;"; K; pg. Tracks with a likelihood ratio RK ¼
ðLK=ðLK þL"ÞÞ< 0:4 are identified as pions with an
efficiency of about 95%. Similar ratios are also defined
for lepton-pion discrimination [13]. For electrons from
J=c ! eþe%, one track should have Re > 0:95 and the
other track Re > 0:05. For muons from J=c ! #þ#%,
at least one track should have R# > 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 "þ"%#þ#% center-of-mass
(c.m.) frame must satisfy jcos$#j<0:7. Events with %
conversions are removed by requiring Re < 0:75 for the
"þ"% candidate tracks. Furthermore, in J=c ! eþe%,
such events are further reduced by requiring the invariant
mass of the "þ"% candidate pair to be larger than
0:32 GeV=c2. Events with a total energy deposit in the
electromagnetic calorimeter above 9 GeV are removed in
the J=c ! eþe% 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 "þ"%‘þ‘% (‘ ¼ e, #) in each event after the
above selections.
Candidate ISR events are identified by the requirement

jM2
recj< 2:0 ðGeV=c2Þ2, where M2

rec ¼ ðPc:m: % P"þ %
P"% % P‘þ % P‘%Þ2 and Pi represents the four-momentum
of the corresponding particle or composite in the eþe%

c.m. frame. Clear J=c signals are observed in both the
J=c ! eþe% and #þ#% modes. We define the J=c
signal region as 3:06GeV=c2<Mð‘þ‘%Þ<3:14GeV=c2

(the mass resolution for lepton pairs being about
20 MeV=c2), and J=c mass sidebands as 2:91 GeV=c2 <
Mð‘þ‘%Þ< 3:03 GeV=c2 or 3:17 GeV=c2 <Mð‘þ‘%Þ<
3:29 GeV=c2, which are three times as wide as the signal
region.
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FIG. 1 (color online). (a) Invariant mass distributions of "þ"%‘þ‘%. Points with error bars are data, and the shaded histograms are
the normalized J=c 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=c2 is the c ð2SÞ ! "þ"%J=c signal. (b) Cross section of eþe% !
"þ"%J=c after background subtraction. The errors are statistical only.
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• is this really two resonances??

B ! K!c1"
! [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 Yð4260Þ ! "þ"%J=c decays.

After the initial observations of the Yð4260Þ [1–3],
CLEO collected 13:2 pb%1 of eþe% data at

ffiffiffi
s

p ¼
4:26 GeV and investigated 16 possible Yð4260Þ 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

ffiffiffi
s

p ¼ 10:58 GeV
[8] showed a significant Yð4260Þ signal as well as an
excess of "þ"%J=c event production near 4 GeV
that could be described by a broad Breit-Wigner (BW)
parametrization—the so-called Yð4008Þ. Recently, the
BABAR Collaboration reported an updated ISR analysis
with 454 fb%1 of data and a modified approach for the
background description [9]; the Yð4260Þ state was
observed with improved significance, but the Yð4008Þ
structure was not confirmed. Instead, they attributed the
structure below the Yð4260Þ to exponentially falling non-
resonant "þ"%J=c production.

In this Letter, we report cross section measurements for
eþe% ! "þ"%J=c between 3.8 and 5.5 GeV, and a
search for structures in the "þ"%J=c , "!J=c , and
"þ"% systems. The results are based on the full Belle
data sample with an integrated luminosity of 967 fb%1

collected at or near the !ðnSÞ resonances (n ¼
1; 2; . . . ; 5). The Belle detector operated at the KEKB
asymmetric-energy eþe% 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

charge. For each charged track, a likelihood LX is formed
from different detector subsystems for particle hypothesis
X 2 fe;#;"; K; pg. Tracks with a likelihood ratio RK ¼
ðLK=ðLK þL"ÞÞ< 0:4 are identified as pions with an
efficiency of about 95%. Similar ratios are also defined
for lepton-pion discrimination [13]. For electrons from
J=c ! eþe%, one track should have Re > 0:95 and the
other track Re > 0:05. For muons from J=c ! #þ#%,
at least one track should have R# > 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 "þ"%#þ#% center-of-mass
(c.m.) frame must satisfy jcos$#j<0:7. Events with %
conversions are removed by requiring Re < 0:75 for the
"þ"% candidate tracks. Furthermore, in J=c ! eþe%,
such events are further reduced by requiring the invariant
mass of the "þ"% candidate pair to be larger than
0:32 GeV=c2. Events with a total energy deposit in the
electromagnetic calorimeter above 9 GeV are removed in
the J=c ! eþe% 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 "þ"%‘þ‘% (‘ ¼ e, #) in each event after the
above selections.
Candidate ISR events are identified by the requirement

jM2
recj< 2:0 ðGeV=c2Þ2, where M2

rec ¼ ðPc:m: % P"þ %
P"% % P‘þ % P‘%Þ2 and Pi represents the four-momentum
of the corresponding particle or composite in the eþe%

c.m. frame. Clear J=c signals are observed in both the
J=c ! eþe% and #þ#% modes. We define the J=c
signal region as 3:06GeV=c2<Mð‘þ‘%Þ<3:14GeV=c2

(the mass resolution for lepton pairs being about
20 MeV=c2), and J=c mass sidebands as 2:91 GeV=c2 <
Mð‘þ‘%Þ< 3:03 GeV=c2 or 3:17 GeV=c2 <Mð‘þ‘%Þ<
3:29 GeV=c2, which are three times as wide as the signal
region.
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FIG. 1 (color online). (a) Invariant mass distributions of "þ"%‘þ‘%. Points with error bars are data, and the shaded histograms are
the normalized J=c 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=c2 is the c ð2SÞ ! "þ"%J=c signal. (b) Cross section of eþe% !
"þ"%J=c after background subtraction. The errors are statistical only.
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B ! K!c1"
! [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 Yð4260Þ ! "þ"%J=c decays.

After the initial observations of the Yð4260Þ [1–3],
CLEO collected 13:2 pb%1 of eþe% data at

ffiffiffi
s

p ¼
4:26 GeV and investigated 16 possible Yð4260Þ 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

ffiffiffi
s

p ¼ 10:58 GeV
[8] showed a significant Yð4260Þ signal as well as an
excess of "þ"%J=c event production near 4 GeV
that could be described by a broad Breit-Wigner (BW)
parametrization—the so-called Yð4008Þ. Recently, the
BABAR Collaboration reported an updated ISR analysis
with 454 fb%1 of data and a modified approach for the
background description [9]; the Yð4260Þ state was
observed with improved significance, but the Yð4008Þ
structure was not confirmed. Instead, they attributed the
structure below the Yð4260Þ to exponentially falling non-
resonant "þ"%J=c production.

In this Letter, we report cross section measurements for
eþe% ! "þ"%J=c between 3.8 and 5.5 GeV, and a
search for structures in the "þ"%J=c , "!J=c , and
"þ"% systems. The results are based on the full Belle
data sample with an integrated luminosity of 967 fb%1

collected at or near the !ðnSÞ resonances (n ¼
1; 2; . . . ; 5). The Belle detector operated at the KEKB
asymmetric-energy eþe% 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

charge. For each charged track, a likelihood LX is formed
from different detector subsystems for particle hypothesis
X 2 fe;#;"; K; pg. Tracks with a likelihood ratio RK ¼
ðLK=ðLK þL"ÞÞ< 0:4 are identified as pions with an
efficiency of about 95%. Similar ratios are also defined
for lepton-pion discrimination [13]. For electrons from
J=c ! eþe%, one track should have Re > 0:95 and the
other track Re > 0:05. For muons from J=c ! #þ#%,
at least one track should have R# > 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 "þ"%#þ#% center-of-mass
(c.m.) frame must satisfy jcos$#j<0:7. Events with %
conversions are removed by requiring Re < 0:75 for the
"þ"% candidate tracks. Furthermore, in J=c ! eþe%,
such events are further reduced by requiring the invariant
mass of the "þ"% candidate pair to be larger than
0:32 GeV=c2. Events with a total energy deposit in the
electromagnetic calorimeter above 9 GeV are removed in
the J=c ! eþe% 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 "þ"%‘þ‘% (‘ ¼ e, #) in each event after the
above selections.
Candidate ISR events are identified by the requirement

jM2
recj< 2:0 ðGeV=c2Þ2, where M2

rec ¼ ðPc:m: % P"þ %
P"% % P‘þ % P‘%Þ2 and Pi represents the four-momentum
of the corresponding particle or composite in the eþe%

c.m. frame. Clear J=c signals are observed in both the
J=c ! eþe% and #þ#% modes. We define the J=c
signal region as 3:06GeV=c2<Mð‘þ‘%Þ<3:14GeV=c2

(the mass resolution for lepton pairs being about
20 MeV=c2), and J=c mass sidebands as 2:91 GeV=c2 <
Mð‘þ‘%Þ< 3:03 GeV=c2 or 3:17 GeV=c2 <Mð‘þ‘%Þ<
3:29 GeV=c2, which are three times as wide as the signal
region.
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FIG. 1 (color online). (a) Invariant mass distributions of "þ"%‘þ‘%. Points with error bars are data, and the shaded histograms are
the normalized J=c 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=c2 is the c ð2SÞ ! "þ"%J=c signal. (b) Cross section of eþe% !
"þ"%J=c after background subtraction. The errors are statistical only.
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• is this really two resonances??

B ! K!c1"
! [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 Yð4260Þ ! "þ"%J=c decays.

After the initial observations of the Yð4260Þ [1–3],
CLEO collected 13:2 pb%1 of eþe% data at

ffiffiffi
s

p ¼
4:26 GeV and investigated 16 possible Yð4260Þ 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

ffiffiffi
s

p ¼ 10:58 GeV
[8] showed a significant Yð4260Þ signal as well as an
excess of "þ"%J=c event production near 4 GeV
that could be described by a broad Breit-Wigner (BW)
parametrization—the so-called Yð4008Þ. Recently, the
BABAR Collaboration reported an updated ISR analysis
with 454 fb%1 of data and a modified approach for the
background description [9]; the Yð4260Þ state was
observed with improved significance, but the Yð4008Þ
structure was not confirmed. Instead, they attributed the
structure below the Yð4260Þ to exponentially falling non-
resonant "þ"%J=c production.

In this Letter, we report cross section measurements for
eþe% ! "þ"%J=c between 3.8 and 5.5 GeV, and a
search for structures in the "þ"%J=c , "!J=c , and
"þ"% systems. The results are based on the full Belle
data sample with an integrated luminosity of 967 fb%1

collected at or near the !ðnSÞ resonances (n ¼
1; 2; . . . ; 5). The Belle detector operated at the KEKB
asymmetric-energy eþe% 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

charge. For each charged track, a likelihood LX is formed
from different detector subsystems for particle hypothesis
X 2 fe;#;"; K; pg. Tracks with a likelihood ratio RK ¼
ðLK=ðLK þL"ÞÞ< 0:4 are identified as pions with an
efficiency of about 95%. Similar ratios are also defined
for lepton-pion discrimination [13]. For electrons from
J=c ! eþe%, one track should have Re > 0:95 and the
other track Re > 0:05. For muons from J=c ! #þ#%,
at least one track should have R# > 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 "þ"%#þ#% center-of-mass
(c.m.) frame must satisfy jcos$#j<0:7. Events with %
conversions are removed by requiring Re < 0:75 for the
"þ"% candidate tracks. Furthermore, in J=c ! eþe%,
such events are further reduced by requiring the invariant
mass of the "þ"% candidate pair to be larger than
0:32 GeV=c2. Events with a total energy deposit in the
electromagnetic calorimeter above 9 GeV are removed in
the J=c ! eþe% 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 "þ"%‘þ‘% (‘ ¼ e, #) in each event after the
above selections.
Candidate ISR events are identified by the requirement

jM2
recj< 2:0 ðGeV=c2Þ2, where M2

rec ¼ ðPc:m: % P"þ %
P"% % P‘þ % P‘%Þ2 and Pi represents the four-momentum
of the corresponding particle or composite in the eþe%

c.m. frame. Clear J=c signals are observed in both the
J=c ! eþe% and #þ#% modes. We define the J=c
signal region as 3:06GeV=c2<Mð‘þ‘%Þ<3:14GeV=c2

(the mass resolution for lepton pairs being about
20 MeV=c2), and J=c mass sidebands as 2:91 GeV=c2 <
Mð‘þ‘%Þ< 3:03 GeV=c2 or 3:17 GeV=c2 <Mð‘þ‘%Þ<
3:29 GeV=c2, which are three times as wide as the signal
region.
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FIG. 1 (color online). (a) Invariant mass distributions of "þ"%‘þ‘%. Points with error bars are data, and the shaded histograms are
the normalized J=c 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=c2 is the c ð2SÞ ! "þ"%J=c signal. (b) Cross section of eþe% !
"þ"%J=c after background subtraction. The errors are statistical only.
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• BaBar doesn’t need another resonance?

production of the Yð4260Þ, and beyond #4:8 GeV=c2 the
data are consistent with background only. There is a small
excess of events near 4:5 GeV=c2, which we choose to
attribute to statistical fluctuation. In this regard, we note
that no corresponding excess is observed in Ref. [14]. The
background contribution is featureless throughout the mass
region being considered.

In order to extract the parameter values of the Yð4260Þ,
we perform an unbinned, extended-maximum-likelihood
fit in the region 3:74–5:5 GeV=c2 to the J=c!þ!% dis-
tribution from the J=c signal region, and simultaneously
to the background distribution from the J=c sidebands.
The background is fitted using a third-order polynomial in
J=c!þ!% mass, m. The mass-dependence of the signal
function is given by fðmÞ ¼ "ðmÞ 'LðmÞ ' #ðmÞ, where
"ðmÞ is the mass-dependent signal-selection efficiency
from MC simulation with a J=c!þ!% phase space distri-
bution, and LðmÞ is the mass-distributed luminosity [23],
where we ignore the small corrections due to initial-state
emission of additional soft photons; "ðmÞ increases from

9.5% at 3:74 GeV=c2 to 15.5% at 5:5 GeV=c2, and LðmÞ
from 35 pb%1=20 MeV to 61:3 pb%1=20 MeV over the
same range. The cross section, #ðmÞ, is given by the
incoherent sum #ðmÞ ¼ #NYðmÞ þ #BWðmÞ, where we
choose #NYðmÞ to be a simple exponential function. This
provides an adequate description of the low-statistics
non-Yð4260Þ (NY) contributions, and approaches zero
from above at mass #4:8 GeV=c2 (see Fig. 2). The func-
tion#BWðmÞ represents the cross section for the production
of the Yð4260Þ, and is given by

#BWðmÞ¼12!C

m2 ' PSðmÞ
PSðmYÞ

'!eþe% 'BðJ=c!þ!%Þ'm2
Y '!Y

ðm2
Y%m2Þ2þm2

Y!
2
Y

;

(1)

where mY and !Y are the mass and width of the Yð4260Þ,
!eþe% is the partial width for Yð4260Þ ! eþe%,
BðJ=c!þ!%Þ is the branching fraction for Yð4260Þ !
J=c!þ!%, and C ¼ 0:3894( 109 GeV2 pb. The func-
tion PSðmÞ represents the mass dependence of J=c!þ!%

phase space, and PSðmYÞ is its value at the mass of the
Yð4260Þ. In the likelihood function, #BWðmÞ is multiplied
by BðJ=c ! lþl%Þ, the branching fraction sum of the
eþe% and $þ$% decay modes [18], since the fit is to the
observed events. In the fit procedure fðmÞ is convolvedwith
a Gaussian resolution function obtained from MC simula-
tion. This function has a r.m.s. deviation which increases
linearly from 2:1 MeV=c2 at#3:5 GeV=c2 to 5 MeV=c2 at
#4:3 GeV=c2. The results of the fit are shown in Fig. 2(a).
The parameter values obtained for the Yð4260Þ are mY ¼
4245) 5ðstatÞ MeV=c2, !Y ¼ 114þ16

%15ðstatÞ MeV, and
!eþe% (BðJ=c!þ!%Þ ¼ 9:2) 0:8ðstatÞ eV.
For each J=c!þ!% mass interval, i, we calculate the

eþe% ! J=c!þ!% cross section after background sub-
traction using

#i ¼
nobsi % nbkgi

"i 'Li 'BðJ=c ! lþl%Þ ; (2)

with nobsi and nbkgi the number of observed and background
events, respectively, for this interval; "i, and Li are the
values of "ðmÞ and LðmÞ [23] at the center of interval i.
The resulting cross section is shown in Fig. 2(b), where

the solid curve is obtained from the simultaneous like-
lihood fit. The corresponding estimates of systematic
uncertainty are due to luminosity (1%), tracking (5.1%),
BðJ=c ! lþl%Þ (0.7%), efficiency (1%) and PID (1%);
combined in quadrature. These yield a net systematic
uncertainty of 5.4%, as indicated in Table I.
The reaction eþe% ! J=c!þ!% has been studied at

the c.m. energy of the c ð3770Þ by the CLEO [24] and BES
[25] collaborations. The former reported the value 12:1)
2:2 pb for the eþe% ! c ð3770Þ ! J=c!þ!% cross sec-
tion, after subtraction of the contribution resulting from
radiative return to the c ð2SÞ. The dependence on Ecm of
our fitted cross section, shown by the curve in Fig. 2(b),
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FIG. 2 (color online). (a) The J=c!þ!% mass spectrum from
3:74 GeV=c2 to 5:5 GeV=c2; the points represent the data and
the shaded histogram is the background from the J=c sidebands;
the solid curve represents the fit result, and the dashed curve
results from the simultaneous fit to the background; (b) the
measured eþe% ! J=c!þ!% cross section as a function of
c.m. energy; the solid curve results from the fit shown in (a).
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Complexities:  A Collection of e+e− Cross Sections

A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

In Fig. 2 the distributions of (a) !p& and (b) cos"& for
2!!#!$"J= candidates, where "& is the angle between
the positron beam and the (!#!$!#!$J= ) momentum
in the e#e$ c.m. frame, are shown and compared to
expectations from simulations. There are 16 events that
have a well-reconstructed gamma with energy greater than
3 GeV, while the Monte Carlo simulation predicts 16.4 for
the same total number of ISR !#!$ !2S" candidates.
Furthermore, all events within j cos"&j< 0:9 are accom-
panied by a reconstructed gamma with energy greater than
3.0 GeV. We find excellent agreement in the ISR character-
istics between the data and signal Monte Carlo sample. The

good agreement in the !p& distribution rules out any
significant feed down from higher mass charmonia de-
caying to the  !2S" with one or more undetected particles.
As an example, the !p& distribution for  !4415"!
!#!$!0 !2S" events would peak around $0:2 GeV=c
with a long tail extending to well below $0:2 GeV=c.
We estimate the non-ISR !#!$ !2S" background to be
less than 1 event.

The track quality, particle identification information,
and kinematic variables of all pion candidates are exam-
ined, and displays of the events are scanned visually to
check for possible track duplications and other potential
problems. No evidence for improper reconstruction or
event quality problems is found.

The 2!!#!$"J= invariant-mass spectrum up to
5:7 GeV=c2 for the final sample is represented as data
points in Fig. 3. A structure around 4:32 GeV=c2 is ob-
served in the mass spectrum.

To clarify the peaking structure observed in Fig. 3, we
perform an unbinned maximum likelihood fit to the mass
spectrum up to 5:7 GeV=c2 in terms of a single resonance
with the following probability density function (PDF):

 P!m" ' Na"!m"!W!s; x"2m=s" 12!
m2

( M2"ee"f!#!m"=#!M""
!M2 $m2"2 # !M"tot"2

# B!m"; (2)

whereM, "tot, "ee, "f,N are the nominal mass, total width,
partial width to e#e$, partial width to !#!$ !2S", and
yield for a resonance, respectively, and m is the
2!!#!$"J= invariant mass, "!m" is the mass-dependent
efficiency, #!m" is the mass-dependent phase-space factor
for a S-wave three-body !#!$ !2S" system, a is a nor-
malization factor, and B!m" is the PDF (the shaded histo-
gram in Fig. 3) for the non- !2S" background. The shape
of B was obtained from  !2S" sideband events with its
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FIG. 2 (color online). The distributions of (a) !p& and
(b) cos"& of the 2!!#!$"J= combination in the e#e$ c.m.
frame are shown for data (solid dots) and Monte Carlo simula-
tion of the signal (histogram) normalized to the total number of
the observed data events.
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FIG. 3 (color online). The 2!!#!$"J= invariant-mass spec-
trum up to 5:7 GeV=c2 for the final sample. The shaded histo-
gram represents the fixed background and the curves represent
the fits to the data (see text).
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Complexities:  A Collection of e+e− Cross Sections

A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

In Fig. 2 the distributions of (a) !p& and (b) cos"& for
2!!#!$"J= candidates, where "& is the angle between
the positron beam and the (!#!$!#!$J= ) momentum
in the e#e$ c.m. frame, are shown and compared to
expectations from simulations. There are 16 events that
have a well-reconstructed gamma with energy greater than
3 GeV, while the Monte Carlo simulation predicts 16.4 for
the same total number of ISR !#!$ !2S" candidates.
Furthermore, all events within j cos"&j< 0:9 are accom-
panied by a reconstructed gamma with energy greater than
3.0 GeV. We find excellent agreement in the ISR character-
istics between the data and signal Monte Carlo sample. The

good agreement in the !p& distribution rules out any
significant feed down from higher mass charmonia de-
caying to the  !2S" with one or more undetected particles.
As an example, the !p& distribution for  !4415"!
!#!$!0 !2S" events would peak around $0:2 GeV=c
with a long tail extending to well below $0:2 GeV=c.
We estimate the non-ISR !#!$ !2S" background to be
less than 1 event.

The track quality, particle identification information,
and kinematic variables of all pion candidates are exam-
ined, and displays of the events are scanned visually to
check for possible track duplications and other potential
problems. No evidence for improper reconstruction or
event quality problems is found.

The 2!!#!$"J= invariant-mass spectrum up to
5:7 GeV=c2 for the final sample is represented as data
points in Fig. 3. A structure around 4:32 GeV=c2 is ob-
served in the mass spectrum.

To clarify the peaking structure observed in Fig. 3, we
perform an unbinned maximum likelihood fit to the mass
spectrum up to 5:7 GeV=c2 in terms of a single resonance
with the following probability density function (PDF):

 P!m" ' Na"!m"!W!s; x"2m=s" 12!
m2

( M2"ee"f!#!m"=#!M""
!M2 $m2"2 # !M"tot"2

# B!m"; (2)

whereM, "tot, "ee, "f,N are the nominal mass, total width,
partial width to e#e$, partial width to !#!$ !2S", and
yield for a resonance, respectively, and m is the
2!!#!$"J= invariant mass, "!m" is the mass-dependent
efficiency, #!m" is the mass-dependent phase-space factor
for a S-wave three-body !#!$ !2S" system, a is a nor-
malization factor, and B!m" is the PDF (the shaded histo-
gram in Fig. 3) for the non- !2S" background. The shape
of B was obtained from  !2S" sideband events with its

 

p* (GeV/c)∆
-0.1 -0.05 0 0.05

E
ve

nt
s 

/ 0
.0

05
 G

eV
/c

5

10

15

a)

*θcos
-1 -0.5 0 0.5 1

E
ve

nt
s 

/ 0
.1

20

40

60
b)

FIG. 2 (color online). The distributions of (a) !p& and
(b) cos"& of the 2!!#!$"J= combination in the e#e$ c.m.
frame are shown for data (solid dots) and Monte Carlo simula-
tion of the signal (histogram) normalized to the total number of
the observed data events.
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FIG. 3 (color online). The 2!!#!$"J= invariant-mass spec-
trum up to 5:7 GeV=c2 for the final sample. The shaded histo-
gram represents the fixed background and the curves represent
the fits to the data (see text).
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is performed to the ψð2SÞ → J=ψπþπ− data, σðmÞ is
multiplied by Bðψð2SÞ → J=ψπþπ−Þ × BðJ=ψ → lþl−Þ,
since the fitted distribution corresponds to the observed
event sample. Similarly, for ψð2SÞ → lþl−, σðmÞ is multi-
plied by Bðψð2SÞ → lþl−Þ, where l ¼ e or μ.
The results of the fits are shown in Figs. 1(a) and 1(c),

and the extracted parameters are summarized in Tables I
and II, respectively. The significance of the Yð4660Þ
signal for both fits is 5.7σ where σ is the standard
deviation.
For the fit to the distribution in Fig. 1(a), we obtain two

solutions, one corresponding to constructive interference
and one to destructive interference between the resonant
amplitudes. The mass and the width values of the reso-
nances are the same for each solution. However, the values
of Γeþe− × Bðψð2SÞ → J=ψπþπ−Þ and ϕ are different
(see Table I), although the maximum likelihood value is
exactly the same for each fit. The results summarized in
Table I agree well with those obtained in the Belle analysis
[6], for which the data sample is about the same size as that
for the ψð2SÞ → J=ψπþπ− decay mode in the present
analysis [see Fig. 2(a)]. We infer that, even if our data
sample for this mode were doubled in size, the ambiguity in
the fit results would persist. For the fit to the distribution
in Fig. 1(c), only one solution is found, corresponding to

constructive interference. A second solution was expected,
corresponding to destructive interference. However, a thoro-
ugh examination of parameter space involving multiple,
randomly chosen starting points yielded only one minimum
in the likelihood function. The results of the fit, given
in Table II, are consistent with the results of Table I.
The inclusion of the ψð2SÞ dilepton data modes increases
the number of signal events by around 40%, but at the
expense of introducing a large background. Because of
the large background, we discount the results summarized
in Table II, and confine our attention to the results

TABLE I. Results of the fit to the ψð2SÞπþπ− invariant mass distributions for ψð2SÞ → J=ψπþπ−. The first errors
are statistical and the second systematic; B × Γee is the product of the branching fraction to ψð2SÞπþπ− and the
eþe− partial width (in eV), and ϕ is the relative phase between the two resonances (in degrees).

Parameters First solution
(constructive interference)

Second solution
(destructive interference)

Mass Yð4360Þ (MeV=c2) 4340% 16% 9
Width Yð4360Þ (MeV) 94% 32% 13
B × ΓeeðYð4360ÞÞ (eV) 6.0% 1.0% 0.5 7.2% 1.0% 0.6
Mass Yð4660Þ (MeV=c2) 4669% 21% 3
Width Yð4660Þ (MeV) 104% 48% 10
B × ΓeeðYð4660ÞÞ (eV) 2.7% 1.3% 0.5 7.5% 1.7% 0.7
ϕð°Þ 12% 27% 4 −78% 12% 3

TABLE II. Results of the fit to the combined ψð2SÞπþπ−
invariant mass distributions for ψð2SÞ → J=ψπþπ− and
ψð2SÞ → lþl−. The uncertainties are statistical; B × Γee is the
product of the branching fraction to ψð2SÞπþπ− and the eþe−

partial width (in eV), and ϕ is the relative phase between the two
resonances (in degrees).

Parameters Solution

Mass Yð4360Þ (MeV=c2) 4318þ15
−19

Width Yð4360Þ (MeV) 123% 20
B × ΓeeðYð4360ÞÞ (eV) 7.4% 0.9
Mass Yð4660Þ (MeV=c2) 4667þ6

−7
Width Yð4660Þ (MeV) 36þ32

−14
B × ΓeeðYð4660ÞÞ (eV) 1.4% 0.5
ϕð°Þ 25% 21

FIG. 2 (color online). (a) The comparison between the observed
ψð2SÞπþπ− [ψð2SÞ → J=ψπþπ−] invariant mass spectrum from
BABAR (dots) and that from Belle [6] (hatched histogram).
(b) The combined BABAR and Belle ψð2SÞπþπ− [ψð2SÞ →
J=ψπþπ−] invariant mass spectrum.

J. P. LEES et al. PHYSICAL REVIEW D 89, 111103(R) (2014)
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A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

In Fig. 2 the distributions of (a) !p& and (b) cos"& for
2!!#!$"J= candidates, where "& is the angle between
the positron beam and the (!#!$!#!$J= ) momentum
in the e#e$ c.m. frame, are shown and compared to
expectations from simulations. There are 16 events that
have a well-reconstructed gamma with energy greater than
3 GeV, while the Monte Carlo simulation predicts 16.4 for
the same total number of ISR !#!$ !2S" candidates.
Furthermore, all events within j cos"&j< 0:9 are accom-
panied by a reconstructed gamma with energy greater than
3.0 GeV. We find excellent agreement in the ISR character-
istics between the data and signal Monte Carlo sample. The

good agreement in the !p& distribution rules out any
significant feed down from higher mass charmonia de-
caying to the  !2S" with one or more undetected particles.
As an example, the !p& distribution for  !4415"!
!#!$!0 !2S" events would peak around $0:2 GeV=c
with a long tail extending to well below $0:2 GeV=c.
We estimate the non-ISR !#!$ !2S" background to be
less than 1 event.

The track quality, particle identification information,
and kinematic variables of all pion candidates are exam-
ined, and displays of the events are scanned visually to
check for possible track duplications and other potential
problems. No evidence for improper reconstruction or
event quality problems is found.

The 2!!#!$"J= invariant-mass spectrum up to
5:7 GeV=c2 for the final sample is represented as data
points in Fig. 3. A structure around 4:32 GeV=c2 is ob-
served in the mass spectrum.

To clarify the peaking structure observed in Fig. 3, we
perform an unbinned maximum likelihood fit to the mass
spectrum up to 5:7 GeV=c2 in terms of a single resonance
with the following probability density function (PDF):

 P!m" ' Na"!m"!W!s; x"2m=s" 12!
m2

( M2"ee"f!#!m"=#!M""
!M2 $m2"2 # !M"tot"2

# B!m"; (2)

whereM, "tot, "ee, "f,N are the nominal mass, total width,
partial width to e#e$, partial width to !#!$ !2S", and
yield for a resonance, respectively, and m is the
2!!#!$"J= invariant mass, "!m" is the mass-dependent
efficiency, #!m" is the mass-dependent phase-space factor
for a S-wave three-body !#!$ !2S" system, a is a nor-
malization factor, and B!m" is the PDF (the shaded histo-
gram in Fig. 3) for the non- !2S" background. The shape
of B was obtained from  !2S" sideband events with its
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FIG. 2 (color online). The distributions of (a) !p& and
(b) cos"& of the 2!!#!$"J= combination in the e#e$ c.m.
frame are shown for data (solid dots) and Monte Carlo simula-
tion of the signal (histogram) normalized to the total number of
the observed data events.
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FIG. 3 (color online). The 2!!#!$"J= invariant-mass spec-
trum up to 5:7 GeV=c2 for the final sample. The shaded histo-
gram represents the fixed background and the curves represent
the fits to the data (see text).
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!#!$J= candidates where more than one entry per event is
allowed. The solid curve is a fit to the distribution in which the
 !2S" signal is described by a Cauchy function and the back-
ground by a quadratic function (represented by the dashed
curve). The arrows indicate the  !2S" mass window.
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is performed to the ψð2SÞ → J=ψπþπ− data, σðmÞ is
multiplied by Bðψð2SÞ → J=ψπþπ−Þ × BðJ=ψ → lþl−Þ,
since the fitted distribution corresponds to the observed
event sample. Similarly, for ψð2SÞ → lþl−, σðmÞ is multi-
plied by Bðψð2SÞ → lþl−Þ, where l ¼ e or μ.
The results of the fits are shown in Figs. 1(a) and 1(c),

and the extracted parameters are summarized in Tables I
and II, respectively. The significance of the Yð4660Þ
signal for both fits is 5.7σ where σ is the standard
deviation.
For the fit to the distribution in Fig. 1(a), we obtain two

solutions, one corresponding to constructive interference
and one to destructive interference between the resonant
amplitudes. The mass and the width values of the reso-
nances are the same for each solution. However, the values
of Γeþe− × Bðψð2SÞ → J=ψπþπ−Þ and ϕ are different
(see Table I), although the maximum likelihood value is
exactly the same for each fit. The results summarized in
Table I agree well with those obtained in the Belle analysis
[6], for which the data sample is about the same size as that
for the ψð2SÞ → J=ψπþπ− decay mode in the present
analysis [see Fig. 2(a)]. We infer that, even if our data
sample for this mode were doubled in size, the ambiguity in
the fit results would persist. For the fit to the distribution
in Fig. 1(c), only one solution is found, corresponding to

constructive interference. A second solution was expected,
corresponding to destructive interference. However, a thoro-
ugh examination of parameter space involving multiple,
randomly chosen starting points yielded only one minimum
in the likelihood function. The results of the fit, given
in Table II, are consistent with the results of Table I.
The inclusion of the ψð2SÞ dilepton data modes increases
the number of signal events by around 40%, but at the
expense of introducing a large background. Because of
the large background, we discount the results summarized
in Table II, and confine our attention to the results

TABLE I. Results of the fit to the ψð2SÞπþπ− invariant mass distributions for ψð2SÞ → J=ψπþπ−. The first errors
are statistical and the second systematic; B × Γee is the product of the branching fraction to ψð2SÞπþπ− and the
eþe− partial width (in eV), and ϕ is the relative phase between the two resonances (in degrees).

Parameters First solution
(constructive interference)

Second solution
(destructive interference)

Mass Yð4360Þ (MeV=c2) 4340% 16% 9
Width Yð4360Þ (MeV) 94% 32% 13
B × ΓeeðYð4360ÞÞ (eV) 6.0% 1.0% 0.5 7.2% 1.0% 0.6
Mass Yð4660Þ (MeV=c2) 4669% 21% 3
Width Yð4660Þ (MeV) 104% 48% 10
B × ΓeeðYð4660ÞÞ (eV) 2.7% 1.3% 0.5 7.5% 1.7% 0.7
ϕð°Þ 12% 27% 4 −78% 12% 3

TABLE II. Results of the fit to the combined ψð2SÞπþπ−
invariant mass distributions for ψð2SÞ → J=ψπþπ− and
ψð2SÞ → lþl−. The uncertainties are statistical; B × Γee is the
product of the branching fraction to ψð2SÞπþπ− and the eþe−

partial width (in eV), and ϕ is the relative phase between the two
resonances (in degrees).

Parameters Solution

Mass Yð4360Þ (MeV=c2) 4318þ15
−19

Width Yð4360Þ (MeV) 123% 20
B × ΓeeðYð4360ÞÞ (eV) 7.4% 0.9
Mass Yð4660Þ (MeV=c2) 4667þ6

−7
Width Yð4660Þ (MeV) 36þ32

−14
B × ΓeeðYð4660ÞÞ (eV) 1.4% 0.5
ϕð°Þ 25% 21

FIG. 2 (color online). (a) The comparison between the observed
ψð2SÞπþπ− [ψð2SÞ → J=ψπþπ−] invariant mass spectrum from
BABAR (dots) and that from Belle [6] (hatched histogram).
(b) The combined BABAR and Belle ψð2SÞπþπ− [ψð2SÞ →
J=ψπþπ−] invariant mass spectrum.

J. P. LEES et al. PHYSICAL REVIEW D 89, 111103(R) (2014)
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• actually, there is a Y(4360) and a Y(4660)?

TABLE I: Results of the fits to the π+π−ψ(2S) invariant-mass spectra. The first error statistical

and the second systematic. M , Γ, and B · Γe+e− are the mass (in MeV/c2), total width (in MeV),
and the product of the branching fraction to π+π−ψ(2S) and the e+e− partial width (in eV),
respectively; φ is the relative phase between the two resonances (in degrees).

Parameters Solution I Solution II

MY (4360) 4347 ± 6± 3
ΓY (4360) 103± 9± 5

B[Y (4360) → π+π−ψ(2S)] · Γe+e−
Y (4360) 9.2± 0.6± 0.6 10.9 ± 0.6± 0.7

MY (4660) 4652 ± 10 ± 11
ΓY (4660) 68± 11± 5

B[Y (4660) → π+π−ψ(2S)] · Γe+e−
Y (4660) 2.0± 0.3± 0.2 8.1± 1.1± 1.0

φ 32± 18± 20 272 ± 8± 7

freedom.

0

5

10

15

20

25

4 4.5 5 5.5
M[π+π-ψ(2S)] (GeV/c2)

En
tri

es
/2

0 
M

eV
/c

2

0

5

10

4 4.5 5 5.5
M[π+π-ψ(2S)] (GeV/c2)

En
tri

es
/2

0 
M

eV
/c

2

0

10

20

30

4 4.5 5 5.5
M[π+π-ψ(2S)] (GeV/c2)

En
tri

es
/2

0 
M

eV
/c

2

FIG. 5: The π+π−ψ(2S) invariant-mass distributions and the simultaneous fit results described

in the text. From left to right: (a) the π+π−J/ψ mode, (b) the µ+µ− mode, and (c) the sum.
The points with error bars show the data while the shaded histograms are the scaled sideband
backgrounds. The solid red curves show the best fits; the dashed curves, which are from the two fit

solutions, show the contributions from the two Breit-Wigner components (described in the text).
The interference between the two resonances is not shown.

Since there are a number of events in the vicinity of the Y (4260) mass, an alternative fit
with a coherent sum of Y (4260), Y (4360), and Y (4660) amplitudes is performed. In this fit,
the mass and total width of the Y (4260) state are fixed to their latest measured values [9].
There are four solutions with equally good fit quality: χ2/ndf = 14.8/19. The signal
significance of the Y (4260) is estimated to be 2.4σ by comparing the likelihood difference
when the Y (4260) is included in or excluded from the fit. The fit results are shown in Fig. 6
and Table III. Since this significance is marginal, the solutions without Y (4260) are taken
as the nominal results.

To compare with our previous measurement [7], the fit to the π+π−J/ψ mode alone is
performed. The differences can be explained by the strong correlation between the param-
eters (see Table II). For this mode alone, we also compare the alternative fit including the
Y (4260) with the nominal fit and consistent results with a 2.8σ statistical significance for
the Y (4260) signal. The results are discussed further in Appendix A.

9

e+e−(γISR) → π+π−ψ(2S) at Belle
arXiv:1410.7641

• actually, there is a Y(4360) and a Y(4660)?  
(even more convincing with full Belle statistics)
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Complexities:  A Collection of e+e− Cross Sections

Previously determined systematic errors are used for Nc

(2%) [14] and LE (1%) [15]. Most systematic errors on
individual track and photon reconstruction efficiencies
cancel in the ratio of efficiencies, R!. However, for the
transition particles, the X in the numerator, and the "0 in
the denominator, a 1% relative error is assigned for each
track and a 2% error for each photon. A conservative 5%
systematic error is included for our determination of R!,
which relies upon signal Monte Carlo simulations distrib-
uted according to phase space. This systematic error is
estimated by using extreme variations of the #c substruc-
ture—for example, by replacing 2ðKþK#Þ by
$ð1020Þ$ð1020Þ.

Systematic errors in NX
E and N"0

c due to the fitting

procedure are evaluated by varying the order of the back-
ground polynomials, varying the fit ranges, and varying the
bin sizes. Based on Monte Carlo studies, we also use
background shapes determined by %2

4C=d:o:f: sidebands
(10< %2

4C=d:o:f: < 35). For N"0

c , we alternatively use an

ARGUS distribution [16] for the background.
Systematic errors due to signal shapes are evaluated by

varying the signal mass and width. The largest deviations
occur when the signal widths are allowed to float. This
variation determines the shape systematic error on N"0

c and

N"þ"#
4170 . For other NX

E , where the statistics are lower, the
width variation is performed by scaling the width by the
deviation observed between data and signal Monte Carlo
simulations in the fit for N"þ"#

4170 , which is % 20%.
Variations of the signal mass produce smaller deviations.

The final numbers are listed in Table I. The "þ"#hc
cross sections as a function of center-of-mass energy are

summarized in Fig. 3. Notice that the "þ"#hc cross
sections are of a comparable size to those of "þ"#J=c .
There is also a suggestive rise in the cross section at
4260 MeV, which could be an indication of Yð4260Þ pro-
duction but will require further data to be definitive.
Projections of the "þ"#hc Dalitz plot at Ec:m: ¼

4170 MeV are shown in Fig. 4 and are compared to phase
spaceMonte Carlo simulations. To separate the signal from
background, the number of signal "þ"#hc events in each
bin is determined by the fitting procedure described above.
The efficiency is relatively uniform across the Dalitz plot.
More data would be required to investigate any possible
discrepancies of the data with phase space.
Assuming the Ec:m: ¼ 3970–4060 MeV and Ec:m: ¼

4170 MeV data correspond to c ð4040Þ and c ð4160Þ pro-
duction, respectively, we convert cross sections to upper
limits on branching fractions by using the same conversion
factors listed in a previous CLEO analysis of this region
[1]. The results are listed in Table II. Assuming the
4260 MeV point is purely due to Yð4260Þ production, we
set a limit on its branching fraction to "þ"#hc relative to
"þ"#J=c of <1:0 at 90% confidence level.
In summary, we observe the process eþe# ! "þ"#hc

at Ec:m: ¼ 4170 MeV and find its cross section to be com-
parable to the corresponding cross section for J=c pro-
duction. This has already resulted in newmethods to search
for and study the hb by using e

þe# collisions above the B !B
threshold [6]. We also see hints of a rise in the "þ"#hc
cross section at Ec:m: ¼ 4260 MeV. Further data will be
required, however, to determine if this rise can be attrib-
uted to the Yð4260Þ.

FIG. 3 (color online). Cross sections as a function of center-of-
mass energy. The triangle shows the cross section for eþe# !
"þ"#hc at Ec:m: ¼ 4170 MeV; the closed circles are for the
same process at other center-of-mass energies. For reference, the
eþe# ! "þ"#J=c cross section [1] is indicated by open
circles. The inner error bars are the statistical errors; the outer
error bars are the quadratic sum of the statistical and systematic
errors.

TABLE II. Upper limits (at 90% confidence level) on branch-
ing fractions for the c ð4040Þ and c ð4160Þ to Xhc.

X Bðc ð4040Þ ! XhcÞ
(' 10#3)

Bðc ð4160Þ ! XhcÞ
(' 10#3)

"þ"# <3 <5
"0"0 ( ( ( <2
"0 ( ( ( <0:4
# ( ( ( <2

FIG. 4. The (a) "þ"# and (b) hc"
) mass distributions from

eþe# ! "þ"#hc at Ec:m: ¼ 4170 MeV. The points are ob-
tained by fitting for the hc yields in bins of "þ"# or ")hc
mass. The histograms are from Monte Carlo simulations, gen-
erated according to phase space and scaled by the total hc yield.

PRL 107, 041803 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
22 JULY 2011

041803-4

e+e− → π+π−hc(1P) at CLEO-c
PRL 107, 041803 (2011)

• is this a hint of Y(4260) → π+π−hc(1P)?
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Previously determined systematic errors are used for Nc

(2%) [14] and LE (1%) [15]. Most systematic errors on
individual track and photon reconstruction efficiencies
cancel in the ratio of efficiencies, R!. However, for the
transition particles, the X in the numerator, and the "0 in
the denominator, a 1% relative error is assigned for each
track and a 2% error for each photon. A conservative 5%
systematic error is included for our determination of R!,
which relies upon signal Monte Carlo simulations distrib-
uted according to phase space. This systematic error is
estimated by using extreme variations of the #c substruc-
ture—for example, by replacing 2ðKþK#Þ by
$ð1020Þ$ð1020Þ.

Systematic errors in NX
E and N"0

c due to the fitting

procedure are evaluated by varying the order of the back-
ground polynomials, varying the fit ranges, and varying the
bin sizes. Based on Monte Carlo studies, we also use
background shapes determined by %2

4C=d:o:f: sidebands
(10< %2

4C=d:o:f: < 35). For N"0

c , we alternatively use an

ARGUS distribution [16] for the background.
Systematic errors due to signal shapes are evaluated by

varying the signal mass and width. The largest deviations
occur when the signal widths are allowed to float. This
variation determines the shape systematic error on N"0

c and

N"þ"#
4170 . For other NX

E , where the statistics are lower, the
width variation is performed by scaling the width by the
deviation observed between data and signal Monte Carlo
simulations in the fit for N"þ"#

4170 , which is % 20%.
Variations of the signal mass produce smaller deviations.

The final numbers are listed in Table I. The "þ"#hc
cross sections as a function of center-of-mass energy are

summarized in Fig. 3. Notice that the "þ"#hc cross
sections are of a comparable size to those of "þ"#J=c .
There is also a suggestive rise in the cross section at
4260 MeV, which could be an indication of Yð4260Þ pro-
duction but will require further data to be definitive.
Projections of the "þ"#hc Dalitz plot at Ec:m: ¼

4170 MeV are shown in Fig. 4 and are compared to phase
spaceMonte Carlo simulations. To separate the signal from
background, the number of signal "þ"#hc events in each
bin is determined by the fitting procedure described above.
The efficiency is relatively uniform across the Dalitz plot.
More data would be required to investigate any possible
discrepancies of the data with phase space.
Assuming the Ec:m: ¼ 3970–4060 MeV and Ec:m: ¼

4170 MeV data correspond to c ð4040Þ and c ð4160Þ pro-
duction, respectively, we convert cross sections to upper
limits on branching fractions by using the same conversion
factors listed in a previous CLEO analysis of this region
[1]. The results are listed in Table II. Assuming the
4260 MeV point is purely due to Yð4260Þ production, we
set a limit on its branching fraction to "þ"#hc relative to
"þ"#J=c of <1:0 at 90% confidence level.
In summary, we observe the process eþe# ! "þ"#hc

at Ec:m: ¼ 4170 MeV and find its cross section to be com-
parable to the corresponding cross section for J=c pro-
duction. This has already resulted in newmethods to search
for and study the hb by using e

þe# collisions above the B !B
threshold [6]. We also see hints of a rise in the "þ"#hc
cross section at Ec:m: ¼ 4260 MeV. Further data will be
required, however, to determine if this rise can be attrib-
uted to the Yð4260Þ.

FIG. 3 (color online). Cross sections as a function of center-of-
mass energy. The triangle shows the cross section for eþe# !
"þ"#hc at Ec:m: ¼ 4170 MeV; the closed circles are for the
same process at other center-of-mass energies. For reference, the
eþe# ! "þ"#J=c cross section [1] is indicated by open
circles. The inner error bars are the statistical errors; the outer
error bars are the quadratic sum of the statistical and systematic
errors.

TABLE II. Upper limits (at 90% confidence level) on branch-
ing fractions for the c ð4040Þ and c ð4160Þ to Xhc.

X Bðc ð4040Þ ! XhcÞ
(' 10#3)

Bðc ð4160Þ ! XhcÞ
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FIG. 4. The (a) "þ"# and (b) hc"
) mass distributions from

eþe# ! "þ"#hc at Ec:m: ¼ 4170 MeV. The points are ob-
tained by fitting for the hc yields in bins of "þ"# or ")hc
mass. The histograms are from Monte Carlo simulations, gen-
erated according to phase space and scaled by the total hc yield.
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• is this a hint of Y(4260) → π+π−hc(1P)?
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• it is more complicated than just  
 Y(4260) → π+π−hc(1P)
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sum of the events in the four sideband boxes nearest
(diagonal) to the signal box, the normalization of the side-
bands is S ¼ 0:5" S1# 0:25" S2.

The detection of the ISR photon is not required; instead,
we require#1 ðGeV=c2Þ2 <M2

rec < 2:0 ðGeV=c2Þ2, where
M2

rec is the square of the mass recoiling against the !J=c
system. In calculatingM2

rec, the momenta of the J=c and !
after the kinematic fit are used to improve the resolution of
M2

rec. The fit constrains signal candidates to the ! and J=c
masses, while events having ! or J=c candidate masses
lying in sideband regions are fitted with masses constrained
to the center of the sideband region.

Figure 2 shows the !J=c invariant mass (M!J=c [16])

for selected candidate events, together with background
estimated from the scaled ! or J=c mass sidebands. Two
distinct peaks are evident in Fig. 2, one at 4:0 GeV=c2 and
the other at 4:2 GeV=c2, in addition to the dominant c ð2SÞ
signal. The cross section of eþe# ! "ISRc ð2SÞ in the full
Belle data sample is measured to be 13:9' 1:4 ðstat:Þ pb in
the ! ! #þ###0 mode and 14:0' 0:8 ðstat:Þ pb in the

! ! "" mode, in good agreement with the production
cross section of 14.7 pb calculated by using the world
average values of the mass, width, and partial width to
eþe# of c ð2SÞ [17], and the eþe# center-of-mass energies
correspond to the Belle data samples.
An unbinned maximum likelihood fit is performed to the

mass spectra M!J=c 2 ½3:8; 4:8) GeV=c2 from the signal

candidate events and ! and J=c sideband events simulta-
neously, as shown in Fig. 3. The fit to the signal events
includes two coherent P-wave Breit-Wigner (BW) func-
tions, BW1 for c ð4040Þ and BW2 for c ð4160Þ, assuming
that only two resonances contribute to the !J=c final
states, and an incoherent second-order polynomial back-
ground; the fit to the sideband events includes the same
background function only. The width of each resonance is
assumed to be constant, and an overall two-body phase-
space factor is applied in the partial width to !J=c .
The signal amplitude is M ¼ BW1 þ ei$ * BW2, where $
is the relative phase between the two resonances. In the fit,
the BW functions are convolved with the effective luminos-
ity [18] and M!J=c -dependent efficiency, which increases

from 4% at M!J=c ¼ 4:0 GeV=c2 to 7% at M!J=c ¼
4:5 GeV=c2. The effect of mass resolution, which is
determined from MC simulation to be 5–11 MeV=c2

over the resonant mass region, is small compared with
the widths of the observed structures, and therefore is
neglected. A fit performed with floating masses and widths
for the two structures yields a mass of ð4012' 5Þ MeV=c2

and width of ð54' 13Þ MeV for the first, and a mass of
ð4157' 10Þ MeV=c2 and width of ð84' 20Þ MeV for the
second. Their masses and widths are in agreement with
those of the c ð4040Þ and c ð4160Þ, and thus they are
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FIG. 2 (color online). The invariant mass distribution of the
!J=c candidates. The top row shows the ! ! #þ###0 mode
and the bottom row shows the ! ! "" mode. The open histo-
grams are from the ! and J=c signal region, while the shaded
ones are from their sideband regions after the proper normaliza-
tion. The insets show the distributions around the c ð2SÞ mass
region.
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FIG. 3 (color online). The !J=c invariant mass distribution
and the fit results. The points with error bars show the data while
the shaded histogram is the normalized ! and J=c background
from the sidebands. The curves show the best fit on signal
candidate events and sideband events simultaneously (solid red
line) and the contribution from each Breit-Wigner component
(pink dashed and black dotted for the two solutions discussed in
the text). Note that the interference term (not shown) for each
solution is substantial.
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sum of the events in the four sideband boxes nearest
(diagonal) to the signal box, the normalization of the side-
bands is S ¼ 0:5" S1# 0:25" S2.

The detection of the ISR photon is not required; instead,
we require#1 ðGeV=c2Þ2 <M2

rec < 2:0 ðGeV=c2Þ2, where
M2

rec is the square of the mass recoiling against the !J=c
system. In calculatingM2

rec, the momenta of the J=c and !
after the kinematic fit are used to improve the resolution of
M2

rec. The fit constrains signal candidates to the ! and J=c
masses, while events having ! or J=c candidate masses
lying in sideband regions are fitted with masses constrained
to the center of the sideband region.

Figure 2 shows the !J=c invariant mass (M!J=c [16])

for selected candidate events, together with background
estimated from the scaled ! or J=c mass sidebands. Two
distinct peaks are evident in Fig. 2, one at 4:0 GeV=c2 and
the other at 4:2 GeV=c2, in addition to the dominant c ð2SÞ
signal. The cross section of eþe# ! "ISRc ð2SÞ in the full
Belle data sample is measured to be 13:9' 1:4 ðstat:Þ pb in
the ! ! #þ###0 mode and 14:0' 0:8 ðstat:Þ pb in the

! ! "" mode, in good agreement with the production
cross section of 14.7 pb calculated by using the world
average values of the mass, width, and partial width to
eþe# of c ð2SÞ [17], and the eþe# center-of-mass energies
correspond to the Belle data samples.
An unbinned maximum likelihood fit is performed to the

mass spectra M!J=c 2 ½3:8; 4:8) GeV=c2 from the signal

candidate events and ! and J=c sideband events simulta-
neously, as shown in Fig. 3. The fit to the signal events
includes two coherent P-wave Breit-Wigner (BW) func-
tions, BW1 for c ð4040Þ and BW2 for c ð4160Þ, assuming
that only two resonances contribute to the !J=c final
states, and an incoherent second-order polynomial back-
ground; the fit to the sideband events includes the same
background function only. The width of each resonance is
assumed to be constant, and an overall two-body phase-
space factor is applied in the partial width to !J=c .
The signal amplitude is M ¼ BW1 þ ei$ * BW2, where $
is the relative phase between the two resonances. In the fit,
the BW functions are convolved with the effective luminos-
ity [18] and M!J=c -dependent efficiency, which increases

from 4% at M!J=c ¼ 4:0 GeV=c2 to 7% at M!J=c ¼
4:5 GeV=c2. The effect of mass resolution, which is
determined from MC simulation to be 5–11 MeV=c2

over the resonant mass region, is small compared with
the widths of the observed structures, and therefore is
neglected. A fit performed with floating masses and widths
for the two structures yields a mass of ð4012' 5Þ MeV=c2

and width of ð54' 13Þ MeV for the first, and a mass of
ð4157' 10Þ MeV=c2 and width of ð84' 20Þ MeV for the
second. Their masses and widths are in agreement with
those of the c ð4040Þ and c ð4160Þ, and thus they are
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FIG. 2 (color online). The invariant mass distribution of the
!J=c candidates. The top row shows the ! ! #þ###0 mode
and the bottom row shows the ! ! "" mode. The open histo-
grams are from the ! and J=c signal region, while the shaded
ones are from their sideband regions after the proper normaliza-
tion. The insets show the distributions around the c ð2SÞ mass
region.
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FIG. 3 (color online). The !J=c invariant mass distribution
and the fit results. The points with error bars show the data while
the shaded histogram is the normalized ! and J=c background
from the sidebands. The curves show the best fit on signal
candidate events and sideband events simultaneously (solid red
line) and the contribution from each Breit-Wigner component
(pink dashed and black dotted for the two solutions discussed in
the text). Note that the interference term (not shown) for each
solution is substantial.
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TABLE VI. Summary of systematic uncertainties (%) in the cross section of e+e− → π0J/ψ.

Source/
√
s(GeV) 3.810 3.900 4.090 4.190 4.210 4.220 4.230 4.245 4.260 4.310 4.360 4.390 4.420 4.470 4.530 4.575 4.600

Luminosity 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Tracking 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Photon 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0

Kinematic fit 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
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FIG. 4. A comparison of the measured Born cross section of
e+e− → ηJ/ψ to (a) that of a previous measurement [25, 26],
(b) that of e+e− → π+π−J/ψ from Belle [4]. In these two
plots, the black square dots are the results of ηJ/ψ obtained
in this work and the red star dots are from BESIII(2012).
The blue dots are results of ηJ/ψ (a) and π+π−J/ψ (b) from
Belle. The errors are statistical only for Belle’s results, and
are final combined uncertainties for BESIII’s results.

to test the predicted cross section of e+e− → π0J/ψ.
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sum of the events in the four sideband boxes nearest
(diagonal) to the signal box, the normalization of the side-
bands is S ¼ 0:5" S1# 0:25" S2.

The detection of the ISR photon is not required; instead,
we require#1 ðGeV=c2Þ2 <M2

rec < 2:0 ðGeV=c2Þ2, where
M2

rec is the square of the mass recoiling against the !J=c
system. In calculatingM2

rec, the momenta of the J=c and !
after the kinematic fit are used to improve the resolution of
M2

rec. The fit constrains signal candidates to the ! and J=c
masses, while events having ! or J=c candidate masses
lying in sideband regions are fitted with masses constrained
to the center of the sideband region.

Figure 2 shows the !J=c invariant mass (M!J=c [16])

for selected candidate events, together with background
estimated from the scaled ! or J=c mass sidebands. Two
distinct peaks are evident in Fig. 2, one at 4:0 GeV=c2 and
the other at 4:2 GeV=c2, in addition to the dominant c ð2SÞ
signal. The cross section of eþe# ! "ISRc ð2SÞ in the full
Belle data sample is measured to be 13:9' 1:4 ðstat:Þ pb in
the ! ! #þ###0 mode and 14:0' 0:8 ðstat:Þ pb in the

! ! "" mode, in good agreement with the production
cross section of 14.7 pb calculated by using the world
average values of the mass, width, and partial width to
eþe# of c ð2SÞ [17], and the eþe# center-of-mass energies
correspond to the Belle data samples.
An unbinned maximum likelihood fit is performed to the

mass spectra M!J=c 2 ½3:8; 4:8) GeV=c2 from the signal

candidate events and ! and J=c sideband events simulta-
neously, as shown in Fig. 3. The fit to the signal events
includes two coherent P-wave Breit-Wigner (BW) func-
tions, BW1 for c ð4040Þ and BW2 for c ð4160Þ, assuming
that only two resonances contribute to the !J=c final
states, and an incoherent second-order polynomial back-
ground; the fit to the sideband events includes the same
background function only. The width of each resonance is
assumed to be constant, and an overall two-body phase-
space factor is applied in the partial width to !J=c .
The signal amplitude is M ¼ BW1 þ ei$ * BW2, where $
is the relative phase between the two resonances. In the fit,
the BW functions are convolved with the effective luminos-
ity [18] and M!J=c -dependent efficiency, which increases

from 4% at M!J=c ¼ 4:0 GeV=c2 to 7% at M!J=c ¼
4:5 GeV=c2. The effect of mass resolution, which is
determined from MC simulation to be 5–11 MeV=c2

over the resonant mass region, is small compared with
the widths of the observed structures, and therefore is
neglected. A fit performed with floating masses and widths
for the two structures yields a mass of ð4012' 5Þ MeV=c2

and width of ð54' 13Þ MeV for the first, and a mass of
ð4157' 10Þ MeV=c2 and width of ð84' 20Þ MeV for the
second. Their masses and widths are in agreement with
those of the c ð4040Þ and c ð4160Þ, and thus they are
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FIG. 2 (color online). The invariant mass distribution of the
!J=c candidates. The top row shows the ! ! #þ###0 mode
and the bottom row shows the ! ! "" mode. The open histo-
grams are from the ! and J=c signal region, while the shaded
ones are from their sideband regions after the proper normaliza-
tion. The insets show the distributions around the c ð2SÞ mass
region.
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TABLE VI. Summary of systematic uncertainties (%) in the cross section of e+e− → π0J/ψ.

Source/
√
s(GeV) 3.810 3.900 4.090 4.190 4.210 4.220 4.230 4.245 4.260 4.310 4.360 4.390 4.420 4.470 4.530 4.575 4.600

Luminosity 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Tracking 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Photon 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0

Kinematic fit 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Mass window 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
MUC cut 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
ISR factor 0.2 1.1 6.5 0.3 4.6 5.7 3.9 4.1 6.7 0.8 9.6 8.7 7.9 1.0 0.7 0.5 0.7

Branching fraction 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Others 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Sum 3.5 3.6 7.4 3.5 5.8 6.7 5.2 5.4 7.5 3.6 10.2 9.4 8.6 3.6 3.5 3.5 3.5
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FIG. 4. A comparison of the measured Born cross section of
e+e− → ηJ/ψ to (a) that of a previous measurement [25, 26],
(b) that of e+e− → π+π−J/ψ from Belle [4]. In these two
plots, the black square dots are the results of ηJ/ψ obtained
in this work and the red star dots are from BESIII(2012).
The blue dots are results of ηJ/ψ (a) and π+π−J/ψ (b) from
Belle. The errors are statistical only for Belle’s results, and
are final combined uncertainties for BESIII’s results.

to test the predicted cross section of e+e− → π0J/ψ.
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TABLE VI. Summary of systematic uncertainties (%) in the cross section of e+e− → π0J/ψ.

Source/
√
s(GeV) 3.810 3.900 4.090 4.190 4.210 4.220 4.230 4.245 4.260 4.310 4.360 4.390 4.420 4.470 4.530 4.575 4.600

Luminosity 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Tracking 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Photon 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0

Kinematic fit 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
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ISR factor 0.2 1.1 6.5 0.3 4.6 5.7 3.9 4.1 6.7 0.8 9.6 8.7 7.9 1.0 0.7 0.5 0.7

Branching fraction 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Others 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Sum 3.5 3.6 7.4 3.5 5.8 6.7 5.2 5.4 7.5 3.6 10.2 9.4 8.6 3.6 3.5 3.5 3.5
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FIG. 4. A comparison of the measured Born cross section of
e+e− → ηJ/ψ to (a) that of a previous measurement [25, 26],
(b) that of e+e− → π+π−J/ψ from Belle [4]. In these two
plots, the black square dots are the results of ηJ/ψ obtained
in this work and the red star dots are from BESIII(2012).
The blue dots are results of ηJ/ψ (a) and π+π−J/ψ (b) from
Belle. The errors are statistical only for Belle’s results, and
are final combined uncertainties for BESIII’s results.

to test the predicted cross section of e+e− → π0J/ψ.
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candidate events between 4.6 and 5.5 GeV=c2 with four
background events estimated from the J=ψ mass sidebands.
In other regions, the number of events in the J=ψ signal
region is about the same as expected from the normalized
sideband events.
Figures 3(a) and (b) show the distribution of the squared

mass recoiling against the KþK−J=ψ system and the polar
angle distribution of the KþK−J=ψ system in the eþe− CM
frame, respectively, for the selected KþK−J=ψ events with
invariant masses between 4.0 and 6.0 GeV=c2. The data,
shown with the normalized J=ψ mass sidebands subtracted,
agree well with the MC simulation (open histograms),
indicating the existence of signals that are produced
from ISR.

III. CROSS SECTIONS

The eþe− → KþK−J=ψ cross section at each energy
point is calculated using

σi ¼
nobsi − f × nbkgi

Li · ϵi · BðJ=ψ → lþl−Þ
;

where nobsi , nbkgi , f, ϵi, and Li are the number of observed
events in data, the number of background events estimated
from the J=ψ sidebands, the scale factor (f ¼ 1=3), the
detection efficiency, and the effective ISR luminosity
obtained from the QED calculation [25] in the ith energy
bin, respectively; BðJ=ψ → lþl−Þ ¼ 11.87% is taken
from Ref. [14]. According to the MC simulation, the
efficiency for KþK−J=ψ (K0

SK
0
SJ=ψ) increases smoothly

from 1.69% (0.30%) at 4.2 GeV=c2, 7.53% (0.56%) at
4.6 GeV=c2, 11.50% (1.04%) at 5.2 GeV=c2, to 14.93%
(1.45%) at 5.8 GeV=c2. Figure 4 shows the measured cross
sections for eþe− → KþK−J=ψ, where the error bars
indicate the combined statistical errors of the signal and
the background events, following the procedure in

Ref. [26]. The measured eþe− → KþK−J=ψ cross sections
are consistent with previously published results [13] with
improved precision. Similarly, the eþe− → K0

SK
0
SJ=ψ cross

section is calculated. Since the number of K0
SK

0
SJ=ψ signal

events is very small, we give an average cross section for
eþe− → K0

SK
0
SJ=ψ of 1.8% 0.6ðstatÞ pb between 4.4 and

5.2 GeV=c2. The result is consistent with the previously
published result of 1.8þ1.4

−1.1ðstatÞ pb [13] with better pre-
cision. Tables I and II list the final results and all the
information used in the cross section calculation for
eþe− → KþK−J=ψ and K0

SK
0
SJ=ψ , respectively.

Systematic error sources and their contributions in the
cross section measurements are summarized in Table III.
The lepton pair identification uncertainties, measured from
a pure control sample of eþe− → γISRψð2SÞ events with
ψð2SÞ → πþπ−J=ψ , J=ψ → lþl−, are 3.5% and 1.8% for
eþe− and μþμ−, respectively [1]. The uncertainty due to
kaon particle identification is 1.2% for each kaon. Tracking
efficiency uncertainties are estimated to be 1.3% per kaon
track and 0.35% per lepton track, which are fully correlated
in the momentum and angle regions of interest for signal
events. The systematic uncertainty in the K0

S reconstruction
efficiency is estimated by using the control samples
of reconstructed D&% decays with the decay chain
D&% → π%s D0, D0 → K0

Sπ
þπ−. We find that the MC effi-

ciency is higher than in data by (2.1% 0.7)%. We take 2.8%
as the systematic uncertainty for each K0

S selection. The
uncertainties associated with the J=ψ mass window and
jM2

recj requirements are also estimated using pure ψð2SÞ →
πþπ−J=ψ events. It is found that MC efficiencies are higher
than in data by (4.5% 0.4)% in the eþe− mode and
(4.1% 0.2)% in the μþμ− mode. The differences in effi-
ciencies are corrected and the uncertainties in the correction
factors are taken as systematic errors. They contribute 0.6%
for the eþe− and 0.3% for the μþμ− mode in total for the
J=ψ mass window together with the jM2

recj requirements
[1]. Estimating the backgrounds using different J=ψ mass
sidebands results in a change of background events at
the 0.12=50 MeV=c2 level for KþK−J=ψ and at the
0.008=50 MeV=c2 level for K0

SK
0
SJ=ψ, corresponding to

an average change of about 2.6% for KþK−J=ψ and 14%
for K0

SK
0
SJ=ψ in the cross section. Belle measures the total

luminosity with a precision of 1.4% using Bhabha events.
The PHOKHARA generator calculates the ISR photon radi-
ator function with 0.1% accuracy [17]. The dominant
uncertainties due to the generator come from the three-
body decay dynamics; there is no good model to describe
the KþK− mass spectrum. Simulations with modified
KþK− invariant mass distributions such as Mðπþπ−Þ in
ψð2SÞ → πþπ−J=ψ [18] yield efficiencies that are higher
by 3.3%–4.8% for different KþK−J=ψ masses. We take
4.8% as a conservative estimation for the KþK−J=ψ mass
values. Similarly, we take 4.5% for the K0

SK
0
SJ=ψ mode.

The angular distributions of the final state particles for
selectedKþK−J=ψ events from data are consistent with the
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FIG. 4 (color online). The measured eþe− → KþK−J=ψ cross
sections for CM energies up to 6.0 GeV (points with error bars).
The errors are statistical and are determined by the numbers of
signal and background events; a 7.8% systematic error that is
common for all data points is not included.
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e+e−(γISR) → K+K−J/ψ at Belle
PRD 89, 072015 (2014)

• there is surprising nontrivial structure in KKJ/ψ?
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center of mass frame. We fit the data with a coherent sum of
the BW function and a phase space term and find that the
phase space term does not contribute significantly. The fit
results for the resonance parameters are ΓeeBðωχc0Þ ¼
ð2.7$ 0.5Þ eV,M ¼ ð4230$ 8Þ MeV=c2, and Γt ¼ ð38$
12Þ MeV. Fitting the data using only the phase space term
results in a large change of the likelihood [Δð−2 lnLÞ ¼
101.6]. Taking the change of 4 in the DOFs into account,
this corresponds to a statistical significance of >9σ.
The systematic uncertainties in the Born cross section

measurement mainly originate from the radiative correc-
tion, the luminosity measurement, the detection efficiency,
and the kinematic fit. A 10% uncertainty in the radiative
correction is estimated by varying the lineshape of the cross
section in the generator from the measured energy-
dependent cross section to the Yð4260Þ BW shape.
Because of the limitation of the statistics, this item imports
the biggest uncertainty. The polar angle θ of the ω is

defined as the angle between ω and the e− beam in the
eþe− center of mass frame. For the ωχc0 channel, the
distribution of θ is obtained from data taken at 4.23 GeV
and fitted with 1þ α cos2 θ. The value of α is determined to
be −0.28$ 0.31. The efficiencies are determined from the
MC generated with the measured α, and the uncertainty is
estimated by varying α within 1 standard deviation. For the
ωχc1;2 channels, a 1% uncertainty is estimated by varying
the ω angular distribution from flat to 1$ cos2 θ. The
uncertainty of the luminosity is 1%. The uncertainty in
the tracking efficiency is 1% per track. The uncertainty
in the photon reconstruction is 1% per photon. A 1%
uncertainty in the kinematic fit is estimated by correcting
the helix parameters of charged tracks [24].
For the eþe− → ωχc0 mode, additional uncertainties

come from the cross feed between the KþK− and πþπ−

modes, and the fitting procedure. The uncertainty due to the
cross feed is estimated to be 1% by using the signal MC
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FIG. 3 (color online). Fit to σðeþe− → ωχc0Þ with a resonance
(solid curve), or a phase space term (dot-dashed curve). Dots with
error bars are the dressed cross sections. The uncertainties are
statistical only.

TABLE I. The results on eþe− → ωχc0. Shown in the table are the integrated luminosity L, the product of the
radiative correction factor, the branching fraction and efficiency D ¼ ð1þ δrÞ½ϵπBðχc0 → πþπ−Þ þ ϵKBðχc0 →
KþK−Þ', the number of observed events Nobs (the numbers of background are subtracted at

ffiffiffi
s

p
¼ 4.23 and

4.26 GeV), the number of estimated background Nbkg, the vacuum polarization factor ð1þ δvÞ, the Born cross
section σB, and the upper limit (at the 90% C.L.) on the Born cross section σBUL at each energy point. The first
uncertainty of the Born cross section is statistical, and the second is systematic. The three center dots mean not
applicable.

ffiffiffi
s

p
(GeV) Lðpb−1Þ Dð×10−3Þ Nobs Nbkg 1þ δv σB (pb) σBUL (pb)

4.21 54.6 1.99 7 5.0$ 2.8 1.057 20:2þ46.3
−37.7 $ 3.3 <90

4.22 54.1 2.12 7 4.3$ 2.1 1.057 25:1þ39.4
−30.4 $ 2.0 <81

4.23 1047.3 2.29 125.3$ 13.5 ( ( ( 1.056 55.4$ 6.0$ 5.9 ( ( (
4.245 55.6 2.44 6 4.0$ 1.5 1.056 16:3þ30.8

−22.3 $ 1.5 <60
4.26 826.7 2.50 45.5$ 10.2 ( ( ( 1.054 23.7$ 5.3$ 3.5 ( ( (
4.31 44.9 2.56 5 2.2$ 1.6 1.053 26:2þ34.9

−25.1 $ 2.2 <76

4.36 539.8 2.62 29 32.4$ 4.7 1.051 −2.6þ6.1
−5.4 $ 0.27 <6

4.39 55.2 2.57 2 0.6$ 0.7 1.051 10:4þ20.7
−11.2 $ 0.7 <37

4.42 44.7 2.46 0 1.4$ 1.5 1.053 −13:6þ18.5
−14.7 $ 1.3 <15

TABLE II. The results on eþe− → ωχc1;2. Listed in the table are
the product of the radiative correction factor, the branching
fraction and efficiency D ¼ ð1þ δrÞðϵeBðJ=ψ → eþe−Þþ
ϵμB½J=ψ → μþμ−Þ', the number of the observed events
Nobs, the number of backgrounds Nbkg in the sideband regions,
and the upper limit (at the 90%C.L.) on theBorn cross section σBUL.

Mode
ffiffiffi
s

p
(GeV) Dð×10−2Þ Nobs Nbkg σBUL (pb)

ωχc1 4.31 1.43 1 0.0þ1.2
−0.0 <18

4.36 1.27 1 1.0þ2.3
−0.8 <0.9

4.39 1.27 1 0.0þ1.2
−0.0 <17

4.42 1.25 0 0.0þ1.2
−0.0 <11

ωχc2 4.36 0.95 5 1.0þ2.3
−0.8 <11

4.39 1.06 3 0.0þ1.2
−0.0 <64

4.42 0.98 2 0.0þ1.2
−0.0 <61
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• this shows a Y(4230)??   
(it is inconsistent with Y(4260))
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center of mass frame. We fit the data with a coherent sum of
the BW function and a phase space term and find that the
phase space term does not contribute significantly. The fit
results for the resonance parameters are ΓeeBðωχc0Þ ¼
ð2.7$ 0.5Þ eV,M ¼ ð4230$ 8Þ MeV=c2, and Γt ¼ ð38$
12Þ MeV. Fitting the data using only the phase space term
results in a large change of the likelihood [Δð−2 lnLÞ ¼
101.6]. Taking the change of 4 in the DOFs into account,
this corresponds to a statistical significance of >9σ.
The systematic uncertainties in the Born cross section

measurement mainly originate from the radiative correc-
tion, the luminosity measurement, the detection efficiency,
and the kinematic fit. A 10% uncertainty in the radiative
correction is estimated by varying the lineshape of the cross
section in the generator from the measured energy-
dependent cross section to the Yð4260Þ BW shape.
Because of the limitation of the statistics, this item imports
the biggest uncertainty. The polar angle θ of the ω is

defined as the angle between ω and the e− beam in the
eþe− center of mass frame. For the ωχc0 channel, the
distribution of θ is obtained from data taken at 4.23 GeV
and fitted with 1þ α cos2 θ. The value of α is determined to
be −0.28$ 0.31. The efficiencies are determined from the
MC generated with the measured α, and the uncertainty is
estimated by varying α within 1 standard deviation. For the
ωχc1;2 channels, a 1% uncertainty is estimated by varying
the ω angular distribution from flat to 1$ cos2 θ. The
uncertainty of the luminosity is 1%. The uncertainty in
the tracking efficiency is 1% per track. The uncertainty
in the photon reconstruction is 1% per photon. A 1%
uncertainty in the kinematic fit is estimated by correcting
the helix parameters of charged tracks [24].
For the eþe− → ωχc0 mode, additional uncertainties

come from the cross feed between the KþK− and πþπ−

modes, and the fitting procedure. The uncertainty due to the
cross feed is estimated to be 1% by using the signal MC
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FIG. 3 (color online). Fit to σðeþe− → ωχc0Þ with a resonance
(solid curve), or a phase space term (dot-dashed curve). Dots with
error bars are the dressed cross sections. The uncertainties are
statistical only.

TABLE I. The results on eþe− → ωχc0. Shown in the table are the integrated luminosity L, the product of the
radiative correction factor, the branching fraction and efficiency D ¼ ð1þ δrÞ½ϵπBðχc0 → πþπ−Þ þ ϵKBðχc0 →
KþK−Þ', the number of observed events Nobs (the numbers of background are subtracted at

ffiffiffi
s

p
¼ 4.23 and

4.26 GeV), the number of estimated background Nbkg, the vacuum polarization factor ð1þ δvÞ, the Born cross
section σB, and the upper limit (at the 90% C.L.) on the Born cross section σBUL at each energy point. The first
uncertainty of the Born cross section is statistical, and the second is systematic. The three center dots mean not
applicable.

ffiffiffi
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p
(GeV) Lðpb−1Þ Dð×10−3Þ Nobs Nbkg 1þ δv σB (pb) σBUL (pb)

4.21 54.6 1.99 7 5.0$ 2.8 1.057 20:2þ46.3
−37.7 $ 3.3 <90

4.22 54.1 2.12 7 4.3$ 2.1 1.057 25:1þ39.4
−30.4 $ 2.0 <81

4.23 1047.3 2.29 125.3$ 13.5 ( ( ( 1.056 55.4$ 6.0$ 5.9 ( ( (
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−25.1 $ 2.2 <76

4.36 539.8 2.62 29 32.4$ 4.7 1.051 −2.6þ6.1
−5.4 $ 0.27 <6

4.39 55.2 2.57 2 0.6$ 0.7 1.051 10:4þ20.7
−11.2 $ 0.7 <37

4.42 44.7 2.46 0 1.4$ 1.5 1.053 −13:6þ18.5
−14.7 $ 1.3 <15

TABLE II. The results on eþe− → ωχc1;2. Listed in the table are
the product of the radiative correction factor, the branching
fraction and efficiency D ¼ ð1þ δrÞðϵeBðJ=ψ → eþe−Þþ
ϵμB½J=ψ → μþμ−Þ', the number of the observed events
Nobs, the number of backgrounds Nbkg in the sideband regions,
and the upper limit (at the 90%C.L.) on theBorn cross section σBUL.
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(GeV) Dð×10−2Þ Nobs Nbkg σBUL (pb)

ωχc1 4.31 1.43 1 0.0þ1.2
−0.0 <18

4.36 1.27 1 1.0þ2.3
−0.8 <0.9

4.39 1.27 1 0.0þ1.2
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4.42 1.25 0 0.0þ1.2
−0.0 <11

ωχc2 4.36 0.95 5 1.0þ2.3
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• this shows a Y(4230)??   
(it is inconsistent with Y(4260))

No obvious patterns are 
emerging in e+e− cross
sections!?!?
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Connections I:  The X(3872) and the Y(4260).

Connections II:  The Y(4260) and the “ϒ(5S)”.

Connections III:  The Zc and Zcʹ′ and the Zb and Zbʹ′.

Complexities:  A Collection of e+e− Cross Sections.
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ηc(11S0)
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predicted, undiscovered

unpredicted, discovered

Z(4430)

Z(3900)

Z(4020)

Loads of experimental results are waiting to be 
synthesized.

Many more results can be expected:  
  BESIII, Belle-II, LHC, Panda (hopefully)

A solution would greatly advance our 
understanding of QCD.

Connections are beginning to form, but there 
are still many complexities.

Three misconceptions:
1. This is hopelessly complicated.
2. These are experimental artifacts.
3. Everything is/isn’t resonant (a “particle”).

It is an interesting time…

Concluding Thoughts on the XYZ Mesons
Charmonium Spectrum  

predictions based on PRD 72, 054026 (2005)
measurements from PDG 2014 
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understanding of QCD.

Connections are beginning to form, but there 
are still many complexities.
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1. This is hopelessly complicated.
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Thanks.


