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The Simplicity of the e+e− Process?
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Naively, one would think this would  
be a simple process.



Total Cross Sections:  R in charmonium
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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
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)

• R in the charmonium region suggests a tidy quark model picture:

ψ(3770) = 13D1 
ψ(4040) = 33S1

R

ECM

ψ(4160) = 23D1 
ψ(4415) = 43S1

  J/ψ   = 13S1 
ψ(2S) = 23S1



Total Cross Sections:  R in bottomonium
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R in the Bottomonium Region
PDG 2014

• And in bottomonium, everything is straightforward below the open 
bottom threshold.

R

ECM

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
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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Rb from BaBar
PRL 102, 012001 (2009)

• The variety of thresholds apparently complicates matters above open bottom threshold,  
but an “ϒ(5S)” and “ϒ(6S)” seem clear.

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.

PRL 102, 012001 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

9 JANUARY 2009

012001-6

Total Cross Sections:  R in bottomonium



Exclusive Cross Sections:  π+π−ϒ(1S,2S,3S)
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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)

• Peak positions in π+π−ϒ(1S,2S,3S) 
are (more or less) consistent with the  
“ϒ(5S)” and “ϒ(6S)” from Rb.

• But from this preprint,  
  B(“ϒ(5S)” → π+π−ϒ(1S,2S,3S)) = 0.17 ± 0.01, 
which is much larger than  
  B(ϒ(4S) → π+π−ϒ(1S,2S,3S)) ~ O(10−4).

• This suggests there is something strange  
happening with (or near) the “ϒ(5S)”.
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• In addition, 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

PRL 108, 032001 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

20 JANUARY 2012

032001-5

e+e− → π+π−(ϒ(nS),hb(nP)) at ECM ~ “ϒ(5S)” Mass at Belle
PRL 108, 032001 (2012)

Exclusive Cross Sections:  π+π−hb(1P,2P)
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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

• In charmonium, the Y(4260) has no 
corresponding peak in R, and also has 
no place in the quark model.



Exclusive Cross Sections:  π+π−J/ψ

8

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.

0

20

40

60

80

100

120

3.8 4 4.2 4.4 4.6 4.8 5 5.2 5.4
M(π+π -J/ψ) (GeV/c2)

E
nt

rie
s/

20
 M

eV
/c

2

Solution I

Solution II

10

102

103

104

3.5 4 4.5 5 5.5

 (GeV)cmE
3.8 4 4.2 4.4 4.6 4.8 5 5.2 5.4

) 
(p

b)
ψ

J/- π+ π(
σ

0
10
20
30
40
50
60
70
80(a) (b)

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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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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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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e+e−(γISR) → π+π−J/ψ at BaBar
PRD 86, 051102(R) (2012)

• But BaBar doesn’t need another peak?

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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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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gram represents the fixed background and the curves represent
the fits to the data (see text).
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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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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.
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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).

 

)  2) (GeV/cψJ/-π+πm(
3.6 3.65 3.7 3.75 3.8

2
E

ve
nt

s 
/ 5

 M
eV

/c

0

10

20

30

40

)  2) (GeV/cψJ/-π+πm(
3.6 3.65 3.7 3.75 3.8

2
E

ve
nt

s 
/ 5

 M
eV

/c

0

10

20

30

40

FIG. 1 (color online). The invariant-mass distribution for all
!#!$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.

PRL 98, 212001 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
25 MAY 2007

212001-5

e+e−(γISR) → π+π−ψ(2S) at BaBar
PRL 98, 212001 (2007)

• In π+π−ψ(2S), there is a Y(4360) instead  
of a Y(4260).

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.
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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.
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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

• The Y(4360) and Y(4660) are even more  
convincing with the full Belle statistics.

Exclusive Cross Sections:  π+π−ψ(2S)



10Previously 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.
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• Does π+π−hc(1P) show hints of the Y(4260)?
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(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
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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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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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(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)
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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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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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• But the energy dependence is more complicated  
than just Y(4260) → π+π−hc(1P).
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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

4 4.5 5 5.5 6
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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 e+e− → K+K−J/ψ.



12

Exclusive Cross Sections:  ηJ/ψ

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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fit with conventional ψ(4040) and ψ(4160)  
states.
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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
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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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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• The initial observation of e+e− → ηJ/ψ was  
fit with conventional ψ(4040) and ψ(4160)  
states.
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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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• The ηJ/ψ cross section is certainly inconsistent  
with the π+π−J/ψ cross section (the Y(4260)).
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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
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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.
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ACKNOWLEDGMENTS

The BESIII collaboration thanks the staff of BEPCII
and the IHEP computing center for their strong sup-
port. This work is supported in part by National
Key Basic Research Program of China under Contract
No. 2015CB856700; National Natural Science Founda-
tion of China (NSFC) under Contracts Nos. 11125525,
11235011, 11322544, 11335008, 11425524; the Chi-
nese Academy of Sciences (CAS) Large-Scale Scien-
tific Facility Program; Joint Large-Scale Scientific Fa-
cility Funds of the NSFC and CAS under Contracts
Nos. 11179007, U1232201, U1332201; CAS under Con-
tracts Nos. KJCX2-YW-N29, KJCX2-YW-N45; 100 Tal-
ents Program of CAS; INPAC and Shanghai Key Lab-
oratory for Particle Physics and Cosmology; German
Research Foundation DFG under Contract No. Collab-
orative Research Center CRC-1044; Istituto Nazionale
di Fisica Nucleare, Italy; Ministry of Development of
Turkey under Contract No. DPT2006K-120470; Rus-
sian Foundation for Basic Research under Contract No.
14-07-91152; U.S. Department of Energy under Con-
tracts Nos. DE-FG02-04ER41291, DE-FG02-05ER41374,
DE-FG02-94ER40823, DESC0010118; U.S. National Sci-
ence Foundation; University of Groningen (RuG) and
the Helmholtzzentrum fuer Schwerionenforschung GmbH
(GSI), Darmstadt; WCU Program of National Research
Foundation of Korea under Contract No. R32-2008-000-
10155-0.

[1] B. Aubert et al. (BABAR Collaboration), Phys. Rev.
Lett. 95, 142001 (2005);
J. P. Lees et al. (BABAR Collaboration), Phys. Rev. D
86, 051102(R) (2012).

[2] B. Aubert et al. (BABAR Collaboration), Phys. Rev.
Lett. 98, 212001 (2007);

J. P. Lees et al. (BABAR Collaboration), Phys. Rev. D
89, 111103(R) (2014).

[3] C. Z. Yuan et al. (Belle Collaboration), Phys. Rev. Lett.
99, 182004 (2007).

[4] Z. Q. Liu et al. (Belle Collaboration), Phys. Rev. Lett.
110, 252002 (2013).



13

Exclusive Cross Sections:  ωχc0

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

PRL 114, 092003 (2015) P HY S I CA L R EV I EW LE T T ER S
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e+e− → ωχc0 at BESIII
PRL 114, 092003 (2015)

• The ωχc0 cross section is also inconsistent with the Y(4260).
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Exclusive Cross Sections:  γX(3872)

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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Exclusive Cross Sections:  γX(3872)

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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with ECM ~ 4.26 GeV.

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

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.

ffiffiffi
s

p
(GeV) Nobs Nup ε (%) 1þ δ σB · B (pb) σup · B (pb) σISR (pb) σQED (pb)

4.009 0.0' 0.5 < 1.4 28.7 0.861 0.00' 0.04' 0.01 < 0.11 719' 30' 47 735' 13
4.229 9.6' 3.1 ( ( ( 34.4 0.799 0.27' 0.09' 0.02 ( ( ( 404' 14' 27 408' 7
4.260 8.7' 3.0 ( ( ( 33.1 0.814 0.33' 0.12' 0.02 ( ( ( 378' 16' 25 382' 7
4.360 1.7' 1.4 < 5.1 23.2 1.023 0.11' 0.09' 0.01 < 0.36 308' 17' 20 316' 5
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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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but the statistics are poor.
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Exclusive Cross Sections:  Open Charm
e+e− → open charm at CLEO-c
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• The exclusive open charm cross sections  
are also difficult to interpret.

ligible. Because of the relative simplicity ofDs production,
demonstrated by the Dþ

s ! !"þ fits, and the limited
statistics of the sample, we determine the final cross sec-
tions for Dþ

s D
"
s , D#þ

s D"
s and D#þ

s D#"
s by using a

sideband-subtraction technique to count signal events in
a region of the Mbc-!E plane. The cross sections are then
determined from a weighted sum of the yields for the eight
Ds decay modes given in Table II, with weights minimiz-
ing the combined statistical and systematic uncertainties
calculated from previously measured branching fractions
and efficiencies determined with Monte Carlo simulations.
The cut-and-count analysis gives results that are consistent
with momentum fits. There is good agreement among the

separately calculated cross sections for the different Ds

decay modes.
After this procedure was refined and verified on our

4170 MeV data sample, it was applied to the other 12
subsamples. Detailed fit results are available in Ref. [18].
Figure 5 shows the D0, Dþ and Ds fits for the data sample
at 4260 MeV, which are of particular interest because the
charm-production cross sections might provide insight to
the nature of the Yð4260Þ state. The fits at 4260 MeV
behave similarly to those at lower energy, although a larger
proportion of multibody decays is apparent.
Cross sections for the two-body and multibody final

states are shown in Fig. 6. The uncertainties on the data
points are statistical and systematic combined in quadra-
ture. Reference [18] provides detailed descriptions of the
systematic uncertainties of the cross-section determina-
tions. Briefly, there are three sources of systematic uncer-
tainty: determination of the efficiency of charm-meson

FIG. 5 (color). Sideband-subtracted momentum spectra for
(a) D0 ! K""þ, (b) Dþ ! K""þ"þ, and (c) Dþ

s ! !"þ at
4260 MeV. Data are shown as points with errors and the total fit
result is shown as the solid black line. The colored histograms
represent specific DðsÞ-production mechanisms, with shapes ob-
tained from Monte Carlo simulations and normalizations deter-
mined by the fits. The color coding for the components matches
that of Fig. 4, as described in the text. All peaks are shifted
slightly higher in momentum, and the low-momentum region is
populated by two multibody components: the D# "D" (dark red
line) between 0 and 0:6 GeV=c, observed at 4170 MeV, and
D# "D#" (black line) between 0 and 0:4 GeV=c, which is not
present at lower energy.

FIG. 6 (color). Exclusive cross sections for two-body and
multibody charm-meson final states, and total observed charm
cross section with combined statistical and systematic uncertain-
ties.
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tions. Briefly, there are three sources of systematic uncer-
tainty: determination of the efficiency of charm-meson

FIG. 5 (color). Sideband-subtracted momentum spectra for
(a) D0 ! K""þ, (b) Dþ ! K""þ"þ, and (c) Dþ

s ! !"þ at
4260 MeV. Data are shown as points with errors and the total fit
result is shown as the solid black line. The colored histograms
represent specific DðsÞ-production mechanisms, with shapes ob-
tained from Monte Carlo simulations and normalizations deter-
mined by the fits. The color coding for the components matches
that of Fig. 4, as described in the text. All peaks are shifted
slightly higher in momentum, and the low-momentum region is
populated by two multibody components: the D# "D" (dark red
line) between 0 and 0:6 GeV=c, observed at 4170 MeV, and
D# "D#" (black line) between 0 and 0:4 GeV=c, which is not
present at lower energy.

FIG. 6 (color). Exclusive cross sections for two-body and
multibody charm-meson final states, and total observed charm
cross section with combined statistical and systematic uncertain-
ties.
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• Although the total open charm cross section  
again seems well-behaved.

e+e− → open charm at CLEO-c
PRD 80, 072001 (2009)



The Simplicity of the e+e− Process?

16

e+

e�

c

c

?

c

c

e+

e�
�ISR

 , Y

?  , Y

e+

e�

? ⌥, Yb

b

b

e+e− annihilation to bottomonium

e+e− annihilation to charmonium (via ISR)e+

e�

c

c

?

c

c

e+

e�
�ISR

 , Y

?  , Y

e+

e�

? ⌥, Yb

b

b

e+e− annihilation to charmonium

e+

e�

c

c

?

c

c

e+

e�
�ISR

 , Y

?  , Y

e+

e�

? ⌥, Yb

b

b

What seemed simple, now seems hard.

We need:
(1) more data;
(2) a global outlook.


