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Data Sets (primary):
(e+e− collisions at ECM between 2.0 and 4.6 GeV)

2009:  106M ψ(2S)
    225M J/ψ

2010:   975 pb−1 at ψ(3770)
2011:   2.9 fb−1 at ψ(3770) (total)
            482 pb−1 at 4.01 GeV
2012:  0.45B ψ(2S) (total)

    1.3B J/ψ (total)
2013:    1092 pb−1 at 4.23 GeV

      826 pb−1 at 4.26 GeV
      540 pb−1 at 4.36 GeV
     ~50 pb−1 at 3.81,  3.90,  4.09,  4.19,  4.21,  

                              4.22,  4.245,  4.31,  4.39,  4.42 GeV
2014:  1029 pb−1 at 4.42 GeV

   110 pb−1 at 4.47 GeV
   110 pb−1 at 4.53 GeV
    48 pb−1 at 4.575 GeV
    567 pb−1 at 4.6 GeV

0.8 fb−1 R-scan from 3.85 to 4.59 GeV (104 points)
2015:  R-scan from 2-3 GeV + 2.175 GeV data
2016:  ~3fb−1 at 4.18 GeV (for Ds)   JUST COMPLETED
2017:  ~10 × 500 pb−1 between 4.19 and 4.30 GeV
          2017 SUBJECT TO CHANGE, OF COURSE!

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

measurements from PDG 2014

+ Initial State Radiation (ISR)



BESIII Highlights
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A Few Highlights:

(1)  e+e− → π+π− and the 
Anomalous Magnetic Moment of the Muon  

(using ISR data)

(2) e+e− → p+p− and the 
Electromagnetic Form Factors of the Proton

(using ISR data)

(3) hc → γη(ʹ) and
Studies of Charmonium

(using ψ(2S) data)

(4) e+e− → π+π−J/ψ, π+π−ψ(2S), π+π−hc 
and the “Y” States 

(using “XYZ” data)

(5) e+e− → γπ+π−J/ψ and γφJ/ψ 
and the “X” States  

(using “XYZ” data)

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

measurements from PDG 2014
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(1) e+e− → π+π− and the Anomalous Magnetic Moment of the Muon
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• There is currently a ≳3σ difference between the  
Standard Model (SM) and the experimental (E821) value for  
the anomalous magnetic moment of the muon (aμ = (gμ-2)/2): 
 
aμSM     = (11659180.2 ± 4.9)  × 10−10 (EPJC 71, 1515 (2011))  
aμE821   = (11659209.1 ± 6.3)  × 10−10 (PDG 2014) 
 
∆aμ = aμE821 − aμSM  = (28.9 ± 8.0) × 10−10  (3.6σ)

• The error in the SM calculation is dominated by the  
Hadronic Vacuum Polarization (HVP), which is estimated  
using experimental input for e+e− → hadrons.  

• The cross section for e+e− → hadrons, in turn, is  
dominated by e+e− → π+π− in the region of the ρ meson.

• But here there are experimental differences between  
BaBar and KLOE: 
 
BaBar (PRD 86, 032013 (2012)):   
                    aμππ(600-900 MeV) = (376.7 ± 2.6) × 10−10 
KLOE (PLB 720, 336 (2013)):   
                    aμππ(600-900 MeV) = (366.7 ± 2.8) × 10−10

• This discrepancy can be addressed using ISR (starting  
with 2.9 fb−1 at an energy of 3.773 GeV) at BESIII.
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photon is emitted, the invariant mass is lowered due to this ef-
fect and hence m2

ππ < sγ ∗ . The effect can be removed by applying 
an unfolding procedure, using again the SVD algorithm. Here, the 
response matrix is m2

ππ vs. sγ ∗ , obtained from a MC sample that 
includes FSR in NLO. The regularization parameter τ is determined 
as described in Sect. 6.2. After applying the corrections for the ra-
diative π+π−γ process, which are of the order of 2%, one obtains 
the π+π−(γFSR) cross section directly.

The difference between both methods is found to be
(0.18 ± 0.13)%. Both methods are complementary and agree with 
each other within errors. The difference is taken as systematic un-
certainty. Finally, the correction obtained with method (1) is used 
in the analysis.

6.4. Radiator function and vacuum polarization correction

The radiator function is implemented within the Phokhara 
event generator with NLO precision. Hence, a very precise descrip-
tion is available with a claimed uncertainty of 0.5% [16].

To obtain the bare cross section, vacuum polarization effects 
δvac must be taken into account. To this aim, the dressed cross sec-
tion, including the vacuum polarization effects, is adjusted for the 
running of the coupling constant α [30]. Bare and dressed cross 
sections are related as follows:

σ bare = σ dressed

δvac
= σ dressed ·

!
α(0)

α(s)

"2

. (7)

The correction factors are taken from Ref. [31].

6.5. Summary of systematic uncertainties

Systematic uncertainties are studied within the investigated 
mππ range between 600 and 900 MeV/c2. Sources are:

(1) Efficiency corrections: Each individual uncertainty is stud-
ied in bins of mππ with respect to three different sources. Firstly, 
the remaining background contaminations in the data samples are 
estimated with the corresponding MC simulation mentioned in Ta-
ble 1. Their contribution is taken into account by multiplying the 
claimed uncertainties of the event generators and their fraction 
of the investigated signal events. Secondly, we vary the selection 
requirements (E/p, χ2

1C , depth of a charged track in the MUC), 
which are used to select clean muon and pion samples for the ef-
ficiency studies, in a range of three times the resolution of the 
corresponding variable. The differences of the correction factors are 
calculated. Thirdly, the resolution of the correction factors, i.e., the 
bin sizes of momentum and θ distributions, is varied by a factor 
two and the effects on the final correction factors are tested.

(2) Pion–muon separation: Additional uncertainties of using the 
ANN method for pion–muon separation are estimated by com-
paring the result from a different multivariate method, namely 
the Boosted Decision Tree (BDT) approach [23]. As a further cross 
check, the whole analysis is repeated without the use of a dedi-
cated PID method.

(3) Residual background is subtracted using simulated events. 
The uncertainty is determined to be 0.1%.

(4) Angular acceptance: The knowledge of the angular accep-
tance of the tracks is studied by varying this requirement by more 
than three standard deviations of the angular resolution and study-
ing the corresponding difference in the selected number of events. 
A difference of 0.1% in the result can be observed. The procedure 
is repeated for all other selection criteria. Their contribution to the 
total systematic uncertainty is found to be negligible.

(5) Unfolding: Uncertainties introduced by unfolding are smaller 
than 0.2%, as estimated by the two cross checks mentioned in 
Sect. 6.2.

Table 2
Summary of systematic uncertainties.

Source Uncertainty 
(%)

Photon efficiency correction 0.2
Pion tracking efficiency correction 0.3
Pion ANN efficiency correction 0.2
Pion e-PID efficiency correction 0.2
ANN negl.
Angular acceptance 0.1
Background subtraction 0.1
Unfolding 0.2
FSR correction δFSR 0.2
Vacuum polarization correction δvac 0.2
Radiator function 0.5
Luminosity L 0.5

Sum 0.9

Fig. 3. The measured bare e+e− → π+π−(γFSR) cross section. Only the statistical 
errors are shown.

(6) FSR correction: The uncertainty due to the FSR correction 
is obtained by comparing two different approaches as described in 
Sect. 6.3. The uncertainty is found to be 0.2%.

(7) Vacuum Polarization: The uncertainty due to the vacuum 
polarization correction is conservatively estimated to be 0.2%.

(8) Radiator Function: The Radiator Function extracted from the 
Phokhara generator is implemented with a precision of 0.5%.

(9) Luminosity: The luminosity of the analyzed data set has 
been determined to a precision of 0.5%.

All systematic uncertainties are summarized in Table 2. They 
are added in quadrature, and a total systematic uncertainty for 
σ bare(e+e− → π+π−(γFSR)) of 0.9% is achieved, which is fully cor-
related amongst all data points.

7. Results

The result for σ bare(e+e− → π+π−(γFSR)) as a function of √
s = mππ is illustrated in Fig. 3 and given numerically in Table 4. 

The cross section is corrected for vacuum polarization effects and 
includes final state radiation. Besides the dominant ρ(770) peak, 
the well-known structure of the ρ–ω interference is observed. 
The result for the pion form factor |Fπ |2 is shown in Fig. 4 and 
given numerically in Table 4. It includes vacuum polarization cor-
rections, but, differently from the cross section shown in Fig. 3, 
final state radiation effects are excluded here. The red line in Fig. 4
illustrates a fit to data according to a parametrization proposed 
by Gounaris and Sakurai [32]. Here, exactly the same fit formula 
and fit procedure are applied as described in detail in Ref. [10]. 
Free parameters of the fit are the mass and width + of the ρ
meson, the mass of the ω meson, and the phase of the Breit–

e+e− → π+π− at BESIII using ISR
PLB 753, 629 (2016)

M(π+π−)  (GeV/c2)

First measure σ(e+e− → π+π−):
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Then integrate using a dispersion relation (ZPC 67, 585 (1995)):

⇒ BESIII confirms the ≳3σ difference in aμ.
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Table 4
Results of the BESIII measurement of the cross section σ bare

π+π−(γFSR)
≡ σ bare(e+e− → π+π−(γFSR)) and the squared pion form factor |Fπ |2. The errors are statistical only. The 

value of √s′ represents the bin center. The 0.9% systematic uncertainty is fully correlated between any two bins.
√

s′ [MeV] σ bare
π+π−(γFSR)

[nb] |Fπ |2
√

s′ [MeV] σ bare
π+π−(γFSR)

[nb] |Fπ |2

602.5 288.3 ± 15.2 6.9 ± 0.4 752.5 1276.1 ± 29.8 41.8 ± 1.0
607.5 306.6 ± 15.5 7.4 ± 0.4 757.5 1315.9 ± 31.3 43.6 ± 1.0
612.5 332.8 ± 16.3 8.2 ± 0.4 762.5 1339.3 ± 30.9 44.8 ± 1.0
617.5 352.5 ± 16.3 8.7 ± 0.4 767.5 1331.9 ± 30.8 45.0 ± 1.0
622.5 367.7 ± 16.6 9.2 ± 0.4 772.5 1327.0 ± 30.6 45.2 ± 1.0
627.5 390.1 ± 17.7 9.8 ± 0.4 777.5 1272.7 ± 29.2 43.7 ± 1.0
632.5 408.0 ± 18.0 10.4 ± 0.5 782.5 1031.5 ± 26.7 37.1 ± 0.9
637.5 426.6 ± 18.1 11.0 ± 0.5 787.5 810.7 ± 24.2 30.3 ± 0.8
642.5 453.5 ± 19.0 11.8 ± 0.5 792.5 819.7 ± 23.8 30.6 ± 0.8
647.5 477.7 ± 18.5 12.5 ± 0.5 797.5 803.1 ± 23.3 30.1 ± 0.8
652.5 497.4 ± 19.5 13.2 ± 0.5 802.5 732.4 ± 22.1 27.7 ± 0.8
657.5 509.2 ± 19.4 13.6 ± 0.5 807.5 679.9 ± 20.6 25.9 ± 0.7
662.5 543.4 ± 19.9 14.7 ± 0.5 812.5 663.6 ± 21.0 25.5 ± 0.8
667.5 585.0 ± 20.5 16.0 ± 0.6 817.5 622.2 ± 19.9 24.1 ± 0.7
672.5 642.7 ± 22.2 17.7 ± 0.6 822.5 585.0 ± 19.5 22.9 ± 0.7
677.5 640.5 ± 21.0 17.8 ± 0.6 827.5 540.8 ± 18.1 21.4 ± 0.7
682.5 668.0 ± 21.9 18.8 ± 0.6 832.5 496.4 ± 17.7 19.8 ± 0.7
687.5 724.4 ± 22.9 20.6 ± 0.6 837.5 450.4 ± 16.8 18.1 ± 0.6
692.5 783.5 ± 23.2 22.5 ± 0.7 842.5 404.7 ± 15.2 16.4 ± 0.6
697.5 858.6 ± 25.3 24.9 ± 0.7 847.5 391.3 ± 15.4 16.0 ± 0.6
702.5 893.8 ± 25.4 26.2 ± 0.7 852.5 364.0 ± 15.0 15.0 ± 0.6
707.5 897.8 ± 25.0 26.6 ± 0.7 857.5 339.6 ± 14.0 14.2 ± 0.6
712.5 978.6 ± 26.6 29.3 ± 0.8 862.5 310.0 ± 13.7 13.0 ± 0.6
717.5 1059.1 ± 27.9 32.0 ± 0.8 867.5 283.8 ± 13.0 12.1 ± 0.5
722.5 1086.0 ± 28.3 33.2 ± 0.9 872.5 256.5 ± 12.4 11.0 ± 0.5
727.5 1088.4 ± 27.7 33.6 ± 0.9 877.5 237.3 ± 11.4 10.3 ± 0.5
732.5 1158.8 ± 29.2 36.2 ± 0.9 882.5 229.7 ± 11.6 10.0 ± 0.5
737.5 1206.5 ± 29.6 38.2 ± 0.9 887.5 224.0 ± 11.6 9.9 ± 0.5
742.5 1229.9 ± 29.0 39.3 ± 0.9 892.5 196.1 ± 10.5 8.7 ± 0.4
747.5 1263.3 ± 30.3 40.9 ± 1.0 897.5 175.9 ± 9.7 7.9 ± 0.4

Fig. 7. Our calculation of the leading-order (LO) hadronic vacuum polarization 2π contributions to (g − 2)µ in the energy range 600–900 MeV from BESIII and based on the 
data from KLOE 08 [6], 10 [7], 12 [8], and BaBar [10], with the statistical and systematic errors. The statistical and systematic errors are added quadratically. The band shows 
the 1σ range of the BESIII result.

8. Conclusion

A new measurement of the cross section σ bare(e+e− →
π+π−(γFSR)) has been performed with an accuracy of 0.9% in the 
dominant ρ(770) mass region between 600 and 900 MeV/c2, using 
the ISR method at BESIII. The energy dependence of the cross sec-
tion appears compatible with corresponding measurements from 
KLOE and BaBar within approximately one standard deviation. The 
two-pion contribution to the hadronic vacuum polarization contri-
bution to (g − 2)µ has been determined from the BESIII data to be 
aππ ,LO
µ (600–900 MeV) = (368.2 ± 2.5stat ± 3.3sys) · 10−10. By aver-

aging the KLOE, BaBar, and BESIII values of aππ ,LO
µ and assuming 

that the five data sets are independent, a deviation of more than 
3σ between the SM prediction of (g − 2)µ and its direct measure-

ment is confirmed. For the low mass region < 600 MeV/c2 and 
the high mass region > 900 MeV/c2, the BaBar data was used in 
this calculation.
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!
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α(s)

"2
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(6) FSR correction: The uncertainty due to the FSR correction 
is obtained by comparing two different approaches as described in 
Sect. 6.3. The uncertainty is found to be 0.2%.

(7) Vacuum Polarization: The uncertainty due to the vacuum 
polarization correction is conservatively estimated to be 0.2%.

(8) Radiator Function: The Radiator Function extracted from the 
Phokhara generator is implemented with a precision of 0.5%.

(9) Luminosity: The luminosity of the analyzed data set has 
been determined to a precision of 0.5%.

All systematic uncertainties are summarized in Table 2. They 
are added in quadrature, and a total systematic uncertainty for 
σ bare(e+e− → π+π−(γFSR)) of 0.9% is achieved, which is fully cor-
related amongst all data points.

7. Results

The result for σ bare(e+e− → π+π−(γFSR)) as a function of √
s = mππ is illustrated in Fig. 3 and given numerically in Table 4. 

The cross section is corrected for vacuum polarization effects and 
includes final state radiation. Besides the dominant ρ(770) peak, 
the well-known structure of the ρ–ω interference is observed. 
The result for the pion form factor |Fπ |2 is shown in Fig. 4 and 
given numerically in Table 4. It includes vacuum polarization cor-
rections, but, differently from the cross section shown in Fig. 3, 
final state radiation effects are excluded here. The red line in Fig. 4
illustrates a fit to data according to a parametrization proposed 
by Gounaris and Sakurai [32]. Here, exactly the same fit formula 
and fit procedure are applied as described in detail in Ref. [10]. 
Free parameters of the fit are the mass and width + of the ρ
meson, the mass of the ω meson, and the phase of the Breit–

e+e− → π+π− at BESIII using ISR
PLB 753, 629 (2016)

M(π+π−)  (GeV/c2)

First measure σ(e+e− → π+π−):
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One outstanding issue in charmonium is the “ρπ” family of puzzles:

B(J/ ! �⌘)

B(J/ ! �⌘0)
= (21.1± 0.9)% B( (2S) ! �⌘)

B( (2S) ! �⌘0)
= (1.1± 0.4)%

cc̄ ⌘, ⌘0 but
(PRD 79, 111101 (2009)) (PRL 105, 261801 (2010))
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Measure the same ratio for the hc using the full sample of 450 million ψ(2S) decays at BESIII;  
use ψ(2S) → π0hc and hc → γη(ʹ) and do simultaneous fits with two ηʹ modes and two η modes:

ψ 0 → π0hc, hc → γη0, η0 → πþπ−η and ψ 0 → π0hc,
hc → γη0, η0 → γπþπ− decay modes, respectively, deter-
mined fromMCsimulations. The ηð

0Þ branching fractions are
taken from the Particle Data Group (PDG) [12]. Similarly
the ratio of the number of η → γγ events to the number of
η → πþπ−π0 is fixed at ½Bðη → γγÞ · ϵη→γγ=Bðη → πþ

π−π0Þ · Bðπ0 → γγÞ · ϵη→πþπ−π0 % ¼ 2.597' 0.006. The fit
results are shown as the solid curves in Fig. 2. For the hc →
γη0 decay, the total hc signal yield is Nhc→γη0 ¼ 44.3' 7.8.
The statistical significance of the hc signal is 8.4σ as found
by comparing the likelihood values [ΔðlnLÞ ¼ 35.4] for the
fits with or without hc signal and taking the change of the
number of degrees of freedom (NDF) (Δndf ¼ 1) into
account. The goodness of the fit is χ2=ndf ¼ 12.9=
14 ¼ 0.9. For the hc → γη decay, the signal yield is
Nhc→γη ¼ 18.1' 5.8 with a statistical significance of
4.0σ[ΔðlnLÞ ¼ 8.0, Δndf ¼ 1], and the goodness of the
fit is χ2=ndf ¼ 14.0=10 ¼ 1.4.
The branching fractions Bðhc → γη0Þ and Bðhc → γηÞ

are calculated using the following formulae:

Bðhc → γηð
0ÞÞ ¼

Nhc→γηð
0Þ

Nψ 0Bðψ 0 → π0hcÞBðπ0 → γγÞWηð
0Þ
; ð2Þ

whereWη0 is the sum ofBðη0 → πþπ−ηÞBðη → γγÞϵη0→πþπ−η
and Bðη0 → γπþπ−Þϵη0→γπþπ− , Wη is the sum of Bðη →
γγÞϵη→γγ and Bðη → πþπ−π0ÞBðπ0 → γγÞϵη→πþπ−π0 ,
Nhc→γη0 ðNhc→γηÞ is the observed number of hc → γη0 ðhc →
γηÞ signal events, and Nψ 0 is the observed number of ψ 0

events in the data set. The corresponding branching fractions
of hc → γη0 and hc → γη are measured to be ð1.52'
0.27Þ × 10−3 and ð4.7' 1.5Þ × 10−4, where the errors are
statistical. The results for hc → γη0ðηÞ are listed in Table I.
Systematic uncertainties in the branching fractions

measurement for hc → γη0ðηÞ originate mainly from the
data/MC difference in the tracking efficiency, photon
detection, π0=η reconstruction, and the kinematic fit, as
well as from MC statistics, the branching fractions taken
from world averages [12], the total number of ψ 0 events in
the data set, the fit range, the signal and background shapes.
The difference between data and MC simulation in

tracking efficiency for each charged track is estimated to
be 1% [15], and so a 2% systematic uncertainty is given to
all channels with charged tracks. The uncertainty due to
photon detection efficiency is determined by using events
of the control sample J=ψ → ρ0π0 and found to be 1.0%
per photon [16].
The uncertainty due to π0 reconstruction is determined

by using a high purity control sample of J=ψ → π0pp̄
decays [17]. The efficiency for the π0 reconstruction is
obtained from the π0 yields determined from the π0 mass
spectrum with or without the π0 selection requirements.
The difference of the π0 reconstruction efficiency between
data and MC simulation is found to be 1% per π0. The
uncertainty of the η reconstruction from γγ final states is 1%
per η, which is determined from a high purity control
sample of J=ψ → ηpp̄ in a similar way [17].
For the uncertainty caused by the kinematic fit to the

charged decay modes, we correct the track helix parameters
in the MC simulation so that the MC simulation can better
describe the momentum spectra of the data. In the analysis,
we use the efficiency after the helix correction for the
nominal results. The correction factors for pions are
obtained by using the control sample ψ 0 → KþK−πþπ−

[18]. The difference in the global efficiency between MC
simulations performed before and after the correction is
taken as the systematic uncertainty due to the kinematic fit.
For the modewith only neutral particles in the final state the
systematic uncertainty of the kinematic fit was studied with

FIG. 2. Results of the simultaneous fits to the two invariant
mass distributions of (top) Mðγη0Þ and (below) MðγηÞ for data.
(a) Mðγη0Þ distribution for hc → γη0ðη0 → πþπ−ηÞ. (b) Mðγη0Þ
distribution for hc → γη0ðη0 → γπþπ−Þ. (c) MðγηÞ distribution
for hc → γηðη → γγÞ. (d) MðγηÞ distribution for hc →
γηðη → πþπ−π0Þ. The red solid curves are the fit results, the
blue dashed curves are the background distributions, and the
green hatched histograms are events from the η0ðηÞ sidebands.

TABLE I. Results on hc → γη0ðηÞ. The table shows the decay mode, total number of events Nhc→γη0ðηÞ, the daughter branching fraction
Wη0 ¼Bðη0→πþπ−ηÞBðη→ γγÞϵη0→πþπ−ηþBðη0→ γπþπ−Þϵη0→γπþπ− , Wη ¼ Bðη → γγÞϵη→γγ þ Bðη → πþπ−π0ÞBðπ0 → γγÞϵη→πþπ−π0 ,
measured branching fractions B½hc → γη0ðηÞ%, statistical significance, and the ratio of the branching fractions Bðhc → γηÞ over
Bðhc → γη0Þ.

Mode Nhc→γη0ðηÞ Wη0ðηÞð×10−2Þ B½hc → γη0ðηÞ% Significance ½Bðhc → γηÞ=Bðhc → γη0Þ%ð%Þ
hc → γη0 44.3' 7.8ðstatÞ 7.67' 0.38ðsysÞ ½1.52' 0.27ðstatÞ ' 0.29ðsysÞ% × 10−3 8.4σ

30.7' 11.3ðstatÞ ' 8.7ðsysÞhc → γη 18.1' 5.8ðstatÞ 10.22' 0.55ðsysÞ ½4.7' 1.5ðstatÞ ' 1.4ðsys:Þ% × 10−4 4.0σ

PRL 116, 251802 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
24 JUNE 2016

251802-5

Measurement of hc → γη(ʹ) at BESIII
PRL 116, 251802 (2016)

B(hc ! �⌘)

B(hc ! �⌘0)
= (30.7± 11.3± 8.7)%

indicates the same problem is not  
apparent in hc decays.

B(hc ! �⌘) = (4.7± 1.5± 1.4)⇥ 10�4

B(hc ! �⌘0) = (15.2± 2.7± 2.9)⇥ 10�4
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(4) e+e− → π+π−J/ψ, π+π−ψ(2S), π+π−hc and the “Y” States
Discovery of the Y(4260) in π+π−J/ψ:

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

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

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

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

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

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

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

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

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for

) 4/c2 (GeV2
Recm

0 5

4
/c2

E
ve

nt
s 

/ 0
.1

 G
eV

-10

0

10

20

FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

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

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

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

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

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

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

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

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

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

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

data events passing all selection criteria except that on m2
Rec

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

PRL 95, 142001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
30 SEPTEMBER 2005

142001-5

e+e− → π+π−J/ψ using ISR at BaBar
PRL 95, 142001 (2005)

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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(4) e+e− → π+π−J/ψ, π+π−ψ(2S), π+π−hc and the “Y” States

asymmetric shape?
a low-mass peak (“Y(4008)”)?

⇒

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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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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asymmetric shape?
a low-mass peak (“Y(4008)”)?

⇒

Conclusion 1:  The cross section is inconsistent 
with a single peak for the Y(4260)!
    Two peaks are favored over one peak by > 7σ.
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Conclusion 2:  The Y(4008) is not needed to describe the BESIII data.
    Fit I with a wide low-mass Breit-Wigner is equivalent to  
    Fit II with an interfering non-resonant exponential shape.

BESIII Preliminary
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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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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fixed to their latest measured values [9]. There are four
solutions with equally good fit quality: χ2=ndf ¼ 14.8=19.
The signal significance of the Yð4260Þ is estimated to be
2.4σ by comparing the likelihood difference when the
Yð4260Þ is included in or excluded from the fit. The fit
results are shown in Fig. 10 and Table III. Since this
significance is marginal, the solutions without Yð4260Þ are
taken as the nominal results.
To compare with our previous measurement [7], the fit to

the πþπ−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 Yð4260Þ with the nominal

fit and consistent results with a 2.8σ statistical significance
for the Yð4260Þ signal. The results are discussed further in
Appendix A.
The invariant-mass distributions of the two modes are

combined together. The cross section for eþe− →
πþπ−ψð2SÞ in each πþπ−ψð2SÞ mass bin is calculated
according to

σi ¼
nobsi − nbkgi

Li
P

2
j¼1 εijBj

;

where j identifies the decay mode of ψð2SÞ (j ¼ 1 for the
πþπ−J=ψ mode and j ¼ 2 for the μþμ− mode) and i
indicates the mass bin; nobsi , nbkgi , εij, Li, and Bj are the
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FIG. 10 (color online). The four solutions from the fit to the πþπ−ψð2SÞ invariant-mass spectra with the Yð4260Þ included. The curves
show the best fit and the dashed curves show the contributions from the three Breit-Wigner components.

TABLE II. The correlations between the fit parameters shown in Table I (with the units given there). The numbers
in parentheses are for the second solution.

ΓYð4360Þ B · Γeþe−
Yð4360Þ MYð4660Þ ΓYð4660Þ B · Γeþe−

Yð4660Þ ϕ

MYð4360Þ −0.34 (−0.34) 0.04 (0.04) −0.29 (−0.29) 0.05 (0.05) 0.30 (−0.13) −0.37 (0.36)
ΓYð4360Þ 1.00 0.12 (0.12) −0.08 (−0.08) −0.28 (−0.28) −0.45 (−0.11) −0.08 (−0.10)
B · Γeþe−

Yð4360Þ 1.00 −0.37 (−0.22) −0.32 (0.01) −0.28 (0.03) −0.40 (0.06)
MYð4660Þ 1.00 0.21 (0.21) −0.06 (0.54) 0.86 (−0.76)
ΓYð4660Þ 1.00 0.14 (0.74) 0.25 (−0.44)
B · Γeþe−

Yð4660Þ 1.00 −0.17 (−0.72)

X. L. WANG et al. PHYSICAL REVIEW D 91, 112007 (2015)

112007-8

e+e− → π+π−ψ(2S) using ISR at Belle
PRD 91, 112007 (2015)

• In π+π−ψ(2S), there are clear indications of  
the Y(4360) and Y(4660).

• Significance of the Y(4260) is < 3σ.



(4) e+e− → π+π−J/ψ, π+π−ψ(2S), π+π−hc and the “Y” States

13

fixed to their latest measured values [9]. There are four
solutions with equally good fit quality: χ2=ndf ¼ 14.8=19.
The signal significance of the Yð4260Þ is estimated to be
2.4σ by comparing the likelihood difference when the
Yð4260Þ is included in or excluded from the fit. The fit
results are shown in Fig. 10 and Table III. Since this
significance is marginal, the solutions without Yð4260Þ are
taken as the nominal results.
To compare with our previous measurement [7], the fit to

the πþπ−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 Yð4260Þ with the nominal

fit and consistent results with a 2.8σ statistical significance
for the Yð4260Þ signal. The results are discussed further in
Appendix A.
The invariant-mass distributions of the two modes are

combined together. The cross section for eþe− →
πþπ−ψð2SÞ in each πþπ−ψð2SÞ mass bin is calculated
according to

σi ¼
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where j identifies the decay mode of ψð2SÞ (j ¼ 1 for the
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FIG. 10 (color online). The four solutions from the fit to the πþπ−ψð2SÞ invariant-mass spectra with the Yð4260Þ included. The curves
show the best fit and the dashed curves show the contributions from the three Breit-Wigner components.

TABLE II. The correlations between the fit parameters shown in Table I (with the units given there). The numbers
in parentheses are for the second solution.
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Yð4360Þ MYð4660Þ ΓYð4660Þ B · Γeþe−

Yð4660Þ ϕ

MYð4360Þ −0.34 (−0.34) 0.04 (0.04) −0.29 (−0.29) 0.05 (0.05) 0.30 (−0.13) −0.37 (0.36)
ΓYð4360Þ 1.00 0.12 (0.12) −0.08 (−0.08) −0.28 (−0.28) −0.45 (−0.11) −0.08 (−0.10)
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Yð4360Þ 1.00 −0.37 (−0.22) −0.32 (0.01) −0.28 (0.03) −0.40 (0.06)
MYð4660Þ 1.00 0.21 (0.21) −0.06 (0.54) 0.86 (−0.76)
ΓYð4660Þ 1.00 0.14 (0.74) 0.25 (−0.44)
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• In π+π−ψ(2S), there are clear indications of  
the Y(4360) and Y(4660).

• Significance of the Y(4260) is < 3σ.
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uncertainties between the two modes, according to Ref-317

s. [32, 33]. The comparison of the combined Born cross318

section of e+e− → π+π−ψ(3686) with those from previ-319

ous experimental results is shown in Fig. 2. The obtained320

results are consistent with former experiments, and have321

much improved precision.322
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FIG. 2. The Born cross section of e+e− → π+π−ψ(3686).
The dots (red) are the results obtained in this analysis, the
triangles (green) and squares (blue) are from BELLE and
Babar’s latest updated results, respectively.

Intermediate states in the decay e+e− →323

π+π−ψ(3686) are investigated in data samples that324

have large integrated luminosity. A requirement 3.68325

< M(π+π−J/ψ)(M recoil(π+π−)) < 3.70 GeV/c2 is326

applied to extract the ψ(3686) signal, and the side-327

band regions, 3.63 < M(π+π−J/ψ)(M recol(π+π−)) <328

3.65 GeV/c2 or 3.73 < M(π+π−J/ψ) < 3.75 GeV/c2,329

are used to explore the potential non-ψ(3686) back-330

grounds, where only the left side sideband region is331

used in mode II since a long tail appears on the right332

side of the ψ(3686) signal due to ISR. The non-ψ(3686)333

backgrounds are found to be small, and don’t produce334

peaks in the various distributions.335

With the above selection criteria, the Dalitz plots of336

M2(π+π−) versus M2(π±ψ(3686)) and the correspond-337

ing 1-dimensional projections are shown in Fig. 3 for da-338

ta samples at
√
s = 4.226, 4.258, 4.358 and 4.416 GeV,339

individually, where the plots include the candidates of340

the two ψ(3686) decay modes. For the data at
√
s =341

4.416 GeV, a prominent narrow structure is observed342

around 4030 MeV/c2 on the M(π±ψ(3686)) spectrum.343

The structure is also evident in the corresponding Dalitz344

plot, but there appear to be complications when com-345

paring the different M(π+π−) ranges. For example, in346

the low M(π+π−) region, there are two separate struc-347

tures, presumably corresponding to a physical structure348

and its kinematic reflection. But in the high M(π+π−)349

region, only one structure is observed. For the data350

at
√
s = 4.358 GeV, there is no obvious structure ob-351

served in the M(π±ψ(3686)) spectrum, but a cluster of352

events appear in the low M(π+π−) region on the cor-353

responding Dalitz plot. It is worth noting that, at this354

c.m. energy, a physical structure with a mass of 4030355

MeV/c2 in the M(π±ψ(3686)) spectrum has a reflec-356

tion at the same mass position. For the data at
√
s =357

4.258 GeV, there are two bumps with masses 3900 and358

4030 MeV/c2 observed in both the Dalitz plot and in the359

M(π±ψ(3686)) spectrum. It is interesting to note that360

for data at
√
s = 4.258 GeV, the bumps with masses361

3900 and 4030 MeV/c2 in the M(π±ψ(3686)) spectrum362

are kinematic reflections of each other. For the data at363 √
s = 4.226 GeV, no structure is observed, as in the data364

at
√
s = 4.258 GeV, but the most interesting feature of365

the data is that the M(π+π−) distribution is complete-366

ly different from that predicted by either intermediate367

states or the Jpipi MC model of e+e− → π+π−ψ(3686).368

To characterize the structure observed on the
M(π±ψ(3686)) spectrum for data at

√
s = 4.416 GeV,

an unbinned maximum likelihood fit is carried out on the
Dalitz plot of M2(π+ψ(3686)) versus M2(π−ψ(3686))
(denoted as x and y in formula 2). In the fit, an interme-
diate state with spin parity 1+ is introduced. The PDF of
the intermediate state is described with an S-wave Breit-
Wigner function without considering interference among
the charged conjugate modes,

p · q
(M2

R − x)2 +M2
R · Γ2

+
p · q

(M2
R − y)2 +M2

R · Γ2
, (2)

where p (q) is the ψ(3686) (intermediate state) momen-369

tum in the π±ψ(3686) (initial e+e−) rest frame, and MR370

and Γ are the mass and width of intermediate state. The371

2-dimensional mass resolution and the detection efficien-372

cy, extracted from MC simulation, are incorporated for373

the PDF of intermediate states in the fit. The PDF of374

the direct process e+e− → π+π−ψ(3686) is from a MC-375

simulated shape with the Jpipi model, and that of non-376

ψ(3686) background is described with the distribution of377

events in the ψ(3686) sideband region. A simultaneous378

fit constraining the mass and width of intermediate state379

is carried out by minimizing the product of the likelihood380

values of the two ψ(3686) decay modes. The fit process381

is validated by the MC samples. The fitted data, mass382

resolution, detection efficiency, as well as the Dalitz plots383

of background are provided in the Supplemental Materi-384

al [27].385

The fit yields a mass of M = 4032.1±2.4 MeV/c2 and386

a width of Γ = 26.1 ± 5.3 MeV for the intermediate s-387

tate with a significance of 9.2σ, evaluated by comparing388

the likelihood values with or without the intermediate389

states included. The fit projections on M2(π±ψ(3686))390

and M2(π+π−) for data at
√
s = 4.416 GeV are shown391

in Fig. 3. It can be seen that the overall fit curve does392

not match the data around the peaking structure on the393

M(π±ψ(3686)) spectrum, and the corresponding confi-394

dence level (C.L.) of the fit is only 8%, estimated by395

toy-MC tests. The alternative fits with different assump-396

tion of intermediate state’s spin-parity, including the in-397

terference among the charge conjugated modes, includ-398

ing the contribution of Zc(3900)± are explored, and the399

fit qualities are not improved significantly. As shown400

in the Dalitz plot, the behavior of the structure is very401

different between the data within the high M(π+π−)402

region and that within the low M(π+π−) region. A403

e+e− → π+π−ψ(2S) at BESIII (direct)
BESIII Preliminary (NEW!)

• BESIII confirms the lineshape for the Y(4360).
• More data will be taken soon to thoroughly  

study the region between 4.2 and 4.3 GeV.
• An analysis of the π±ψ(2S) substructure will 

be released soon.

BESIII Preliminary

M(π+π−ψ(2S))  (GeV/c2)



(4) e+e− → π+π−J/ψ, π+π−ψ(2S), π+π−hc and the “Y” States
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!  π+π-hc first observed at 
CLEO-c at 4170 MeV 

!  Previous measurement up to 
4420 MeV shows different 
line shape of π+π-hc cross 
section comparing to that of  
π+π-J/ψ$

!  Resonance around 4230 
MeV  in e+e-→ωχc0 cross 
section at BESIII 
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PRL114, 092003 (2015) 

INTRODUCTION 
e+e− → π+π−hc at CLEO and BESIII and π+π−J/ψ at Belle

PRL 107, 041803 (2011)
PRL 111, 242001 (2013)
PRD 110, 252002 (2013)

The π+π−hc shape is clearly different from the π+π−J/ψ shape.
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M  (MeV) Γtot  (MeV) Γee"Br  (eV) φ  (rad) 

Y(4220) 4218.4±4.0±0.9 66.0±9.0±0.4 4.6±4.1±0.8 -- 

Y(4390) 4391.6±6.3±1.0 139.5±16.1±0.6 11.8±9.7±1.9 3.1±1.5±0.2 

significance of two structures 
assumption over one structure 
> 10 σ$

FIT TO THE CROSS SECTION 

Bi(m): constant width Breit-Wigner 
function 
P(m): 3-body phase space factor 
φ: relative phase between two 
resonances 
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e+e− → π+π−hc at BESIII (direct)
BESIII Preliminary

With more data, the π+π−hc shape appears to be  
consistent with two peaks:
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More work is needed to sort out these exclusive cross sections…
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BESIII Highlights
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predicted, discovered

predicted, undiscovered

unpredicted, discovered

Z(4430)

Z(3900)

Z(4020)

A Few Highlights:

(1)  e+e− → π+π− and the 
Anomalous Magnetic Moment of the Muon  

(using ISR data)

(2) e+e− → p+p− and the 
Electromagnetic Form Factors of the Proton

(using ISR data)

(3) hc → γη(ʹ) and
Studies of Charmonium

(using ψ(2S) data)

(4) e+e− → π+π−J/ψ, π+π−ψ(2S), π+π−hc 
and the “Y” States 

(using “XYZ” data)

(5) e+e− → γπ+π−J/ψ and γφJ/ψ 
and the “X” States  

(using “XYZ” data)

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

measurements from PDG 2014



(5) e+e− → γπ+π−J/ψ and γφJ/ψ and the “X” States

16

The X(3872) (JPC = 1++) is the first-discovered and best-studied of the XYZ states.
It was discovered in 2003 by Belle in B → K(π+π−J/ψ) (PRL 91, 262001 (2003))



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

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

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

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

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

ffiffiffi
s

p
¼ 4.229 and

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

ffiffiffi
s

p
¼ 4.009, 4.229,

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

ffiffiffi
s

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

left), and 4.360 GeV (bottom right). Dots with error bars are
data, the green shaded histograms are normalized J=ψ sideband
events.
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FIG. 2 (color online). Fit of theMðπþπ−J=ψÞ distribution with
a MC simulated histogram convolved with a Gaussian function
for signal and a linear background function. Dots with error bars
are data, the red curve shows the total fit result, while the blue
dashed curve shows the background contribution.
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FIG. 3 (color online). The cos θ distribution of the radiative
photon in eþe− c.m. frame (left) and the Mðπþπ−Þ distribution
(right). Dots with error bars are data in the Xð3872Þ signal region,
the green shaded histograms are normalized Xð3872Þ sideband
events, and the red open histogram in the left panel is the result
from a MC simulation that assumes a pure E1 transition.

PRL 112, 092001 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

7 MARCH 2014

092001-4

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

BESIII sees clear evidence for e+e− → γX(3872).

The X(3872) (JPC = 1++) is the first-discovered and best-studied of the XYZ states.
It was discovered in 2003 by Belle in B → K(π+π−J/ψ) (PRL 91, 262001 (2003))



(5) e+e− → γπ+π−J/ψ and γφJ/ψ and the “X” States

16

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
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is M½Xð3872Þ& ¼ M½Xð3872Þ&input þ μXð3872Þ − μψð3686Þ ¼
ð3871:9 $ 0.7Þ MeV=c2, where the uncertainty includes
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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
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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
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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 (
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4.009 and 4.360 GeV data, where the Xð3872Þ signal is
not statistically significant, upper limits for production
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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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e+e− → γ(π+π−J/ψ) at BESIII
PRL 112, 092001 (2014)

BESIII sees clear evidence for e+e− → γX(3872).

The X(3872) (JPC = 1++) is the first-discovered and best-studied of the XYZ states.
It was discovered in 2003 by Belle in B → K(π+π−J/ψ) (PRL 91, 262001 (2003))

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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The cross section shape for e+e− → γX(3872) hints  
that it may proceed through a Y, but more data is needed.

Radiative transitions provide another route to access the XYZ.



(5) e+e− → γπ+π−J/ψ and γφJ/ψ and the “X” States
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The X(4140) (or “Y(4140)”) was recently confirmed at LHCb (arXiv:1606.07898) with JPC = 1++ in B → K(φJ/ψ). 



(5) e+e− → γπ+π−J/ψ and γφJ/ψ and the “X” States

17

The X(4140) (or “Y(4140)”) was recently confirmed at LHCb (arXiv:1606.07898) with JPC = 1++ in B → K(φJ/ψ). 

BESIII sets upper limits for e+e− → γY(4140) with Y(4140) → φJ/ψ.
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FIG. 1 (color online). Scatter plots for (a) signal MC, (b) data at 4.26 GeVand (c) the projections along Mðlþl−Þ in ϕ mass window
and (d) the projections along MðKþK−Þ in J=ψ mass window. Red box shows mass windows of ϕ and J=ψ . Red dashed histogram
shows the MC simulated shape (not normalized).
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FIG. 2 (color online). Distribution of MðϕJ=ψÞ with ϕ decays to KþK− from data collected at (a) 4.23, (b) 4.26, (c) 4.36 GeV and
(d) the sum of three data samples. The red dashed histograms represent signal MC samples scaled to the measured upper limits.
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A Few Highlights:

(1)  e+e− → π+π− and the 
Anomalous Magnetic Moment of the Muon  

(using ISR data)

(2) e+e− → p+p− and the 
Electromagnetic Form Factors of the Proton

(using ISR data)

(3) hc → γη(ʹ) and
Studies of Charmonium

(using ψ(2S) data)

(4) e+e− → π+π−J/ψ, π+π−ψ(2S), π+π−hc 
and the “Y” States 

(using “XYZ” data)

(5) e+e− → γπ+π−J/ψ and γφJ/ψ 
and the “X” States  

(using “XYZ” data)

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

measurements from PDG 2014
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Thank you…
and look forward to more BESIII 

results soon!


